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ABSTRACT 

In this Thesis, the development of homo- and hetero-dimers of polyamines based on using 

succinic acid as a molecular hinge is investigated as a way to link two pharmacophores together 

which can potentially provide advantages over using a higher, e.g., double concentration of a 

monomeric compound. A critical literature review of such hybrid compounds and the strategies 

underpinning their design is presented with a focus on unique conjugates for biological activity, 

e.g. anticancer, non-viral gene therapy (NVGT), and as antimicrobials.  

The selective conjugation of polyamines which can be linear, as in spermidine, thermine, or 

spermine, or on a polycyclic sugar template, e.g., aminoglycosides kanamycin, tobramycin, and 

neomycin B was investigated. In order to synthesise homo- or hetero-dimeric aminoglycosides, 

the primary amino group at C-6' and the primary hydroxy group at C-6'' of tobramycin and 

kanamycin A were selected as points for modification as they are not essential for RNA binding. 

Succinic anhydride was used to introduce a short 4 carbons spacer and a useful carboxylic acid 

functional group from which amides were obtained through HBTu activation chemistry. 

Amino-aminoglycosides, 6''-deoxy-6''-aminokanamycin A and 6''-deoxy-6''-

aminotobramycin are of interest themselves with their antibacterial activity. Their individual 

amino pKa values were determined and are reported for the first time. The power of the 1H NMR 

spectroscopic technique was unambiguously demonstrated for such analytical chemistry 

measurements. Also, the pKa values of tobramycin and neomycin in both forms, free base and 

sulfate, were determined showing that there is no significant effect of the salt on the pKa. 

Likewise, the same determined pKa is achieved if the titration is from acid to base or from base 

to acid, and those titration curves overlay exquisitely. This study also confirms that the use of 

the correction factor value, although seemingly an arbitrary 0.5 units, is in fact a reasonable 

approach.  

The most potent antibacterial analogues made in this Thesis are of thermine, spermine, and 

1,12-diaminododecane homo- and heterodimeric polyamine succinic acid amides. Their activity 

is of the order of the (positive control) aminoglycosides kanamycin and tobramycin, with low 

human cell toxicity demonstrated in ex vivo haemolytic assays. These long, linear polyamines 

are a new class of broad-spectrum antibacterials active against drug-resistant pathogens.  
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ABBREVIATIONS 

 

AMR    Anti-microbial resistance 

Boc2O    Di-tert-butyldicarbonate 

CbzCl    Benzyl chloroformate 

CDAD     Clostridium difficile associated aiarrhoea  

d     Doublet 

DCC    N,N'-dicyclohexylcarbodiimide 

DMAP    4-dimethylaminopyridine 

DOGS    Dioctadecylamidoglycyl-spermine 

EDC.HCl   N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

equiv.    Equivalent 

ESI     Electrospray ionisation 

g     Gram 

HBTu N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate 

HMBC    Heteronuclear multiple bond correlation 

HOBt    Hydroxybenzotriazole 

HR TOF    High resolution time-of-flight 

HRMS     High resolution mass spectrometry 

HSQC    Heteronuclear single quantum correlation 

Hz     Hertz 

M     Molar (moles per litre) 

m     Multiplet 

MDCK    Madin-Darby Canine Kidney 

MDR     Multidrug resistant 
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MIC    Minimum inhibitory concentration  

mmol     Millimoles 

NMR    Nuclear magnetic resonance 

NVGT    Non-viral gene therapy  

PDR    Pandrug resistance,  

pKa     Ionisation constant of the conjugate acid 

ppm     Parts per million 

q     Quartet 

QS    Quorum sensing  

Rf     Retention factor 

RNA     Ribonucleic acid 

rRNA     Ribosomal ribonucleic acid 

s     Singlet 

SAR    Structure-activity relationship  

t     Triplet 

TFA    Trifluoracetic acid 

THIQ    1,2,3,4-tetrahydroisoquinoline 

TIBSCl    2,4,6-triisopropylbenzenesulfonyl chloride 

TLC     Thin layer chromatography 

UV     Ultraviolet 

v/v     Volume/volume 

WHO    World Health Organisation 

XDR    Extensively drug resistant 

CR50  Charge ratio at which 50% of the ethidium bromide 

fluorescence was quenched     
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Chapter 1 

 

Design and synthesis of hybrid compounds as novel drugs and medicines 

 

Introduction 

In recent decades, there has been a general decrease in the registration of new 

medications for treating pathologies. Some therapeutic areas have suffered as a result of this 

decrease, including the treatment of infectious diseases, neurodegenerative diseases, and cancers 

that have a huge economic impact. This contrasts with the growth of technologies and science 

aimed to improve human quality of life. 1 Some of the reappearing diseases linked to resistant 

microorganisms such as malaria, novel viruses (as now need no introduction), tropical diseases, 

and autoimmune diseases still present significant challenges to the pharmaceutical sector. 1 

These challenging conditions call for further ongoing effort in the development of new 

treatment strategies that are more selective, efficient, and economically acceptable. The 

potential of novel hybrid compounds over more traditional combinations of medicines is 

discussed. 

 

Aims and objectives 

To link two biologically active pharmacophores by an appropriately chosen/designed linker. 

The arising conjugates are tested biologically. Chapter 1 highlighted and presented a critical 

review of the literature of such hybrid compounds and the strategies underpinning their design 

 

➢ The target polyamines will be synthesised by reacting selected naturally occurring 

linear polyamines, e.g., spermine, norspermine (thermine), and cyclic polyamines, e.g., 

tobramycin, kanamycin A at two different positions NH2-6' and NH2-6''. 

➢ Selective reaction in the manufacture of polyamines conjugates, but that may have to 

follow selective protection of the other reactive amine functional groups. 

➢ In chapter 2, cationic lipids are important possible novel medicines for the delivery of 

plasmids in gene therapy or for the delivery of siRNA in gene silencing. Such designed 
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polyamine conjugates will be prepared initially with cholesteryl chloroformate to 

introduce a steroid moiety, or a single or di-alkyl chains. 

➢ Conjugation will be by ring-opening succinic anhydride in order to introduce a short (4 

carbon) spacer and a useful carboxylic acid functional group to which amides, e.g., of 

other suitably protected linear or cyclic polyamines will be attached. 

➢ In chapter 3, homo- and hetero-dimeric aminoglycosides and tobramycin linked to 

linear polyamines, spermine and norspermine were designed and synthesised.  

➢ In chapter 4, Unambiguous assignments were made for each individual amine 

substituent on 6''-deoxy-6''-aminokanamycin A 15 and 6''-deoxy-6''-aminotobramycin 

16 using 1H NMR. Also, the pKa values of tobramycin and neomycin in both forms, free 

base and sulfate, were determined in order to determine if there is any significant effect 

of the salt on the pKa. 

➢ In chapter 5 and 6, homo- and hetero- dimeric linear polyamine amides and branched 

polyamines, have additional amino functional groups (cationic groups) that increased 

the antimicrobial activity, were designed and synthesised.  

➢ Polyamines and their conjugates have the potential to display exciting and useful 

biological activities, this will be pursued (in collaboration) e.g. as possible microbial 

biofilm disruptors in the important fight against anti-microbial resistance (AMR). 

➢ The conjugates, once purified and characterised will be investigated in a variety of 

biological assays. 

 

Combination therapy 

Combination therapy has been used against bacteria for at least 40 years. It is common 

for clinicians to prescribe two or more antibiotics at the same time with the aim of ensuring that 

bacterial pathogens and potential routes for resistance developing are covered. 2 Augmentin is a 

clinically useful broad spectrum antibiotic combination of the β-lactam amoxicillin augmented 

by a β-lactamase inhibitor, clavulanic acid. 3,4 Antibiotic-adjuvant combination is the name 

given to this combination. Antibiotic-antibiotic therapy is another type of combination of drugs. 

Here the aim is to achieve synergies between the different drug components in a manner that 
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boosts treatment efficacy and affects several pathogens, especially working together to 

overcome the development of bacterial resistance in some strains to some antibiotics. 5,6 

Even though some successes have been scored recently with antibiotic-antibiotic 

combinations, the strategy still has its weaknesses; a number of pharmacological questions 

remain unanswered. For example, there is clinical evidence supporting the idea that antibiotic-

antibiotic combinations suppress antibiotic resistance in tuberculosis (TB). 5,6 Multidrug-

resistant (MDR)-TB is present in ~4% of new TB patients. Moreover, ~20% of TB patients 

have a history of previous treatment. Indeed, it is estimated that ~10% of MDR-TB cases have 

extensively drug-resistant (XDR)-TB. 7 Isoniazid (INH), rifampicin (RIF), ethambutol (EMB), 

and pyrazinamide (PZA), as a combination therapy, are first-line anti-TB medications. The 

initial phase of such combination treatment is vital in order to prevent the emergence of drug 

resistance due to the differences in the mechanism of action, which are inhibiting the mycolic 

acid synthesis that interferes with cell wall synthesis, for INH, inhibiting DNA-dependent RNA 

polymerase, leading to a suppression of RNA synthesis, for RIF, inhibiting the 

arabinosyltransferase that interferes with cell wall synthesis, for EMB, and inhibiting the 

synthesis of coenzyme A that play an important role in the synthesis of fatty acids, according to 

the current hypothesis, for PZA. 8 Added to this, a lack of pharmacokinetic (PK) information 

between various medications could also lead to inconsistencies between clinical observations 

and in vitro data, 9 where each drug may be absorbed or distributed in the human body to 

varying levels. 5 It is therefore sensible to come up with a new approach that is able to solve 

these challenges, for example, hybrid compounds, rather than combination therapies. 

 

Critical review of hybrid compounds 

A hybrid compound is an artificial assembly of two or more pharmacophores that can 

be categorised under a recognised agent acknowledged for triggering the desired activity. 10-12 

Such artificial scaffolds could produce antibiotics with the ability to overcome drug resistance, 

intensify activity, and increase binding affinity. Scientific creativity has resulted in the 

establishment of molecular hybrids, see Fig. 1. Such hybrids were created by covalently binding 

various biologically active agents with the aim of retaining the pharmacological actions of each 
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counterpart. A molecular linker is usually employed to attach the constituent agents through a 

covalent bond. The method of covalent binding can also be made cleavable or non-cleavable 

(see Fig. 1). It is expected that a cleavable linker will be bio-transformed as soon as the hybrid 

gets to the site of action. On the other hand, a non-cleavable linker maintains its structure right 

through the period it remains in the body. The cleavable linker is a pro-drug strategy. The non-

cleavable linker is a hybrid drug approach. 

 

 

 

Fig. 1 A linker that can be degraded enzymatically (by bacterium-specific enzymes with regard 

to a hybrid antibacterial drug) results in two useful drugs in a hybrid pro-drug approach. A 

linker that cannot be degraded enzymatically and holds two the same or different 

pharmacophores bound together represents the hybrid drug strategy. 

 

Challenges of hybrid compounds 

The hybrid compound hypothesis assimilates the working idea of decreasing drug 

resistance, escalating the binding affinity and biological activity in combination therapy into 

monotherapy, in the process offering a single molecular agent with one PK profile. Even though 

not predictable, it is possible that antibacterial effectiveness can be retained in fighting 

pathogens that retain resistance to the drug components. This is because the hybridisation 

process may also introduce supplementary physicochemical properties with the potential to 
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change the pharmacological spectrum of the hybrid. For example, hybridisation of two 

therapeutic agents could improve the effectiveness or even convey a novel antibacterial action 

to the resultant hybrid agent. 

For hybrid agents with a molecular mass higher than 600 Da, inadequate cellular 

penetration through the protecting outer and inner layers of Gram-negative bacteria is the main 

initial concern. At present, no infallible permeation guidelines exist to help medicinal chemists 

design therapeutic agents with the ability to pass through bacterial lipid bilayers. If the 

molecular mass of antibacterial agents is high, the agents might not permeate nonselective porin 

channels, hampering cellular entry by passive diffusion. It is possible that a hybrid drug can be 

designed to maintain the uptake mechanism of the parent drugs and deal with this permeability 

challenge. For example, aminoglycosides are known to penetrate Gram-negative bacteria’s outer 

membrane by a self-promoted uptake mechanism followed by inner membrane uptake that is via 

two energy dependant phases as it follows a path to the cytosol to trigger the antibacterial 

properties. 13 Therefore, an aminoglycoside containing hybrid can be developed potentially 

maintaining the aminoglycoside’s intrinsic uptake mode. Undoubtedly, the impairments linked 

to permeability as a result of the high molecular mass (>600 Da) of hybrid drugs are a leading 

reason the majority of such agents have restricted activity against dual membrane Gram-

negative bacteria. 5,14 Emerging reports, however, project a good prognosis for this strategy, as 

several hybrid drugs that are capable of eradicating MDR Gram-negative bacteria and 

presumably are able to delay the onset of drug resistance are in preclinical/clinical evaluation 

(http://www.pewtrusts. org/en/multimedia/data-visualizations/2014/antibiotics-currently-in-

clinical-development). 15  
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Fig. 2 Dimeric ligands possess potential advantages over monomers. The hypothetical model 

for monomeric ligand binding shown in 1', 2', and 3' show that monomeric ligands, L1 and L2 

(which may possess different biological activity, e.g., aminoglycoside antibiotics, DNA 

intercalators, polyamines), may dissociate rapidly after binding to their binding sites (a1 and a2) 

in an independent manner. The hypothetical model for dimeric ligands, shown in panels 1-6, 

will allow for changed kinetics. Thus in 1-3, L2 may be brought into close proximity to a2 by 

the binding of L1 to a1, and may be held close to the site even after dissociation, and thus will 

have an increased chance of binding again. In addition, should both moieties dissociate there is 

an increased chance that one of the moieties will interact with the other binding site, as shown 

in panels 4-6. This is therefore an advantage of incorporating the linker (shown in green) that 

might then allow the additional association of L2 to a1. 

 

The first ligand in such a dimeric molecule (where the two ligands might be the same or 

different) on binding to its target, e.g. RNA for aminoglycosides, will bring the second 

covalently linked ligand closer to its binding site. 16-18 This effect has experimental support with 

a synthetic dimer of tobramycin, Tob-Tob, 1 µM, which achieved more than was achieved with 
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2 µM of (free) Tob. 18 Perhaps the mechanism is partial dissociation of one ligand, followed by 

rapid re-association due to the dissociated moiety being held near to its binding site by the 

linked molecule remaining bound at one binding site, see Fig. 2. 18 Another challenge can be 

found within the major concept of covalently binding two pharmacological agents. The general 

activity of the hybrid relies on the choice of physicochemical properties of the selected linker 

and the point of attachment. A pharmacophore is composed of “the collective steric and 

electronic properties of a molecule that are essential for interaction with the biological target 

and to elicit response”.19 Preferably, the covalent bonding of the two ligand molecules should 

not be in the pharmacophoric region in order to maintain the integrity of the biological activity. 

Any such group bound in the area of the pharmacophores of the drugs attached may well 

adversely affect the biological activity of the created hybrid. 

 

Anticancer 

Combination therapy has been used against cancer for approximately 60 years since 

acute lymphocytic leukemia (ALL) was treated with the combination of methotrexate, 6-

mercaptopurine, vincristine and prednisone (the POMP regimen) which was successful in 

reducing tumour burden and prolonging remission. Anti-cancer research then became more 

focused on investigating combination therapies that target different pathways to create a 

synergistic or additive effect. Sabutoclax, a pan-Bcl-2 inhibitor, in combination with 

minocycline, an antibiotic that has previously displayed anti-cancer effects acted synergistically 

on the intrinsic apoptotic pathway. This combination displayed selective toxicity and a 

reduction in tumour growth in vitro and in vivo on pancreatic ductal adenocarcinoma. There is 

therefore the potential now to develop anticancer hybrid compounds and investigate if they do 

deliver an improvement. A challenge is the choice of linker. The synthesis of compounds 

containing two pharmacophores linked by a simple spacer functional group or a longer linker is 

a promising approach to not only minimize the drawbacks of using medications in combination 

therapy, but also to improve their affinity and potency. 

Amino groups of two daunorubicin molecules were linked to form a bis-daunorubicin, 

leading to potent bis-intercalating compounds. 20–22 The linker was chosen for its suitable length 
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(~6 Å) and its ability to lie in the DNA minor groove without steric effects based on the high-

resolution crystal structure of daunorubicin intercalating to its target DNA. In the crystal 

structure, a 2:1 stoichiometry of the compound intercalating the DNA was observed, with the 

sugar moieties of the daunorubicin molecules directed towards each other, see Fig. 3. This 

arrangement brought the -NH2 groups of the two ligands to within 6 Å. Crucially, daunorubicin 

linked-dimers exhibited more cytotoxic activity than daunorubicin itself. Over-long linkers 

might not fit well into the DNA minor groove. For this reason, a p-xylene (WP631) and a (click 

chemistry product) triazole were selected and synthesised as linkers. In tests on the MDR breast 

carcinoma MCF-7/VP-16 cell line, WP631 exhibited more cytotoxicity than free doxorubicin, 

although the opposite effect was noted for the daunorubicin dimer linked via a triazole against 

the leukaemia cell line K562, than the parent daunorubicin (Fig. 3). 20-22  

 

 

Fig. 3 Daunorubicin dimer linked by a p-xylene (WP631) (left), monomeric daunorubicin 

bound to DNA, the NH2 groups are within 6 Å of one another (middle), daunorubicin dimer 

linked by a triazole via click-chemistry (right). 
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Fig. 4 Daunorubicin secondary amine conjugates (centre) prepared from the aldehyde piperonal 

(left) and its dimethoxy derivative (centre) and daunorubicin amide from piperonylic acid 

(right). 

There has been extensive research with polyamine conjugates as anti-cancer agents. 

Polyamines and their biochemistry and metabolism as targets, polyamine transporters for the 

cellular uptake of anti-cancer cargoes, and using polyamines for their high affinity electrostatic 

binding to DNA or (si)RNA. With their wide variety of cellular effects, polyamine containing 

hybrid compounds may yet be useful agents in the chemoprevention of cancer. 23  

Brel and co-workerrs 24 showed that covalently linking cancerostatic daunorubicin and a 

natural antiproliferative agent, piperonal and its dimethoxy derivative by a simple amine spacer 

makes a designed conjugate with higher anticancer activity compared to an amide spacer 

synthesised from piperonylic acid (Fig. 4). These conjugates were tested in four types of cancer 

cells:  lung carcinoma (A549), rhabdomyosarcoma (RD), large intestine carcinoma (HCT116), 

and breast adenocarcinoma (MCF7). The analogues linked with an amide spacer were shown to 

be 100-times less toxic to normal healthy cells and had lower anticancer activity compared to 

analogues linked with an amine spacer, which showed higher toxicity both to healthy and to the 

four cancer cell lines. 24 
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Fig. 5 Coumarin-benzimidazole hybrids. 

 

Benzylcoumarin has good anticancer activity by inhibiting several targets, e.g., 17b-

HSD3, MEK1, and NQO1. 25–27 Wang et al. reported the synthesis of a series of coumarin-

benzimidazole analogues. 28 However, unsubstituted A, mono- and di-methyl, B and C, 

respectively, substituted benzimidazole-coumarin hybrids showed no activity against five 

human cancer cell lines, HL-60, SMMC-7721, A549, MCF-7, and SW480 (Fig. 5). On the other 

hand, naphthylation at position N-1 on the benzimidazole D was found to be active against those 

five cancer cell lines (Fig. 5). 28  

Rullo et al. synthesised a conjugate consisting of 1,2,3,4-tetrahydroisoquinoline (THIQ) 

moiety linked to a coumarin moiety via a penta-methylene linker. 29 The hybrid (Fig. 6) was 

tested in Madin-Darby Canine Kidney (MDCK) cells overexpressing P-glycoprotein (P-gp) and 

MRP1. The THIQ-coumarin analogue showed a nanomolar P-gp inhibition potency. 29 In some 

cases, amidation or esterification of the carboxylic acid functional group in ibuprofen showed an 

improvement in the anti-inflammatory activity 30,31 as well as antiproliferative activity compared 

to the parent drug. 32 Encouraged by the above findings, Abourehab et al. designed and 

synthesised a new series of hybrids by linking the pyrrolizine/indolizine derivatives with 

ibuprofen or ketoprofen NSAIDs. 33 These two scaffolds were selected based on their promising 

cytotoxic activity. The antiproliferative activities of these compounds/hybrids were investigated 

and showed 4–71% inhibition of the growth of three cancer cell lines, MCF-7, A549, and HT-

29. Compounds A, B, and C, see Fig. 7, the most active compounds, revealed IC50 values of 7.6, 

1.1, and 3.2 µM, respectively, against MCF-7 cells. 33  
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Fig. 6 THIQ-coumarin hybrid. 

 

Fig. 7 Ibuprofen or ketoprofen-pyrrolizine hybrids. 

 

Non-viral gene therapy (NVGT) 

The application of using two pharmacophores attached by a linker is not limited to 

improvements in the binding affinity. This approach can also be used to design a compound that 

might help in gene delivery where therapeutic strategies are based on supplementing genes 

where faulty ones exist, introducing genes with new functions, or interrupting (silencing) gene 

expression. These strategies are growing in terms of scope and diversity in their use to treat 

diseases resulting from gene malfunction. Gene therapy is a technique based on introducing 

genetic materials into cells to assist with producing therapeutic proteins or obstructing the 

production of harmful (signalling) proteins. The production of therapeutic proteins involves 

amending genetic defects in target cells. The strategy is used chiefly when treating diseases with 

single-gene disorders (such as cystic fibrosis, severe combined immunodeficiency syndromes, 

muscular dystrophy, haemophilia, β-thalassemia, or sickle cell anaemia) and malignant tumours, 
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including ovarian carcinoma. The strategy involving the obstruction of harmful proteins' 

production involves destroying target cells using a cytotoxic pathway. It is mainly used in 

treating malignant tumours, e.g., breast, ovarian, and endometrial carcinoma. 34,35 The last 

decade has witnessed a remarkable improvement in gene therapy technologies, as shown by 

many clinical trials reported. 

Systems for gene delivery can be divided into two categories: viral vectors and non-

viral vectors. Research in gene therapy is divided into two broad fields. One relates to 

developing a therapeutic gene, which involves developing an effective therapeutic gene for 

specific diseases or a regulated gene expression system. The second area of research is focused 

on the development of a safe and efficient delivery system. If gene therapy is to be developed 

into a successful therapeutic method, optimising delivery vectors is an area that will need to be 

given (still more) serious attention. Developing effective and safe delivery methods is one of the 

most significant challenges preventing the use of gene therapy and DNA vaccines. The non-

viral delivery systems include physical methods (naked DNA) and chemical techniques, which 

include those with cationic polymers (polyplexes) or synthetic cationic lipids (lipoplexes). 

Notwithstanding the reality that lipopolyamines are not as efficient as viral vectors, however, 

they are less toxic when compared to viral vectors. This has spurred efforts to develop novel 

lipopolyamines with enhanced transfection efficiency. 34,35 

Selecting a delivery system is guided by the characteristics of the disease being treated 

and the period of the gene expression in question. Even though clinical trials are primarily 

focused on viral systems, numerous clinical trials focus on cationic lipids when used to treat 

cancer, fibrosis, and recently, cardiovascular diseases (an exhaustive list of clinical trials can be 

found at:  www.wiley.co.uk/genmed/clinical/). Even though some encouraging results have 

been reported, it is an essential requirement if non-viral gene therapy (NVGT) is to succeed that 

the vectors must be more efficient. There are several benefits linked to non-viral vectors, even 

though the most efficient way of delivering genes to cells is viral vectors. The main differences 

between viral and non-viral vectors are that the latter is cheaper and has low immunogenicity 

and cytotoxicity. Several gene carriers have been developed to meet the needs of gene delivery 

to humans. Such delivery mechanisms protect and condense plasmid DNA from the DNase 
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enzyme, resulting in improved efficiency in gene delivery. However, some issues still need to 

be resolved, such as overall transfection efficiency and biocompatibility.  

The majority of cationic lipid non-viral gene carriers possess positive charges on amine 

functional groups. These positive charges interact with the phosphate groups’ negative charges 

in the plasmid DNA, leading to condensation of the plasmid DNA or siRNA. There is the 

interaction between the negatively charged cell membranes and the positively charged 

complexes, a process that facilitates lipoplex/plasmid DNA complexes’ cellular uptake through 

endocytosis. When nucleases degrade plasmid DNA, the result is a loss of gene expression. This 

is why plasmid DNA needs to be protected from the nucleases by the cells. When plasmid DNA 

is condensed by the carriers, the nucleases are prevented from accessing the plasmid DNA, a 

process that boosts plasmid DNA resistance against enzymatic degradation. In the non-viral 

delivery system, cationic lipids are seen as the main gene carriers. They assist in delivering to 

the nucleus by their ability to condense DNA into particles that can freely be endocytosed by 

cultured cells and then escape. In the cellular transfection achieved and DNA condensation, the 

covalent adding of lipid moiety, usually a single or two alkenyl chains or alkyl, or a steroid 

introduces more efficiency. Therefore, efficient RNA or DNA condensation and the resulting 

drug delivery is possible through the use of novel polyamine conjugates. 36 Usually, the charged 

head group is linked to between one and three hydrocarbon chains by a spacer. The type of 

linkage between the cationic and lipophilic moieties determines how stable the cationic lipids in 

biological systems are. It was concluded that the ester bond was easily hydrolysed by 

endogenous esterase in the cell. Carbamate bonds, were, however, observed to have better 

stability when compared to ester bonds. Thus, carbamate bonds tend to be used more often. 37-39 

The covalent addition of a lipid moiety usually involves a single or two alkenyl chains, alkyl, or 

a steroid. Usually, the hydrocarbon chains consist of 14 or more carbon atoms (Fig. 8).  
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Fig. 8 The three parts of a cationic lipid:  the hydrophilic moiety (L1), e.g., a polyamine, the linker 

(shown here as a green line), e.g., a carbamate or amide group, and a lipophilic moiety (L2). 

 

 

Fig. 9 Coupling spermine with long chain fatty acids. 

 

Geall and Blagbrough synthesised novel lipopolyamines by coupling selectively 

protected triBoc-spermine with fatty acids. They found that the binding affinity of these 

lipophilic polyamines to DNA is fully dependent on the lipid part attached by a linker to 

positively charged polyamines, see Fig. 9. 40  Five different long-chain fatty acids with different 

chain length and oxidation state (C22:1, C18:2, C18:1, C18:0, C12:0), were linked to the 

naturally occurring polyamine, spermine (Fig. 10). Compounds 1-5 were tested for gene, siRNA 

delivery, and knock-down. The results showed that the unsaturated fatty acid amides of 

spermine are non-toxic and efficient for gene and siRNA delivery. 41 
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Fig. 10 Di-fatty acid amides of spermine. 

 

 

 

Fig. 11 Coupling kanamycin (upper) or neomycin (lower) to a cholesteryl moiety. 
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Another type of cationic cholesterol conjugate with an aminoglycoside head-group has 

also been synthesised. Kanamycin with a cholesterol lipid moiety is effective in NVGT (Fig. 

11). 42 A synthetic cholesteryl conjugate with neomycin B (substituted with six amino groups) is 

efficient for the delivery of siRNA and DNA (Fig. 11). 43 In such a nucleic acid delivery system, 

the positively charged polyamines and the lipophilic moiety both play significant roles. Thus, 

such rationally designed and easily prepared novel conjugates can find a crucial role in NVGT. 

Molecular precedents can be found for the design of hybrid compounds in the natural 

world. Such conjugates and their derivatives can be used as natural product leads for drugs or 

even as medicines for their formulation in NVGT. In terms of sharks healing their wounds and 

certainly possessing antibacterial agents, the 1993 report of squalamine was a novel discovery.44 

Squalamine (Fig. 12) is the first representative of a previously unknown class of natural 

antibiotics of animal origin. These polyamine-bile acid (e.g. cholic acid type) conjugates display 

many exciting biological activities.45 Squalamine analogues also demonstrate the possibility to 

form supramolecular networks, opening up many possibilities in their use in drug delivery 

systems in serum or other body fluids. The research area of steroid polyamines, e.g., 

squalamine, trodusquemine, ceragenins, claramine, and their diverse analogues and derivatives, 

has been comprehensively reviewed.45 As well as an antibacterial, such compounds display 

antiviral, neuroprotective, antiangiogenic, antitumor, antiobesity and weight-loss activity, 

antiatherogenic, regenerative, and anxiolytic properties. Blagbrough and others have shown that 

cholic acid and other bile acids act as a lipidic region,46-48 so that after the many phosphate 

negative charges along the DNA or siRNA drug have been neutralised by the polycationic 

polyamine region, the nucleic acid thereby being condensed, the formed nanoparticle is coated 

in the steroid lipid.49-51 Taken together, these hybrid compounds act as efficient delivery devices 

in NVGT.52,53  

 

Fig. 12 Squalamine, a naturally occurring spermidine bile acid conjugate found in sharks. 
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Antimicrobial 

The fast proliferation of Gram-positive and Gram-negative bacterial pathogens resistant to 

prevailing antimicrobial therapies, whether in community or hospital settings across the world, 

is an indication of the advent of potentially grave global health crises. Out of all such pathogens, 

the ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) bacteria are 

responsible for most of the global nosocomial infections, with an annual escalation of drug 

resistance.54,55 

The prevalence of clinical isolates that can be grouped under the ESKAPE category that 

shows either pandrug resistance (PDR), extensively drug resistant (XDR), or multidrug resistant 

(MDR) has reached levels that some scholars have started to call alarming.56-58 MDR denotes a 

situation of nonsusceptibility to a minimum of one agent in three antibiotic classes that are 

chemically different. XDR involves nonsusceptibility to a minimum of one agent in all except 

two antibiotic classes that are chemically different. PDT denotes a situation where 

nonsusceptibility is in all agents in every antibiotic class.59,60 There have been few novel 

antibacterial drug entities containing new modes of action approved for use in a clinical setting 

in over half a century, except novel combinations of drugs.54 Numerous organisations involved 

in healthcare provision have voiced concern about the pressing need to develop novel 

antibiotics, particularly for dealing with drug-resistant Gram-negative ESKAPE bacilli. The 

World Health Organisation (WHO), for instance, has been referring to the idea of the post-

antibiotic era, characterised by rising mortality and morbidity rates even for minor injuries and 

common infections.61 The inadequate accessibility of antibiotics for treating MDR Gram-

negative bacterial infections continues to be a grave challenge. 

Another strategy for some kinds of bacteria to develop antimicrobial resistance is by 

forming biofilms. More than 70% of human bacterial infections are related to biofilm 

formation.62 The existence of microbial cells within the biofilm affords the protection of 

bacteria cells from both antibacterial compounds and the human immune system.63.64 A biofilm 

grows in three stages:  attachment, micro colonies formation, and maturation.65-68 Initially, the 

free cells attach to a surface which can be biotic or abiotic. These free bacterial cells can either 
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attach on their own or form aggregated colonies.62,66 After irreversible attachment which allows 

the bacteria to stick to a surface without being washed off, biofilm maturation begins.67 Several 

factors play a role in developing the irreversible attachment to the surface such as 

hydrophobicity, quorum sensing (QS) and surface roughness. 69-71 

One of the effective strategies for dealing with the challenge of antibiotic resistance lies 

in the development of agents that are not bactericidal but still indirectly stop the bacterial 

communication. 72,73 For instance, obstructing bacterial quorum sensing is a practical approach. 

The concept of quorum sensing involves the creation, and discharge of molecules by bacteria as 

a way through which adjacent bacteria communicate.69-71 Environmental factors, such as 

chemical or physical, in microbial communities activate this network of communication. The 

detection of these signalling molecules activates metabolic and physiological changes in the 

gene expression of bacteria. Consequently, the bacteria produce bio-molecules that are required 

for biofilm formation. It can therefore be predicted that preventing QS could lead to the 

pathogen being unable to harm the host.70 There are several compounds that have been 

suggested and evaluated for their antibiofilm ability, such as QS modifying molecules and 

polyamines.72,73 

Tor and co-workers led the way utilising aminoglycoside−RNA interactions for the 

design and synthesis of hybrid compounds where dimerized aminoglycosides achieved 

enhanced RNA binding by electrostatic interactions.74 Following experimental results, 2-

deoxystreptamine (DOS) fragment I and fragment II, that are present in neomycin, 

paromomycin, kanamycin, tobramycin, amikacin, and gentamicin aminoglycosides,75,76 are 

important for electrostatic binding with the rRNA of prokaryotic (blue part, Fig. 13).16 The 

primary amines at positions 1 and 3 in the 2-DOS ring provide extra electrostatic interactions 

with the rRNA binding sites.16,18,73 On the other hand, other studies have showed that the OH 

groups at position 6'' in fragment III of kanamycin and tobramycin and the OH group at position 

5''' in fragment III of neomycin and paromomycin are not essential for rRNA binding 

(highlighted hydroxy groups in red, Fig. 13).18,74  
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Fig. 13 Aminoglycoside antibiotics, blue parts are for electrostatic binding with the rRNA and 

highlighted hydroxy groups in red are not essential for rRNA binding. 
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Tor and co-workers reported that they synthesised a dimeric neomycin linked by a 

disulfide linker containing 12 other atoms (Fig. 14).18,74 This was designed, linking via an ether 

of the not essential OH group at position 5'' in fragment III of neomycin, in order to allow the 

aminoglycosides to find or scan for the second RNA binding site. The activity as a ribosome 

inhibitor of this derivative improved from 20- to 1200-fold compared to the monomeric 

counterpart. This enhancement in its activity might be due to the interaction with two sites in 

bacterial RNA.74 This has experimental support with a dimer of tobramycin, Tob-Tob (1 µM) 

covalently bound by a chain linker containing a disulfide which decreased the substrate 

cleavage rate more than was achieved with 2 µM of (free) Tob.18 Another related method was 

reported by Santana et al. who synthesised, in 75% yield, Tob dimers using 1,6-dibromohexane 

as a source of the linker through DOS ethers (Fig. 15). They argued that the increase in cationic 

charge might reinforce the overall binding of aminoglycosides to RNA.77  

 

 

Fig. 14 Dimeric neomycin bound by a disulfide containing chain linker. 

 

Fig. 15 Dimeric tobramycin bound by a 1,6-hexyl diether linker. 
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Idowu et al. reported that combining a homo dimeric TOB (Fig. 16) with ceftolozane 

potentiates the antimicrobial activity of ceftolozane against MDR/XDR in P. aeruginosa in 

vitro. In contrast, the combination of TOB monomer and ceftolozane does not potentiate the 

activity of ceftolozane against MDR/XDR in P. aeruginosa under the same conditions.78 

 

 

Fig. 16 A homo-dimeric tobramycin linked triazole synthesized via click-chemistry. 

 

The majority of the reported antimicrobial hybrid compounds possess a chemical stable 

fluoroquinolone moiety, such as ciprofloxacin. These hybrids showed antibacterial activity 

against Gram-negative bacteria. Moreover, the structure-activity relationship (SAR) and the 

broad-spectrum of activity of fluoroquinolone antibiotics are well-known.79,80 Pokrovskaya et al. 

reported that neomycin B-ciprofloxacin hybrid compounds were covalently bound via different 

linkers in order to achieve the optimum linker length and physicochemical properties required 

for the best activity.81 Neomycin B-ciprofloxacin hybrids, with an aromatic triazole linker and 

aliphatic triazole linker (Fig. 17), exhibited more antibacterial activity than (free) neomycin B, 

but not ciprofloxacin. In a different experiment, selected neomycin B-ciprofloxacin hybrid 

compounds showed up to 32-fold more potent inhibition of TopoIV and DNA gyrase than 

ciprofloxacin. The presence of six amino groups (positively charged) in neomycin B might 

increase the binding affinity of ciprofloxacin to its target site (DNA). Moreover, a significant 

delay in any resistance formation was noticed in both Gram-positive and negative bacteria that 
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were treated with neomycin B-ciprofloxacin hybrid compounds compared to neomycin B and 

ciprofloxacin separately or their 1:1 equivalent mixture.81 

 

Fig. 17 Neomycin B-ciprofloxacin hybrids, with aromatic and aliphatic bound triazole linkers. 

 

Pyrimidine-fluoroquinolone hybrids have been reported in a patent.82 Trimethoprim was 

linked to ciprofloxacin and other fluoroquinolone moieties through an aryl ether bond (Fig. 18). 

Ciprofloxacin and trimethoprim MICs are 32 and 4 μg/mL, respectively, and the MIC of the 1:1 

mixture is 8 μg/mL. However, these hybrids displayed a better antibacterial activity than 

trimethoprim against S. aureus and S. epidermidis (Gram-positive) and Escherichia coli (Gram-

negative). Indeed, they have potent activity against ciprofloxacin-resistant S. aureus strain 

NRS19, as low as MIC = 1 μg/mL.82 

 

Fig. 18 Trimethoprim-ciprofloxacin hybrid. 
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Fig. 19 Cadazolid was synthesised by linking tedizolid and ciprofloxacin. 

 

 

Fig. 20 Thiourea-polyamine (A and B) and lipidic polyamine (C and D) hybrid molecules with 

antibacterial and antibiofilm activity. 
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Cadazolid, a hybrid consisting of two pharmacophores derived from tedizolid and 

ciprofloxacin, see Fig. 19, has successfully completed phase III clinical trials for the treatment 

of Clostridium Difficile Associated Diarrhoea (CDAD) in comparison to vancomycin 

(https://clinicaltrials.gov/show/NCT01987895).83 Two polyamine-based analogues, A and B, 

with two hydrophobic moieties were linked to linear polyamines via thioamides, see Fig. 20. 

The analogue B inhibits biofilm formation of P. aeruginosa at 64 μg/mL by targeting the 

bacterial membrane.84 Long lipophilic chains were linked to norspermidine-di-amino acid 

analogues (compounds C and D, see Fig. 20). These analogues displayed antibacterial activity 

against several Gram-positive and Gram-negative bacteria, e.g., S. aureus, E. coli, and K. 

pneumoniae. Moreover, compound D showed antibiofilm activity at 60 μg/mL against S. aureus 

MTCC 737.85,86 

 

Conclusions 

There is a need to develop new drugs/medications that can treat infectious diseases, 

especially those caused by MDR bacteria and the many different cancers. Several approaches 

have been highlighted to develop new antibiotics and anticancer agents. Considering their 

potential advantages, the concept of hybrid compounds is attractive. However, molecular 

complexity, inflexible/indirect chemical synthesis, and the effort needed to find the mechanism 

of action over conventional medications need to be considered. Despite these related challenges, 

employing the hybrid technique is a practical approach to enlarge the chemotherapeutic space of 

our current medications.  

The application of using two pharmacophores attached by a covalent linker is not 

limited to improvements in the binding affinity or reducing the side effects of antibiotics or 

anticancer drugs and medicines, this approach can also be used to design compounds that might 

be applied to treat other diseases or in gene or siRNA delivery. NVGT cationic lipid-based 

delivery agents for the efficient delivery of DNA and siRNA where steroids or long chain fatty 

acids as the lipid moiety are bound to polyamines as the cationic moiety. These polyamines can 

be linear as in spermine, or on a polycyclic sugar template, aminoglycosides kanamycin and 

neomycin B, the latter substituted with six amino groups.  

https://clinicaltrials.gov/show/NCT01987895
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Chapter 2 

 

Practical synthesis of lipopolyamine conjugates for non-viral gene therapy (NVGT) 

 

Introduction 

Polyamine based non-viral gene therapy (NVGT) vectors are an alternative to more toxic and 

capacity limited viral vectors have become increasingly important in gene therapy. Cationic 

lipids are attractive as they can interact electrostatically with the phosphate anionic backbone of 

nucleic acids.1 This reduces the size of the payload DNA by charge neutralisation and therefore 

DNA condensation is an important step for gene therapy purposes. Cationic lipids are comprised 

of the positively charged polar head group, such as amines (primary, secondary, tertiary, and 

quaternary), guanidines, imidazoles, or pyridinium salts 2, a lipophilic moiety, such as a steroid 

or long alkyl chains, and a linker, typically a simple functional group, e.g., a carbamate or ester 

or amide, to connect the cationic part with the hydrophobic part, see Figure 1.1,2 

 

 

 

Figure 1 N1 -Cholesteryl norspermine (thermine) carbamate. The positive charges of the 

polyamine, the hydrophilic moiety, have electrostatic interactions with the phosphate backbone 

(negative charges) of DNA or RNA. The lipophilic moiety facilitates cellular uptake. 
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The lipophilic moiety of cationic lipids influences the gene delivery. An efficient DNA 

condensation process with lithocholic acid thermine/spermine amides and with their cholesteryl 

carbamates (CR50 < 1.0). On the other hand, free spermine and cholic acid thermine/spermine 

amides (CR50 > 4.0) reflect their weaker DNA binding affinities, see Figure 2.3 Blagbrough et 

al. argue that there is a direct relationship between the lipophilicity of the lipid covalently 

attached to polyamines and binding affinity.4 

 

 

Figure 2 Linear polyamines, thermine and spermine, covalently attached to different lipids. 
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According to Manning’s electrolyte theory, when 90% of the negative charges on the DNA 

are neutralized, condensation will take place.5 Novel cholesterol polyamine carbamates were 

prepared, 3.4.3-chol, 3.3.3-chol, 3.2.3-chol, 2.3.2-chol, 2.2.2.2-chol, 2.2.2.2.2-chol, and their 

DNA binding affinity was measured using an ethidium bromide displacement assay. Spermine 

cholesteryl carbamate (3.4.3-chol) showed higher DNA binding affinity, confirming that both 

the distribution and the number of positive charges are significant to change the DNA 

conformation.6 

Compounds with a T-shape coupled via a secondary amine in the polyamine chain were 

found to be more active in vivo than a similar hydrophobic part (head group) that was coupled 

via a primary amine with a maximum number of positive charges, see Figure 3.7 

 

 

 

Figure 3 T-shaped cationic lipid Genzyme lipid 86 showed more transfection activity than 

Genzyme lipid 53 and Genzyme lipid 75. 
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On the other hand, substitution of the hydrophobic moiety from steroids with dialkyl chains, 

lipid 102, showed increased transfection activity in vitro, see Figure 4.7 

Behr and co-workers synthesized the first non-liposomal lipopolyamine, 

dioctadecylamidoglycyl-spermine (DOGS), commercially available as Transfectam, see Figure 

4.8 Scherman and co-workers synthesised the lipopolyamine RPR-120535 and also RPR-132688 

by introducing a disulfide bridge between the third hydrophobic chain and lipopolyamine, see 

Figure 4, that improves the transfection activity over RPR-120535.9 

Five different long-chain fatty acids with different chain length and oxidation state (C22:1, 

C18:2, C18:1, C18:0, C12:0), were linked to the naturally occurring polyamine, spermine , See 

chapter 1.  These compounds were tested for gene, siRNA delivery, and knock-down. The 

results showed that Lipogen are non-toxic and efficient for gene and siRNA delivery.10 

AtuFECT is a non-viral gene vector synthesised in 2006, based on unsymmetrical dialkyl 

chains and a polyamine including a guanidine functional group, Figure 4.11 
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Figure 4 Lipopolyamines for NVGT. 

 

The number of positive charges and their distribution on the hydrophilic part are significant 

to change the DNA conformation. Spermine (3.4.3), among different linear polyamines, 

attached to either steroids or long alkyl chains showed higher DNA binding affinity. The 

hydrophobic part of cationic lipids has a significant affect in gene delivery depending 
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on its physical and chemical properties, for example, oxidation/saturation state and 

chain length. Long alkyl chain attached covalently to hydrophilic head showed better 

transfection efficiency than steroid moieties.7 Therefore, a series of single (same length, 

but different saturation states), compounds 16 and 17, and diacyl, 23 and 24, 

lipopolyamines (same length, but same or different saturation states) that covalently and 

regiospecifically linked to spermine (3.4.3) were designed, see Figure 5. 

 

 

 

 

Figure 5 Single and diacyl lipopolyamines 16, 17, 23 and 24. 
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Results and discussion 

Selective protection of the reactive amines 

The ability to link polyamines requires selective protection, in order to avoid unwanted side 

products. However, the protection of three amines out of four is always low yielding and needs 

chromatographic purification. Alternatively, mono-protection using benzyl chloroformate 

(CbzCl) or di-tert-butyldicarbonate (Boc anhydride) either ends up with a low yield, which is 

not practical, or requires a long time for chromatographic purification. Geall and Blagbrough 17 

reported that using trifluoroacetyl as a protecting group for one amine out of four can be 

controlled by decreasing the temperature and the concentration. Subsequent removal under basic 

conditions makes trifluoroacetyl an ideal protecting group for preparing unsymmetrical 

polyamine amides. The ratio between –NH2 and ethyl trifluoroacetate (the source of the 

protecting group) is important not only to avoid protection of both primary amines (-NH2), but 

also to avoid protection of primary (-NH2) and secondary amines (-NH-). The introduction of 

trifluoroacetyl as a protecting group will be for primary amines over secondary amines because 

the secondary amines on norspermine 1 and norspermine 2 are more sterically hindered than 

primary amines. Taking all these advantages into consideration, trifluoroacetyl as a protecting 

group makes it a superior compared to CbzCl and di-tert-butyl dicarbonate ((Boc)2O) for the 

purpose of gram scale protection of polyamines. Thus, using this method, triBoc 7 and 8 were 

synthesised by first protecting one amine with, then Boc protecting the rest, before finally 

revealing the first amine by trifluoroacetyl removal, see Scheme 1. TriBoc 7 and 8 were 

synthesised by the addition one equivalent of ethyl trifluoroacetate to a methanolic solution of 

starting materials 1 and 2 at -78 ℃ to obtain mono-trifluoroacetamides 3 and 4. At this point, 

analysis by mass spectrometry showed 3 and 4 with the correct mass. The products were not 

isolated. In the same methanolic solution, three equivalents of di-tert-butyldicarbonate were 

added to fully protect polyamines 5 and 6. The trifluoroacetamide was selectively deprotected 

by increasing the pH to above 11 with conc. aq. ammonia to afford polyamines 7 and 8 with an 

unmasked amino group (Scheme 1). The spectral data obtained for compounds 7 and 8 agreed 

with those reported by Geall and Blagbrough.17 
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Scheme 1 Reagents and conditions: (i) EtOOCCF3, MeOH, -78 oC, 18 h; (ii) Boc2O, MeOH, 0-

20 oC, 18 h; (iii) aq. NH3, 20 oC, 18 h. 

 

Reacting the unprotected amine of linear polyamines with different types of hydrophobic 

moieties 

 

1. Cholesteryl chloroformate 

Norspermine 11 and spermine 12 cholesteryl carbamate were synthesised by the addition of 

one equivalent of cholesteryl chloroformate to a solution of DCM and starting material 

composed of triBoc-norspermine 7 and triBoc-spermine 8 at 20 ℃ to obtain 9 and 10. The 

spectral data obtained for compounds 9 and 10 agreed with those reported by Geall et al. 18   

The Boc protecting groups of compounds 9 and 10 were deprotected by trifluoroacetic acid in 

DCM (1: 9). The solution was then concentrated in vacuo; the residue was recrystallized 

(EtOAc) to yield the desired products 11 and 12 as TFA salts (Scheme 2). The Boc protecting 

groups were removed by protonation of the t-butyl carbamate groups with trifluoroacetic acid, 

losing the t-butyl cation as a butene gas by-product, resulting in a carbamic acid; the 

decarboxylation followed providing free amine and CO2. This deprotection can occur in the 

presence of another carbamate group at the cholesterol, which does not react as it would involve 

the elimination of a secondary carbocation. 
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Scheme 2 Reagents and conditions: (i) cholesteryl chloroformate, DCM, TEA, 0-20 oC, 18 h; (ii) 

DCM/TFA (9:1 v/v), 20 oC, 18 h. 

 

Synthesis of polyamines acid analogue 

Succinic anhydride is reactive and will help to introduce a short (4 carbons) spacer and a 

useful carboxylic acid functional group from which amides may be obtained. Compound 13 was 

synthesised by the addition of one equivalent of succinic anhydride to a solution of anhydrous 

pyridine, and triBoc 8 at 20 ℃, see Scheme 3. All spectral data confirmed that reactions took 

place successfully. The 1H-13C HMBC NMR spectrum of compound 13 shows that there are two 

triplets at 2.45 and 2.58 ppm in the 1H NMR spectrum, which represents the two CH2 groups 

between the amide group and the carboxylic acid, and carbon signals at 173.4 and 174.8 ppm in 

the 13C NMR spectrum, which represents carbons of the carboxylic acid and the amide group. 

Moreover, the 1H-13C cross peaks in HMBC NMR spectrum between the two triplets and the 

two carbon signals were observed. Mass spectrometry showed correct mass form compounds 

13. HRMS: Found 601.3867 (m/z), C29H53N4O9 requires 601.3860 (m/z) [M - H]- for compounds 

13, see Figure 6. 
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Figure 6 1H-13C HMBC NMR spectrum of compound 13 measured relative to TMS in 99.8% 

CD3OD at 25 °C. 

 

2. Reacting the polyamines acid analogue 13 with single alkyl amine (with different 

saturation state) 

Unsymmetrical polyamine amides 16 and 17 were prepared, which are charged at 

physiological pH (7.4) and therefore interact with DNA. Compound 13 was coupled to 

octadecylamine and oleylamine to obtain their corresponding target lipopolyamines 22 and 23, 

respectively. Compounds 16 and 17 were synthesised with the good yield after using one 

equivalent of HBTu to a solution of 13 in anhydrous DMF at 20 ℃ using HBTu to activate the 

carboxylic acid, see Scheme 3. Amides may be prepared practically by reacting the carboxylic 

acid with HBTu, followed by the addition of one equivalent of the amine (oleylamine or 
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octadecylamine). Deprotection of the Boc protecting groups in compounds 14,and 15 proceeded 

using trifluoracetic acid (TFA) in dichloromethane (DCM) (1:9 v/v) stirred for 18 h then 

concentrated in vacuo and lyophilised to yield 16 and 17 as poly-TFA salts, see Scheme 3. 

Lipopolyamines 16 and 17 interact with DNA, forming lipoplexes, as demonstrated by an 

ethidium bromide (Eth Br) fluorescence displacement assay (Lepecq and Paoletti, 1967).12 This 

assay is a method of binding behaviour between the DNA or RNA and polyamines by 

preventing/displacing of Eth Br binding to DNA.12,13 Therefore, lipopolyamine amides 16 and 

17 can be critically compared to displace Eth Br binding to DNA or RNA. 

 

NMR spectroscopic structural assignments for compounds 16 and 17 

For unambiguous assignment, protons and carbons of compounds 16 and 17 were assigned 

using 2D, 1H-13C HSQC and 1H-13C HMBC NMR spectroscopy. 

In terms of the 1H NMR spectrum, the magnetic resonance of methylene groups of poly-TFA 

salts of compounds 16 and 17 can be observed in five distinct regions, around 2.9-3.2 ppm 

resonate methylene backbones adjacent to amide and amine groups (10 x NCH2) (1-, 3-, 5-, 8-, 10-

, 12-, 19-CH2 for compounds 16, and 17), around 2.5 ppm methylene groups which represent two 

methylene groups of the linker 15 and 16 (RNHCOCH2CH2CONHR), around 2.2 and 1.6 ppm 

methylene groups separated from amino groups (NH2 or/and NH) by one CH2 group on each side 

(2-CH2 , 11-CH2 for compound 16 and 17), around 1.7 ppm methylene groups separated from the 

secondary amines by one methylene group on a side and more than one methylene groups on the 

other side (6-CH2, 7-CH2 for compounds 16 and 17), around 1.3 and 1.4 ppm methylene groups 

separated from the secondary amines by one methylene group on a side and more than one 

methylene groups on the other side (6-CH2, 7-CH2 for compounds 16 and 17). In compound 17, 

there are two peaks around 5.3, that represent 27- and 28-CH, and 2.0, that represent 26- and 28-

CH2, see Figure 7. 

Methine groups 27, 28-CH of compound 17 are more de-shielded, and therefore have the 

largest chemical resonance. Methylene group  to an amide (12-CH2 for compounds 16 and 17 are 

more de-shielded than 19-CH2, which is  to an amide. 12-CH2  to an amide and  to a 
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secondary amine on another hand 19-CH2 for compounds 16 and 17 have an indictive effect from 

the amide only, therefore 12-CH2 for compounds 16 and 17 have larger chemical resonance. The 

protonation of primary and secondary amine functional groups causes a de-shielding of the 

methylene functional group  to the nitrogen causing a downfield shift in their peaks. Therefore, 

CH2 groups located next to an amine are more de-shielded than those located further away, (1-

CH2, 3-CH2, 5-CH2, 8-CH2 10-CH2, for compounds 16 and 17), see Figure 7. 

Methylene groups  to amide and secondary amines (11-CH2 for compounds 16 and 17) are 

less de-shielded, and therefore have smaller chemical shifts by ~0.2 ppm than methylene groups  

to primary and secondary amines (2-CH2 for compounds 16 and 17) and have smaller chemical 

shifts by ~ 0.1 ppm than methylene groups  to Methine groups (26- and 29-CH2 for compound 

17). However, protons 6-CH2, and 7-CH2 for compounds 16 and 17 are  and  to secondary 

amines, for this reason they shifted slightly upfield on the 1H NMR spectrum compared to 

methylene groups  to amide and secondary amines, see Figure 7. The most upfield chemical 

shifts were observed for methylene groups 21-35-CH2 and 36-CH3 for compound 16, and 21-25, 

30-35-CH2 , and 36-CH3 for compound 17 as they located further away from amines, however, 

due to the effect by the amide functional group from only one side, methylene group 20-CH2, ,  to 

amide, have larger chemical shifts, see Figure 7. In terms of the 13C NMR spectrum, the magnetic 

resonance of methylene groups of poly-TFA salts of compounds 16 and 17 can be found in six 

distinct regions, around 173 and 175 ppm represent the amide groups (2 x NHCO for compounds 

16 and 17), around 129 ppm methine groups 27, 28-CH of compound 17, around 35-50 ppm 

methylene groups adjacent to primary amines, secondary amines and amid groups (7 x NCH2), 

around 30 ppm methylene groups which represent two methylene groups of the linker 

(RNHCOCH2CH2CONHR), around 20-30 ppm methylene backbones adjacent to methine groups 

(26-CH2, 29-CH2, for compound 17), methylene groups separated from amino groups (NH2 or/and 

NH) by one CH2 group on each side (2-CH2 , 11-CH2 for compound 16 and 17), methylene groups 

separated from the secondary amines by one CH2 functional group on a side and more CH2 groups 

on the other side (6-CH2, 7-CH2 for compounds 16 and 17), or more than one on each side (21-35-
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CH2, for compound 16, 21-25-CH2 and 30-35-CH2 for compound 17), and around 14 ppm assigned 

for 36-CH3 for compounds 16 and 17, see Figures 8-13. 

 

 

 

 

Figure 7 The stack 1H NMR spectra of compounds 16 and 17 as TFA salts measured relative to 

the solvent peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

16 

17 
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Figure 8 The 13C NMR spectrum of compound 16 as measured in 99.7% D2O at 25 °C. 

 

 

 

Figure 9 The 1H-13C HSQC NMR spectrum of compound 16 as measured relative to the solvent 

peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 
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Figure 10 The 1H-13C HMBC NMR spectrum of compound 16 as measured relative to the 

solvent peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

 

Figure 11 The 13C NMR spectrum of compound 17 as measured in 99.7% D2O at 25 °C. 
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Figure 12 The 1H-13C HSQC NMR spectrum of compound 17 as measured relative to the 

solvent peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

Figure 13 The 1H-13C HMBC NMR spectrum of compound 17 as measured relative to the 

solvent peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 
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Scheme 3 Reagents and conditions: (i) succinic anhydride, anhydrous pyridine, 20 oC, 18 h; (ii) 

anhydrous DMF, HBTu, TEA, 20 oC, 18 h, octadecylamine for 14 or oleylamine for 15; (iii) 

DCM/TFA (9:1 v/v), 20 oC, 18 h. 

 



58 
 

3. Reacting the polyamine acid analogue 13 with di-alkylamine (same or different) 

Unsymmetrical polyamine amides were prepared, which are charged at physiological pH 

(7.4) and therefore interact with DNA. The synthesised targets, lipopolyamines 25 and 26, 

mimic AtuFECT. However, spermine, as a hydrophilic part, and di-alkylamine 21 and 22, as a 

hydrophobic part, with different oxidation state were used. The hydrophobic parts 21 and 22, of 

target analogues 25 and 26, was synthesised with good yield by reacting compound 18 with 

octadecylamine 19 to obtain 21 or with oleylamine 20 to obtain 22 in anhydrous TEA at 55 ℃ 

for 48 h., see Scheme 4. All spectral data confirmed that reactions took place successfully, see 

Figures 14-21. Mass spectrometry showed correct mass form compounds 21 and 22. HRMS: 

Found 522.5894 (m/z), C36H76N requires 522.5900 (m/z) [M + H]+ for compounds 21 and 

HRMS: Found 520.5750 (m/z), C36H74N requires 520.5743 (m/z) [M + H]+ for compounds 22. 

 

 

 

 

Scheme 4 Synthesis of compounds 21 and 22. 
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Figure 14 The 1H NMR spectrum of 21 as measured relative to TMS in 99.7% CDCl3 at 25 

°C. 

 

 

Figure 15 The 13C HSQC NMR spectrum of compound 21 as measured relative to TMS in 99.7% 

CDCl3 at 25 °C. 
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Figure 16 The 1H-13C HSQC NMR spectrum of compound 21 as measured relative to TMS in 

99.7% CDCl3 at 25 °C. 

 

 

Figure 17 The 1H-13C HMBC NMR spectrum of compound 21 as measured relative to TMS in 

99.7% CDCl3 at 25 °C. 
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Figure 18 The 1H NMR spectrum of compound 22 as measured relative to TMS in 99.7% 

CDCl3 at 25 °C. 

 

 

Figure 19 The 13C NMR spectrum of compound 22 as measured relative to TMS in 99.7% CDCl3 

at 25 °C. 
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Figure 20 The 1H-13C HSQC NMR spectrum of compound 22 as measured relative to TMS in 

99.7% CDCl3 at 25 °C. 

 

Figure 21 The 1H-13C HMBC NMR spectrum of compound 22 as measured relative to TMS in 

99.7% CDCl3 at 25 °C. 
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In order to synthesis compounds 23 and 24 (Scheme 5), several coupling reagents with different 

temperature were used in order to couple compound 13 with 21 or 22 in anhydrous DMF at 20 °C, 

using HBTu, DCC and DMAP, EDC.HCl and HOBt as coupling reagents, but there was no 

reaction. Then, the reaction duration and the temperature were increase from 18 h to 48 h and from 

20 °C to 60 °C, respectively. TLC analysis showed a major spot of the starting material and several 

minor spots. 

During the writing of this chapter, Thongbamrer et al. designed and synthesised L-shaped 

spermine-based lipopolyamine analogues with identical and non-identical hydrophobic chain 

lengths (from C10 to C18). The hydrophobic part with non-identical long chains showed better 

transfection efficiency than the corresponding identical tail. 14 
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Scheme 5 Synthesis of compounds 25 and 26 
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Selective protection of the reactive amines on aminoglycosides 

There are five primary amino functional groups in tobramycin 18, respectively. A simple 

synthetic method for the regioselective modification of these amines is problematic. Therefore, 

various different methods have been reported for selective protection of polyamines (Ganem, 

1982; Bergeron, 1986; Geall and Blagbrough, 2000).15-17 Trifluoroacetyl as a protecting group 

for one amine out of four makes it superior for the purpose of gram scale protection of 

polyamines.18 The presence of non-equivalent primary amino groups (R-CH2NH2) and (R-NH2) 

as well as the number of amines makes the selective protection of aminoglycosides and their 

regioselective modification a specific challenge in this research project. 

To introduce protecting groups for perhaps less sterically hindered primary amines (R-

CH2NH2) over primary amines that are directly attached to a ring (R-NH2), it is possible to 

employ one equivalent of ethyl trifluoroacetate for tobramycin free base 18. The protection 

reaction was controlled by decreasing both the temperature and the concentration, e.g., in a 

methanolic solution of free base 18 at -78 ℃. The ratio between -CH2NH2 and the protecting 

group is important to avoid protection of other primary amines (R-NH2). Thus, N-1, N-3, N-2', 

N-3''(Boc)4tobramycin 21 were synthesised by first protecting one amine, NH2-6', then Boc 

protecting all the remaining amino groups, before revealing the first amine by trifluoroacetyl 

removal (Scheme 6). The mono-trifluoroacetamide 19 analysis by HRMS showed the correct 

mass, found 564.2414, C20H37F3N5O10 requires 564.2472 [M + H]+. The products were not 

isolated, but in the same methanolic solution, 4.5 equivalents of di-tert-butyldicarbonate 

(Boc2O) were added to fully protect the polyamine 20 HRMS analysis showed the correct mass: 

found 964.4511, C40H69F3N5O18 requires 964.4556 [M + H]+. The trifluoroacetamide was 

selectively deprotected by increasing the pH to above 11 with conc. aq. ammonia (32 %). TLC 

showed a major spot of the desired compound 21, Rf = 0.4, ethyl acetate:ethanol:aqueous 

ammonia, 7:2:1 v/v/v. The crude product 21 was purified by column chromatography to yield N-

1, N-3, N-2', N-3''(Boc)4tobramycin 21 in 40% overall yield (3 steps) (Scheme 6). 
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Scheme 6 Reagents and conditions: (i) EtOOCCF3, MeOH, -78 oC, 18 h; (ii) Boc2O, MeOH, 0 oC, 

18 h; (iii) aq. NH3, 20 oC, 18 h. b; (iv) cholesteryl chloroformate, DCM, TEA, 0-20 oC, 18 h; (v) 

DCM/TFA (9:1 v/v), 20 oC, 18 h. 
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Reacting the unprotected amine of aminoglycoside 30 with cholesteryl chloroformate 

Cationic lipids are not only prepared from linking lipid moieties with linear polyamines, 

such as spermine. Lehn and co-workers reported a novel use of kanamycin incorporated in a 

lipopolyamine design. Kanamycin linked to a cholesterol lipid moiety is effective in NVGT.19 

Moreover, Ghonaim and Blagbrough demonstrated that a synthetic cholesterol conjugate with 

neomycin B antibiotic (six amino groups) is highly efficient for the delivery of both fluorescent 

siRNA (85-90%) and DNA (65-80%) (Ghonaim and Blagbrough).20 Such findings agree with 

the hypothesis that for a delivery system to be efficient, the positively charged polyamines, 

linear or aminoglycosides, and lipophilic moiety play a significant role. Thus, such rationally 

designed and synthesised novel polyamine conjugates have an important role in NVGT. 

Tobramycin cholesteryl carbamate 23 was synthesised by the addition of one equivalent of 

cholesteryl chloroformate to a solution of DMF and starting material composed of tetraBoc-

tobramycin 21 at 20 ℃ to obtain 22. The Boc protecting groups of compound 22 were 

deprotected with trifluoroacetic acid in DCM (1: 9). The solution was then concentrated in 

vacuo and lyophilised to yield the desired product 23 as TFA salts, Scheme 6. 

 

Conclusions 

The important effects on DNA and RNA binding affinity depend on both the number of 

positive charges on the polyamine moiety and the nature of the attached lipid (chain length and 

degree of unsaturation) in the target lipopolyamines. Selective reaction in the manufacture of 

polyamine conjugates needs to follow selective protection of the other reactive amine functional 

groups. The unprotected amine was reacted with succinic anhydride to introduce a short (4 

carbons) spacer, liberating an available carboxylic acid. This released carboxylic acid functional 

group has been converted into amides of other hydrophobic moieties (single alkyl chains with 

different saturation states) to obtain compounds 16 and 17. Several conditions and coupling 

reagents were followed in attempts to synthesise compounds 23 and 24, However, these 

attempts were not successful. The unprotected amine of tetraBoc-tobramycin 30 was reacted 

with cholesteryl chloroformate to obtain 31 and then 32 as its TFA salt after the Boc removal 

step. 
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Experimental 

Materials and General Methods 

D2O, CD3OD, and CDCl3 were purchased from Goss Scientific. Methanol (MeOH), 

dichloromethane (DCM), triethylamine (TEA), ethanol (EtOH), dimethylformamide (DMF), 

and aqueous ammonia (32%) were purchased from VWR (UK). Anhydrous pyridine and 

anhydrous dimethylformamide (DMF) were purchased from Fisher-Scientific (UK). Spermine, 

norspermine, ninhydrin, di-tert-butyl dicarbonate ((Boc)2O), tobramycin free base, 

octadecylamine 19, oleylamine 20, succinic anhydride, N,N,N',N'-tetramethyl-O-(1H-

benzotriazol-1-yl)uronium hexafluorophosphate (HBTu), N,N'-dicyclohexylcarbodiimide 

(DCC), 4-dimethylaminopyridine (DMAP), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC.HCl), hydroxybenzotriazole HOBt), trifluoroacetic acid (TFA), ethyl 

trifluoroacetate, potassium bromide (KBr), and sodium sulfate (Na2SO4), were purchased from 

Sigma-Aldrich (UK).Column chromatography was performed over silica gel 60-120 mesh 

(purchased from Sigma-Aldrich, UK) using different ratios of methanol, ethanol, 

dichloromethane, and aqueous ammonia (32%) as eluents. Thin-Layer Chromatography (TLC) 

over silica gel was performed using aluminium-backed sheets coated with Kieselgel 60 F254 

purchased from Merck (UK). Ninhydrin TLC spray reagent was used for detecting amine 

functional groups (ninhydrin (0.2 g) in 100 mL ethanol). 

 

Instrumentation 

NMR spectra including 1H, 13C, HSQC, and HMBC were recorded on Bruker Avance III 

(operating at 500.13 MHz for 1H and 125.77 MHz for 13C) spectrometers at 25 ℃. MestReNova 

has been used for processing the spectra. 1H and 13C chemical shifts () were observed and are 

reported in parts per million (ppm) relative to tetramethylsilane (TMS) at 0.00 ppm as an 

internal reference or solvent peaks, D2O at 4.79 ppm for 1H NMR and using the intrinsic lock 

signal for 13C NMR. High Resolution Time-of Flight (HR-TOF) mass spectra were obtained on 

a Bruker Daltonics “micrOTOF” mass spectrometer using electrospray ionisation (ESI) (loop 

injection +ve mode). PerkinElmer 65 spectrum FT-IR spectroscopy was used to obtain the IR 

spectra. The KBr discs were prepared for solid samples. 
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General Procedure: Boc Removal 

A solution of fully Boc polyamine in DCM (9 mL) was deprotected by adding TFA (1 mL) 

at 20 °C. The solution was stirred for a further 18 h then concentrated in vacuo and lyophilised 

to yield the desired product as a white powder (poly-TFA salt). 

 

(N1,N4,N8-Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane 7 

This synthesis was carried out following the protocols in Geall and Blagbrough (2000). A 

solution of spermine (thermine) 1 (2.00 g, 10.6 mmol) in methanol (150 mL), at -78 ℃ under 

nitrogen, was treated with ethyl trifluoroacetate (1.51 g, 10.6 mmol, 1 equiv.) dropwise over 15 

min. Stirring was continued for a further 45 min, then the temperature was increased to 20 ℃ 

for 18 h to afford the mono-trifluoroacetamide 3. Without purification, the remaining amino 

functional groups were protected by an excess of di-tert-butyldicarbonate (6.95 g, 31.860 mmol, 

3.0 equiv.) in methanol (20 ml) at 0 ℃ over 10 min. The reaction was then warmed to 20 ℃ and 

stirred for a further 18 h to afford the fully protected polyamine 5. The trifluoroacetyl protecting 

group was then removed by increasing the pH of the solution to above 11 with conc. aq. 

ammonia (32%) and then stirring at 20 ℃ for 18 h. The solution was concentrated under 

reduced pressure. The crude product was purified via column chromatography with DCM in 

MeOH (9.5:0.5 v/v). After combining fractions and concentrating them, the desired product 7 

was obtained as a colourless oil (2.50 g, 48%), TLC analysis showed one spot (Rf = 0.5, DCM: 

MeOH: aq. ammonia (32%), 70:10:1 v/v/v). HRMS: Found 489.3641 (m/z), C24H49N4O6 

requires 489.3573 (m/z) [M + H]+; IR (film); 1689 (C=O) and 2997 (NH, NH2) cm-1; 1H NMR, 

500 MHz (CDCl3): 1.37-1.51 (m, 27H, 9 x CH3, Boc), 1.66-1.78 (m, 4H, 2-CH2, 6-CH2, 

overlapping), 1.88-193 (m, 2H, 10-CH2), 2.91-2.98 (t, J = 6.4 Hz, 2H, 11-CH2), 3.05-3.38 (m, 

10H, 1-CH2 , 3-CH2, 5-CH2, 7-CH2, 9-CH2); 13C NMR, 125.77 MHz (CDCl3): 25.9 (10-CH2), 

27.4, 27.8, 29.0 (9 x CH3, Boc, 2-CH2, 6-CH2, overlapping), 36.5 (11-CH2), 40.6, 40.9, 46.1, 

46.4 (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2), 79.9 (3 x Cq, Boc), 156.5 (3 x C=O, Boc). 
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(N1,N4,N9-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazadodecane 8 

This synthesis was carried out following the protocols in Geall and Blagbrough, (2000). A 

solution of spermine 2 (0.50 g, 2.47 mmol) in methanol (100 ml), at -78 ℃ under nitrogen, was 

treated with ethyl trifluoroacetate (0.35 g, 2.47 mmol, 1 equiv.). The ethyl trifluoroacetate was 

added dropwise over 20 min. stirring was continued for a further 30 min, then the temperature 

was increased to 20 ℃ to afford predominantly the mono-trifluoroacetamide 4. Without 

purification, the remaining amino functional groups were protected by an excess of di-tert-

butyldicarbonate (1.617 g, 7.413 mmol, 3.0 equiv.) in methanol (15 ml) over 10 min. The 

reaction was then warmed to 20 ℃ and stirred for a further 18 h to afford the fully protected 

polyamine 6. The trifluoroacetyl protecting group was then removed by increasing the pH of the 

solution to above 11 with conc. aq. ammonia (32%) and then stirring at 20 ℃ for 18 h. The 

solution was concentrated under reduced pressure. The column chromatography was elution 

with DCM in MeOH (9.5:05 v/v). After combining fractions and concentrating them, the 

desired product 8 was obtained as a colourless oil (0.578 g, 46%), TLC analysis showed one 

spot (Rf = 0.6, DCM: MeOH: aq. ammonia (32%), 50:10:1 v/v/v). HRMS: Found 503.3728 

(m/z), C25H51N4O6 requires 503.3730 (m/z) [M + H]+; IR (film); 1692 (C=O) and 2991 (NH, 

NH2) cm-1; 1H NMR, 500 MHz (CDCl3): 1.41-1.53 (m, 31H, 9 x CH3, Boc, 6-CH2, 7-CH2, 

overlapping), 1.60-1.65 (m, 4H, 2-CH2, 11-CH2), 1.70-1.75 (s, 2H, NH2), 2.70 (t, J = 6.7 Hz, 

2H, 12-CH2), 3.04-3.29 (m, 10H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, overlapping); 13C 

NMR, 125.77 MHz (CDCl3): 25.5, 25.8 (6-CH2, 7-CH2), 28.4, 29.0, 34.0 (9 x CH3, Boc, 2-CH2, 

11-CH2, overlapping), 37.3 (12-CH2), 42.0, 42.2, 43.9, 44.1 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-

CH2, overlapping), 79.2 (3 x Cq, Boc), 156.1 (3 x C=O, Boc). 

 

N1-Cholesteryloxy-3-carbonyl-(N4,N9,N12-tri-tertbutoxycarbonyl)-1,11-diamino-4,8-

diazadodecane 9 

This synthesis was carried out following the protocols in Geall et al. (2000). A solution of 

the tri-Boc protected thermine 7 (1.60 g, 3.27 mmol) in DCM (25 mL) and trimethylamine 

(Et3N) under nitrogen was treated with cholesteryl chloroformate (1.47g, 3.27 mmol, 1 equiv.) 

at 0 °C for 10 min then the temperature was increased to 20 °C. The solution was stirred for a 
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further 18 h. The solution was then concentrated in vacuo, and the crude material was purified 

over silica gel, (EtOAc: hexane; 2:8 to 4:6 v/v), the desired product 9 was obtained as a white 

foam (2.04 g, 69%). TLC analysis showed one spot (Rf = 0.4 (EtOAc: hexane, 4:6 v/v). HRMS: 

Found 901.6927 (m/z), C52H93N4O8 requires 901.6915 (m/z) [M + H]+; IR (KBr disk); 1682 

(C=O) and 2994 (NH) cm-1; 1H NMR, 500 MHz, CDCl3: 0.69 (s, 6H, 18'-CH3), 0.71, (d, 6H, J 

=6.5 Hz, 26'-CH3, 27'-CH3, overlapping), 0.92 (d, 3H, J = 6.5, 21'-CH3), 1.04 (s, 3H, 19'-CH3), 

1.07-2.05 (m, 59H, 9 x CH3, Boc, 2-CH2, 6-CH2, 10-CH2, 1'-CH2, 2'-CH2, 4'-CH2, 7'-CH2, 8'-

CH, 9'-CH, 11'-CH2, 12'-CH2, 14'-CH, 15'-CH2, 16'-CH2, 17'-CH, 20'-CH, 22'-CH2, 23'-CH2, 

25'-CH), 2.21-2.37 (m, 2H, 24'-CH2), 3.00-3.41 (m, 12H, 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 

11-CH2), 4.38-4.56 (m, 1H, 3'-CH), 5.30-5.40 (m, 1H, 6'-CH); 13C NMR, 125.77 MHz, CDCl3: 

11.9 (18'-CH3), 18.7 (21'-CH3), 19.4 (19'-CH3), 21.1 (11'-CH2); 22.6 (27'-CH3), 22.8 (26'-CH3), 

23.8 (23'-CH2), 24.2 (15'-CH2), 28.0, 28.2, 28.3, 28.9 (2-CH2, 6-CH2, 10-CH2, 2'-CH2, 16'-CH2, 

25' CH, 9 x CH3, Boc, overlapping), 31.8 (7'-CH2, 8'-CH, overlapping), 35.8 (20'-CH), 36.1 

(22'-CH2), 36.5 (10'-C), 37.1 (1'-CH 2), 38.5 (24'-CH2), 39.5 (4'-CH2), 39.7 (12'-CH2), 42.3 (13'-

C), 43.2, 43.5, 45.2, 45.3 (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2, overlapping), 50.0 (9'-

CH), 56.1 (17'-CH), 56.6 (14'-CH), 74.3 (3'-CH), 79.85 (3 x Cq, Boc); 122.4 (6'-CH), 140.1 (5'-

C), 156.3 (3 x C=O, Boc, NCOOCH, overlapping). 

 

N1-Cholesteryloxy-3-carbonyl-(N4,N9,N12-tri-tertbutoxycarbonyl)-1,12-diamino-4,9-

diazadodecane 10 

This synthesis was carried out following the protocols in Geall et al. (2000). A solution of 

the tri-Boc protected spermine 8 (0.87 g, 1.74 mmol) in DCM (15 mL) and trimethylamine 

(Et3N) under nitrogen was treated with cholesteryl chloroformate (0.784 g, 1.747 mmol, 1 

equiv.) at 0 °C for 10 min then the temperature was increased to 20 °C and the solution stirred 

for a further 18 h. The solution was then concentrated in vacuo, and the crude material was 

purified over silica gel, (EtOAc: hexane; 1:9 to 3:7 v/v), the desired product 10 was obtained as 

a white foam (0.83 g, 52%). TLC analysis showed one spot (Rf = 0.5 (EtOAc: hexane, 4:6 v/v). 

HRMS: Found 915.7073 (m/z), C53H95N4O8 requires 915.7072 (m/z) [M + H]+; IR (KBr disk); 

1689 (C=O) and 2989 (NH) cm-1; 1H NMR, 500 MHz, (CDCl3): 0.68 (s, 3H, 18'-CH3), 0.77, (d, 
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6H, J =6.5 Hz, 26'-CH3, 27'-CH3, overlapping), 0.91 (d, 3H, J = 6.5, 21'-CH3), 1.00 (s, 3H, 19'-

CH3), 1.02-2.00 (m, 61H, 9 x CH3, Boc, 2-CH2, 6-CH2, 7-CH2, 11-CH2, 1'-CH2, 2'-CH2, 4'-CH2, 

7'-CH2, 8'-CH, 9'-CH, 11'-CH2, 12'-CH2, 14'-CH, 15'-CH2, 16'-CH2,17'-CH, 20'-CH, 22'-CH2, 

23'-CH2, 25'-CH), 2.14-2.43 (m, 2H, 24'-CH2), 3.00-3.40 (m, 12H, 1-CH2, 3-CH2, 5-CH2, 8-

CH2, 10-CH2, 12-CH2), 4.39-4.54 (m, 1H, 3'-CH), 5.30-5.36 (m, 1H, 6'-CH); 13C NMR, 125.77 

MHz, (CDCl3): 11.8 (18'-CH3), 18.7 (21'-CH3), 19.3 (19'-CH3), 21.0 (11'-CH2), 22.5 (27'-CH3), 

22.8 (26'-CH3), 23.8 (23'-CH2), 24.2 (15'-CH2), 28.0-28.9 (2-CH2, 6-CH2, 7-CH2, 11-CH2, 2'-

CH2, 16'-CH2, 25'-CH, 9 x CH3, Boc, overlapping), 31.8 (7'-CH2, 8'-CH, overlapping), 35.8 

(20'-CH), 36.1 (22'-CH2), 36.5 (10'-C), 37.0 (1'-CH2), 37.5- 40.2 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 

10-CH2, 12-CH2, overlapping), 40.6 (24'-CH2), 41.5 (4'-CH2), 42.7 (12'-CH2), 44.3 (13'-C), 50.0 

(9'-CH), 56.1 (17'-CH), 56.7 (14'-CH), 74.0 (3'-CH), 79.4 (3 x Cq, Boc), 122.2 (6'-CH), 140.0 

(5'-C), 156.3 (3 x C=O, Boc, NCOOCH, overlapping). 

 

(N1-Cholesteryloxy-3-carbonyl)-1,11-diamino-4,8-diazaundecane 11 

Compound 9 (2.04 g, 2.269 mmol) was deprotected according to general procedure: Boc 

removal to yield the desired product 11 as a white solid (1.57 g, 73%). TLC analysis showed 

one spot (Rf = 0.1 (DCM: methanol, 9:1 v/v). HRMS: Found 601.5342, C37H69N4O2 (m/z), 

requires 601.5339 (m/z) [M + H]+; IR (KBr disc); 1646 (C=O), and 3476 (NH, NH2), cm-1; 1H 

NMR, 500 MHz, d6-DMSO: 0.65 (s, 3H, 18'-CH3), 0.72, (d, 3H, J =6.4 Hz, 26'-CH3), 0.85 (d, 

6H, J =6.5 Hz, 26'-CH3, 27'-CH3, overlapping), 0.90 (d, 3H, J = 6.4, 21'-CH3), 0.97 (s, 3H, 19'-

CH3), 1.00-2.00 (m, 32H, 2-CH2, 6-CH2, 10-CH2, 1'-CH2, 2'-CH2, 4'-CH2, 7'-CH2, , 8'-CH, , 9'-

CH, 11' CH2, 12' CH2, 14'-CH, 15' CH2, 16' CH2 17'-CH, 20'-CH, 22'-CH2, 23'-CH2, 25'-CH), 

2.18-2.32 (m, 2H, 24'-CH2), 2.84-3.07 (m, 12H, 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2), 

4.26-4.37 (m, 1H, 3'-CH); 5.31-5.36 (m, 1H, 6'-CH); 13C NMR, 125.77 MHz, d6-DMSO: 12.0 

(18'-CH3); 18.6 (21'-CH3); 19.2 (19'-CH3); 20.6 (11'-CH2); 22.4 (27'-CH3); 23.0 (26′-CH3); 23.3 

(23′-CH2); 24.0-25.7 (2-CH2, 6-CH2, 10-CH2, 15'-CH2, overlapping); 26.8 (16'-CH2); 27.92 (2'-

CH2, 25'-CH), 31.7 (7'-CH2, 8'-CH), 35.6 (20'CH), 36.1 (22'-CH2), 36.5 (10'-C,), 36.6 (1'-CH2), 

38.7 (24′-CH2), 39.9 (4'-CH2, 12'-CH2), 41.8 (13'-C), 37.6, 37.8, 43.7, 44.1 (1-CH2, 3-CH2, 5-
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CH2, 7-CH2, 9-CH2, 11-CH2, overlapping), 49.3 (9'-CH), 55.8 (17'-CH), 56.4 (14'-CH), 73.2 (3'-

CH), 122.2 (6'-CH), 140.0 (5′C), 155.9 (NCOO). 

 

 

(N1-Cholesteryloxy-3-carbonyl)-1,12-diamino-4,9-diazadodecane 12 

Compound 10 (0.83 g, 0.910 mmol) was deprotected according to general procedure: Boc 

removal to yield the desired product 12 as a white solid (0.32 g, 37%). TLC analysis showed 

one spot (Rf = 0.1 (DCM: methanol, 9:1 v/v). HRMS: Found 615.5568 (m/z), C38H71N4O2 

requires 615.5499 (m/z) [M + H]+; IR (KBr disc); 1766 (C=O), and 3651 (NH, NH2), cm-1; 1H 

NMR, 500 MHz, DMSO-d6: 0.65 (s, 3H, 18'-CH3), 0.74 (d, 6H, J =6.4 Hz, 26'-CH3, 27'-CH3, 

overlapping), 0.89 (d, 3H, J = 6.4, 21'-CH3), 0.97 (s, 3H, 19'-CH3), 1.00-2.00 (m, 34H, 2-CH2, 

6-CH2, 7-CH2, 11-CH2, 1'-CH2, 2'-CH2, 4'-CH2, 7'-CH2, , 8'-CH, , 9'-CH, 11' CH2, 12' CH2, 14'-

CH, 15' CH2, 16' CH2 17'-CH, 20'-CH, 22'-CH2, 23'-CH2, 25'-CH), 2.15-2.33 (m, 2H, 24'-CH2), 

2.84-3.09 (m, 12H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2), 4.26-4.37 (m, 1H, 3'-CH), 

5.32-5.36 (m, 1H, 6'-CH); 13C NMR, 125.77 MHz, DMSO-d6: 11.7 (18'-CH3), 18.6 (21'-CH3), 

19.0 (19'-CH3), 20.6 (11'-CH2), 22.3 (26'-CH3), 22.6, 23.5 (2-CH2, 6-CH2, 7-CH2, 11-CH2, 

overlapping), 24.1 (27'-CH3), 24.2 (23'-CH2), 25.8 (15'-CH2), 27.4 (16'-CH2), 27.8, 27.9 (2'-

CH2, 25'-CH), 31.3, 31.4 (7'-CH2, 8'-CH), 35.2 (20'-CH), 35.8 (22'-CH2), 36.1 (10'-C), 36.6 (1'-

CH2), 38.3 (24'-CH2), 38.9, 39.0 (4'-CH2, 12'-CH2), 41.9 (13'-C), 42.9, 43.0, 45.8, 46.0 (1-CH2, 

3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2 overlapping), 49.5 (9'-CH), 55.6 (17'-CH), 56.1 (14'-

CH), 73.0 (3'-CH), 121.9 (6'-CH), 139.7 (5'-C), 155.8 (NCOO). 

 

N-[3-(tert-Butoxycarbonyl-{4-[tert-butoxycarbonyl-(3-tert-butoxycarbonylamino - propyl) 

- amino]-butyl}-amino)-propyl]–succinamic acid 13 

A solution of the tri-Boc protected spermine 8 (0.61 g, 1.21 mmol) in anhydrous pyridine (5 

mL) and trimethylamine (Et3N) under nitrogen was treated with succinic anhydride (0.12 g, 1.21 

mmol, 1 equiv.) at 20 °C. The solution was stirred for a further 18 h. The solution was then 

concentrated in vacuo, and the crude material was purified over silica gel, (EtOAc: ethanol; aq. 



74 
 

ammonia (32%); 7:1:1 to 7:2:1 v/v/v). After combining fractions and concentrating them, the 

desired product 13 was obtained as a colourless oil (0.63 g, 86%). TLC analysis showed one 

spot (Rf = 0.4 (EtOAc: ethanol: aq. ammonia (32%); 7:2:1 v/v/v). HRMS: Found 601.3867 

(m/z), C29H53N4O9 requires 601.3860 (m/z) [M - H]- ; IR (film); 2948-3536 (COOH), 1686 

(C=O), and 3216 (NH), cm-1; 1H NMR, 500 MHz (CD3OD): 1.41-1.49 (m, 31H, 9 x CH3, Boc, 

6-CH2, 7-CH2, overlapping), 1.51-1.71 (m, 4H, 2-CH2, 10-CH2, overlapping), 2.45 (t, J = 7.0 Hz, 

2H, CH2), 2.58 (t, J = 7.0 Hz, 2H, CH2), 3.03-3.24 (m, 12H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-

CH2, 12-CH2, overlapping); 13C NMR, 125.77 MHz (CD3OD): 25.5, 26.8 (6-CH2, 7-CH2), 27.5 

(9 x CH3, Boc), 26.9 (2-CH2, 10-CH2), 28.8 (CH2), 30.2 (CH2), 36.3, 36.7, 39.9, 44.1 (1-CH2, 3-

CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, overlapping), 79.5 (3 x Cq, Boc), 156.1 (3 x C=O, Boc), 

173.4 (CONH), 174.8 (COOH). 

 

tert-butyl (4-((tert-butoxycarbonyl)(3-(4-(octadecylamino)-4 

oxobutanamido)propyl)amino)butyl)(3-((tert-butoxycarbonyl)amino)propyl)carbamate 14 

A solution of 13 (0.10 g, 0.16 mmol), HBTu (0.06 g, 0.16 mmol, 1 equiv.), and TEA (0.01 g, 

0.16 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with octadecylamine (0.04 g, 0.16 

mmol, 1 equiv.) in anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for 

a further 18 h. The solution was then concentrated in vacuo, and the crude material was 

extracted with chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), 

filtered, concentrated in vacuo and purified over silica gel, (DCM: methanol; 10:0 to 9.5:0.5 

v/v). After combining fractions and concentrating them, the desired product 20 was obtained as 

a pale yellow oil (0.08 g, 60%). TLC analysis showed one spot (Rf = 0.3 (DCM: methanol, 9:1 

v/v)). HRMS: Found 854.6870 (m/z), C47H92N5O8 requires 854.6868 (m/z) [M + H]+; 1H NMR, 

500 MHz (CDCl3): 0.81 (t, J = 6.8 Hz, 3H, 36-CH3), 1.13-1.28 (s, 32H, 20-CH2, 21-CH2, 22-

CH2, 23-CH2, 24-CH2, 25-CH2, 26-CH2, 27-CH2, 28-CH2, 29-CH2, 30-CH2, 31-CH2, 32-CH2, 

33-CH2, 34-CH2, 35-CH2), 1.32-1.47 (m, 31H, 9 x CH3, Boc, 6-CH2, 7-CH2), 1.59 (br s, 4H, 2-

CH2, 11-CH2), 2.44 (s, 4H, 15-CH2, 16-CH2), 2.97-3.24 (m, 14H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 

10-CH2, 12-CH2, 19-CH2); 13C NMR, 125.77 MHz (CDCl3): 14.2 (36-CH3), 22.3, 26.7, 28.6, 
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29.8 (9 x CH3, Boc, 2-CH2, 6-CH2, 7-CH2, 11-CH2, 20-CH2, 21-CH2, 22-CH2, 23-CH2, 24-CH2, 

25-CH2, 26-CH2, 27-CH2, 28-CH2, 29-CH2, 30-CH2, 31-CH2, 32-CH2, 33-CH2, 34-CH2, 35-

CH2), 31.8 (15-CH2, 16-CH2), 35.8, 37.6, 39.5, 43.9, 46.8 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-

CH2, 12-CH2, 19-CH2), 78.9-79.9 (3 x Cq, Boc), 156.0-157.7 (3 x C=O, Boc), 172.2 (2 x 

NHCO). 

 

N1-(3-((4-((3-aminopropyl)amino)butyl)amino)propyl)-N4-octadecylsuccinamide 16 

Compound 14 (0.08 g, 0.09 mmol). The Boc protecting groups were deprotected according 

to general procedure: Boc removal to yield the desired product 21 as a white powder (0.05 g, 99 

%). HRMS: Found 554.5295 (m/z), C32H68N5O2 requires 554.5301(m/z) [M + H]+; 1H NMR, 

500 MHz (CDCl3): 0.71 (t, J = 6.8 Hz, 3H, 36-CH3), 1.02-1.21 (s, 30H, 21-CH2, 22-CH2, 23-

CH2, 24-CH2, 25-CH2, 26-CH2, 27-CH2, 28-CH2, 29-CH2, 30-CH2, 31-CH2, 32-CH2, 33-CH2, 

34-CH2, 35-CH2), 1.31 (s, 2H, 20-CH2), 1.57-1.66 (m, 4H, 6-CH2, 7-CH2), 1.68-1.80 (m, 2H, 

11-CH2), 1.91-2.00 (m, 2H, 2-CH2), 2.35 (s, 4H, 15-CH2, 16-CH2), 2.84-3.04 (m, 12H, 1-CH2, 

3-CH2, 5-CH2, 8-CH2, 10-CH2, 19-CH2), 3.10 (t, J = 6.8 Hz, 2H, 12-CH3); 13C NMR, 125.77 

MHz (CDCl3): 13.6 (36-CH3), 22.4, 23.3, 25.3, 29.6 (2-CH2, 6-CH2, 7-CH2, 11-CH2, 20-CH2, 

21-CH2, 22-CH2, 23-CH2, 24-CH2, 25-CH2, 26-CH2, 27-CH2, 28-CH2, 29-CH2, 30-CH2, 31-

CH2, 32-CH2, 33-CH2, 34-CH2, 35-CH2), 31.2 (15-CH2, 16-CH2), 36.2, 39.3, 44.3, 46.8 (1-CH2, 

3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, 19-CH2), 116.2 (q, 1J = 292.6 Hz, CF3), 163.1 (q, 2J = 

36.6 Hz, CO-CF3), 172.2 (2 x NHCO). 

 

tert-butyl (Z)-(4-((tert-butoxycarbonyl)(3-(4-(octadec-9-en-1-ylamino)-4-

oxobutanamido)propyl)amino)butyl)(3-((tert-butoxycarbonyl)amino)propyl)carbamate 15 

A solution of 13 (0.10 g, 0.16 mmol), HBTu (0.06 g, 0.16 mmol, 1 equiv.), and TEA (0.01 g, 

0.16 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with oleylamine (0.04 g, 0.16 

mmol, 1 equiv.) in anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for 

a further 18 h. The solution was then concentrated in vacuo, and the crude material was 

extracted with chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), 

filtered, concentrated in vacuo and purified over silica gel, (DCM: methanol; 10:0 to 9.5:0.5 
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v/v). After combining fractions and concentrating them, the desired product 20 was obtained as 

a pale yellow oil (0.07 g, 53%). TLC analysis showed one spot (Rf = 0.3 (DCM: methanol, 9:1 

v/v)). HRMS: Found 852.6711 (m/z), C47H90N5O8 requires 852.6706 (m/z) [M + H]+; 1H NMR, 

500 MHz (CDCl3): 0.81 (t, J = 6.8 Hz, 3H, 36-CH3), 1.13-1.31 (s, 24H, 20-CH2, 21-CH2, 22-

CH2, 23-CH2, 24-CH2, 25-CH2, 30-CH2, 31-CH2, 32-CH2, 33-CH2, 34-CH2, 35-CH2), 1.31-1.49 

(m, 31H, 9 x CH3, Boc, 6-CH2, 7-CH2), 1.59 (br s, 4H, 2-CH2, 11-CH2), 1.83-2.03 (m, 4H, 26-

CH2, 29-CH2), 2.45 (s, 4H, 15-CH2, 16-CH2), 2.96-3.26 (m, 14H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 

10-CH2, 12-CH2, 19-CH2), 5.19-5.37 (m, 2H, 27-CH, 28-CH); 13C NMR, 125.77 MHz (CDCl3): 

14.0 (36-CH3), 22.4, 25.9, 28.5, 29.8 (9 x CH3, Boc, 2-CH2, 6-CH2, 7-CH2, 11-CH2, 20-CH2, 21-

CH2, 22-CH2, 23-CH2, 24-CH2, 25-CH2, 26-CH2, 29-CH2, 30-CH2, 31-CH2, 32-CH2, 33-CH2, 

34-CH2, 35-CH2), 31.7 (15-CH2, 16-CH2), 35.7, 37.6, 39.2, 43.9, 46.7 (1-CH2, 3-CH2, 5-CH2, 8-

CH2, 10-CH2, 12-CH2, 19-CH2), 79.1-80.2 (3 x Cq, Boc), 129.9 (27-CH, 28-CH), 156.0-157.7 (3 

x C=O, Boc), 172.2 (2 x NHCO). 

 

(Z)-N1-(3-((4-((3-aminopropyl)amino)butyl)amino)propyl)-N4-(octadec-9-en-1-

yl)succinimide 17 

Compound 15 (0.07 g, 0.08 mmol). The Boc protecting groups were deprotected according 

to general procedure: Boc removal to yield the desired product 23 as a white powder (0.04 g, 99 

%). HRMS: Found 552.5138 (m/z), C32H66N5O2 requires 552.5144(m/z) [M + H]+; 1H NMR, 

500 MHz (CDCl3): 0.84 (t, J = 6.8 Hz, 3H, 36-CH3), 1.18-1.36 (s, 22H, 21-CH2, 22-CH2, 23-

CH2, 24-CH2, 25-CH2, 30-CH2, 31-CH2, 32-CH2, 33-CH2, 34-CH2, 35-CH2), 1.31 (br s, 2H, 20-

CH2), 1.71-1.80 (m, 4H, 6-CH2, 7-CH2), 1.81-1.90 (m, 2H, 11-CH2), 1.93-2.03 (m, 4H, 26-CH2, 

29-CH2), 2.00-2.17 (m, 2H, 2-CH2), 2.48 (s, 4H, 15-CH2, 16-CH2), 2.96-3.18 (m, 12H, 1-CH2, 

3-CH2, 5-CH2, 8-CH2, 10-CH2, 19-CH2), 3.23 (t, J = 6.8 Hz, 2H, 12-CH3), 5.23-5.38 (m, 2H, 27-

CH, 28-CH); 13C NMR, 125.77 MHz (CDCl3): 13.3 (36-CH3), 22.3, 23.8, 25.7, 27.2, 29.3 (2-

CH2, 6-CH2, 7-CH2, 11-CH2, 20-CH2, 21-CH2, 22-CH2, 23-CH2, 24-CH2, 25-CH2, 26-CH2, 29-

CH2, 30-CH2, 31-CH2, 32-CH2, 33-CH2, 34-CH2, 35-CH2), 31.2 (15-CH2, 16-CH2), 36.2, 39.3, 

44.3, 46.8 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, 19-CH2), 115.8 (q, 1J = 292.6 Hz, 

CF3), 129.2 (27-CH, 28-CH ), 162.4 (q, 2J = 36.6 Hz, CO-CF3), 172.2 (2 x NHCO). 
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Dioctadecylamine 21 

A solution of the 1-bromooctadecane 18 (1.00 g, 2.99 mmol) in TEA (15 mL) under nitrogen 

was treated with octadecylamine 19 (0.80 g, 2.99 mmol, 1 equiv.) at 55 °C. The solution was 

stirred for a further 48 h. The solution was then concentrated in vacuo, and the crude material 

was purified over silica gel, (DCM: methanol; 10:0 to 9:1 v/v), the desired product 21 was 

obtained as a white powder (0.93 g, 60%). TLC analysis showed one spot (Rf = 0.6 (DCM: 

methanol, 9:1 v/v). HRMS: Found 522.5894 (m/z), C36H76N requires 522.5900 (m/z) [M + H]+; 

1H NMR, 500 MHz, (CDCl3): 0.88 (t, 6H, J = 6.5, 2 x CH3), 1.22-1.34, (m, 60H, J =6.5 Hz, 30 

x CH2, overlapping), 1.44-1.52 (m, 4H, 2 x CH2), 2.85-3.01 (t, 4H, J = 6.5, 2 x CH2); 13C NMR, 

125.77 MHz, (CDCl3): 14.0 (2 x CH3), 22.8, 27.3, 29.4, 30.2, 31.8 (32 x CH2, overlapping), 

50.0 (2 x CH2). 

 

(Z)-N-octadecyloctadec-9-en-1-amine 22 

A solution of the 1-bromooctadecane 18 (1.00 g, 2.99 mmol) in TEA (15 mL) under nitrogen 

was treated with oleylamine 20 (0.80 g, 2.99 mmol, 1 equiv.) at 55 °C. The solution was stirred 

for a further 48 h. The solution was then concentrated in vacuo, and the crude material was 

purified over silica gel, (DCM: methanol; 10:0 to 9:1 v/v), the desired product 22 was obtained 

as a white powder (0.85 g, 55%). TLC analysis showed one spot (Rf = 0.6 (DCM: methanol, 9:1 

v/v). HRMS: Found 520.5750 (m/z), C36H74N requires 520.5743 (m/z) [M + H]+; 1H NMR, 500 

MHz, (CDCl3): 0.88 (t, 6H, J = 6.5, 2 x CH3), 1.19-1.41 (m, 52H, J =6.5 Hz, 26 x CH2, 

overlapping), 1.80-2.10 (m, 8H, 4 x CH2), 2.85-3.01 (m, 4H, 2 x -CH2), 5.30-5.44 (m, 2H, 2 x 

CH); 13C NMR, 125.77 MHz, (CDCl3): 13.8 (2 x CH3), 22.6, 25.9, 27.4, 29.6, 31.8 (30 x CH2, 

overlapping), 47.8 (2 x CH2), 129.7, 130.0 (2 x CH). 

 

N-1, N-3, N-2', N-3''(Boc)4tobramycin 30 

A solution of tobramycin 27 (0.50 g, 1.06 mmol) in methanol (150 mL), at -78 ℃ under 

nitrogen, ethyl trifluoroacetate (0.13 g, 1.06, 1 equiv.) in methanol (10 mL) was added dropwise 

over 15 min. Stirring was continued for a further 2 h, then the temperature was increased to 20 

℃ for 18 h to afford the mono-trifluoroacetamide 28, HRMS: Found 564.2414, C20H37F3N5O10 
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requires 564.2420 [M + H]+. Without purification, the remaining amino functional groups were 

protected by an excess of di-tert-butyldicarbonate (Boc2O) (1.05 g, 4.81 mmol, 4.5 equiv.) in 

methanol (20 ml) at 0 ℃ over 10 min. The reaction was then warmed to 20 ℃ and stirred for a 

further 18 h to afford the fully protected polyamine 29, HRMS: Found 964.4511, C40H69F3N5O18 

requires 964.4513 [M + H]+. The trifluoroacetyl protecting group was then removed by 

increasing the pH of the solution to above 11 with conc. aq. ammonia (32%) and then stirring at 

20 ℃ for 18 h. The solution was concentrated under reduced pressure. The crude product was 

purified via column chromatography with DCM:MeOH (8.5:1.5 v/v). After combining fractions 

and concentrating them, the desired product 30 was obtained as a white solid powder (0.37 g, 

40%), TLC analysis showed one spot (Rf = 0.4, ethyl acetate:ethanol:aqueous ammonia, 7:2:1 

v/v/v). HRMS: Found 868.4902, C38H70N5O17 requires 868.4899 [M + H]+; IR (KBr disc); 1693 

(C=O), 2939, 2988 (NH), and 3304-3473 (OH) cm-1; 1H NMR, 500 MHz (CD3OD): 1.21-1.52 

(m, 37H, 12 x CH3 Boc, 2ax), 164 (q, J = 11.8 Hz, 1H, 3'ax), 1.83-1.91 (m, 1H, 3'eq), 1.93-2.05 

(m, 1H, 2eq), 2.55-2.66 (m, 1H, 6'b), 2.92-3.03 (m, 1H, 6'a), 3.23-3.90 (m, 13H, 1-CH, 3-CH, 4-

CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 3.54-3.56 (m, 1H, 

5'-CH), 4.99 (br s, 1H, 1''-CH), 5.14 (br s, 1H, 1'-CH); 13C NMR, 125.77 MHz (CD3OD): 27.5 

(12 x CH3 Boc), 33.3 (3'-CH2), 34.7 (2-CH2), 42.5 (6'-CH2), 49.6, 49.8 (1-CH, 3-CH, 2'-CH), 

55.5 (3''-CH), 60.6 (6''-CH2), 66.3, 68.3 (4'-CH, 4''-CH), 70.6 (5''-CH), 72.6 (2''-CH), 75.2 (5'-

CH), 75.7 (5-CH), 78.2- 81.8 (4-CH, 6-CH, 4 x Cq Boc), 96.8 (1'-CH), 98.4 (1''-CH), 156.6-

157.8 (4 x C=O Boc). 

 

(N6'-Cholesteryloxy-3-carbonyl)-tobramycin 32 

A solution of compound 30 (0.10 g, 0.11 mmol) in DMF (15 mL) and trimethylamine (Et3N) 

under nitrogen was treated with cholesteryl chloroformate (0.07 g, 0.17 mmol, 1.5 equiv.) at 20 

°C. The solution was stirred for a further 18 h. The solution was then concentrated in vacuo, and 

the crude material was purified over silica gel, (EtOAc: hexane; 1:9 to 3:7 v/v), the desired 

product 31 was obtained as a white foam (0.10 g, 70%). TLC analysis showed one spot (Rf = 

0.3 (EtOAc: hexane, 4:6 v/v). HRMS: Found 1280.8026 (m/z), C66H114N5O19 requires 

1280.8030 (m/z) [M + H]+.The Boc protecting groups on compound 31 were deprotected 
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according to general procedure: Boc removal to yield the desired product 32 as a white powder 

(0.07 g, 99 %). HRMS: Found 880.5933 (m/z), C46H82N5O11 requires 880.6951(m/z) [M + H]+; 

1H NMR, 500 MHz (DMSO): 0.57-2.45 (m, 46H), 3.08-3.75 (m, 16H), 3.64-4.44 (m, 7H), 5.00 

(s, 1H), 5.33 (s, 1H), 5.46 (s, 1H), 7.90-8.56 (m, 9H); 13C NMR, 125.77 MHz (DMSO): 12.0, 

17.7, 20.1, 22.3, 26.9, 4.9, 5.02, 34.52, 36.5, 38.3, 39.5, 40.6, 47.2, 48.7, 54.8, 59.0, 63.94, 65.5, 

68.2, 72.7, 78.1, 82.3, 94.5, 98.7, 116.2, 121.7, 140.0, 156.5, 158.72. 
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Chapter 3 

 

Practical synthesis of kanamycin and tobramycin polyamine aminoglycoside 

homo- and heterodimers with specific amines chosen as the succinamide hinges 

 

Introduction 

 

Antimicrobial resistance (AMR) is one of the top 10 current global health threats.1,2 The 

continual rise of AMR among major bacterial pathogens is expected to result in 10 million 

deaths per year by 2050 with an estimated US$1 trillion in healthcare costs globally.3 

Furthermore, recent estimates have indicated that up to US$100 trillion could be lost to the 

global economy due to decreased productivity.3  

Staphylococcus aureus and Pseudomonas aeruginosa are two major human bacterial 

pathogens that can cause a multitude of severe infections and are notorious for their ability to 

become resistant to clinically relevant antibiotics.1 The WHO have ranked both pathogens as 

‘Priority’ for which the development of new antibiotics and treatment options are urgently 

required.4 Importantly, these bacterial pathogens readily forms biofilms, complex bacterial 

communities which are more resistant to antibacterial therapies.1  

Covalently linking two pharmacophores is of pharmacological interest as they can 

potentially provide advantages in affinity over using a monomeric compound. Furthermore, 

hybrid compounds can be highly potent selective molecules that activate one or more 

pharmacological mechanisms of action in synergy.5  

The positive charges of the amino groups in cyclic-sugar based polyamines are potentially a 

key factor in anti-microbial activity and biofilm disruption.6–9 Aminoglycoside-modifying 

enzymes (AMEs), produced by bacteria, are one of the main culprits in the development of 

bacterial resistance to aminoglycoside antibiotics. These enzymes are associated with changes in 

the amino functional groups on aminoglycosides, catalysed by enzymes such as N-

acetyltransferase (NAT).10 These side-effects may result in a lack specific binding to its 
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ribosomal ribonucleic acid (rRNA) binding site as the positive charges of the amino groups in 

cyclic-sugar based aminoglycosides are potentially a key factor in anti-microbial activity.11 

There is also an mRNA binding concept for low toxicity, recently reported with a homo-dimer 

of tobramycin designed and synthesized by Schweizer and co-workers using click-chemistry, 

with tethers of different lengths conjugated to the 5-hydroxy functional group on ring I acting as 

an adjuvant to repurpose novobiocin against Gram-negative bacteria 12 and potentiating 

ceftolozane against (multi-) MDR and (extensively-) XDR P. aeruginosa as well as delaying the 

development of resistance.12  

Aminoglycoside antibiotics, such as streptomycin, have contributed to bacterial combat since 

their discovery in 1944.13 The broad spectrum of these natural polyamines and their bactericidal 

activities as protein synthesis inhibitors against both Gram-positive and Gram-negative aerobic 

bacteria have demonstrated their clinical efficiency. The positive charges of the amino groups 

upon aminoglycosides play an important role in their rRNA binding sites. The medicinal 

features of these antibiotics have solidified their therapeutic uses in the treatment of 

tuberculosis, urinary tract infections (UTI), dermal infections, respiratory tract infections, and 

gastrointestinal tract infections.14,15 However, aminoglycoside antibiotics are somewhat limited 

due to their toxicity (nephrotoxicity and ototoxicity) and bacterial resistance.16–18 

In order to comprehend the antimicrobial resistance problem, it is valuable to know the 

mechanisms of resistance. A common tactic for bacteria to develop antimicrobial resistance 

(AMR) is to evade the action of these antibiotics by interfering with the target sites of these 

natural products. In order to achieve this, bacteria have developed different strategies, including 

producing antimicrobial modifying enzymes (AMEs) in order to stop the antibiotic from 

reaching its binding site and mutations of the target site that might decrease the affinity of these 

antibiotics.19 These drawbacks might result from the absence of strong and specific binding of 

aminoglycosides to their rRNA binding sites. The details of aminoglycoside-rRNA binding are 

currently not fully clear. Therefore, the appearance of aminoglycoside bacterial resistance and 

the toxicity of these natural products requires the discovery of potent and novel groups of semi-

synthetic aminoglycoside antibiotics. 
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Aims 

 

As the synthesis of compounds containing two linked pharmacophores has become a 

promising approach to improve their affinity and potency, the aims of this chapter are to design 

and synthesise homo- and hetero-dimeric aminoglycosides and tobramycin linked to linear 

polyamines, spermine and norspermine. The covalent bonding of the two ligand molecules 

should not be in the pharmacophoric region in order to maintain the integrity of the biological 

activity. Therefore, two the same or different aminoglycosides are linked at two different 

positions 6'-NH2 and 6" after converting the 6"-OH to 6"-NH2.20 These novel compounds will be 

tested (in collaboration) against S. aureus and P. aeruginosa. 

 

Results and Discussion 

 

Selective protection of the reactive amines on aminoglycosides 

 

There are five and four primary amino functional groups in tobramycin 1 and kanamycin A 2, 

respectively.13 A simple synthetic method for the regioselective modification of these amines is 

problematic. Therefore, various different methods have been reported for selective protection of 

polyamines.7,21,22 Trifluoroacetyl as a protecting group for one amine out of four makes it 

superior for the purpose of gram scale protection of polyamines.7 The presence of non-

equivalent primary amino groups (R-CH2NH2) and (R-NH2) as well as the number of amines, 

four to six, makes the selective protection of aminoglycosides and their regioselective 

modification a specific challenge in this research project. 

To introduce protecting groups for perhaps less sterically hindered primary amines (R-

CH2NH2) over primary amines that are directly attached to a ring (R-NH2), it is possible to 

employ one equivalent of ethyl trifluoroacetate for tobramycin free base 1, and N-

(benzyloxycarbonyloxy) succinimide for kanamycin A sulfate 2. The protection reaction was 

controlled by decreasing both the temperature and the concentration, e.g., in a methanolic 

solution of free base 1 at -78 ℃. The molar ratio between -CH2NH2 and the protecting group is 
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important to avoid protection of other primary amines (R-NH2). Thus, N-1, N-3, N-2', N-

3''(Boc)4tobramycin 7 and N-1, N-3, N-3''(Boc)3kanamycin A 8, were synthesised by first 

protecting one amine, NH2-6', then Boc protecting all the remaining amino groups, before 

revealing the first amine by trifluoroacetyl or Cbz removal (Scheme 1).23 The mono-

trifluoroacetamide 3 analysis by HRMS showed the correct mass, found 564.2414, 

C20H37F3N5O10 requires 564.2472 [M+H]+. The products were not isolated, but in the same 

methanolic solution, 4.5 equivalents of di-tert-butyldicarbonate (Boc2O) were added to fully 

protect the polyamine 5, HRMS analysis showed the correct mass: found 964.4511, 

C40H69F3N5O18 requires 964.4556 [M+H]+. The trifluoroacetamide was selectively deprotected 

by increasing the pH to above 11 with conc. aq. ammonia (32 %). TLC showed a major spot of 

the desired compound 7, Rf = 0.4, ethyl acetate:ethanol:aqueous ammonia, 7:2:1 v/v/v. The 

crude product 7 was purified by column chromatography to yield N-1,N-3,N-2',N-

3''(Boc)4tobramycin 7 in 40% overall yield (3 steps) (Scheme 1, route a).  

 

Scheme 1. Reagents and conditions:  a:  tobramycin route (ia) EtOOCCF3, MeOH, -78 oC, 18 h; 

(iia) Boc2O, MeOH, 0 oC, 18 h; (iiia) aq. NH3, 20 oC, 18 h. b:  kanamycin A route (ib) N-

(benzyloxycarbonyloxy)succinimide, water/1,4-dioxane (1:1 v/v), 0 oC, TEA, 18 h; (iib) Boc2O, 

MeOH, 0 oC, 18 h; (iiib) 10% Pd/C, H2, MeOH, 20 oC, 18 h. 
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N-1,N-3,N-3''(Boc)3kanamycin 8 was synthesised by the addition one equivalent of N-

(benzyloxycarbonyloxy) succinimide, over a period of 4 h, to a water/1,4-dioxane (1:1 v/v) 

solution of kanamycin A sulfate 2 at 0 ℃ to obtain mono-Cbz 4, confirmed by HRMS analysis 

found 619.2757, C26H43N4O13 requires 619.2748 [M+H]+.24 The products were not isolated, but 

were dissolved in MeOH and 4.5 equiv. of di-tert-butyldicarbonate (Boc2O) were added to fully 

protect the polyamine 6 shown to be correct by HRMS analysis found 919.4321, C41H67N4O19 

requires 919.4361 [M+H]+. The Cbz-protecting group was selectively removed by catalytic 

hydrogenation over 10% Pd/C to yield the target compound 8 in 38% overall yield (3 steps) 

after purification by column chromatography (Scheme 1, route b). 

 

Synthesis of aminoglycoside acid analogues 

 

In order to synthesise homo- or hetero-dimeric aminoglycosides, the primary amino group at C-

6' and primary hydroxy group at C-6'' were selected as points of modification (Scheme 1). The 

first aim was to synthesise tobramycin and kanamycin acid analogues 19, 20, 21, and 22. 

Succinic anhydride was chosen to introduce a short (4 carbons) spacer and a useful carboxylic 

acid functional group 25–27 from which amides may be obtained, e.g., from the same 28 or 

different aminoglycosides. Glutaric anhydride has likewise been employed to make the 

analogous 5 carbon spacer ester or amides from various amino acids.29 Specific free primary 

amines at C-6' of N-1, N-3, N-2', N-3''(Boc)4tobramycin 7 and N-1, N-3, N-3''(Boc)3kanamycin 

8, were selectively reacted with succinic anhydride (one equiv.) in anhydrous pyridine to yield 

novel corresponding half-succinamides at NH2-6' of tobramycin acid 19 and kanamycin A 20. 

Analysis by mass spectrometry showed 19 and 20 with expected mass. The chemical formula 

for compound 19 is C42H73N5O20, the required mass for [M+H]+ is 968.4867 and the observed 

mass for [M+H]+ was 968.4849. The chemical formula for compound 20 is C37H64N4O20, the 

required mass for [M+H]+ is 885.4121 and the observed mass for [M+H]+ was 885.4114. 

Without further purification, the released carboxylic acid functional group was activated and 

coupled to make the succinamides. 



87 
 

The primary hydroxyl group at C-6'' of tobramycin and kanamycin A are not essential for 

RNA binding.11,30–32 Therefore, in order to synthesise homo- or hetero-dimeric aminoglycosides 

linked at position NH2-6'', 6''-deoxy-6''-amino(Boc)5tobramycin 15, 6''-deoxy-6''-

amino(Boc)4kanamycin A 16, 21, and 22 were synthesised following the literature 

methods.20,25,33–37 The amino groups of commercially available tobramycin 1 (five primary 

amines) and kanamycin A 2 (four primary amines) were protected using an excess of di-tert-

butyldicarbonate (Boc2O) to obtain (Boc)5tobramycin 9 and (Boc)4kanamycin 10 (Scheme 2). 

The reaction was maintained at 60℃ for 18 h in DMF/water/TEA (1:1:0.02 v/v/v) and TLC 

monitoring showed complete conversion after 18 h. The primary hydroxyl groups on C-6'' of 

compounds 9 and 10 were selectively converted into their corresponding sulfonates 11 and 12 

with 2,4,6-triisopropylbenzenesulfonyl chloride (TIBSCl) (5 equiv.) at 20 ℃ and 50% yield 

after purification by column chromatography (Scheme 2). The spectral data obtained for 

compounds 11 and 12 are in agreement with those reported previously.20,25,36,37 6''-Deoxy-6''-

azido(Boc)5tobramycin 13 and 6''-deoxy-6''-azido(Boc)4kanamycin A 14 derivatives were 

obtained by the substitution of sulfonate with azide group in anhydrous DMF at 80 oC for 2 

days. TLC analysis showed one spot (Rf = 0.4 and 0.2 for 13 and 14, respectively, DCM:MeOH, 

9:1 v/v). The formation of 13 and 14 was confirmed by NMR, IR spectroscopy and HR MS. 

The IR spectrum confirmed the presence of azide functional group in the desired derivatives 13 

and 14 with a sharp band at 2106 cm-1. Finally, hydrogenation with H2 gas over 10% Pd/C as a 

catalyst, was used to obtain 6''-deoxy-6''-amino(Boc)5tobramycin 15 and 6''-deoxy-6''-

amino(Boc)4kanamycin A 16 respectively with free primary amino groups at C-6'' (Scheme 2) 

which were converted into the corresponding tobramycin acid derivative 21 and the kanamycin 

acid derivative 22 by reaction with succinic anhydride (one equiv.) in anhydrous pyridine in 

order to obtain the desired half succinamides at C-6'' (Scheme 3) confirmed by HR MS analysis. 

These acids were immediately used in the next conjugation step. 
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Scheme 2. Reagents and conditions:  (i) Boc2O, DMF/water/TEA (1:1:0.02 v/v/v), 60 oC, 18 h; (ii) 

2,4,6-triisopropyl benzenesulfonyl chloride (TIBSCl), anhydrous pyridine, 20 oC, 18 h; (iii) NaN3, 

anhydrous DMF, 80 oC, 48 h; (iv) 10% Pd/C, H2, MeOH, 20 oC, 18 h; (v) DCM/TFA (9:1 v/v), 20 

oC, 18 h.  

 

Synthesis of homo- and hetero-dimeric aminoglycosides 

Specifically linking two the same or different aminoglycosides via amide bonds can be achieved 

by regioselectively introducing a carboxylic acid group to the first ligand then coupling it to a 

specific amine in the second moiety. This approach might potentially be used to increase the 

antimicrobial activity of novel synthetic aminoglycosides compared to their monomeric 

counterparts.5 Homo- and hetero-dimeric aminoglycoside derivatives 29-34 were synthesised by 
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the activation of carboxylic acid functional groups of 19-22 with HBTu followed by the 

addition of one equivalent of the unmasked free primary amines in 7, 8, 15, or 16 (Scheme 3). 

Crude products were purified by column chromatography to obtain fully Boc protected homo- 

and hetero-dimeric aminoglycoside derivatives, 23-28 as white solids in ~50% yield over 2 

steps confirmed by HRMS. Deprotection of the Boc protecting groups in compounds 23-28 

proceeded smoothly using trifluoracetic acid (TFA) in dichloromethane (DCM) (1:9 v/v) stirred 

for 18 h then concentrated in vacuo and lyophilised to yield the desired homo- and hetero-

dimeric amino-glycosides 29-34 as poly-TFA salts (Scheme 3) confirmed by MS, IR, NMR 

spectroscopy. For NMR studies of the synthesised homo-dimers 32 and 33, comparing them 

with the novel amino-aminoglycoside monomers, the Boc-protecting groups of compounds 15 

and 16 were removed using TFA in DCM (1:9 v/v, 18 h), then concentrated in vacuo and 

lyophilised to yield 6''-deoxy-6''-aminotobramycin 17 and 6''-deoxy-6''-aminokanamycin A 18 

as their corresponding poly-TFA salts (Scheme 2) confirmed by MS, IR, and NMR 

spectroscopy. 

 

Scheme 3. Reagents and conditions:  (i) succinic anhydride, anhydrous pyridine, 20 oC, 18 h; (ii) 

HBTu, R-NH2 (7, 8, 15, or 16), TEA, anhydrous DMF, 20 oC, 18 h; (iii) DCM/TFA (9:1 v/v), 20 oC, 18 

h. 
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Comparative NMR studies of tobramycin and kanamycin A with their corresponding 

derivatives and homo- or hetero-dimeric aminoglycosides 

 

A comparative study was undertaken by NMR spectroscopy of tobramycin 1 and kanamycin A 

2 with their corresponding modified derivatives 7-16 as well as their corresponding homo- 

hetero-dimeric aminoglycosides 29-34 at C-6' and C6''. The protons and carbons of tobramycin 

138 and kanamycin A 2 39 have been previously assigned and reported in the literature. In this 

research, the H-6'a,b, H-6''a,b, C-6', and C-6'' were assigned by using 2D 1H-13C HSQC and 1H-

13C HMBC NMR spectroscopy. 

In the 1H and 13C NMR spectra of tobramycin 1 and kanamycin A 2, the signal of H-6''a,b 

appeared at 3.79 and 3.76 ppm, respectively, and the signal of C-6'' appeared at 65.3 and 64.5 

ppm, respectively. Significantly, downfield shifts of H-6''a,b and C-6'' in sulfonates 11 and 12 

by ~0.4 ppm and by ~5.7 ppm, respectively, were observed compared to their corresponding 

fully protected aminoglycosides, (Boc)5tobramycin 9 and (Boc)4kanamycin 10, respectively 

(Table 1), due to the inductive effect of the sulfonate functional group. On the other hand, large 

upfield shifts of H-6''a,b and C-6'' in 6''-deoxy-6''-azido(Boc)5tobramycin 13 and 6''-deoxy-6''-

azido(Boc)4kanamycin A 14 by ~0.6 ppm and by ~17.8 ppm, respectively, were observed as 

compared to their corresponding sulfonate derivatives 11 and 12, respectively (Table 1). 

Moreover, large upfield shifts of H-6''a,b and C-6'' in 15, and 16 by ~0.6 ppm and by ~8.0 ppm, 

respectively, were observed as compared to their corresponding azide derivatives 13 and 14, 

respectively (Table 1).  

In case of dimers and their corresponding monomers, 1H-6'a,b chemical shifts were 

downfield by ~0.2 ppm in dimeric aminoglycosides 32, 33, and 34 as compared to their 

corresponding monomers 17 and 18, respectively. However, small upfield shifts of C-6'' in 32, 

33, and 34 by ~1.0 ppm were observed as compared to their corresponding monomer poly-TFA 

salts 17 and 18, respectively (Table 1). Moreover, small downfield shifts of H-6'a,b in 29, 30, 

and 31 by ~0.2 ppm were observed as compared to their corresponding monomers tobramycin 

1, and kanamycin A 2, as poly-TFA salts. However, in 13C-6' spectrum, small upfield shifts of 

C-6' in 29, 30 and 31 by ~1.0 ppm were observed as compared to their corresponding monomers 
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tobramycin and kanamycin A as poly-TFA salts (Table 2). The 1H NMR spectra of dimers 29-

34, H-2eq, integrating for one proton in the monomers and two protons for dimers, were 

overlapped with the two methylene groups in the succinamide linkers, integrating for six 

protons at 2.5-2.6 ppm as shown in Figures 1B, 2B, 3B, and 4B. 

The anomeric protons H-1', H-1'' and carbons C-1', C-1'' of monomers, tobramycin 1 as TFA 

salt, kanamycin A 2 as poly-TFA salt, 6''-deoxy-6''-aminotobramycin 17 and 6''-deoxy-6''-

aminokanamycin A 18 as poly-TFA salts, were assigned using 2D, 1H-13C HSQC, and 1H-13C 

HMBC NMR spectroscopy. In 1H NMR spectra of tobramycin 1 and kanamycin A 2 as poly-

TFA salts, 1H-1', and 1H-1'' chemical shifts () resonated at 5.66, 5.00, and 5.52, 5.11 ppm, 

respectively. In 13C NMR spectra, C-1' and C-1'' of tobramycin 1 and kanamycin A 2 as poly-

TFA salts, resonated at 94.3, 100.5 and 98.2, 100.6 ppm, respectively (Table 3). Moreover, in 

1H NMR spectra of 6''-deoxy-6''-aminotobramycin.6 TFA 17 and 6''-deoxy-6''-aminokanamycin 

A.5 TFA 18, 1H-1', and 1H-1'' chemical shifts () resonated at 5.69, 5.06 ppm as a doublet (J = 

3.6 Hz) and 5.57, 5.12 ppm as a doublet (J = 3.6 Hz), respectively. In 13C NMR spectra, C-1', 

and C-1'' of 17 and 18 as poly-TFA salts, resonated at 94.5, 100.9 ppm, and 98.5, 100.5 ppm, 

respectively (Table 3). Based on the assignment of H-1', H-1'' and C-1', C-1'' of tobramycin 1 

and kanamycin A 2 as poly-TFA salts, similarly, the chemical shifts for their corresponding 

dimers 29-34 were assigned by using 2D, 1H-13C HSQC and 1H-13C HMBC, NMR spectroscopy 

(Table 3). Small upfield shifts of anomeric protons H-1' in the homo-dimeric kanamycin 29, and 

tobramycin 30 were observed as compared to monomeric aminoglycosides kanamycin A 2 and 

tobramycin 1 as poly-TFA salts, respectively. On the other hand, small downfield shift of 

anomeric proton H-1'' in homo-dimeric tobramycin 30 was observed as compared to its 

corresponding monomer tobramycin 1 as TFA salt. However, no significant shift for the 

anomeric proton H-1'' in the homo-dimeric kanamycin 29 was observed as compared to its 

monomer, kanamycin A 2 as TFA salt (Table 3).  

Small downfield shifts of H-1' in the homo-dimeric kanamycin A 32 and tobramycin 33 were 

observed as compared to their corresponding monomers 6''-deoxy-6''-aminokanamycin A.5 TFA 

18, and 6''-deoxy-6''-aminotobramycin.6 TFA 17, respectively (Table 3). However, small 
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upfield shift of H-1'' in homo-dimeric kanamycin A 32 was observed compared to their 

corresponding monomer 6''-deoxy-6''-aminokanamycin A.5 TFA 18. On the other hand, no 

significant shift of H-1'' in homo-dimeric tobramycin 33 was observed compared to their 

corresponding monomer 6''-deoxy-6''-aminotobramycin.5 TFA 17 (Table 3). In 13C NMR 

spectra, no significant shifts of C-1', and C-1'' in tobramycin 1, kanamycin A 2 as poly-TFA 

salts, 6''-deoxy-6''-aminotobramycin. 6 TFA 17, and 6''-deoxy-6''-aminokanamycin A.5 TFA 18 

were observed as compared to their homo- and hetero-dimers 29-34 (Table 3). The stack plots 

of 1H spectra of homo-dimeric aminoglycosides 29, 30, 32, and 33 compared to their 

corresponding monomers as TFA salts are shown in Figures 1, 2, 3, and 4, respectively. 

 

Table 1. 1H-6'' and 13C-6'' chemical shifts () for the indicated compounds. 

Compound 

1H-6'' 13C-6'' 

a b 

Tobramycin 1 3.79 3.79 65.3 

Kanamycin A 2 3.76 3.76 64.5 

(Boc)5tobramycin 9 3.81 3.65 63.1 

(Boc)4kanamycin 10 3.77 3.68 62.5 

(Boc)5tobramycin-6''-O-TIBS 11 4.26 4.12 68.6 

(Boc)4kanamycin A-6''-O-TIBS 12 4.28 4.28 68.5 

6''-Deoxy-6''-azido(Boc)5tobramycin 13 3.74 3.57 50.5 

6''-Deoxy-6''-azido(Boc)4kanamycin 14 3.52 3.31 51.0 

6''-Deoxy-6''-amino(Boc)5tobramycin 15 3.05 2.73 43.3 

6''-Deoxy-6''-amino(Boc)4kanamycin 16 3.10 2.84 41.7 

6''-Deoxy-6''-aminotobramycin.6 TFA 17 3.40 3.17 39.9 

6''-Deoxy-6''-aminokanamycin A.5 TFA 18 3.41 3.20 39.8 

(6''-Deoxy-6''-aminokanamycin A)2-succinamide.8 TFA 

32 

3.64 3.43 39.3 

(6''-Deoxy-6''-aminotobramycin)2-succinamide.10 TFA 33 3.77 3.34 38.8 

6''-Deoxy-6''-aminokanamycin A-6''-deoxy-6''-

aminotobramycin-succinamide.9 TFA 34 

3.76 3.62 38.7, 39.0 
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Table 2. 1H-6' and 13C-6' chemical shifts () for the indicated compounds. 

Compound 

1H-6' 13C-6' 

a b 

Tobramycin.5 TFA 3.32 3.13 39.9 

Kanamycin A.4 TFA 3.33 3.12 39.8 

(6'-Kanamycin A)2-succinamide.6 TFA 29 3.52 3.45 39.4 

(6'-Tobramycin)2-succinamide.8 TFA 30 3.57 3.41 39.2 

6'-Kanamycin A-6'-tobramycin-succinamide.7 TFA 

31 

3.61 3.46 38.9, 39.3 

 

 

Table 3. Chemical shifts () of the anomeric protons and carbons for the indicated compounds. 

Compound 1H-1' 1H-1'' 13C-1' 13C-1'' 

Tobramycin.5 TFA 1 5.66 5.00 94.3 100.5 

Kanamycin A.4 TFA 2 5.52 5.11 98.2 100.6 

6''-Deoxy-6''-aminotobramycin.6 TFA 17 5.69 5.06 94.5 100.9 

6''-Deoxy-6''-aminokanamycin A.5 TFA 18 5.57 5.12 98.5 100.5 

(6'-Kanamycin A)2-succinamide.6 TFA 29 5.43 5.07 98.5 100.6 

(6'-Tobramycin)2-succinamide.8 TFA 30 5.49 5.06 95.0 100.7 

6'-Kanamycin A-6'-tobramycin-

succinamide.7 TFA 31 

5.47a, 5.51b 5.10 98.3a, 94.9b 100.5c, 100.6c 

(6''-Deoxy-6''-aminokanamycin A)2-

succinamide.8 TFA 32 

5.59 5.07 97.6 101.0 

(6''-Deoxy-6''-aminotobramycin)2-

succinamide.10 TFA 33 

5.78 5.05 94.0 101.0 

6''-Deoxy-6''-aminokanamycin A-6''-deoxy-

6''-aminotobramycin-succinamide.9 TFA 34 

5.60d, 5.79e 5.07 97.7d, 94.1e 100.8f, 101.0f 

 

a) anomeric proton/carbon assigned for 6'-kanamycin A 

b) anomeric proton/carbon assigned for 6'-tobramycin 

c) anomeric carbon assigned for 6'-kanamycin A and 6'-tobramycin (overlap) 

d) anomeric proton/carbon assigned for 6''-deoxy-6''-aminokanamycin A 

e) anomeric proton/carbon assigned for 6''-deoxy-6''-aminotobramycin 

f) anomeric carbon assigned for 6''-deoxy-6''-aminokanamycin A and 6''-deoxy-6''-aminotobramycin (overlap) 
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Figure 1. Stacked 1H NMR spectra of A kanamycin A 2 and B (6'-kanamycin A)2-

succinamide.6 TFA 29 referenced to the residual solvent peak (HOD) at 4.79 ppm in 99.7% 

D2O at 25 °C. 

 

 

Figure 2. Stacked 1H NMR spectra of A tobramycin.5 TFA 1 and B (6'-tobramycin)2-

succinamide.8 TFA 30 referenced to the residual solvent peak (HOD) at 4.79 ppm in 99.7% 

D2O at 25 °C. 

 

A 

B 

A 

B 
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Figure 3. Stacked 1H NMR spectra of A 6''-deoxy-6''-aminokanamycin A.5 TFA 18 and B (6''-

deoxy-6''-aminokanamycin A)2-succinamide.8 TFA 32 referenced to the residual solvent peak 

(HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

Figure 4. Stacked 1H NMR spectra of A 6''-deoxy-6''-aminotobramycin.6 TFA 17 and B (6''-

deoxy-6''-aminotobramycin)2-succinamide.10 TFA 33 referenced to the residual solvent peak 

(HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

 

 

 

A 
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Selective protection of the reactive amines on linear polyamines 

 

TriBoc norspermine (thermine) 41 and triBoc spermine 42 were synthesised by first protecting 

one amine using ethyl trifluoroacetate, then Boc protecting the rest, before finally revealing the 

first amine by trifluoroacetyl removal, see Scheme 4. TriBoc 41 and 42 were synthesised by the 

addition one equivalent of ethyl trifluoroacetate to a methanolic solution of starting materials 

norspermine 35 and spermine 36 at -78 ℃ to obtain mono-trifluoroacetamides 37 and 38, 

respectively. At this point, analysis by mass spectrometry showed 37, and 38 with the correct 

mass. HRMS:  Found 285.1810, C11H24F3N4O requires 285.1824 [M+H]+ for compound 37. 

HRMS:  Found 299.1971, C12H26F3N4O requires 299.1980 [M+H]+ for compound 38. The 

products were not isolated. Rather in the same methanolic solution, three equivalents of di-tert-

butyldicarbonate were added to afford fully protected polyamines 39 and 40. HRMS:  Found 

585.3411, C26H48F3N4O7 requires 585.3397 [M+H]+ for compound 39. HRMS:  Found 

621.3546, C27H49NaF3N4O7 requires 621.3553 [M+Na]+ for compound 40. The 

trifluoroacetamide was selectively deprotected by increasing the pH to above 11 with conc. aq. 

ammonia to afford polyamines 41 and 42 each one with unmasked primary amino group 

(Scheme 4). The spectral data obtained for compounds 41 and 42 agreed with those reported 

previously.7 

 

 

Scheme 4 Reagents and conditions:  (i) EtOOCCF3, MeOH, -78 oC, 18 h; (ii) Boc2O, MeOH, 0 

oC, 18 h; (iii) aq. NH3, 20 oC, 18 h. 
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Linking aminoglycosides to linear polyamines 

 

Using the above method to synthesise compounds 29-34, carboxylic acid 19 was separately 

coupled to 41 and 42 in order to obtain their corresponding target analogues 43 and 44. 

Compounds 45 and 46 were synthesised by the addition of one equivalent of HBTu to a solution 

of acid 19 in anhydrous DMF at 20 ℃, and then the addition of one equivalent of the (N1,N4,N8-

tri-tert-butoxycarbonyl)-norspermine 41 and (N1,N4,N9-tri-tert-butoxycarbonyl)-spermine 42. 

 

 

Scheme 5. Reagents and conditions:  (i) HBTu, R-NH2 of 41 and 42, TEA, anhydrous DMF, 20 

oC, 18 h; (ii) DCM/TFA (9:1 v/v), 20 oC, 18 h. 
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Figure 5. Stacked 1H NMR spectra of compounds A 45 and B 46 as TFA salts referenced to the 

residual solvent peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

Deprotection of the Boc protecting groups in compounds 43 and 44 proceeded smoothly 

using trifluoracetic acid (TFA) in dichloromethane (DCM) (1:9 v/v) stirred for 18 h then 

concentrated in vacuo and lyophilised to yield desired compounds 45 and 46 as poly-TFA salts 

confirmed by mass spectrometry, IR, and NMR spectroscopy, see Figure 5. 

 

 

 

 

 

 

A 
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Microbiological activity of 17, 18, homo- and hetero-dimeric aminoglycosides 29-34 linked 

at two different positions and aminoglycosides linked to linear polyamines 45 and 46 

 

The anti-bacterial activity was measured for compounds 17, 18, 29-34 and 45, 46 on two 

different bacterial strains (Table 4). In particular, activity was found against Pseudomonas 

aeruginosa PAO1 and Staphylococcus aureus SH1000 (MSSA), at levels comparable to those 

of the positive controls, tobramycin 1 (MIC = 1-2 µg/mL), kanamycin 2 (MIC = 32 µg/mL) and 

tobramycin 1 (MIC = 0.25 µg/mL), kanamycin 2 (MIC = 2 µg/mL), respectively. 

 

Table 4  Screening homo- and heterodimeric aminoglycosides and their monomers 

tobramycin and kanamycin A for bacterial growth inhibition on different bacterial strains 

 

Compound P. aeruginosa 

strain PAO1 

MIC (µg/mL) 

S. aureus strain 

SH1000 (MSSA) 

MIC (µg/mL) 

Tobramycin 1 1-2 0.25 

Kanamycin A 2 32 2 

Spermine 35 - >256 

Norspermine 36 - >256 

Spermidine - >256 

Norspermidine - >256 

6''-Deoxy-6''-aminotobramycin 17 16-32 4 

6''-Deoxy-6''-aminokanamycin A 18 128 8 

(6'-Kanamycin A)2-succinamide 29 >256 >256 

(6'-Tobramycin)2-succinamide 30 128 128 

6'-Kanamycin A-6'-tobramycin-succinamide 31 >256 256 

(6'' 6''-Deoxy-6''-aminokanamycin A)2-succinamide 32 64 2-4 

(6'' 6''-Deoxy-6''-aminotobramycin)2-succinamide 33 32 0.25 

6'' 6''-Deoxy-6''-aminokanamycin A-6'' 6''-deoxy-6''-

aminotobramycin A-succinamide 34 

32-64 1 

6'-Tobramycin-N1-norspermine-succinamide 45 >64 4-8 

6'-Tobramycin-N1-spermine-succinamide 46 >64 2-4 
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Conclusions 

 

Antibiotic resistance is now a growing threat to human health, further exacerbated by the lack of 

new antibiotics. The positive charges of the amino groups on aminoglycosides are potentially a 

key factor in their antimicrobial activity against Gram-negative bacteria. Linking two of the 

same or different aminoglycosides via amide bonds can be achieved by introducing a carboxylic 

acid group on the first polyamine, then coupling that release carboxyclic acid to a free primary 

amine in the second polyamine. If the addition of positive charges increases the antimicrobial 

activity of aminoglycosides, synthesising homo- or hetero-dimeric aminoglycosides will 

increase the total net charge compared to their monomeric counterparts. The practical synthesis 

of a such a series of dimeric aminoglycosides linked at two different position 6'-NH2 29, 30, 31 

and 6"-NH2 32, 33, 34 and aminoglycosides linked to linear polyamines 45 and 46 are shown. 

Homo-dimeric aminoglycosides 32 and 33, linked at position 6"-NH2, showed better 

antimicrobial activity than their monomers 18 and 17, respectively, and antimicrobial activity 

equal to tobramycin 1 and kanamycin A 2 against S. aureus strain SH1000 (MSSA). However, 

hetero-dimeric aminoglycosides 34 linked at 6"-NH2 exhibited better antimicrobial activity than 

both its monomers 17 and 18 and kanamycin A against S. aureus strain SH1000 (MSSA). 

 

Experimental Section 

 

General Methods 

Chemicals and Materials 

CDCl3, CD3OD, and D2O were purchased from Goss Scientific (UK). Aqueous ammonia 

(32%), dichloromethane (DCM), dimethylformamide (DMF), 1,4-dioxane, ethanol, ethyl 

acetate, methanol, and triethylamine (TEA) were purchased from VWR (UK). Anhydrous 

dimethylformamide (DMF) and anhydrous pyridine were purchased from Fisher Scientific 

(UK). Kanamycin A sulfate, tobramycin free base, anhydrous potassium bromide (KBr), 

anhydrous sodium sulfate (Na2SO4), N-(benzyloxycarbonyloxy)succinimide, di-tert-butyl 

dicarbonate ((Boc)2O), ethyl trifluoroacetate, ninhydrin, 10% Pd/C, sodium azide (NaN3), 
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succinic anhydride, N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTu), trifluoroacetic acid (TFA), and 2,4,6-triisopropyl 

benzenesulfonyl chloride (TIBSCl) were purchased from Sigma-Aldrich (UK). 

Column chromatography was performed over silica gel 60-120 mesh (purchased from 

Sigma-Aldrich, UK) using different ratios of aqueous ammonia (32%), DCM, ethanol, ethyl 

acetate, and methanol as eluents. 

Thin-Layer Chromatography (TLC) over silica gel was performed using aluminium-

backed sheets coated with Kieselgel 60 F254 purchased from Merck (UK). Ninhydrin TLC spray 

reagent, ninhydrin (0.2 g) in ethanol (100 mL), was used for detecting amine functional groups. 

 

Instrumentation 

NMR spectra including proton (1H), carbon (13C), heteronuclear single quantum correlation 

(HSQC), and heteronuclear multiple bond correlation (HMBC), were recorded on Bruker 

Avance III (operating at 500.13 MHz for 1H and 125.77 MHz for 13C) spectrometers at 25 ℃. 

MestReNova was used for processing the spectra. 1H and 13C chemical shifts () were observed 

and are reported in parts per million (ppm) relative to tetramethylsilane (TMS) at 0.00 ppm as 

an internal reference or residual solvent peaks, HDO at 4.79 ppm. High Resolution Time-of 

Flight (HR-TOF) mass spectra were obtained on a Bruker Daltonics “micrOTOF” mass 

spectrometer using electrospray ionisation (ESI) (loop injection +ve ion mode). PerkinElmer 65 

spectrum FT-IR spectroscopy was used to obtain the IR spectra of samples as anhydrous KBr 

discs. Reactions described as under nitrogen were performed under an atmosphere of anhydrous 

nitrogen gas. 

 

Bacterial strains, culture conditions, and minimum inhibitory concentration (MIC) 

determination (experiments performed by Dr M Laabei) 

Bacterial strains used in this study are Staphylococcus aureus grown on tryptic soy agar (TSA; 

Sigma-Aldrich) for 18 h at 37 °C, and Pseudomonas aeruginosa grown on Luria-Bertani agar 

(LBA; Sigma-Aldrich) for 18 h at 37 °C. The minimum inhibitory concentration (MIC) of 

aminoglycoside polyamines against these bacterial species was determined using the broth 
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microdilution method as described by the Clinical and Laboratory Standards Institute (CLSI).40 

Individual pure colonies of the above bacterial species were used to inoculate separate 15 mL 

polystyrene test tubes (ThermoFisher) containing 3 mL of cation-adjusted Mueller-Hinton broth 

(MHB; Oxoid). Growth agar and broth were made according to manufacturer’s instructions. 

Bacterial cultures were incubated for 18 h at 37 °C with shaking at 180 rpm (New Brunswick 

Innova 44/R incubator). The 18 h bacterial cultures were subsequently diluted 1:100 in fresh 

MHB and cultured at 37 °C with shaking at 180 rpm to exponential phase of growth, defined as 

reaching an absorbance (OD600nm) within the range of 0.5-0.6. Absorbance was measured using 

a 1 mm cuvette and DS-11 Spectrophotometer (DeNovix). Aminoglycosides were reconstituted 

in sterile deionised water, then diluted in MHB and dispensed into a 96-well round bottom 

microtiter plate (Costar) to a final concentration range of 256-0.125 µg/mL. Aliquots of 0.5 

McFarland standardized inoculum of bacteria were dispensed into wells containing 

aminoglycosides to a final inoculum of 5 x 105 CFU/mL. Tobramycin sulfate and kanamycin 

sulfate were used as antibiotic (positive) controls. Bacterial cultures were grown statically at 37 

°C for 24 h (ThermoScientific HeraTherm). The MIC was defined as the lowest concentration 

of compound to result in no visible growth measured through inspection of turbidity.  

 

N-1, N-3, N-2', N-3''(Boc)4tobramycin 7 

To a solution of tobramycin 1 (0.50 g, 1.06 mmol) in methanol (150 mL), at -78 ℃ under 

nitrogen, ethyl trifluoroacetate (0.13 g, 1.06, 1 equiv.) in methanol (10 mL) was added dropwise 

over 15 min. Stirring was continued for a further 2 h, then the temperature was increased to 20 

℃ for 18 h to afford the mono-trifluoroacetamide 3, HRMS: found 564.2414, C20H37F3N5O10 

requires 564.2472 [M + H]+. Without purification, the remaining amino functional groups were 

protected with an excess of di-tert-butyldicarbonate (Boc2O) (1.05 g, 4.81 mmol, 4.5 equiv.) in 

methanol (20 ml) at 0 ℃ over 10 min. The reaction was then warmed to 20 ℃ and stirred for a 

further 18 h to afford the fully protected polyamine 5, HRMS: found 964.4511, C40H69F3N5O18 

requires 964.4556 [M + H]+. The trifluoroacetyl protecting group was then removed by 

increasing the pH of the solution to above 11 with conc. aq. ammonia (32%) and then stirring at 

20 ℃ for 18 h. The solution was concentrated under reduced pressure. The crude product was 
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purified via column chromatography using DCM:MeOH (8.5:1.5 v/v) as eluant. After 

combining fractions and concentrating them, the desired product 7 was obtained as a white solid 

(0.37 g, 40%), homogeneous by TLC analysis (Rf = 0.4, ethyl acetate:ethanol:aqueous 

ammonia, 7:2:1 v/v/v). HRMS: found 868.4911, C38H70N5O17 requires 868.4899 [M + H]+; IR: 

1693 (C=O), 2939, 2988 (NH), 3304-3473 (OH) cm-1; 1H NMR, 500 MHz (CD3OD): 1.21-1.52 

(m, 37H, 12 x CH3 Boc, 2ax), 164 (q, J = 11.8 Hz, 1H, 3'ax), 1.83-1.91 (m, 1H, 3'eq), 1.93-2.05 

(m, 1H, 2eq), 2.55-2.66 (m, 1H, 6'b), 2.92-3.03 (m, 1H, 6'a), 3.23-3.90 (m, 13H, 1-CH, 3-CH, 4-

CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 3.54-3.56 (m, 1H, 

5'-CH), 4.99 (br s, 1H, 1''-CH), 5.14 (br s, 1H, 1'-CH); 13C NMR, 125.77 MHz (CD3OD): 27.5 

(12 x CH3 Boc), 33.3 (3'-CH2), 34.7 (2-CH2), 42.5 (6'-CH2), 49.6, 49.8 (1-CH, 3-CH, 2'-CH), 

55.5 (3''-CH), 60.6 (6''-CH2), 66.3, 68.3 (4'-CH, 4''-CH), 70.6 (5''-CH), 72.6 (2''-CH), 75.2 (5'-

CH), 75.7 (5-CH), 78.2- 81.8 (4-CH, 6-CH, 4 x Cq Boc), 96.8 (1'-CH), 98.4 (1''-CH), 156.6-

157.8 (4 x C=O Boc). 

 

N-1, N-3, N-3''(Boc)3kanamycin A 8 

To a solution of kanamycin A sulfate 2 (2.00 g, 3.43 mmol) in water (150 mL), TEA (1.73 g, 

17.15 mmol) at 0 ℃ under nitrogen, N-(benzyloxycarbonyloxy)succinimide (0.85 g, 3.43, 1 

equiv.) in dioxan (150 mL) was added dropwise over 4 h. Stirring was continued for a further 2 

h, then the temperature was increased to 20 ℃ for 18 h. The solution was concentrated under 

reduced pressure to afford compound 4, HRMS: found 619.2757, C26H43N4O13 requires 

619.2748 [M + H]+. Without purification, the remaining amino functional groups were protected 

with an excess of di-tert-butyldicarbonate (Boc2O) (3.36 g, 15.43 mmol, 4.5 equiv.) in methanol 

(20 ml) at 0 ℃ over 10 min. The solution was warmed to 20 ℃ and stirred for a further 18 h, 

then concentrated under reduced pressure to afford the fully protected polyamine 6, HRMS: 

found 919.4321, C41H67N4O19 requires 919.4361 [M + H]+. Without purification, the atmosphere 

over the mixture of compound 6 and 10% Pd/C (0.3 g) in methanol (25 mL) was evacuated and 

replaced with N2 gas three times, and then replaced with H2. The mixture was stirred under H2 

for a further 18 h at 20 °C to deprotect the Cbz protecting group. The mixture was filtered 

through Celite with methanol and then concentrated in vacuo. The crude product was purified 
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via column chromatography using DCM:MeOH: aqueous ammonia (7:2:1 v/v) as eluant. After 

combining fractions and concentrating them, the desired product 8 was obtained as a white solid 

(1.02 g, 38%), homogeneous by TLC analysis (Rf = 0.3, ethyl acetate:ethanol:aqueous ammonia, 

7:2:1 v/v/v). HRMS: found 785.3948, C33H61N4O17 requires 785.3953 [M + H]+; IR: 1681 

(C=O), 2944, 2990 (NH), 3327-3492 (OH) cm-1; 1H NMR, 500 MHz (CD3OD): 1.31-1.61 (m, 

28H, 9 x CH3 Boc, 2ax), 1.91-2.15 (m, 1H, 2eq), 3.12-4.15 (m, 16H, 1-CH, 3-CH, 4-CH, 5-CH, 

6-CH, 2'-CH, 3'-CH, 4'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 4.00-4.11 (m, 

1H, 5'-CH), 5.04-5.14 (br s, 2H, 1'-CH, 1''-CH); 13C NMR, 125.77 MHz (CD3OD): 27.7 (9 x 

CH3 Boc), 34.8 (2-CH2), 40.5 (6'-CH2), 49.6, 50.2 (1-CH, 3-CH), 56.0 (3''-CH), 61.0 (6''-CH2), 

68.17, 70.2, 70.9, 72.1, 73.5, 75.2, 79.2, 81.7 (5-CH, 2'-CH, 3'-CH, 4'-CH, 5'-CH, 2''-CH, 4''-CH, 

5''-CH, 3 x Cq Boc), 80.9 (4-CH), 84.1 (6-CH), 98.7 (1'-CH), 101.5 (1''-CH), 156.3-157.9 (3 x 

C=O Boc). 

 

(Boc)5tobramycin 9 

To a solution of tobramycin 1 (0.405 g, 0.86 mmol) in a mixture of DMF, water, and TEA 

(1:1:0.02 v/v/v) was added di-tert-butyldicarbonate (Boc2O) (0.945 g, 4.33 mmol, 5 equiv.). The 

reaction was maintained at 60 ℃ for 18 h, cooled to 20 ℃, and then concentrated in vacuo. The 

residue was partitioned between ethyl acetate and water (2:1 v/v). The aqueous layer was 

extracted with ethyl acetate (7 x 150 mL), the combined organic extratcs were dried (Na2SO4), 

filtered, and then concentrated in vacuo. The crude product was purified via column 

chromatography using DCM:MeOH (95:05 v/v) as eluant. The desired product 9 was obtained 

as a white solid (0.67 g, 80%), homogeneous by TLC analysis (Rf = 0.5, ethyl acetate:aqueous 

ammonia, 95:05 v/v). HRMS: found 990.5203, C43H77NaN5O19 requires 990.5102 [M + Na]+; 

IR: 1682 (C=O), 2930, 2981 (NH), 3364-3576 (OH) cm-1; 1H NMR, 500.13 MHz (CD3OD and 

CDCl3 (1: 1 v/v)): 1.36-1.61 (m, 46H, 15 x CH3 Boc, 2ax), 1.65 (q, J = 11.6 Hz, 1H, 3'ax), 2.05-

2.16 (m, 1H, 3'eq), 2.21-2.31 (m, 1H, 2eq), 3.25-3.38 (m, 15H, 1-CH, 3-CH, 4-CH, 5-CH, 6-

CH, 2'-CH, 4'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 3.88-3.96 (5'-CH), 

4.85-5.09 (m, 2H, H-1' and H-1''); 13C NMR, 125.77 MHz (CD3OD): 30.2 (15 x CH3 Boc) 35.0 

(3'-CH2), 35.9 (2-CH2), 43.8 (CH2-6'), 52.5 (CH-3), 52.6 (CH-1, CH-2'), 58.2 (CH-3''), 63.6 
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(CH2-6''), 67.5 (CH-4'), 71.3 (CH-4''), 73.5 (CH-5''), 75.1 (CH-2''), 76.1 (CH-5'), 78.2, 81.8 

(CH-5, 5 x Cq, Boc), 84.5 (CH-4), 85.8 (CH-6),101.3 (1'-CH, 1''-CH), 157.2-158.6 (5 x C=O 

Boc). 

 

(Boc)4kanamycin 10 

To a solution of kanamycin A sulfate 2 (2.00 g, 3.43 mmol) in a mixture of DMF, water, and 

TEA (1:1:0.02 v/v/v) was added di-tert-butyldicarbonate (Boc2O) (2.99 g, 13.7 mmol, 4 equiv.). 

The reaction was maintained at 60 ℃ for 18 h, cooled to 20 ℃, and then concentrated in vacuo. 

The residue was partitioned between ethyl acetate and water (2:1 v/v). The aqueous layer was 

extracted with ethyl acetate (7 x 150 mL), the combined organic extracts were dried (Na2SO4), 

filtered, and then concentrated in vacuo. The crude product was purified via column 

chromatography using DCM:MeOH (9:1 v/v) as eluant. The desired product 10 was obtained as 

a white solid (2.27 g, 75%) homogeneous by TLC analysis (Rf = 0.3, ethyl acetate:aqueous 

ammonia, 95:05 v/v). HRMS: found 885.4478, C38H69N4O19 requires 885.4501 [M + H]+; IR: 

1680 (C=O), 2963, 2990 (NH), 3344-3526 (OH) cm-1; 1H NMR, 500.13 MHz (CD3OD and 

CDCl3 (1: 1 v/v)): 1.39-1.52 (m, 37H, 12 x CH3 Boc, 2ax), 2.03-2.12 (m, 1H, 2eq), 3.13-3.21 

(m, 1H, 2'-CH), 3.27-3.82 (m, 15H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 3'-CH, 4'-CH, 

6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 4.03-4.08 (5'-CH), 5.03-5.11 (m, 2H, H-1' 

and H-1''); 13C NMR, 125.77 MHz (CD3OD): 29.11 (12 x CH3 Boc) 36.2 (2-CH2), 42.2 (6'-

CH2), 50.9, 51.7 (1-CH, 3-CH), 57.6 (3''-CH), 62.4 (6''-CH2), 69.8, 72.1, 74.0, 76.99, 80.3(4-

CH, 5-CH, 6-CH, 2'-CH, 3'-CH, 4'-CH, 5'-CH, 2''-CH, 4''-CH, 5''-CH, 4 x Cq Boc), 99.9 (1'-

CH), 102.8 (1''-CH), 157.2-159.6 (4 x C=O Boc). 

 

(Boc)5tobramycin-6''-O-TIBS 11 

To a solution of (Boc)5tobramycin 9 (1.00 g, 1.03 mmol) in anhydrous pyridine (10 mL), at 20 

℃ under nitrogen, 2,4,6-triisopropylbenzenesulfonyl chloride (TIBSCl) (1.56 g, 5.16 mmol, 5 

equiv.) in anhydrous pyridine (5 mL) was added. Stirring was continued for a further 18 h, then 

the solution was concentrated under reduced pressure. The crude product was purified via 

column chromatography using DCM:MeOH (9.5:0.5 v/v) as eluant. After combining fractions 
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and concentrating them, the desired product 11 was obtained as a white solid (0.63 g, 50%), 

homogeneous by TLC analysis (Rf = 0.5, DCM:MeOH, 9:1 v/v). HRMS: found 1256.6443, 

C58H99NaN5O21S requires 1256.6433 [M + Na]+; IR: 1682 (C=O), 2974-2980 (NH), 3339-3601 

(OH) cm-1; 1H NMR, 500 MHz (CDCl3): 1.22-1.34 (m, 18H, 6 x CH3 TIBS), 1.35-1.52 (m, 46H, 

15 x CH3 Boc, 2ax), 1.74-2.07 (m, 3H, 3'ax, 2eq, 3'eq), 3.00-3.88 (m, 16H, 1-CH, 3-CH, 4-CH, 

5-CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 4.07-

4.29 (m, 3H, TIBS), 4.87-5.10 (m, 2H, 1'-CH, 1''-CH), 7.18 (br s, 2H, TIBS); 13C NMR, 125.77 

MHz (CDCl3): 23.7 (6 x CH3 TIBS), 28.5 (15 x CH3 Boc), 29.6, 30.4 (3'-CH2, 3 x CH TIBS), 

32.4 (2-CH2), 40.8, 50.3, 57.4, 64.5, 69.9, 71.6, 73.8, 75.6, 86.6 (1-CH, 3-CH, 4-CH, 5-CH, 6-

CH, 2'-CH, 4'-CH, 5'-CH, 6'-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''-CH2, 5 x Cq Boc), 96.9 (1'-

CH), 100.4 (1''-CH), 123.7-124.1 (2 x Ar CH TIBS), 149.9-151.2 (4 x Cq TIBS), 156.3-157.0 (5 

x C=O Boc). 

 

(Boc)4kanamycin A-6''-O-TIBS 12 

To a solution of (Boc)4kanamycin A 10 (1.00 g, 1.13 mmol) in anhydrous pyridine (10 mL), at 

20 ℃ under nitrogen, 2,4,6-triisopropylbenzenesulfonyl chloride (TIBSCl) (1.71 g, 5.65 mmol, 

5 equiv.) in anhydrous pyridine (5 mL) was added. Stirring was continued for a further 18 h, 

then the solution was concentrated under reduced pressure. The crude product was purified via 

column chromatography using DCM:MeOH (9:1 v/v) as eluant. After combining fractions and 

concentrating them, the desired product 12 was obtained as a white solid (0.57 g, 44%), 

homogeneous by TLC analysis (Rf = 0.4, DCM:MeOH, 9:1 v/v). HRMS: found 1151.5818, 

C53H91N4O21S requires 1151.5833 [M + H]+; IR: 1676 (C=O), 2881-2966 (NH), 3348-3554 

(OH) cm-1; 1H NMR, 500 MHz (CDCl3): 1.10-1.29 (m, 18H, 6 x CH3 TIBS), 1.31-1.52 (m, 37H, 

12 x CH3 Boc, 2ax), 1.74-2.07 (m, 1H, 2eq), 3.19-3.89 (m, 17H, 1-CH, 3-CH, 4-CH, 5-CH, 6-

CH, 2'-CH, 3'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 4.05-

4.18 (m, 3H TIBS), 4.91-5.17 (m, 2H, 1'-CH, 1''-CH), 7.18 (s, 2H TIBS); 13C NMR, 125.77 

MHz (CDCl3): 24.9 (6 x CH3 TIBS), 28.4 (12 x CH3 Boc), 29.5, 30.1 (3 x CH TIBS), 32.6 (2-

CH2), 41.3, 50.5, 56.9, 64.7, 70.1, 70.6, 73.8, 75.9, 86.8 (1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-

CH, 3'-CH, 4'-CH, 5'-CH, 6'-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''-CH2, 4 x Cq Boc), 97.6 (1'-
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CH), 101.3 (1''-CH), 123.7-124.1 (2 x Ar CH TIBS), 150.0-151.1 (4 x Cq TIBS), 157.1-157.8 (4 

x C=O Boc). 

 

6''-Deoxy-6''-azido(Boc)5tobramycin 13 

To a solution of 11 (0.63 g, 0.51 mmol), NaN3 (0.16 g, 2.55 mmol, 5 equiv.) in anhydrous DMF 

(10 mL) was added. The solution was warmed to 80 ℃ under nitrogen and stirring was 

continued for a further 48 h, then the solution was cooled to 19 ℃ and concentrated under 

reduced pressure. The crude product was purified via column chromatography using 

DCM:MeOH (9.5:0.5 v/v) as eluant. After combining fractions and concentrating them, the 

desired product 13 was obtained as a white solid (0.46 g, 91%), homogeneous by TLC analysis 

(Rf = 0.4, DCM:MeOH, 9:1 v/v). HRMS: found 993.5278, C43H77N8O18 requires 993.5264 [M + 

H]+; IR: 1686 (C=O), 2106 (N3), 2933-2982 (NH), 3359-3511 (OH) cm-1; 1H NMR, 500.13 

MHz (CD3OD): 1.35-1.55 (m, 46H, 15 x CH3 Boc 2ax), 1.65 (q, J = 12.1 Hz, 1H, 3'ax), 1.97-

2.16 (m, 2H, 2eq, 3'eq), 3.30-4.20 (m, 16H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 5'-

CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 5.04-5.12 (m, 2H, H-1' and H-1''); 

13C NMR, 125.77 MHz (CD3OD): 27.4 (15 x CH3 Boc), 32.7 (3'-CH2), 34.5 (2-CH2), 40.6, 49.6, 

51.1, 55.5, 65.0, 68.8, 70.4, 72.0, 75.2, 77.8, 79.1, 79.6, 81.4 (1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 

2'-CH, 4'-CH, 5'-CH, 6'-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''-CH2, 5 x Cq Boc), 98.1 (1'-CH, 

1''-CH), 156.3-158.7 (5 x C=O Boc). 

 

6''-Deoxy-6''-azido(Boc)4kanamycin 14 

To a solution of 12 (0.57 g, 0.49 mmol), NaN3 (0.16 g, 2.47 mmol, 5 equiv.) in anhydrous DMF 

(10 mL) was added. The solution was warmed to 80 ℃ under nitrogen and stirring was continued 

for a further 48 h, then the solution was cooled to 19 ℃ and concentrated under reduced pressure. 

The crude product was purified via column chromatography using DCM:MeOH (9:1 v/v) as 

eluant. After combining fractions and concentrating them, the desired product 14 was obtained as 

a white solid (0.39 g, 89%), homogeneous by TLC analysis (Rf = 0.2, DCM:MeOH, 9:1 v/v). 

HRMS: found 910.4543, C38H68N7O18 requires 910.4583 [M + H]+; IR: 1680 (C=O), 2102 (N3), 

2939-2983 (NH), 3361-3520 (OH) cm-1; 1H NMR, 500.13 MHz (CD3OD): 1.26-1.44 (m, 37H, 12 
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x CH3 Boc 2ax), 1.88-2.03 (m, 1H, 2eq), 3.30-4.20 (m, 17H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-

CH, 3'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 4.98-5.01 (br s, 

2H, H-1' and H-1''); 13C NMR, 125.77 MHz (CD3OD): 27.3 (12 x CH3 Boc), 34.6 (2-CH2), 40.3, 

47.8, 49.0, 51.0, 55.8, 68.9, 70.83, 72.4, 75.4, 77.8, 79.9, 84.6 (1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 

2'-CH, 3'-CH, 4'-CH, 5'-CH, 6'-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''-CH2, 4 x Cq Boc), 98.8, 

101.4 (1'-CH, 1''-CH), 155.9-157.6 (4 x C=O Boc). 

 

6''-Deoxy-6''-amino(Boc)5tobramycin 15 

The atmosphere over a mixture of 13 (0.46 g, 0.46 mmol) and 10% Pd/C (0.3 g) in methanol (20 

mL) was evacuated and replaced with N2 gas three times, and then replaced with H2. The 

mixture was stirred under H2 for 18 h at 20 °C, filtered through Celite with methanol, and then 

concentrated in vacuo. The crude product was purified via column chromatography using 

DCM:MeOH (8.5:1.5 v/v) as eluant. After combining fractions and concentrating them, the 

desired product 15 was obtained as a white solid (0.31 g, 70%), homogeneous by TLC analysis 

(Rf = 0.4, ethyl acetate:ethanol:aqueous ammonia, 7:2:1 v/v/v). HRMS: found 967.5373, 

C43H79N6O18 requires 967.5368 [M + H]+; IR: 1685 (C=O), 2930, 2983 (NH), 3299-3482 (OH) 

cm-1; 1H NMR, 500 MHz (CD3OD): 1.38-1.55 (m, 46H, 15 x CH3 Boc, 2ax), 1.64 (q, J = 12.1 

Hz, 1H, 3'ax), 1.91-2.13 (m, 2H, 2eq, 3'eq), 2.70-2.82 (m, 1H, 6''b), 3.00-3.10 (m, 1H, 6''a), 

3.14-4.00 (m, 14H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-

CH, 4''-CH, 5''-CH), 4.94-5.03 (m, 1H, 1'-CH, 1''-CH); 13C NMR, 125.77 MHz (CD3OD): 28.8 

(15 x CH3 Boc), 34.5 (3'-CH2), 36.14 (2-CH2), 42.0 (6'-CH2), 43.3 (6''-CH2), 51.1, 57.0, 66.6, 

71.5, 72.0, 73.6, 77.1, 80.5, 81.0, 82.6 (1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 

2''-CH, 3''-CH, 4''-CH, 5''-CH, 5 x Cq Boc), 99.2 (1'-CH, 1''-CH), 158.1-159.7 (5 x C=O Boc). 

 

6''-Deoxy-6''-amino(Boc)4kanamycin 16 

The atmosphere over a mixture of 14 (0.39 g, 0.42 mmol) and 10% Pd/C (0.3 g) in methanol (20 

mL) was evacuated and replaced with N2 gas three times, and then replaced with H2. The 

mixture was stirred under H2 for a further 18 h at 20 °C, filtered through Celite with methanol, 

and then concentrated in vacuo. The crude product was purified via column chromatography 
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using DCM:MeOH (8.5:1.5 v/v) as eluant. After combining fractions and concentrating them, 

the desired product 16 was obtained as a white solid (0.32 g, 85%), homogeneous by TLC 

analysis (Rf = 0.3, ethyl acetate:ethanol:aqueous ammonia, 7:2:1 v/v/v). HRMS: found 

884.4638, C38H70N5O18 requires 884.4620 [M + H]+; IR: 1690 (C=O), 2940, 2978 (NH), 3317-

3486 (OH) cm-1; 1H NMR, 500 MHz (CD3OD): 1.28-1.41 (m, 37H, 12 x CH3 Boc, 2ax), 1.86-

1.98 (m, 1H, 2eq), 2.97-3.68 (m, 17H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 3'-CH, 4'-CH, 

5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 4.98 (br s, 2H, 1'-CH, 1''-CH); 13C 

NMR, 125.77 MHz (CD3OD): 27.7 (12 x CH3 Boc), 34.5 (2-CH2), 40.8 (6'-CH2), 41.7 (6''-CH2), 

49.6, 50.7, 55.9, 70.6, 72.8, 75.9, 80.4, 84.0 (1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 3'-CH, 4'-

CH, 5'-CH, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 4 x Cq Boc), 98.9, 101.7 (1'-CH, 1''-CH), 157.4-

159.0 (4 x C=O Boc). 

 

General procedure A:  Boc removal 

A solution of Boc-protected polyamine in DCM (9 mL) was deprotected by adding TFA (1 mL) 

at 20 °C. The solution was stirred for 18 h then concentrated in vacuo and lyophilised to yield 

the desired product poly-TFA salt as a white solid. 

 

6''-Deoxy-6''-aminotobramycin 17 

Compound 15 (0.05 g, 0.05 mmol) was deprotected according to general procedure A to yield 

the desired product 17 as a white solid (0.05 g, 99 %). HRMS: Found 467.2751 (m/z), 

C18H39N6O8 requires 467.2770 (m/z) [M + H]+; IR: 2881-2945 (NH3
+) cm-1; 1H NMR, 500 MHz 

(D2O): 1.93 (q, J = 12.6 Hz, 1H, 2ax), 1.99 (q, J = 12.1 Hz, 1H, 3'ax), 2.25 (dt, J = 12.1, 4.4 Hz, 

1H, 3'eq), 2.51 (dt, J = 12.1, 4.4 Hz, 1H, 2eq), 3.10-3.24 (m, 2H, 6'b, 6''b), 3.34-3.46 (m, 2H, 

6'a, 6''a), 3.44-4.09 (m, 12H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 2''-CH, 3''-

CH, 4''-CH, 5''-CH), 5.06 (d, J = 3.6 Hz, 1H, 1''-CH), 5.69 (d, J = 3.6 Hz, 1H, 1'-CH); 13C NMR, 

125.77 MHz (D2O): 27.8 (2-CH2), 36.14 (3'-CH2), 39.9 (6'-CH2, 6''-CH2), 47.9 (1-CH), 48.5 (3-

CH), 49.9 (2'-CH), 54.7 (3''-CH), 64.4 (4'-CH), 66.9 (4''-CH), 67.9 (5''-CH), 68.7 (5-CH), 70.4 

(5'-CH), 74.4 (2''-CH), 78.1 (4-CH), 83.6 (6-CH), 94.5 (1'-CH), 100.9 (1''-CH), 116.0 (q, 1J = 

291.0 Hz, CF3), 162.7 (q, 2J = 37.5 Hz, CO-CF3). 
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6''-Deoxy-6''-aminokanamycin A 18 

Compound 16 (0.05 g, 0.05 mmol) was deprotected according to general procedure A to yield 

the desired product 18 as a white solid (0.05 g, 99 %). HRMS: found 484.2544 (m/z), 

C18H38N5O10 requires 484.2540 (m/z) [M + H]+; IR: 2984-3082 (NH3
+) cm-1; 1H NMR, 500 MHz 

(D2O): 1.91 (q, J = 12.5 Hz, 1H, 2ax), 2.54 (dt, J = 12.5, 4.3 Hz, 1H, 2eq), 3.16-3.28 (m, 2H, 

6'b, 6''b), 3.38-3.45 (m, 3H, 6'a, 6''a, 2'), 3.50-4.16 (m, 12H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 

3'-CH, 4'-CH, 5'-CH, 2''-CH, 3''-CH, 4''-CH, 5''-CH), 5.12 (d, J = 3.6 Hz, 1H, 1''-CH), 5.57 (d, J 

= 3.6 Hz, 1H, 1'-CH); 13C NMR, 125.77 MHz (D2O): 27.6 (2-CH2), 39.8 (6'-CH2, 6''-CH2), 48.0 

(1-CH), 49.9 (3-CH), 54.7 (3''-CH), 66.7 (4'-CH), 67.9, 68.2 (5'-CH, 5''-CH), 68.7 (5-CH), 70.4 

(2'-CH), 70.7 (4''-CH), 71.8 (3'-CH), 73.5 (2''-CH), 79.7 (4-CH), 83.5 (6-CH), 98.5 (1'-CH), 

100.5 (1''-CH), 116.0 (q, 1J = 290.7 Hz, CF3), 163.0 (q, 2J = 38.2 Hz, CO-CF3). 

 

General procedure B:  Synthesis of succinamides 23-28 via half-succinic amide acids 19-22 

To solutions of N-1, N-3, N-2', N-3''(Boc)4tobramycin 7, N-1, N-3, N-3''(Boc)3kanamycin A 8, 

6''-deoxy-6''-amino(Boc)5tobramycin 15, or 6''-deoxy-6''-amino(Boc)4kanamycin A 16 (0.10 g) 

in anhydrous pyridine (10 mL), at 20 ℃ under nitrogen, succinic anhydride (1 equiv.) in 

anhydrous pyridine (2 mL) was added. The solution was stirred for 18 h then concentrated in 

vacuo. The desired products succinic half acid amides 19-22 were obtained as white powders. 

HRMS: found 968.4849, C42H74N5O20 requires 968.4867 [M + H]+; IR: 1697 (C=O), 2892, 2980 

(NH), 3350-3477 (OH) cm-1 for N-1, N-3, N-2', N-3''(Boc)4tobramycin-6'-succinamide acid 19.  

HRMS: found 885.4114, C37H65N4O20 requires 885.4121 [M + H]+; IR: 1688 (C=O), 2975, 2989 

(NH), 3367-3484 (OH) cm-1 for N-1, N-3, N-3''(Boc)3tobramycin-6'-succinamide acid 20.  

HRMS: found 1067.5533, C47H83N6O21 requires 1067.5562 [M + H]+; IR: 1683 (C=O), 2984, 

2990 (NH), 3372-3476 (OH) cm-1 for (Boc)5tobramycin-6''-succinamide acid 21.  

HRMS: found 984.4798, C42H74N5O21 requires 984.4832 [M + H]+; IR: 1690 (C=O), 2986, 2988 

(NH), 3392-3482 (OH) cm-1 for (Boc)4kanamycin-6''-succinamide acid 22.  

Without further purification, to solutions of 19, 20, 21, or 22, TEA (3 equiv.), HBTu (2 equiv.) 

in anhydrous DMF (5 mL), at 20 ℃ under nitrogen, (Boc)4tobramycin 7, (Boc)3kanamycin A 8, 

6''-deoxy-6''-amino(Boc)5tobramycin 15, or 6''-deoxy-6''-amino(Boc)4kanamycin A 16 (1 equiv.) 
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in anhydrous DMF (2 mL) were added. Each solution was stirred for a further 18 h then 

concentrated in vacuo. Crude products were purified via column chromatography using 

DCM:MeOH (9:1 to 8:2 v/v) as eluant. After combining fractions and concentrating them, 

desired products 23-28 were obtained as white powders (~50%, over 2 steps), each 

homogeneous by TLC analysis (Rf = ~0.3, DCM:MeOH, 9:1 v/v).  

HRMS: found 1651.7971, C70H123N8O36 requires 1651.7962 [M + H]+; IR: 1684 (C=O), 2960, 

2983 (NH), 3375-3492 (OH) cm-1 for (6'-(Boc)3kanamycin A)2-succinamide 23.  

HRMS: found 1839.9469, C80H140NaN10O36 requires 1839.9432 [M + Na]+; IR: 1679 (C=O), 

2978, 2991 (NH), and 3381-3481 (OH) cm-1 for (6'-(Boc)4tobramycin)2-succinamide 24.  

HRMS: found 1756.8723, C75H131NaN9O36 requires 1756.8697 [M + Na]+; IR: 1693 (C=O), 

2925, 2979 (NH), and 3379-3487 (OH) cm-1 for 6'-(Boc)4tobramycin-6'-(Boc)3kanamycin A- 

succinamide 25.  

HRMS: found 1871.0986, C80H140NaN10O38 requires 1871.9330 [M + Na]+; IR: 1686 (C=O), 

2962, 2987 (NH), 3419-3479 (OH) cm-1 for (6'' 6''-deoxy-6''-amino(Boc)4kanamycin A)2-

succinamide 26.  

HRMS: found 2016.0809, C90H159N12O38 requires 2016.0800 [M + H]+; IR: 1682 (C=O), 2963, 

2980 (NH), and 3430-3485 (OH) cm-1 for (6''-deoxy-6''-amino(Boc)5tobramycin)2-succinamide 

27.  

HRMS: found 1933.0102, C85H150N11O38 requires 1933.0065 [M + H]+; IR: 1688 (C=O), 2975, 

2983 (NH), 3367-3490 (OH) cm-1 for 6''-deoxy-6''-amino(Boc)5tobramycin-6''-deoxy-6''-

amino(Boc)4-kanamycin A 28. 

 

(6'-Kanamycin A)2-succinamide 29 

Compound 23 (0.03 g, 0.01 mmol) was deprotected according to general procedure A to yield 

the desired product 29 as a white solid (0.03 g, 99%). HRMS: found 1034.5095 (m/z), 

C40H75N8O24 requires 1034.5027 (m/z) [M + H]+; IR: 1679 (C=O), 2943-2984 (NH, NH3
+), 

3341-3489 (OH) cm-1; 1H NMR, 500 MHz (D2O): 1.89 (q, J = 12.4 Hz, 2H, 2ax), 2.47-2.57 (m, 

6H, 1'''-CH2, 2eq), 3.28 (t, J = 9.6 Hz, 2H, 2'-CH), 3.34-3.95 (m, 32H, 1-CH, 3-CH, 4-CH, 5-

CH, 6-CH, 3'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 5.07 (d, 
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J = 3.6 Hz, 2H, 1''-CH), 5.43 (d, J = 3.6 Hz, 2H, 1'-CH); 13C NMR, 125.77 MHz (D2O): 27.7 (2 

x 2-CH2), 30.1 (2 x 1'''-CH2), 39.4 (2 x 6'-CH2), 48.3 (2 x 1-CH), 49.9 (2 x 3-CH), 55.1 (2 x 3''-

CH), 59.7 (2 x 6''-CH2), 65.2 (2 x 4'-CH), 68.1 (2 x 5'-CH), 70.3 (2 x 2'-CH), 71.3 (2 x 4''-CH), 

71.7 (2 x 5''-CH), 72.1 (2 x 3'-CH2), 72.7 (2 x 5-CH), 73.0 (2 x 2''-CH), 79.4 (2 x 4-CH), 83.7 (2 

x 6-CH), 98.5 (2 x 1'-CH), 100.6 (2 x 1''-CH2), 116.1 (q, 1J = 291.7 Hz, CF3), 162.7 (q, 2J = 35.7 

Hz, CO-CF3), 175.0 (2 x NHCO). 

 

(6'-Tobramycin)2-succinamide 30 

Compound 24 (0.04 g, 0.02 mmol) was deprotected according to general procedure A to yield 

the desired product 30 as a white solid (0.04 g, 99%). HRMS: found 1017.5292 (m/z), 

C40H77N10O20 requires 1017.5237 (m/z) [M + H]+; IR: 1689 (C=O), 2943-2991 (NH, NH3
+), 

3399-3508 (OH) cm-1; 1H NMR, 500 MHz (D2O): 1.90 (q, J = 11.6 Hz, 2H, 2ax), 1.96 (q, J = 

11.6 Hz, 2H, 3'ax), 2.24 (dt, J = 12.9, 4.3 Hz, 2H, 3'eq), 2.48-2.57 (m, 6H, 1'''-CH2, 2eq), 3.38-

3.97 (m, 32H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 

4''-CH, 5''-CH, 6''a,b-CH2), 5.06 (d, J = 3.7 Hz, 2H, 1''-CH), 5.49 (d, J = 3.7 Hz, 2H, 1'-CH); 13C 

NMR, 125.77 MHz (D2O): 27.8 (2 x 2-CH2), 28.9 (2 x 3'-CH2), 30.2 (2 x 1'''-CH2), 38.8 (2 x 6'-

CH2), 47.9 (2 x 1-CH), 48.4 (2 x 3-CH), 49.8 (2 x 2'-CH), 54.8 (2 x 3''-CH), 59.7 (2 x 6''-CH2), 

63.6 (2 x 4'-CH), 65.2 (2 x 4''-CH), 68.2 (2 x 5'-CH), 72.7 (2 x 5-CH, 2 x 5''-CH) 73.8 (2 x 2''-

CH), 79.4 (2 x 4-CH), 83.7 (2 x 6-CH), 95.0 (2 x 1'-CH), 100.7 (2 x 1''-CH2), 116.4 (q, 1J = 

291.7 Hz, CF3), 163.4 (q, 2J = 35.7 Hz, CO-CF3), 175.6 (2 x NHCO). 

 

6'-Kanamycin A-6'-tobramycin-succinamide 31 

Compound 25 (0.02 g, 0.01 mmol) was deprotected according to general procedure A to yield 

the desired product 31 as a white solid (0.02 g, 99%). HRMS: found 1034.5027 (m/z), 

C40H76N9O22 requires 1034.5095 (m/z) [M + H]+; IR: 1693 (C=O), 2925-2980 (NH, NH3
+), 

3375-3522 (OH) cm-1; 1H NMR, 500 MHz (D2O): 1.92 (q, J = 12.4 Hz, 2H, 2/2t ax), 2.00 (q, J 

= 12.4 Hz, 1H, 3't ax), 2.27 (dt, J = 12.9, 4.3 Hz, 1H, 3't eq), 2.49-2.64 (m, 6H, 1'''/2'''-CH2, 2/2t 

eq), 3.31 (t, J = 9.6 Hz, 1H, 2'), 3.43-4.02 (m, 32H, 1/1t-CH, 3/3t-CH, 4/4t-CH, 5/5t-CH, 6/6t-

CH, 2't-CH, 3'-CH, 4'/4't-CH, 5'/5't-CH, 6'a,b/6't a,b-CH2, 2''/2''t-CH, 3''/3''t-CH, 4''/4''t-CH, 
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5''/5''t-CH, 6''a,b/6''t a,b-CH2), 5.10 (d, J = 3.7 Hz, 2H, 1''/1''t-CH), 5.47 (d, J = 3.7 Hz, 1H, 1'-

CH), 5.51 (d, J = 3.7 Hz, 1H, 1't-CH); 13C NMR, 125.77 MHz (D2O): 27.9 (2/2t-CH2), 29.4 (3't-

CH2), 30.5 (1'''/2'''-CH2), 39.3 (6'/6't-CH2), 47.9 (1/1t-CH), 48.4 (3/3t-CH), 50.0 (2't-CH), 53.3 

(3''/3''t-CH), 59.9 (6''/6''t-CH2), 63.7,65.4 (4'/4't-CH), 68.4 (5''/5''t-CH), 70.1 (2'-CH), 71.05, 

71.33, 72.10, 72.73, 72.85, 73.00, 73.75, 74.11, 78.77, 79.31 (4/4t-CH, 5/5t-CH, 3'-CH, 5'/5't-

CH, 2''/2''t-CH, 4''/4''t-CH), 83.5 (6/6t-CH), 94.9 (1't-CH), 98.3 (1'-CH), 100.5, 100.6 (1''/1''t-

CH2), 116.4 (q, 1J = 292.0 Hz, CF3), 163.4 (q, 2J = 37.2 Hz, CO-CF3), 175.2 (2 x NHCO). 

 

(6'' 6''-Deoxy-6''-aminokanamycin A)2-succinamide 32 

Compound 26 (0.02 g, 0.01 mmol) was deprotected according to general procedure A to yield 

the desired product 32 as a white solid (0.02 g, 99%). HRMS: found 1049.5136 (m/z), 

C40H77N10O22 requires 1049.5157 (m/z) [M + H]+; IR: 1690 (C=O), 2916-2981 (NH, NH3
+), 

3419-3495 (OH) cm-1; 1H NMR, 500 MHz (D2O): 1.92 (q, J = 12.6 Hz, 2H, 2ax), 2.50-2.62 (m, 

6H, 1'''-CH2, 2eq), 3.16-4.04 (m, 34H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 3'-CH, 4'-CH, 

5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 5.07 (d, J = 3.5 Hz, 2H, 1''-CH), 

5.59 (d, J = 3.5 Hz, 2H, 1'-CH); 13C NMR, 125.77 MHz (D2O): 27.5 (2 x 2-CH2), 30.7 (2 x 1'''-

CH2), 39.3 (2 x 6''-CH2), 40.1 (2 x 6'-CH2), 48.0 (2 x 1-CH), 50.1 (2 x 3-CH), 54.7 (2 x 3''-CH), 

66.4 (2 x 4''-CH), 68.1 (2 x 5''-CH), 68.7 (2 x 5'-CH), 70.6, 70.8, 70.9 (2 x 2'-CH, 2 x 3'-CH2, 2 

x 5-CH), 72.6 (2 x 4''-CH),73.5 (2 x 2''-CH), 79.0 (2 x 4-CH), 83.6 (2 x 6-CH), 97.6 (2 x 1'-CH), 

101.0 (2 x 1''-CH2), 116.3 (q, 1J = 291.7 Hz, CF3), 162.9 (q, 2J = 35.5 Hz, CO-CF3), 175.5 (2 x 

NHCO). 

 

(6'' 6''-Deoxy-6''-aminotobramycin)2-succinamide 33 

Compound 27 (0.03 g, 0.01 mmol) was deprotected according to general procedure A to yield 

the desired product 33 as a white solid (0.01 g, 99%). HRMS: found 1037.5557 (m/z), 

C40H78NaN12O18 requires 1037.5444 (m/z) [M + Na]+; IR: 1678 (C=O), 2930-2971 (NH, NH3
+), 

3423-3489 (OH) cm-1; 1H NMR, 500 MHz (D2O): 1.93 (q, J = 11.6 Hz, 2H, 2ax), 2.03 (q, J = 

11.6 Hz, 2H, 3'ax), 2.54 (dt, J = 12.9, 4.3 Hz, 2H, 3'eq), 2.48-2.62 (m, 6H, 1'''-CH2, 2eq), 3.22-

4.09 (m, 32H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 
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4''-CH, 5''-CH, 6''a,b-CH2), 5.05 (d, J = 3.7 Hz, 2H, 1''-CH), 5.78 (d, J = 3.7 Hz, 2H, 1'-CH); 13C 

NMR, 125.77 MHz (D2O): 27.9 (2 x 2-CH2), 29.2 (2 x 3'-CH2), 30.3 (2 x 1'''-CH2), 38.8 (2 x 6''-

CH2), 39.6 (2 x 6'-CH2), 47.9 (2 x 1-CH), 48.4 (2 x 3-CH), 49.5 (2 x 2'-CH), 54.7 (2 x 3''-CH), 

64.3 (2 x 4'-CH), 66.2 (2 x 4''-CH), 68.4 (2 x 5-CH), 70.6, 70.9 (2 x 5'-CH, 2 x 5''-CH) 74.2 (2 x 

2''-CH), 77.5 (2 x 4-CH), 83.5 (2 x 6-CH), 94.0 (2 x 1'-CH), 101.0 (2 x 1''-CH2), 116.2 (q, 1J = 

293.1 Hz, CF3), 163.2 (q, 2J = 35.7 Hz, CO-CF3), 175.6 (2 x NHCO). 

 

6''-Deoxy-6''-aminokanamycin-6''-deoxy-6''-aminotobramycin-succinamide 34 

Compound 28 (0.02 g, 0.01 mmol) was deprotected according to general procedure A to yield 

the desired product 34 as a white solid (0.02 g, 99%). HRMS: found 1032.5346 (m/z), 

C40H78N11O20 requires 1032.5380 (m/z) [M + H]+; IR: 1689 (C=O), 2963-3006 (NH, NH3
+), 

3373-3483 (OH) cm-1; 1H NMR, 500 MHz (D2O): 1.93 (q, J = 11.9 Hz, 2H, 2/2t ax), 2.04 (q, J 

= 11.9 Hz, 1H, 3't ax), 2.31 (dt, J = 12.9, 4.6 Hz, 1H, 3't eq), 2.49-2.64 (m, 6H, 1'''/2'''-CH2, 2/2t 

eq), 3.16-4.05 (m, 33H, 1/1t-CH, 3/3t-CH, 4/4t-CH, 5/5t-CH, 6/6t-CH, 2/2't-CH, 3'-CH, 4'/4't-

CH, 5'/5't-CH, 6'a,b/6't a,b-CH2, 2''/2''t-CH, 3''/3''t-CH, 4''/4''t-CH, 5''/5''t-CH, 6''a,b/6''t a,b-CH2), 

5.07 (d, J = 3.9 Hz, 2H, 1''/1''t-CH), 5.60 (d, J = 3.9 Hz, 1H, 1'-CH), 5.79 (d, J = 3.9 Hz, 1H, 1't-

CH); 13C NMR, 125.77 MHz (D2O): 27.5 (2/2t-CH2), 29.3 (3't-CH2), 30.3 (1'''/2'''-CH2), 38.7, 

39.0 (6''/6''t-CH2), 39.7, 40.1 (6'/6't-CH2), 47.7 (1/1t-CH), 48.0 (3/3t-CH), 50.0 (2't-CH), 54.6 

(3''/3''t-CH), 64.4 (4''/4''t-CH), 66.0, 66.4 (4'/4't-CH), 67.9, 68.7, 70.5, 70.6, 71.1, 71.9, 73.2, 

74.1 (5/5t-CH, 2'-CH, 3'-CH, 5'/5't-CH, 2''/2''t-CH, 5''/5''t-CH), 77.4, 79.0 (4/4t-CH), 83.5 (6/6t-

CH), 94.1 (1't-CH), 97.7 (1'-CH), 100.8, 101.0 (1''/1''t-CH2), 116.2 (q, 1J = 291.6 Hz, CF3), 

162.9 (q, 2J = 35.5 Hz, CO-CF3), 175.5 (2 x NHCO). 

 

(N1,N4,N8-Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane 41 

To a solution of norspermine (thermine) 35 (2.00 g, 10.6 mmol) in methanol (150 mL), at -78 

℃ under nitrogen, ethyl trifluoroacetate (1.51 g, 10.6 mmol, 1 equiv.) was added dropwise over 

15 min. Stirring was continued for a further 45 min, then the temperature was increased to 20 ℃ 

for 18 h to afford the mono-trifluoroacetamide 37. Without purification, the remaining amino 

functional groups were protected by di-tert-butyldicarbonate (6.95 g, 31.8 mmol, 3.0 equiv.) in 
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methanol (20 ml) at 0 ℃ over 10 min. The reaction was then warmed to 20 ℃ and stirred for a 

further 18 h to afford the fully protected polyamine 39. The trifluoroacetate protecting group 

was then removed by increasing the pH of the solution to above 11 with conc. aq. ammonia 

(32%) and then stirring at 20 ℃ for 18 h. The solution was concentrated under reduced 

pressure. The crude product was purified via column chromatography with DCM in MeOH 

(9.5:0.5 v/v). After combining fractions and concentrating them, the desired product 41 was 

obtained as a colourless oil (2.50 g, 48%), TLC analysis showed one spot (Rf = 0.5, DCM: 

MeOH: aq. ammonia (32%), 70:10:1 v/v/v). HRMS: Found 489.3641 (m/z), C24H49N4O6 

requires 489.3573 (m/z) [M + H]+; IR (film); 1689 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 

1.37-1.51 (m, 27H, 9 x CH3 Boc), 1.66-1.78 (m, 4H, 2-CH2, 6-CH2, overlapping), 1.88-193 (m, 

2H, 10-CH2), 2.91-2.98 (t, J = 6.4 Hz, 2H, 11-CH2), 3.05-3.38 (m, 10H, 1-CH2 , 3-CH2, 5-CH2, 

7-CH2, 9-CH2); 13C NMR, 125.77 MHz (CDCl3): 25.9 (10-CH2), 27.4, 27.8, 29.0 (9 x CH3 Boc, 

2-CH2, 6-CH2, overlapping), 36.5 (11-CH2), 40.6, 40.9, 46.1, 46.4 (1-CH2, 3-CH2, 5-CH2, 7-

CH2, 9-CH2), 79.9-80.8 (3 x Cq Boc), 156.5-158.0 (3 x C=O Boc). 

 

(N1,N4,N9-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazadodecane 42 

To a solution of spermine 36 (0.50 g, 2.47 mmol) in methanol (100 ml), at -78 ℃ under 

nitrogen, ethyl trifluoroacetate (0.35 g, 2.47 mmol, 1 equiv.) was added dropwise over 20 min. 

Stirring was continued for a further 30 min, then the temperature was increased to 20 ℃ to 

afford predominantly the mono-trifluoroacetamide 38. Without purification, the remaining 

amino functional groups were protected by an excess of di-tert-butyldicarbonate (1.61 g, 7.41 

mmol, 3.0 equiv.) in methanol (15 ml) over 10 min. The reaction was then warmed to 20 ℃ and 

stirred for a further 18 h to afford the fully protected polyamine 40. The trifluoroacetate 

protecting group was then removed by increasing the pH of the solution to above 11 with conc. 

aq. ammonia (32%) and then stirring at 20 ℃ for 18 h. The solution was concentrated under 

reduced pressure. The column chromatography was elution with DCM in MeOH (9.5:05 v/v). 

After combining fractions and concentrating them, the desired product 42 was obtained as a 

colourless oil (0.57 g, 46%), TLC analysis showed one spot (Rf = 0.6, DCM:MeOH: aq. 

ammonia (32%), 50:10:1 v/v/v). HRMS: Found 503.3728 (m/z), C25H51N4O6 requires 503.3730 
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(m/z) [M + H]+; IR (film); 1692 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.41-1.53 (m, 31H, 9 

x CH3 Boc, 6-CH2, 7-CH2, overlapping), 1.60-1.65 (m, 4H, 2-CH2, 11-CH2), 1.70-1.75 (s, 2H, 

NH2), 2.70 (t, J = 6.7 Hz, 2H, 12-CH2), 3.04-3.29 (m, 10H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-

CH2, overlapping); 13C NMR, 125.77 MHz (CDCl3): 25.5, 25.8 (6-CH2, 7-CH2), 28.4, 29.0, 34.0 

(9 x CH3 Boc, 2-CH2, 11-CH2, overlapping), 37.3 (12-CH2), 42.0, 42.2, 43.9, 44.1 (1-CH2, 3-

CH2, 5-CH2, 8-CH2, 10-CH2, overlapping), 79.2-81.4 (3 x Cq Boc), 156.1-157.9 (3 x C=O Boc). 

 

(Boc)4tobramycin-N1,N4,N8-Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane- 

succinamide 43 

To a solution of 19 (0.06 g, 0.06 mmol), HBTu (0.02 g, 0.06 mmol, 1 equiv.), TEA (0.01 g, 0.01 

mmol, 2 equiv.) in anhydrous DMF (5 mL), and 41 (0.02 g, 0.06 mmol, 1 equiv.) in anhydrous 

DMF (2 mL) were added under nitrogen at 20 °C. The solution was stirred for a further 18 h 

then concentrated in vacuo, and the crude material was extracted with chloroform (3 x 15 mL). 

The combined organic extracts were dried (Na2SO4), filtered, concentrated in vacuo and purified 

over silica gel (DCM: methanol; 9.5:0.5 to 9:1 v/v). After combining fractions and 

concentrating them, the desired product 43 was obtained as a pale yellow oil (0.06 g, 36%). Rf = 

0.4 (DCM: methanol, 9:1 v/v). HRMS: Found 1460.8175 (m/z), C66H119NaN9O25 requires 

1640.8188 (m/z) [M + Na]+; 1H NMR, 500 MHz (CDCl3): 1.33-1.52 (m, 63H, 21 x CH3 Boc), 

1.58-1.73 (m, 6H, 3 x CH2), 2.12-3.22 (m, 1H, CH), 2.39-2.69 (m, 5H, 2 x CH2, CH, 

overlapping), 3.01-4.16 (m, 30H, CH,CH2), 4.81-4.96 (m, 2H, 2 x CH); 13C NMR, 125.77 MHz 

(CDCl3): 27.7-29.6 (21 x CH3 Boc, 3x CH2), 30.1-33.2 (2 x CH2, 2 x CH), 35.3, 37.3, 40.3, 43.9, 

44.8, 46.3, 49.96 57.1, 62.1, 65.4, 70.6, 72.0, 72.8, 74.2, 76.2 (20 x CH, CH2), 79.2-81.3 (7 x Cq 

Boc), 98.2-100.0 (2 x CH), 155.5, 157.4 (7 x C=O Boc), 172.1 (2 x CONH). 

 

(Boc)4tobramycin-N1,N4,N8-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazaundecane- 

succinamide 44 

To a solution of 19 (0.06 g, 0.06 mmol), HBTu (0.02 g, 0.06 mmol, 1 equiv.), TEA (0.01 g, 0.01 

mmol, 2 equiv.) in anhydrous DMF (5 mL), and 42 (0.03 g, 0.06 mmol, 1 equiv.) in anhydrous 

DMF (2 mL) were added under nitrogen at 20 °C. The solution was stirred for a further 18 h,, 
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then concentrated in vacuo, and the crude material was extracted with chloroform (3 x 15 mL). 

The combined organic extracts were dried (Na2SO4), filtered, concentrated in vacuo and purified 

over silica gel (DCM: methanol; 9.5:0.5 to 9:1 v/v). After combining fractions and 

concentrating them, the desired product 44 was obtained as a pale yellow oil (0.037 g, 42%). Rf 

= 0.3 (DCM: methanol, 9:1 v/v). HRMS: Found 1452.8539 (m/z), C67H122N9O25 requires 

1452.8541 (m/z) [M + H]+; 1H NMR, 500 MHz (CDCl3): 1.32-1.55 (m, 63H, 21 x CH3 Boc), 

1.57-1.75 (m, 6H, 3 x CH2), 1.95-2.75 (m, 8H, 4 x CH2), 3.02-4.29 (m, 30H, CH2, CH, 

overlapping), 4.88-5.06 (m, 2H, 2 x CH); 13C NMR, 125.77 MHz (CDCl3): 28.0-29.6 (21 x CH3 

Boc, 3 x CH2), 30.1-33.3 (2 x CH2, 2 x CH), 35.3, 37.3, 40.3, 43.9, 44.8, 46.3, 49.9, 57.2, 62.1, 

65.4, 7.7, 72.1, 72.8, 74.2, 76.1 (21 x CH, CH2), 79.6-81.3 (7 x Cq Boc), 98.7-101.0 (2 x CH), 

155.7, 157.6 (7 x C=O Boc), 173.6 (2x CONH). 

 

(Boc)4tobramycin-N1-(11-amino-4,8-diazadodecyl)- succinamide 45 

Compound 43 (0.06 g, 0.04 mmol) was deprotected according to general procedure A to yield 

the desired product 45 as a pale yellow oil (0.06 g, 99 %). HRMS: Found 760.4649 (m/z), 

C31H63NaN9O11 requires 760.4647 (m/z) [M + Na]+; 1H NMR, 500 MHz (D2O): 1.83-2.17 (m, 

8H, 2ax-CH, 3'ax-CH, 2'''-CH2, 6'''-CH2, 10'''-CH2), 2.28 (dt, J = 12.6, 4.1 Hz, 1H, 3'eq-CH), 

2.40-2.55 (m, 5H, 2eq-CH, 14'''-CH2, 15'''-CH2), 3.03-3.19 (m, 10H, 1'''-CH2, 3'''-CH2, 5'''-CH2, 

7'''-CH2, 9'''-CH2), 3.26 (t, J = 6.7 Hz, 2H, 11'''-CH2), 3.42-3.99 (m, 16H, 1-CH, 3-CH, 4-CH, 5-

CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 5''-CH, 6''a,b-CH2), 5.10 (d, J 

= 3.1 Hz, 1H, 1''-CH), 5.51 (d, J = 3.1 Hz, 1H, 1'-CH); 13C NMR, 125.77 MHz (D2O): 22.4, 

23.9, 25.4, 27.5, 28.9 (2-CH, 3'-CH, 3'-CH, 2'''-CH2, 6'''-CH2, 10'''-CH2), 30.6 (14'''-CH2, 15'''-

CH2,), 36.1 (11'''-CH2), 36.4, 44.2, 44.5, 45.2 (1'''-CH2, 3'''-CH2, 5'''-CH2, 7'''-CH2, 9'''-CH2), 38.8 

(6'-CH2), 47.8 (1-CH), 48.5 (3-CH), 49.6 (2'-CH), 54.9 (3''-CH), 59.6 (6''-CH2), 63.6 (4'-CH), 

65.3 (4''-CH), 68.0 (5'-CH), 72.7, 72.8 (5-CH, 5''-CH) 73.7 (2''-CH), 78.7 (4-CH), 83.5 (6-CH), 

94.8 (1'-CH), 100.7 (1''-CH2), 116.4 (q, 1J = 291.7 Hz, CF3), 162.8 (q, 2J = 35.7 Hz, CO-CF3), 

175.6 (2 x NHCO). 
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(Boc)4tobramycin-N1-(12-amino-4,9-diazadodecyl)- succinamide 46 

Compound 44 (0.03 g, 0.02 mmol) was deprotected according to general procedure A to yield 

the desired product 46 as a pale yellow oil (0.03 g, 99 %). HRMS: Found 774.4791 (m/z), 

C32H65NaN9O11 requires 774.4804(m/z) [M + Na]+; 1H NMR, 500 MHz (D2O): 1.71-1.81 (m, 

4H, 6'''-CH2, 7'''-CH2), 1.82-2.14 (m, 6H, 2ax-CH, 3'ax-CH, 2'''-CH2, 11'''-CH2), 2.28 (dt, J = 

12.6, 4.1 Hz, 1H, 3'eq-CH), 2.50-2.61 (m, 5H, 2eq-CH, 15'''-CH2, 16'''-CH2), 3.03-3.19 (m, 10H, 

1'''-CH2, 3'''-CH2, 5'''-CH2, 8'''-CH2, 10'''-CH2), 3.26 (t, J = 6.7 Hz, 2H, 12'''-CH2), 3.42-3.98 (m, 

16H, 1-CH, 3-CH, 4-CH, 5-CH, 6-CH, 2'-CH, 4'-CH, 5'-CH, 6'a,b-CH2, 2''-CH, 3''-CH, 4''-CH, 

5''-CH, 6''a,b-CH2), 5.10 (d, J = 3.1 Hz, 1H, 1''-CH), 5.52 (d, J = 3.1 Hz, 1H, 1'-CH); 13C NMR, 

125.77 MHz (D2O): 22.5 (6'''-CH2, 7'''-CH2), 22.4, 23.8, 25.1, 27.5, 29.0 (2-CH, 3'-CH, 2'''-CH2, 

11'''-CH2), 30.8 (15'''-CH2, 16'''-CH2,), 36.0 (12'''-CH2), 36.2, 44.4, 44.5, 45.2 (1'''-CH2, 3'''-CH2, 

5'''-CH2, 8'''-CH2, 10'''-CH2), 38.9 (6'-CH2), 47.7 (1-CH), 48.5 (3-CH), 49.4 (2'-CH), 54.7 (3''-

CH), 60.0 (6''-CH2), 63.6 (4'-CH), 65.3 (4''-CH), 68.0 (5'-CH), 72.9 (5-CH, 5''-CH), 74.2 (2''-

CH), 79.1 (4-CH), 83.4 (6-CH), 95.1 (1'-CH), 100.6 (1''-CH2), 116.4 (q, 1J = 291.7 Hz, CF3), 

162.8 (q, 2J = 35.7 Hz, CO-CF3), 175.6 (2 x NHCO). 
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Chapter 4 

 

Unambiguous individual pKa assignments of 6''-deoxy-6''-aminokanamycin A and 

6''-deoxy-6''-aminotobramycin using the 1H NMR spectroscopic chemical shift 

method and pKa titration experiments in assignments of tobramycin and neomycin 

 

Introduction 

The determination of individual pKa values of polyamine aminoglycosides, e.g., tobramycin,1 

neomycin,2,3 sisomicin,4 and their semi-synthetic derivatives and analogues 5,6 is important for 

determining their modes of action and their potential as novel antibiotics in the fight against 

anti-microbial resistance (AMR). AMR is one of the top 10 current global health threats.7 The 

continual rise of AMR among major bacterial pathogens is expected to result in 10 million 

deaths per year by 2050 with an estimated US$1 trillion in healthcare costs globally.8  

Rapid, accurate, and unambiguous methods for determining the acid-base equilibria versus 

the structural properties of aminoglycoside antibiotics are therefore required in the research and 

development of new antibiotics against AMR bacteria.9 These equilibria data are often not 

known for traditional aminoglycosides and they are important for a comprehensive 

understanding of novel semi-synthetic analogues where the interactions of such “amino-

aminoglycosides” analogues follows their pKa values.5 The specific binding of aminoglycosides 

to the A site of 16 S rRNA follows the amino functional group protonation around the drug. 

Therefore, the elucidation of the number of amino groups involved, their identities, and their 

position in space on the aminoglycoside are important.10,11 The aim of this chapter is to measure 

the pKa values of the individual amino groups of 6''-deoxy-6''-aminotobramycin, 6''-deoxy-6''-

aminokanamycin A using 1H NMR spectroscopy and showing the effect of the salt on the pKa 

values by titrating tobramycin and neomycin from acid to base and from base to acid, for free 

bases and their corresponding salts. The subtraction of 0.5 from the pD to obtain the pH will be 

confirmed by measuring the pKa values of neomycin and tobramycin in 100% H2O. 
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Results 

 

Fig. 1 6''-Deoxy-6''-aminokanamycin A 

 

 
 

Fig. 2 6''-Deoxy-6''-aminotobramycin 

 

pKa values of the individual amino groups of 6''-deoxy-6''-aminokanamycin A 

6''-Deoxy-6''-aminokanamycin A has five primary amino group substituents on three rings, one 

of which is 2-deoxystreptamine, the others are a 6-amino-6-deoxy-D-glucose, and 6''-amino-6''-

deoxy-D- glucose, see Figure 1. 6''-Deoxy-6''-aminokanamycin A was synthesised according to 

the reported method.6 All the pKa values were determined using 1H NMR spectroscopy. The 1H 

chemical shifts at different pHs, were plotted against the pH values of the solution, shown in 

Figures 3 and 4. The pKa values of each individual primary amine of 6''-deoxy-6''-

aminokanamycin A, see Table 1, were then extracted from the inflection points of the nonlinear 

sigmoidal curves. The assignment order of the individual pKa values of 6''-deoxy-6''-

aminokanamycin A using 1H NMR spectroscopic data is N-6′ ≈ N-6′′ > N-1 > N-3′′ > N-3. In 

the absence of any published 6''-deoxy-6''-aminokanamycin A pKa data, these are therefore 

reported for the first time. 
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Fig. 3 NMR titration curves for 1H chemical shifts of 0.551-0.212 M 6''-deoxy-6''-

aminokanamycin A in 99.97% D2O at 25 °C, N.B. H-6'a (orange square) is overlapped with H-

6"a (dark blue circle). 

 

Table 1 The published pKa data of individual nitrogen atoms of kanamycin A and B, and the pKa 

values of 6''-deoxy-6''-aminokanamycin A determined using 1H NMR spectroscopy. 

Nitrogen atoms  

Analyte 

N-1 N-3 N-2' N-6' N-3'' N-6'' 

kanamycin A a 8.12 6.04 - 9.03 7.46 - 

kanamycin B b 8.16 6.71 7.35 8.93 7.60 - 

6''-deoxy-6''-aminokanamycin A c 8.07 6.10 - 9.04d 7.40 9.00e 

 

a determined in D2O relative to TMSP at 25 °C.12  

b determined in 99.97% D2O relative to TMSP at 25 °C.1  

c this work. 

d the pKa value of N-6' is the average pKa of the values of 6'a (9.06) and 6'b (9.02). 

e the pKa value of N-6'' is the average pKa of the values of 6''a (8.98) and 6''b (9.02). 
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Fig. 4  A) The 1H NMR assignment of 6''-deoxy-6''-aminokanamycin A at pH 1.27 B) stack plot 

of the 1H NMR spectra of 6''-deoxy-6''-aminokanamycin A with pH increasing from 1.27 to 

11.50.  

 

B 

A 
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pKa values of the individual amino groups of 6''-deoxy-6''-aminotobramycin 

6''-Deoxy-6''-aminotobramycin has six primary amino group substituents on three rings, one of 

which is 2-deoxystreptamine, another is a nebrosamine, and 6''-amino-6''-deoxy-D-glucose, see 

Figure 2. 6''-Deoxy-6''-aminotobramycin was synthesised according to the reported method.5 All 

the pKa values were determined using 1H NMR spectroscopy. The 1H chemical shifts at 

different pHs, were plotted against the pH values of the solution, shown in Figures 5 and 6. The 

pKa values of each individual primary amines of 6''-deoxy-6''-aminotobramycin, see Table 2, 

were then extracted from the inflection points of the nonlinear sigmoidal curves. The 

assignment order of the individual pKa values of 6''-deoxy-6''-aminotobramycin using 1H NMR 

spectroscopic data is N-6′ ≈ N-6′′ > N-1 ≈ N-2′ ≈ N-3′′ > N-3. In the absence of any published 

6''-deoxy-6''-aminotobramycin pKa data, these are therefore reported for the first time. 
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Fig. 5 NMR titration curves for 1H chemical shifts of 0.694-0.144 M 6''-deoxy-6''-

aminotobramycin in 99.97% D2O at 25 °C, N.B. H-6'a (orange square) is overlapped with H-6"a 

(dark blue circle). 
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Table 2 pKa values of individual nitrogen atoms of 6''-deoxy-6''-aminotobramycin determined 

using 1H NMR spectroscopy in this work and then compared with the published pKa data of 

tobramycin, as indicated. 

Nitrogen atoms 

Method 

N-1 N-3 N-2' N-6' N-3'' N-6'' 

15N NMR a 7.40 6.20 7.60 8.60 7.40 - 

1H NMR b 7.30 6.60 7.50 8.40 7.30 - 

15N NMR b 7.40 6.40 7.70 8.50 7.40 - 

1H NMR c 7.51 

±0.03 

6.60 

±0.05 

7.80 

±0.05 

9.07 

±0.10 

7.62 

±0.08 

- 

1H NMR d 7.47 6.63 7.77 9.03 e 7.66 9.00 f 

 

a pKa values of individual nitrogen atoms of tobramycin determined using 15N NMR spectroscopy in 

H2O/D2O (90: 10 v/v) relative to 15NH4Cl at 25 °C.13  

b pKa values of individual nitrogen atoms of tobramycin determined using 1H NMR spectroscopy and 15N 

NMR spectroscopy in D2O relative to tetramethylsilane (TMS) at 25 °C.14  

c pKa values of individual nitrogen atoms of tobramycin determined using 1H NMR spectroscopy in 

99.97% D2O relative to TMSP at 25 °C (n = 3).1  

d this work 

e the pKa value of N-6' of 6''-deoxy-6''-aminotobramycin is the average pKa of the values of 6'a (9.05) and 

6'b (9.00). 

f the pKa value of N-6'' of 6''-deoxy-6''-aminotobramycin is the average pKa of the values of 6''a (8.99) and 

6''b (9.01). 
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Fig. 6 A) The 1H NMR assignment of 6''-deoxy-6''-aminotobramycin at pH 1.05 B) stack plot of 

the 1H NMR spectra of 6''-deoxy-6''-aminotobramycin with pH increasing from 1.05 to 11.85.  
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pKa values of the individual amino groups of tobramycin free base and tobramycin sulfate 

Pilch and his co-workers (2003) 10 found that the pKa values of each individual primary 

amine on neomycin differ from those reported by Botto and Coxon (1983).2 The determined pKa 

values of each individual primary amine on neomycin sulfate were ~0.7 unit, for 1-NH2, 2'-NH2, 

6'-NH2, 2'''-NH2, 6'''-NH2, and ~1.2 unit, for 3-NH2, greater than those reported for neomycin 

free base.10,2 Pilch speculated that this was possibly due to the different forms of neomycin that 

were used, the sulfate and the free base.10,2  

In this study, the pKa values of tobramycin and neomycin in both forms, free base and 

sulfate, were determined in order to determine if there is any significant effect of the salt on the 

pKa. The pKa values of each individual amino functional group on tobramycin and neomycin 

free bases and their corresponding sulfates were determined using 1H NMR spectroscopy, see 

Figures 7-11 for tobramycin and 12-16 for neomycin. However, there was no significant change 

in the pKa values between the free base and the sulfate salt, see Tables 3 and 4. Moreover, the 

pKa values of each individual amino functional group on tobramycin and neomycin free bases 

and the sulfate were determined in both directions, starting from high pH to low pH and vice 

versa at the same concentration, see Figures 7-11 for tobramycin and 12-16 for neomycin. 

However, there was no significant change in the pKa values between the free base and the 

sulfate salt, see Tables 3 and 4. Moreover, there was no significant change in pKa values of 

neomycin sulfate from acid to base and base to acid and tobramycin free base from base to acid 

and acid to base, see Figure 17.   
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Fig. 7 NMR titration curves for 1H chemical shifts of 0.740-0.132 M tobramycin free base in 

99.97% D2O at 25 °C.1  
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Fig. 8 NMR titration curves for 1H chemical shifts of 0.740-0.325 M tobramycin free base in 

99.97% D2O at 25 °C (from acid to base). 
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Fig. 9 NMR titration curves for 1H chemical shifts of 0.740-0.333 M tobramycin free base in 

99.97% D2O at 25 °C (from base to acid). 
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Fig. 10 NMR titration curves for 1H chemical shifts of 0.740-0.327 M tobramycin sulfate in 

99.97% D2O at 25 °C (from acid to base). 
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Fig. 11 NMR titration curves for 1H chemical shifts of 0.740-0.336 M tobramycin sulfate in 

99.97% D2O at 25 °C (from base to acid). 

 

Table 3 pKa values of individual nitrogen atoms of tobramycin determined using 1H NMR 

spectroscopy in 99.97% D2O relative to TMSP at 25 °C 

Nitrogen atoms  

Analyte 

N-1  N-3  N-2' N-6' N-3'' 

tobramycin a 7.51 

±0.03 

6.60 

±0.05 

7.80 

±0.05 

9.07 

±0.10 b 

7.62 

±0.08 

tobramycin free base (from acid to base) 7.50 6.63 7.78 9.04 c 7.60 

tobramycin free base (from base to acid) 7.53 6.61 7.81 9.00 d 7.59 

tobramycin sulfate (from acid to base) 7.52 6.60 7.77 9.01 e 7.66 

tobramycin sulfate (from base to acid) 7.53 6.65 7.79 9.04 f 7.63 

 
a n = 3.1  

b the average pKa of the values of N-6' obtained for 6'a (9.05) and 6'b (9.10).1  

c the average pKa of the values of N-6' obtained for 6'a (8.99) and 6'b (9.08). 

d the average pKa of the values of N-6' obtained for 6'a (8.97) and 6'b (9.03). 

e the average pKa of the values of N-6' obtained for 6'a (9.00) and 6'b (9.02). 

f the average pKa of the values of N-6' obtained for 6'a (9.03) and 6'b (9.05). 
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pKa values of the individual amino groups of neomycin free base and neomycin sulfate 
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Fig. 12 NMR titration curves for the 1H chemical shifts of 0.215-0.120 M neomycin sulfate in 

99.97% D2O at 25 °C.3  
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Fig. 13 NMR titration curves for 1H chemical shifts of 0.220-0.127 M neomycin free base in 

99.97% D2O at 25 °C (from acid to base). 
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Fig. 14 NMR titration curves for 1H chemical shifts of 0.220-0.124 M neomycin free base in 

99.97% D2O at 25 °C (from base to acid). 
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Fig. 15 NMR titration curves for 1H chemical shifts of 0.215-0.122 M neomycin sulfate in 

99.97% D2O at 25 °C (from acid to base). 
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Fig. 16 NMR titration curves for 1H chemical shifts of 0.215-0.118 M neomycin sulfate in 

99.97% D2O at 25 °C (from base to acid). 

 

 

 

 

 



137 
 

1 2 3 4 5 6 7 8 9 10 11 12
2.6

2.8

3.0

3.2

3.4

3.6

3.8

pH




p
p
m


H-3 from base to acid

H-3 from acid to base

 

2 3 4 5 6 7 8 9 10 11 12
2.8

3.0

3.2

3.4

3.6

3.8

pH




p
p
m


H-3'' from acid to base

H-3'' from base to acid

 

 

Fig. 17 NMR titration curve for the 1H chemical shifts () (500 MHz) for H-3 of neomycin 

sulfate (upper) from acid to base (pKa value is 6.87) and base to acid (pKa value is 6.86) and H-

3" of tobramycin free base (lower) from base to acid (pKa value is 7.59) and acid to base(pKa 

value is 7.60).  
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Table 4 pKa values of individual nitrogen atoms of neomycin determined using 1H NMR 

spectroscopy in 99.97% D2O relative to TMSP at 25 °C 

Nitrogen atoms 

Method 

N-1  N-3  N-2' N-6' N-2''' N-6''' 

1H NMR a 8.10 

±0.07 

6.90 

±0.02 

8.00 

±0.05 

8.67 

±0.05 f 

8.05 

±0.05 

8.73 

±0.05 f 

1H NMR b 8.05 6.88 8.04 8.69 g 8.06 8.76 g 

1H NMR c 8.00 6.83 8.06 8.68 h 8.00 8.77 h 

1H NMR d 8.03 6.87 7.99 8.62 i 8.05 8.80 i 

1H NMR e 8.08 6.86 8.05 8.64 j 8.08 8.78 j 

 

a pKa values of individual nitrogen atoms of neomycin.3  

b this work (neomycin free base from acid to base). 

c this work (neomycin free base from base to acid). 

d this work (neomycin sulfate from acid to base). 

e this work (neomycin sulfate from base to acid). 

f the pKa value of N-6' is the average pKa of the values of 6'a (8.65) and 6'b (8.70) and the pKa value of N-

6''' is the average pKa of the values of N-6''' for 6'''a (8.72) and 6'''b (8.75).3  

g the pKa value of N-6' is the average pKa of the values of 6'a (8.61) and 6'b (8.77) and the pKa value of N-

6''' is the average pKa of the values of N-6''' for 6'''a (8.70) and 6'''b (8.83). 

h the pKa value of N-6' is the average pKa of the values of 6'a (8.63) and 6'b (8.73) and the pKa value of N-

6''' is the average pKa of the values of N-6''' for 6'''a (8.74) and 6'''b (8.80). 

ithe pKa value of N-6' is the average pKa of the values of 6'a (8.60) and 6'b (8.65) and the pKa value of N-

6''' is the average pKa of the values of N-6''' for 6'''a (8.82) and 6'''b (8.78). 

j the pKa value of N-6' is the average pKa of the values of 6'a (8.62) and 6'b (8.66) and the pKa value of N-

6''' is the average pKa of the values of N-6''' for 6'''a (8.85) and 6'''b (8.71). 
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Discussion 

The pKa values of the individual amino groups of 6''-deoxy-6''-aminotobramycin, 6''-deoxy-6''-

aminokanamycin A, reported for first time, tobramycin, and neomycin were determined using 

the variation of 1H NMR chemical shifts (δ). The chemical shifts of 1H of these semi-synthetic 

and natural products depend on their chemical environment. Thus, the change in pH leads to 

alterations in the chemical shifts () of these compounds, see Figures 4 and 6. These chemical 

shifts were plotted against the pH; the protonation constant (pKa) values were extracted from the 

inflection points of these sigmoidal curves. NMR spectroscopy method was used to measure the 

ionisation constants, in this study, instead of potentiometry or UV spectrophotometry due to that 

NMR spectroscopy is a powerful technique for assigning and measuring each pKa value of the 

similar amino groups on aminoglycosides. The NMR peaks measured at low pH are indicate the 

(> 99%) protonated forms, ammonium salt. Similarly, the signals measured at high pH indicate 

the (> 99%) free-base amines on these polyamines. 

With decreasing pH, the key 1H NMR signals of protons located upon the carbon atom 

adjacent to the amine of interest, shift to higher ppm (downfield). Consistently, the 1H NMR 

spectroscopic peaks of protons associated with each amine free-base functional group of interest 

resonated at lower chemical shifts (ppm) (upfield).  

The use of deuterium oxide (D2O) as an NMR solvent instead of water (H2O) is a routine for 

NMR experiments. However, measuring pKa of functional groups, such as amines, in D2O raises 

a problem. The determined data of pH and pD are not comparable due to that the binding 

affinities of H+ and D+ are different. Thus, the pKa values measured in H2O, expressed using pH, 

are not equal to those measured in heavy water (D2O), expressed in pD. Published articles 

proposed different equations, e.g., pH = pD − 0.4 is for ionic strength (I) = 0.001 mol dm−3 /25 

°C.15 Another research group used pH = pD − 0.44 for I = 0.01 mol dm−3/25 °C 16 and another 

used pH = pD − 0.5 for I = 0.1 mol dm−3/25 °C.17,18 Although there are no significant 

differences between the subtracted values, 0.4, 0.44, and 0.5, it is a needed input in the 

systematic error. In this study, the IUPAC Technical Report published by Popov et al has been 

followed for pKa values determination. The measured pD values were converted into pH values 

by the subtraction of 0.5.16  
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The validation of the correction value (0.5) was confirmed by measuring the pKa values of 

the amino groups upon neomycin and tobramycin in 100% H2O using 1H NMR spectroscopy. 

The ionisation constants (pKa) of each amino groups on neomycin and tobramycin that were 

determined in 100% H2O match, within the error bars ±0.05, with those measured in 99.97% 

D2O after subtracting 0.5, see Figure 18 and Table 5 for neomycin, and Figure 19 and Table 5 

for tobramycin. 

 

Table 5 pKa values of individual nitrogen atoms of neomycin and tobramycin determined using 

1H NMR spectroscopy in 99.97% D2O and 100% H2O, as indicated 

Analyte N-1 N-3 N-2' N-6' N-3'' N-2''' N-6''' 

neomycin sulfate a 
8.10 

±0.07 

6.90 

±0.02 

8.00 

±0.05 

8.67 

±0.05 e 
- 

8.05 

±0.05 

8.73 

±0.05 e 

neomycin sulfate b 8.11 6.94 8.00 8.62 f - 8.09 8.67 f 

tobramycin (free base) c 
7.51 

±0.03 

6.60 

±0.05 

7.80 

±0.05 

9.07 

±0.10 g 

7.62 

±0.08 
- - 

tobramycin (free base) d 7.53 6.62 7.75 8.98 h 7.70 - - 

 

a neomycin sulfate in 99.97% D2O (n = 3).3  

b this work neomycin sulfate in 100% H2O. 

c tobramycin (free base) in 100% H2O (n = 3).1  

d this work tobramycin (free base) in 100% H2O. 

e the pKa value of N-6' of neomycin is the average pKa of the values of N-6' for 6'a (8.65) and 6'b (8.70), 

and the pKa value of N-6''' of neomycin is the average of the values of N-6''' for 6'''a (8.72) and 6'''b (8.75). 

f the pKa value of N-6' of neomycin is the average pKa of the values of N-6' for 6'a (8.60) and 6'b (8.65), 

and the pKa value of N-6''' of neomycin is the average of the values of N-6''' for 6'''a (8.65) and 6'''b (8.70). 

g the pKa value of N-6' of tobramycin is the average pKa of the values of N-6' for 6'a (9.05) and 6'b (9.10). 

h the pKa value of N-6' of tobramycin is the average pKa of the values of N-6' for 6'a (8.90) and 6'b (9.05). 
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Fig. 18 NMR titration curves for the 1H chemical shifts () of 0.215-0.120 M neomycin were 

measured relative to TMSP in 100 % H2O at 25 °C. 
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Fig. 19 NMR titration curves for the 1H chemical shifts () of 0.250-0.130 M tobramycin were 

measured relative to TMSP in 100 % H2O at 25 °C. 

 

This experiment confirms both that the use of the correction factor value, 0.5, is in fact a 

reasonable approach and the use of H2O solutions for determining pKa is entirely feasible, see 

Figures 20 and 21. Recording NMR spectra in pure protio solvent is not without complications, 
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not least the requirement for solvent suppression, and often NMR spectroscopic radiation 

damping effects leading to obscured resonances. 

Aminoglycosides (natural and semi-synthetic) have more than one ionisable functional 

group. The pKa of each amine group in aminoglycoside is affected by the type of amine, 

primary amines attached directly to the amino sugar ring (R-NH2) and primary aminomethylene 

groups (R-CH2NH2). The total net positive charge of 6''-deoxy-6''-aminotobramycin, a semi-

synthetic aminoglycoside derived from tobramycin, is ~ 4.0, one unit more than tobramycin, 

~3.0. 6''-Deoxy-6''-aminotobramycin has 6 primary amino groups, after converting the hydroxy 

group on C-6'' into an amino group, two of them are primary aminomethylene groups (R-

CH2NH2), while tobramycin has 5 primary amino groups, one of them is a primary 

aminomethylene group (R-CH2NH2). At physiological pH (7.4), the ionisation percentage of 

primary aminomethylene groups is ≥ 98 % in 6''-deoxy-6''-aminokanamycin A, 6''-deoxy-6''-

aminotobramycin, and tobramycin, see Table 6 and Figures 22 and 23. These values might be 

due to the primary aminomethylene groups being less sterically hindered than the primary 

amines attached directly to the amino sugar rings.4 Neomycin has 6 primary amino groups, with 

total net positive charge ~4.6. At physiological pH (7.4), the ionisation percentage of the 

primary aminomethylene groups (N-6' and N-6''') is ≥ 94% and ≥ 80 % for N-1, N-2', N-2'', N-

6'. However, the NH2-3 in 6''-deoxy-6''-aminokanamycin A, 6''-deoxy-6''-aminotobramycin, 

tobramycin, and neomycin has the lowest ionisation percentage ~4-24 %, see Table 6 and 

Figures 22 and 23. 
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Fig. 20 NMR titration curve for the 1H chemical shifts () (500 MHz) for H-3 of 0.251-0.132 M 

tobramycin in 99.97 % D2O, before subtracting 0.5, (blue curve) and H-3 of 0.250-0.130 M 

tobramycin in 100% H2O (red curve) were measured relative to TMSP at 25 °C. 
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Fig. 21 NMR titration curve for the 1H chemical shifts () (500 MHz) for H-3 of 0.251-0.132 M 

tobramycin in 99.97% D2O, after subtracting 0.5, (blue circles) and H-3 of 0.250-0.130 M 

tobramycin in 100% H2O (red curve) were measured relative to TMSP at 25 °C. 

 

 



144 
 

Table 6 pKa values of individual nitrogen atoms of 6''-deoxy-6''-aminokanamycin A, 

tobramycin, 6''-deoxy-6''-aminotobramycin, and neomycin determined using 1H NMR 

spectroscopy and the net positive charge (at pH 7.4) calculated using the Henderson–

Hasselbalch equation.19,20  

 
Aminoglycoside N-1 N-3 N-2' N-6' N-3'' N-6'' N-2''' N-6''' Net positive 

charge 

6''-deoxy-6''-

aminokanamycin A 

8.07 

 

6.10 

 

- 9.04 

 

7.40 

 

9.00 

 

- - 3.3 

tobramycin 7.51 6.60 7.80 9.07 7.62  - - - 3.0 

6''-deoxy-6''-

aminotobramycin 

7.47 

 

6.63 

 

7.77 

 

9.03 

 

7.66 

 

9.00 

 

- - 4.0 

neomycin 8.10 6.90 8.00 8.67 - - 8.08 8.78 4.6 

 

 

Fig. 22 Ionisation percentage of each individual amino group of 6''-deoxy-6''-aminokanamycin 

A at physiological pH (7.4), showing a total of 3.3 positive charges. 

 

 
Fig. 23 Ionisation percentage of each individual amino group of 6''-deoxy-6''-aminotobramycin 

at physiological pH (7.4), showing a total of 4.0 positive charges. 
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Conclusions 

We have demonstrated how robust the 1H NMR spectroscopic chemical shift method is for the 

determination of the pKa values of these individual amino groups of aminoglycosides, using 6''-

deoxy-6''-aminotobramycin, 6''-deoxy-6''-aminokanamycin A, tobramycin, and neomycin. We 

have shown this titrating from acid to base and from base to acid, for free bases and their 

corresponding sulfate salts, and determination in D2O and even in H2O, for the rapid and 

accurate measurements leading to the unambiguous assignments of each amino functional group 

on each aminoglycoside alkaloid. This study also confirms that the use of the correction factor 

value, although seemingly an arbitrary 0.5 units, is in fact a reasonable approach. 

 

Experimental 

Materials 

Disodium tetraborate, neomycin sulfate, tobramycin sulfate, tobramycin free base, potassium 

hydrogen phthalate (KHF), and sodium trimethylsilylpropanoate (TMSP) were purchased from 

Sigma-Aldrich (U.K.). Deuterium oxide (99.97% D2O), DCl (20% concentration solution in 

D2O), and NaOD (30% concentration solution in D2O) were purchased from Goss Scientific 

(U.K.). 

 

Instrumentation 

1H NMR spectra were recorded at 25 °C on a Bruker Avance III (operating at 500.13 MHz for 

1H) spectrometer. Bruker Topspin and MestReNova were used to processes the spectra. 1H 

chemical shifts (δH) were observed and reported relative to sodium trimethylsilylpropanoate 

(TMSP) at 0.00 ppm. The recording times are 2 min per data point for 1H NMR spectroscopy. 

 

Calibration of 5 mm NMR tube-pH electrode 

A 5 mm NMR tube-pH electrode, easily fitted into the 5 mm NMR tube, purchased from 

Sigma-Aldrich (U.K.) was used for measuring pH values. Standard buffers, 0.40 M KHP in 

H2O, pH 4.00, and 0.01 M disodium tetraborate in H2O, pH 9.18, were used to calibrate the pH 

electrode at 25 °C.  
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pKa determinations using 1H NMR spectroscopy 

MestReNova was used to analyse of the recorded NMR spectra of 6''-deoxy-6''-aminokanamycin 

A, tobramycin, 6''-deoxy-6''-aminotobramycin, and neomycin. 1H NMR chemical shifts of each 

compound were obtained in 99.97% D2O at 25 °C starting, as set out above, in 0.4 mL in a 5 mm 

diameter NMR tube; then, data were collected at varying pH values diluted by titration with 0.5 M 

NaOD (from acid to base) and with 0.5 M DCl (from base to acid) to a final volume of 0.7 mL. 

Both the change in solvent column height above the Bruker probe and the dilution makes 

essentially no difference to the quality of data collected. The transformed data were then plotted 

against the in situ pH values. The nonlinear sigmoidal curve and the inflection point of the 

sigmoidal curve were determined using GraphPad Prism 9 (version 2021), after the subtraction of 

0.5 (following the IUPAC Technical Report Guidelines) in order to convert the measured pD 

values into pH values.16 The individual pKa values of each basic functional group on each 

aminoglycoside are these inflection points. 

 

Preparation of the neomycin free base 

Amberlite IRN-78 resin in its OH-form was washed with 100 mL of water. The washed IRA-78 resin 

was placed in a glass column, 30 cm in length and 2.5 cm in diameter. A 5 mL solution of 1 M 

neomycin sulfate was loaded onto the column. The first three fractions with a pH > 9.0 were collected 

and lyophilized.11  
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Chapter 5 

 

Practical synthesis of polyamine succinamides 

 

Introduction 

S. aureus and P. aeruginosa are recognized to be the leading cause of infections in community 

and health facilities.1 Such an infection is particularly lethal in hospital environments where 

meticillin resistant S. aureus (MRSA) claims 64% higher mortality than in patients that get 

infected with the meticillin sensitive S. aureus (MSSA).2 The threat of antimicrobial resistance 

is therefore ever growing, and strategies are therefore needed to develop new strategies to 

curtail infections.  

The action of polyamines on biofilms differs in different bacterial species and strains. For 

example, for V. cholerae, spermidine (3.4) is known to disrupt biofilm formation.3,4 

The pKa values for norspermine are 10.6, 10.5, 8.7, and 6.7 (potentiometry) at physiological 

pH (7.4). This will be increased by converting the amino functional groups to guanidines with 

an even higher protonation state. The pKa values of the diguanidinylated polyamine analogue 

are 13.5, 12.0, 9.8, and 7.6 (potentiometry) at physiological pH (7.4), see Figure 1.5–7 

 

 

 

Figure 1 1,12-Diguanidinylated norspermine (thermine, 3.3.3) 
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The synthesis of compounds containing two pharmacophores linked by a simple or longer 

linker has become a promising approach to not only minimize the drawbacks of the 

medications, but also to improve their affinity and potency. The hybrid drug approach was 

triggered by numerous attempts at discovering novel artificial scaffolds that could produce 

antibiotics with the ability to overcome drug resistance.8 Such hybrids were created by joining 

various biologically active agents into a single heteromeric unit with the aim of retaining the 

pharmacological actions of each counterpart.8  

The aim of this research project is to link two biologically active linear polyamines by an 

appropriately chosen/designed linker. This approach might improve their affinity and potency. 

Furthermore, the designed homo- (14 and 15) and hetero- (16) dimeric linear polyamine amides 

have additional amino functional groups (cationic groups) that may increase the antibiofilm 

activity, see Figure 2.  

 

 

 

Figure 2 Homo- (14 and 15) and hetero- (16) dimeric linear polyamine amides 
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Scheme 1. Reagents and conditions: (i) EtOOCCF3, MeOH, -78 oC, 18 h; (ii) Boc2O, MeOH, 0 

oC, 18 h; (iii) aq. NH3, 20 oC, 18 h; (iv) succinic anhydride, anhydrous pyridine, 20 oC, 18 h; (v) 

HBTu, R-NH2 (7 or 8), TEA, anhydrous DMF, 20 oC, 18 h; (vi) DCM/TFA (9:1 v/v), 20 oC, 18 h. 
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Reacting amino functional groups upon linear polyamines with three or five equivalents of 

acrylonitrile are another method to increase the number of amino functional groups (positive 

charges), from three amines (in norspermidine) to six amines (in compound 22) or eight amines 

(in compound 23) after reducing the nitrile functional groups to their corresponding amines. The 

designed branched polyamines 22 and 23, see Figure 3, are going to be tested biologically and 

compared to homo- (14 and 15) and hetero- (16) linear dimeric polyamine amides. 

 

 

Figure 3 Branched polyamines 22 and 23 
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Results and discussion 

Selective protection of the reactive amines on linear polyamines 

The ability to link polyamines requires selective protection, in order to avoid unwanted side 

products. However, the protection of three amines out of four is always low yielding and needs 

chromatographic purification. Alternatively, mono-protection using benzyl chloroformate 

(CbzCl) or di-tert-butyldicarbonate (Boc anhydride) either ends up with a low yield, which is 

not practical, or requires a long time for chromatographic purification. Geall and Blagbrough 

(2000) reported that using trifluoroacetyl as a protecting group for one amine out of four can be 

controlled by decreasing the temperature and the concentration.9 Subsequent removal under 

basic conditions makes trifluoroacetyl an ideal protecting group for preparing unsymmetrical 

polyamine amides. The ratio between –NH2 and ethyl trifluoroacetate (source of the protecting 

group) is important not only to avoid protection of both primary amines (-NH2), but also to 

avoid protection of primary (-NH2) and secondary amines (-NH-). The introduction of 

trifluoroacetyl as a protecting group will be for primary amines over secondary amines because 

the secondary amines on 1 and 2 are more sterically hindered than primary amines. Taking all 

these advantages into consideration, trifluoroacetyl as a protecting group makes it a superior 

compared to CbzCl and di-tert-butyl dicarbonate ((Boc)2O) for the purpose of gram scale 

protection of polyamines. Thus, using this method, triBoc 7 and 8 were synthesised by first 

protecting one amine using ethyl trifluoroacetate, then Boc protecting the rest, before finally 

revealing the first amine by trifluoroacetyl removal, see Scheme 1. TriBoc 7 and 8 were 

synthesised by the addition one equivalent of ethyl trifluoroacetate to a methanolic solution of 

starting materials 1 and 2 at -78 ℃ to obtain mono-trifluoroacetamides 3 and 4, respectively. At 

this point, analysis by mass spectrometry showed 3, and 4 with the correct mass. HRMS: found 

285.1810, C11H24F3N4O requires 285.1824 [M + H]+ for compound 3. HRMS: found 299.1971, 

C12H26F3N4O requires 299.1980 [M + H]+ for compound 4. The products were not isolated. 

Rather in the same methanolic solution, three equivalents of di-tert-butyldicarbonate were added 

to afford fully protected polyamines 5 and 6. HRMS: found 585.3411, C26H48F3N4O7 requires 

585.3397 [M + H]+ for compound 5. HRMS: found 621.3546, C27H49NaF3N4O7 requires 

621.3553 [M + Na]+ for compound 6. The trifluoroacetamide was selectively deprotected by 
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increasing the pH to above 11 with conc. aq. ammonia to afford polyamines 7 and 8 each one 

with unmasked primary amino group, see Scheme 1. The spectral data obtained for compounds 

7 and 8 agreed with those reported previously.9 

 

Synthesis of polyamine acid analogues 

For possible application biofilm disruptors, the aim is to link two active pharmacophores in 

order to increase their activity in preventing the formation of the biofilm, and/or destroying the 

existing biofilm.3,8,10 Succinic anhydride was selected to link two of the same or different 

polyamine biofilm disruptors. Succinic anhydride is reactive and to introduce a short (4 carbon) 

spacer and a useful carboxylic acid functional group from which amides may be obtained (e.g., 

from the same or different linear polyamines).11 Compounds 9 and 10 were synthesised by the 

addition of one equivalent of succinic anhydride to a solution of triBoc 7 and 8 in anhydrous 

pyridine at 20 ℃, see Scheme 1. All spectral data confirmed that reactions took place 

successfully. The 1H-13C HMBC NMR spectrum of compound 10, for example, shows two 

triplets at 2.45 and 2.58 ppm in the 1H NMR spectrum, representing the two CH2 groups 

between the amide group and the carboxylic acid in the short linker. The carbon signals at 173.4 

and 174.8 ppm in the 13C NMR spectrum are the carbons of the carboxylic acid and the amide 

group, respectively. Moreover, the 1H-13C cross peaks in HMBC NMR spectrum between the 

two triplets and the two carbon signals were observed, see Figure 4. Mass spectrometry showed 

correct mass for compounds 9, and 10. HRMS: found 587.3730 (m/z), C28H51N4O9 requires 

587.3734 (m/z) [M - H]- for compound 9, and HRMS: found 601.3867 (m/z), C29H53N4O9 

requires 601.3860 (m/z) [M - H]- for compound 10. 

 

Synthesis of homo- and hetero-dimeric linear polyamines 

Carboxylic acids 9 and 10 were separately coupled to mono-amines 7 and 8, respectively, to 

obtain corresponding target homo-dimeric polyamines 11 and 12. Compound 13 was 

synthesised in order to have two different polyamines linked together (in a hetero-dimeric linear 

polyamine) by coupling carboxylic acid 9 to triBoc 8. Compounds 11, 12, and 13 were 

synthesised in good yield after using various coupling regents under different conditions. 
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EDC.HCl/HOBT in anhydrous DMF and DCC/DMAP in anhydrous DMF or anhydrous DCM 

at 20 ℃ were used in order to couple the carboxylic acids with amines, however, the yield was 

low ~5-10 %. A satisfactory yield was obtained by the addition of one equivalent of HBTu (as 

the carboxylic activating agent) to a solution of 14, 15, and 16 in anhydrous DMF at 20 ℃, 

followed by the addition of one equivalent of the amines 7 or 8. 1H NMR spectra show a singlet 

at 2.52 ppm integrating for four protons with hetero-dimeric polyamines. This singlet represents 

the two CH2 groups between the two new amide functional groups (RNHCOCH2CH2CONHR) 

instead of two triplets, as shown in compounds 11, 12, and 13, see Figure 5. As the magnetic 

environment of the two CH2 groups between the amide groups (RNHCOCH2CH2CONHR) is 

similar. Only carbonyl signal was observed at ~175 ppm with higher intensity, as now from 

both the amide carbonyl groups, and the disappearance of the carboxylic acid signal in the 13C 

NMR spectrum. Deprotection of the Boc protecting groups in compounds 11, 12, and 13 

proceeded smoothly using trifluoracetic acid (TFA) in dichloromethane (DCM) (1:9 v/v) stirred 

for 18 h at 20 ℃ then concentrated in vacuo and lyophilised to yield the desired hetero-dimeric 

linear polyamines 14, 15, and 16 as their poly-TFA salts confirmed by mass spectrometry, IR, 

and NMR spectroscopy.  

 

 

Figure 4 1H-13C HMBC NMR spectrum of compound 10 measured relative to TMS in 99.8% 

CD3OD at 25 °C. 
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Figure 5 The 1H NMR spectra of 10 and 12 measured relative to TMS in 99.8% CD3OD and 

CDCl3, respectively, at 25 °C. 

 

NMR spectroscopic structural assignments for homo- (14 and 15) and hetero- (16) dimeric 

linear polyamines 

For unambiguous assignment, protons and carbons of compounds 14, 15, and 16 were assigned 

by using 2D, 1H-13C HSQC and 1H-13C HMBC, NMR spectroscopy. The 1H NMR magnetic 

resonance of methylene groups of poly-TFA salts of compounds 14, 15, and 16 are observed in 

four distinct regions, around 3.3 ppm methylene adjacent to amide groups (11-CH2 for compound 

14, 12-CH2 for compound 15, 11-CH2, 18-CH2 for compounds 16), resonate around 3.0-3.2 ppm 

methylene groups adjacent to primary and secondary amino groups (10 x NCH2), around 2.5 ppm 

the two methylene groups of the linker (RNHCOCH2CH2CONHR), and around 1.7-1.8 ppm 

methylene groups separated from amino groups (NH2, NH, or CONH) by one CH2 group on each 

side (2-CH2, 6-CH2, 10-CH2 for compound 14, 2-CH2, 11-CH2 for compound 15, 2-CH2, 6-CH2, 

10-CH2, 19-CH2, 28-CH2 for compound 16) around 1.7 ppm methylene groups separated from 

amine and amide groups (NH2, NH, or CONH) by one CH2 group on one side and two from 

another side (6-CH2, 7-CH2 for compound 15 and 23-CH2, 24-CH2 for compound 16), see Figure 

6. 

Methylene groups  to an amide (11-CH2 for compound 14, 12-CH2 for compound 15, 11-

CH2, 18-CH2 for compounds 16) are more de-shielded, and therefore have the highest chemical 

10 

12 
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shift. The protonation of primary and secondary amine functional groups causes a de-shielding of 

the methylene functional group  to the nitrogen causing a downfield shift by ~ 1 ppm in their 

peak. 9 Therefore, CH2 groups located next to an amine are more de-shielded than those located 

further away, (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2 for compound 14, 1-CH2, 3-CH2, 5-CH2, 8-

CH2, 10-CH2 for compound 15, and 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 20-CH2, 22-CH2, 25-

CH2, 27-CH2, 29-CH2 for compound 16) see Figure 6. 

Methylene groups  to amide and secondary amines (10-CH2 for compound 14, 11-CH2 for 

compound 15, and 10-CH2, 19-CH2 for compound 16) are less de-shielded, and therefore have 

smaller chemical shifts than methylene groups  to primary and secondary or secondary and 

secondary amines (2-CH2, 6-CH2 for compound 14, 2-CH2 for compound 15, and 2-CH2, 6-CH2, 

28-CH2 for compound 16). However, protons 6-CH2, 7-CH2 for compound 15 and 23-CH2, 24-

CH2 for compound 16 are  and  to secondary amines, for this reason they shifted slightly upfield 

by ~0.2 ppm on the 1H NMR spectrum compared to methylene groups  to amide and secondary 

amines, see Figure 6. 

The 13C NMR magnetic resonance of methylene groups of poly-TFA salts of compounds 14, 

15, and 16 can be found in four distinct regions, around 175 ppm are the amide groups (2 x 

NHCO for compounds 14, 15, and 16), around 35-50 ppm methylene groups adjacent to primary 

amines, secondary amines and amid groups (12 x NCH2), around 30 ppm the two methylene 

groups of the linker (RNHCOCH2CH2CONHR), around 20-30 ppm methylene groups separated 

from amide, and secondary amino groups or separated from amines (NH2 or/and NH) by one CH2 

group on each side (2-CH2, 6-CH2, 10-CH2 for compound 14, 2-CH2, 11-CH2 for compound 15, 2-

CH2, 6-CH2, 10-CH2, 19-CH2, 28-CH2 for compound 16), or methylene groups separated from the 

secondary amines by one CH2 functional group on one side and two CH2 groups on the other side 

(6-CH2, 7-CH2 for compound 15, and 23-CH2, 24-CH2 for compound 16). 
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Figure 6 The 1H NMR spectra of compounds 14, 15, and 16 as TFA salts measured relative to 

the solvent peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

 

14 

15 

16 
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Branched polyamines 22 and 23 

The aim of designing and synthesising compounds 18 and 19 was to reduce the three nitrile 

functional groups to their corresponding primary amines 22 and 23 and compare their biological 

activity against the biological activity of linear polyamines 14, 15, and 16. However, the 

reduction of these compounds following a method was reported to reduce nitrile groups to 

primary amines using Raney nickel (catalyst) and sodium hydroxide (co-catalyst) under a 

hydrogen pressure of 2.7 bar 12,13 for the reduction of compounds 18 and 19 was successful. 

However, due to the high polarity of the products 22 and 23, the branched polyamines could not 

be extracted with a mixture of chloroform: methanol (85: 15 v/v) from aqueous sodium 

hydroxide solution. However, the primary amines were protected using the commercially 

available Boc2O protecting group. The purpose of protecting all amino functional groups on 

compound 22 and 23 is to decrease the polarity and then can be easily extracted/purified from 

the aqueous sodium hydroxide solution. 

The commercially available norspermidine 17 was reacted with three or five equivalents of 

acrylonitrile in EtOH at 20 oC to undergo 1,4-Michael addition reaction to obtain compounds 18 

and 19, respectively, isolated in 60-70 % yield after column chromatography and their spectral 

data agree with those reported previously, see Scheme 2.14 The IR spectrum confirmed the 

presence of nitrile (CN) functional group in the desired derivatives 18 and 19 with a sharp band 

at ~2253 cm-1. Mass spectrometry showed the correct mass. Moreover, 13C NMR spectroscopy 

showed a low intense signal at 118.8 ppm that assigned to nitrile carbon. The catalytic 

hydrogenation of nitrile compounds 18 and 19 was more difficult than expected. In order to 

reduce nitrile groups some methods were tried. Catalytic hydrogenation was reported to reduce 

the nitrile groups to primary amines. Compounds 18 and 19 were dissolved in methanol, Pd/C 

(10%) was used as a catalyst, and a hydrogen balloon as a source of H2.
15 However, TLC 

showed a major spot of the starting material. Raney nickel was used instead of Pd/C (10%) as a 

catalyst, however, the reaction was not successful as the TLC showed a major spot of the 

starting material.16 In the work of Bagal and Bhanage (2015) lithium aluminium hydride 

(LiAlH4) was used to reduce nitrile functional groups to primary amines. Compound 2 was 

dissolved in anhydrous tetrahydrofuran (THF) and LiAlH4 in anhydrous THF was added slowly 
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to the mixture solution. The solution was stirred for a further 18 h under N2. TLC shows a 

mixture of several spots which could be difficult to be purified to homogeneity. However, a 

method was reported to reduce nitrile groups to primary amines using Raney nickel (catalyst) 

and sodium hydroxide (co-catalyst) under a hydrogen pressure of 2.7 bar.12,13 Following this 

method, however at 1 bar of hydrogen pressure, the reaction was successful. Sodium hydroxide 

was dissolved in 20 mL of EtOH and added to the mixture of compounds 18 or 19 and Raney 

nickel. The atmosphere over the solution was evacuated and replaced with N2 gas three times, 

and then replaced with H2. The solution was stirred under H2 for a further 18 h at 20 °C. The 

solution mixture was then filtered through Celite. Without further purification, excess of 

(Boc)2O was added to the ethanolic solution. Compounds 20 and 21 were extracted with 

chloroform in order to remove the NaOH. Without further analysis, deprotection of the Boc 

protecting groups in compounds 20 and 21 proceeded smoothly using trifluoracetic acid (TFA) 

in dichloromethane (DCM) (1:9 v/v) stirred for 18 h then concentrated in vacuo and lyophilised 

to yield desired branched polyamines 22 and 23 as poly-TFA salts confirmed by mass 

spectrometry, and IR spectroscopy. The 13C NMR spectroscopy showed the disappearance of 

the nitrile peaks at 118.9 and 119.2 ppm for compound 18 and 118.8 and 119.5 ppm for 

compound 19. 

 

NMR spectroscopic structural assignments for compounds 18 and 19. 

The 13C NMR spectrum of compound 18 shows nine peaks, the two low intense downfield 

peaks resonating at 119.2 and 118.9 ppm are assigned to nitrile carbons 11-CN and 1-CN, 

respectively. However, their peaks intensities are different. The signal intensity of carbon 

resonating at 118.9 ppm is significantly higher than that resonating at 119.2 ppm. The 

assignments of nitrile carbons (11-CN and 1-CN) were completely based on intensities of these 

two peaks, see Figure 7. The next four carbon peaks resonating at 51.7, 49.5, 47.2 and 45.1 ppm 

are assigned for N-CH2 carbons, 7-CH2, 9-CH2, 5-CH2 and 3-CH2, respectively, that are de-

shielded due to the inductive effect of nitrogen. Nevertheless, among these four carbon peaks, 

the assignment for 9-CH2 at 49.5 ppm is only secured due to its lower relative intensity.  
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The next three carbon peaks resonating at 27.4, 18.7, and 16.7 ppm are assigned for carbons 

6-CH2, 2-CH2 and 10-CH2, respectively. 2-CH2 and 10-CH2 have a similar chemical 

environment, however, the carbon peak resonating at 16.7 ppm is assigned securely for 10-CH2 

due to its lower relative intensity compared to the carbon peaks resonating at 18.7 ppm, that are 

assigned for the equivalent carbons 2-CH2. For this reason, the carbon peak resonating at 16.7 

ppm is assigned for 10-CH2 and the carbon peak resonating at 18.7 ppm is assigned for 2-CH2. 

Compound 18 has been reported and synthesised previously to make neurotoxins.14 

Balczewski et al. reported the 13C NMR spectral data for compound 18 with ten carbons, 

therefore they reported an extra carbon signal. In its chemical structure, compound 18 has 15 

carbons and a symmetrical centre. Six carbons, which are 1-CH2, 2-CH2, 3-CH2, 5-CH2, 6-CH2, 

and 7-CH2, have six equivalent carbons. The three carbons left (9-CH2, 10-CH2, and 11-CH2) 

have no equivalent carbons, see Figure 7. For this reason, its 13C NMR spectrum showed nine 

peaks. 

On another hand, compound 19 has three symmetrical centres, nitrogen N-8 and the two N-4 

nitrogens. Therefore, the 13C NMR spectrum of compound 19 shows nine peaks, the two low 

intense downfield peaks resonating at 119.5 ppm, is assigned for nitrile carbon 11-CN, and 

118.8 ppm, is assigned for four equivalent nitrile carbons 1-CN due to its higher relative 

intensity. 

The next four peaks resonating at 51.2, 51.1, 49.5 and 49.2 ppm are assigned for N-CH2 

carbons, 7-CH2, 5-CH2, 3-CH2, and 9-CH2, respectively, that are de-shielded due to the 

inductive effect of nitrogen. There is a small chemical shifting (by ~ 0.1 ppm) between carbons 

5-CH2 and 7-CH2 due to the presence of different numbers of alkyl and CN substitutions. 

Therefore, the peak resonating at 51.3 ppm is assigned for the two equivalent carbons 5-CH2 due 

to the presence of two δ-CN substitutions and one δ-alkyl substitution. while the peak 

resonating at 51.2 ppm is assigned for the two equivalent carbons 7-CH2 due to the presence of 

one δ-CN substitution and three δ-alkyl substitutions. However, due to the close chemical shifts 

for these carbons, it is not secure enough to depend on this for assignment. Peaks resonating at 

49.6, 25.4, and 17.0 ppm is assigned for 3-CH2 (4 equivalent carbons), 6-CH2 (2 equivalent 

carbons), 2-CH2 (4 equivalent carbons), respectively, due to its higher relative intensity, while 
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the resonating signal at 49.3 and 16.9 ppm is assigned to 9-CH2 and 10-CH2, respectively, due 

to its lower relative intensity, see Figure 8.  

 

 

Scheme 2. Reagents and conditions: (i) Acrylonitrile (5 equiv.), EtOH, 20 oC, 18 h; (ii) 

Acrylonitrile (3 equiv.), EtOH, 20 oC, 18 h; (iii) Raney Nickel, H2, NaOH, EtOH, 20 oC, 18 h; (iv) 

Boc2O, MeOH, 20 oC, 18 h; (v) DCM/TFA (9:1 v/v), 20 oC, 18 h. 

 



162 
 

 

 

Figure 7 The 13C NMR spectrum of compound 18 measured relative to TMS at 0.0 ppm in 

99.7% CDCl3 at 25 °C. 

 

 

 

Figure 8 The 13C NMR spectrum of compound 19 measured relative to TMS at 0.0 ppm in 

99.7% CDCl3 at 25 °C. 
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Conclusions 

The synthesis of analogues having two pharmacophores linked is a promising approach to 

improve their affinity and potency. It has been reported that additional amino functional groups 

(cationic groups) may help to improve the antimicrobial activity of polyamines, such as 

spermine. The practical synthesis of a series of homo- (14 and 15) and hetero- (16) dimeric 

linear polyamine amides was described. The synthesis of branched polyamines 22 and 23 is 

another approach to increase the total positive charges from three in norspermidine to six or 

eight in 22 and 23, respectively. 

 

Experimental 

Materials and General Methods 

D2O, CD3OD, and CDCl3 were purchased from Goss Scientific (UK). Methanol (MeOH), ethyl 

acetate, dichloromethane (DCM), triethylamine (TEA), ethanol (EtOH), dimethylformamide 

(DMF), and aqueous ammonia (32%) were purchased from VWR (UK). Anhydrous pyridine 

and anhydrous dimethylformamide (DMF) were purchased from Fisher-Scientific (UK). 

Tobramycin free base, norspermine 1, spermine 2, norspermidine 25, acrylonitrile, Raney®-

Nickel, sodium hydroxide (NaOH), ninhydrin, di-tert-butyl dicarbonate ((Boc)2O), succinic 

anhydride, N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 

(HBTu), trifluoroacetic acid (TFA), ethyl trifluoroacetate, potassium bromide (KBr), and 

anhydrous sodium sulfate (Na2SO4), were purchased from Sigma-Aldrich (UK). 

Column chromatography was performed over silica gel 60-120 mesh (purchased from 

Sigma-Aldrich, UK) using different ratios of MeOH, EtOH, ethyl acetate, DCM, and aqueous 

ammonia (32%) as eluents. Thin-Layer Chromatography (TLC) was performed over silica gel 

using aluminium-backed sheets coated with Kieselgel 60 F254 purchased from Merck (UK). 

Ninhydrin TLC spray reagent was used for detecting amine functional groups (ninhydrin (0.2 g) 

in 100 mL ethanol). 
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Instrumentation 

NMR spectra including 1H, 13C, HSQC, HMBC, and H2BC, were recorded on Bruker 

Avance III (operating at 500.13 MHz for 1H and 125.77 MHz for 13C) spectrometers at 25℃. 

MestReNova has been used for processing the spectra. 1H and 13C chemical shifts () were 

observed and are reported in parts per million (ppm) relative to tetramethylsilane (TMS) at 0.00 

ppm as an internal reference or solvent peaks, D2O at 4.79 ppm and using the intrinsic lock 

signal for 13C NMR. High Resolution Time-of Flight (HR-TOF) mass spectra were obtained on 

a Bruker Daltonics “micrOTOF” mass spectrometer using electrospray ionisation (ESI) (loop 

injection +ve mode). A Perkin Elmer 65 spectrum FT-IR instrument was used to obtain the IR 

spectra as potassium bromide (KBr) discs for solid samples. 

 

General Procedure Boc Removal 

A solution of Boc protected polyamine in DCM (9 mL) was deprotected by adding TFA (1 

mL) at 20 °C. The solution was stirred for 18 h then concentrated in vacuo and lyophilised to 

yield the desired product as a pale yellow viscous oil (poly-TFA salt). 

 

(N1,N4,N8-Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane 7 

A solution of norspermine (thermine) 1 (2.00 g, 10.6 mmol) in methanol (150 mL), at -78 ℃ 

under nitrogen, was treated with ethyl trifluoroacetate (1.51 g, 10.6 mmol, 1 equiv.) dropwise 

over 15 min. Stirring was continued for a further 45 min, then the temperature was increased to 

20 ℃ for 18 h to afford the mono-trifluoroacetamide 3. Without purification, the remaining 

amino functional groups were protected using di-tert-butyldicarbonate (6.95 g, 31.8 mmol, 3.0 

equiv.) in methanol (20 ml) at 0 ℃ over 10 min. The reaction was then warmed to 20 ℃ and 

stirred for a further 18 h to afford the fully protected polyamine 5. The trifluoroacetate 

protecting group was then removed by increasing the pH of the solution to above 11 with conc. 

aq. ammonia (32%) and then stirring at 20 ℃ for 18 h. The solution was concentrated under 

reduced pressure. The crude product was purified by column chromatography with DCM in 

MeOH (9.5:0.5 v/v). After combining fractions and concentrating them, the desired product 7 

was obtained as a colourless oil (2.50 g, 48%). TLC analysis showed one spot (Rf = 0.5, DCM: 
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MeOH: aq. ammonia (32%), 70:10:1 v/v/v). HRMS: Found 489.3641 (m/z), C24H49N4O6 

requires 489.3573 (m/z) [M + H]+; IR (film); 1689 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 

1.37-1.51 (m, 27H, 9 x CH3 Boc), 1.66-1.78 (m, 4H, 2-CH2, 6-CH2, overlapping), 1.88-193 (m, 

2H, 10-CH2), 2.91-2.98 (t, J = 6.4 Hz, 2H, 11-CH2), 3.05-3.38 (m, 10H, 1-CH2, 3-CH2, 5-CH2, 

7-CH2, 9-CH2); 13C NMR, 125.77 MHz (CDCl3): 25.9 (10-CH2), 27.4, 27.8, 29.0 (9 x CH3 Boc 

2-CH2, 6-CH2, overlapping), 36.5 (11-CH2), 40.6, 40.9, 46.1, 46.4 (1-CH2, 3-CH2, 5-CH2, 7-

CH2, 9-CH2), 79.9-80.8 (3 x Cq Boc), 156.5-158.0 (3 x C=O Boc). 

 

(N1,N4,N9-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazadodecane 8 

A solution of spermine 2 (0.50 g, 2.47 mmol) in methanol (100 ml), at -78 ℃ under nitrogen, 

was treated with ethyl trifluoroacetate (0.35 g, 2.47 mmol, 1 equiv.). The ethyl trifluoroacetate 

was added dropwise over 20 min. stirring was continued for a further 30 min, then the 

temperature was increased to 20 ℃ to afford predominantly the mono-trifluoroacetamide 4. 

Without purification, the remaining amino functional groups were protected using di-tert-

butyldicarbonate (1.61 g, 7.41 mmol, 3.0 equiv.) in methanol (15 ml) over 10 min. The reaction 

was then warmed to 20 ℃ and stirred for a further 18 h to afford the fully protected polyamine 

6. The trifluoroacetate protecting group was then removed by increasing the pH of the solution 

to above 11 with conc. aq. ammonia (32%) and then stirring at 20 ℃ for 18 h. The solution was 

concentrated under reduced pressure. The column chromatography was elution with DCM in 

MeOH (9.5:05 v/v). After combining fractions and concentrating them, the desired product 8 

was obtained as a colourless oil (0.57 g, 46%). TLC analysis showed one spot (Rf = 0.6, 

DCM:MeOH: aq. ammonia (32%), 50:10:1 v/v/v). HRMS: Found 503.3728 (m/z), C25H51N4O6 

requires 503.3730 (m/z) [M + H]+; IR (film); 1692 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 

1.41-1.53 (m, 31H, 9 x CH3 Boc, 6-CH2, 7-CH2, overlapping), 1.60-1.65 (m, 4H, 2-CH2, 11-

CH2), 2.70 (t, J = 6.7 Hz, 2H, 12-CH2), 3.04-3.29 (m, 10H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-

CH2, overlapping); 13C NMR, 125.77 MHz (CDCl3): 25.5, 25.8 (6-CH2, 7-CH2), 28.4, 29.0, 34.0 

(9 x CH3 Boc, 2-CH2, 11-CH2, overlapping), 37.3 (12-CH2), 42.0, 42.2, 43.9, 44.1 (1-CH2, 3-

CH2, 5-CH2, 8-CH2, 10-CH2, overlapping), 79.2-81.4 (3 x Cq Boc), 156.1-157.9 (3 x C=O Boc). 
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N-[3-(tert-Butoxycarbonyl-{3-[tert-butoxycarbonyl-(3-tert-butoxycarbonylamino - propyl) 

- amino]- propyl }-amino)-propyl]–succinamic acid 9 

A solution of the tri-Boc protected norspermine (thermine) 7 (0.35 g, 0.71 mmol) in 

anhydrous pyridine (5 mL) under nitrogen was treated with succinic anhydride (0.07 g, 0.71 

mmol, 1 equiv.) at 20 °C. The solution was stirred for a further 18 h. The solution was then 

concentrated in vacuo, and the crude material was extracted with chloroform (3 x 15 mL). The 

combined organic extracts were dried (Na2SO4), filtered, and concentrated in vacuo. The desired 

product 9 was obtained as a colourless oil (0.31 g, 75%). TLC analysis showed one spot (Rf = 

0.3 (EtOAc: ethanol: aq. ammonia (32%); 7:2:1 v/v/v). HRMS: Found 587.3730 (m/z), 

C28H51N4O9 requires 587.3734 (m/z) [M - H]- ; IR (film); 3746-3074 (COOH) and 1629 (C=O), 

cm-1; 1H NMR, 500 MHz (CD3OD): 1.42-1.48 (m, 27H, 9 x CH3 Boc), 1.64-1.80 (m, 6H, 2-

CH2, 6-CH2, 10-CH2, overlapping), 2.51 (t, J = 7.0 Hz, 2H, CH2), 2.68 (t, J = 7.0 Hz, 2H, CH2), 

3.03-3.24 (m, 12H, 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2, overlapping); 13C NMR, 

125.77 MHz (CD3OD): 27.5 (9 x CH3 Boc, 2-CH2, 6-CH2, 10-CH2, overlapping), 29.6 (CH2), 

30.5 (CH2), 35.4, 36.7,43.2, 44.3 (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2, overlapping), 

79.2-80.9 (3 x Cq Boc), 155.2-157.4 (3 x C=O Boc), 171.2 (CONH), 173.9 (COOH). 

 

N-[3-(tert-Butoxycarbonyl-{4-[tert-butoxycarbonyl-(3-tert-butoxycarbonylamino - propyl) 

- amino]-butyl}-amino)-propyl]–succinamic acid 10 

A solution of the tri-Boc protected spermine 8 (0.61 g, 1.21 mmol) in anhydrous pyridine (5 

mL) under nitrogen was treated with succinic anhydride (0.12 g, 1.21 mmol, 1 equiv.) at 20 °C. 

The solution was stirred for a further 18 h. The solution was then concentrated in vacuo. The 

crude material was extracted with chloroform (3 x 15 mL). The combined organic extracts were 

dried (Na2SO4), filtered, and concentrated in vacuo. The desired product 10 was obtained as a 

colourless oil (0.63 g, 86%). TLC analysis showed one spot (Rf = 0.4 (EtOAc: ethanol: aq. 

ammonia (32%); 7:2:1 v/v/v). HRMS: Found 601.3867 (m/z), C29H53N4O9 requires 601.3860 

(m/z) [M - H]- ; IR (film); 2948-3536 (COOH) and 1686 (C=O) cm-1; 1H NMR, 500 MHz 

(CD3OD): 1.41-1.49 (m, 27H, 9 x CH3 Boc) 1.48-1.53 (m, 4H, 6-CH2, 7-CH2), 1.64-1.74 (m, 

4H, 2-CH2, 11-CH2), 2.45 (t, J = 7.0 Hz, 2H, CH2), 2.58 (t, J = 7.0 Hz, 2H, CH2), 3.03-3.24 (m, 
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12H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, overlapping); 13C NMR, 125.77 MHz 

(CD3OD): 25.5, 26.8 (6-CH2, 7-CH2), 27.5 (9 x CH3 Boc), 26.9 (2-CH2, 10-CH2), 28.8 (CH2), 

30.2 (CH2), 36.3, 36.7, 39.9, 44.1 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, overlapping), 

79.5-81.0 (3 x Cq Boc), 156.1-157.5 (3 x C=O Boc), 173.4 (CONH), 174.8 (COOH). 

 

N11-bis(N1,N4,N8-Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane)succinamide 

11 

A solution of 9 (0.40 g, 0.67 mmol), HBTu (0.25 g, 0.67 mmol, 1 equiv.), and TEA (0.06 g, 

0.67 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with 7 (0.33 g, 0.67 mmol, 1 

equiv.) in anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for a further 

18 h. The solution was then concentrated in vacuo, and the crude material was extracted with 

chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), filtered, 

concentrated in vacuo and purified over silica gel, (DCM: methanol; 9.5:0.5 to 9:1 v/v). After 

combining fractions and concentrating them, the desired product 11 was obtained as a pale 

yellow oil (0.47 g, 66%). TLC analysis showed one spot (Rf = 0.5 (DCM: methanol, 9:1 v/v). 

HRMS: Found 1059.7202 (m/z), C52H99N8O14 requires 1059.7224 (m/z) [M + H]+; IR (Film); 

1693 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.40-1.48 (m, 54H, 18 x CH3 Boc), 1.60-1.79 

(m, 12H, 2-CH2, 6-CH2, 10-CH2, overlapping), 2.52 (s, 4H, 14-CH2), 3.06-3.35 (m, 24H, 1-CH2, 

3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2); 13C NMR, 125.77 MHz (CDCl3): 27.4, 28.3 (18 x CH3 

Boc, 2-CH2, 6-CH2, 10-CH2, overlapping), 31.8 (14-CH2), 35.9, 37.5, 43.7, 44.8 (1-CH2, 3-CH2, 

5-CH2, 7-CH2, 9-CH2, 11-CH2), 79.3-79.8 (6 x Cq Boc), 155.3-157.7 (6 x C=O Boc), 172.6 (2 x 

NHCO). 

 

N12-bis(N1,N4,N9-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazadodecane)succinamide 

12 

A solution of 10 (0.35 g, 0.58 mmol), HBTu (0.21 g, 0.58 mmol, 1 equiv.), and TEA (0.05 g, 

0.58 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with 8 (0.29 g, 0.58 mmol, 1 

equiv.) in anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for a further 

18 h. The solution was then concentrated in vacuo, and the crude material was extracted with 
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chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), filtered, 

concentrated in vacuo and purified over silica gel, (DCM: methanol; 9.5:0.5 to 9:1 v/v). After 

combining fractions and concentrating them, the desired product 12 was obtained as a pale 

yellow oil (0.37 g, 58%). TLC analysis showed one spot (Rf = 0.5 (DCM: methanol, 9: 1 v/v). 

HRMS: Found 1087.7503 (m/z), C54H103N8O14 requires 1087.7516 (m/z) [M + H]+; IR (Film); 

1673 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.40-1.52 (m, 62H, 18 x CH3 Boc, 6-CH2, 7-

CH2, overlapping), 1.61-1.71 (m, 8H, 2-CH2, 11-CH2, overlapping), 2.52 (s, 4H, 15-CH2), 3.10-

3.30 (m, 24H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, overlapping); 13C NMR, 125.77 

MHz (CDCl3): 25.7 (6-CH2, 7-CH2), 28.8 (18 x CH3 Boc, 2-CH2, 11-CH2, overlapping), 31.6 

(15-CH2), 36.4, 37.9, 43.4, 46.6 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, overlapping), 

79.7 (6 x Cq Boc), 155.7-156.9 (6 x C=O Boc), 173.1 (2 x NHCO). 

 

N12-(N1,N4,N9-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazadodecane)- N11-(N1,N4,N8-

Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane) succinamide 13 

A solution of 9 (0.30 g, 0.49 mmol), HBTu (0.18 g, 0.49 mmol, 1 equiv.), and TEA (0.04 g, 

0.49 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with 8 (0.24 g, 0.49 mmol, 1 

equiv.) in anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for a further 

18 h. The solution was then concentrated in vacuo, and the crude material was extracted with 

chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), filtered, 

concentrated in vacuo and purified over silica gel, (DCM: methanol; 9.5:0.5 to 9:1 v/v). After 

combining fractions and concentrating them, the desired product 13 was obtained as a pale 

yellow oil (0.22 g, 41%). TLC analysis showed one spot (Rf = 0.5 (DCM: methanol, 9:1 v/v). 

HRMS: Found 1073.7359 (m/z), C53H101N8O14 requires 1073.7352 (m/z) [M + H]+; IR (Film); 

1693 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.39-1.54 (m, 58H, 18x CH3 Boc, 23-CH2, 24-

CH2, overlapping), 1.58-1.78 (m, 10H, 2-CH2, 6-CH2, 10-CH2, 19-CH2, 28-CH2, overlapping), 

2.53 (s, 4H, 14-CH2, 15-CH2), 3.06-3.33 (m, 24H, 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2, 

18-CH2, 20-CH2, 22-CH2, 25-CH2, 27-CH2, 29-CH2, overlapping); 13C NMR, 125.77 MHz 

(CDCl3): 25.6 (23-CH2, 24-CH2), 28.4, 27.6, 28.9 (18x CH3 Boc, 2-CH2, 6-CH2, 10-CH2, 19-

CH2, 28-CH2, overlapping), 31.9 (14-CH2, 15-CH2), 35.9, 37.2, 37.6, 43.4, 44.9, 46.6 (1-CH2, 3-
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CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2, 18-CH2, 20-CH2, 22-CH2, 25-CH2, 27-CH2, 29-CH2), 78.8, 

79.9 (6 x Cq Boc), 155.0, 156.0 (6 x C=O Boc), 172.36 (2 x NHCO). 

 

N1,N11-bis(1-amino-4,8-diazadecyl)succinamide 14 

Compound 11 (0.24 g, 0.22 mmol) was deprotected according to general procedure Boc 

removal to yield the desired product 14 as a white solid (0.24 g, 99 %). HRMS: Found 459.4058 

(m/z), C22H51N8O2 requires 459.4057 (m/z) [M + H]+; IR (KBr disc); 1695 (C=O) cm-1; 1H 

NMR, 500 MHz (D2O): 1.84-1.93 (m, 4H, 10-CH2), 2.05-2.15, (m, 8H, 2-CH2, 6-CH2), 2.53 (s, 

4H, 2 x CH2), 3.04-3.21 (m, 20H, 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, overlapping), 3.27 (t, J = 

7.4 Hz, 4H, 11-CH2); 13C NMR, 125.77 MHz (D2O): 22.7, 23.7 (2-CH2, 6-CH2), 25.5 (10-CH2), 

30.7 (14-CH2), 36.0 (11-CH2), 36.4, 44.3, 44.5, 44.6, 45.2 (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-

CH2), 116.1 (q, 1J = 291.3 Hz, CF3), 162.9 (q, 2J = 37.6 Hz, CO-CF3), 175.3 (2 x NHCO). 

 

N1,N12-bis(1-amino-4,9-diazadodecyl)succinamide 15 

Compound 12 (0.18 g, 0.17 mmol) was deprotected according to general procedure Boc 

removal to yield the desired product 15 as a white solid (0.18 g, 99 %). HRMS: Found 487.4372 

(m/z), C24H55N8O2 requires 487.4370 (m/z) [M + H]+; IR (KBr disc); 1688 (C=O) cm-1; 1H 

NMR, 500 MHz (D2O): 1.75-1.80 (m, 8H, 6-CH2, 7-CH2), 1.86-1.92 (m, 4H, 11-CH2), 2.04-

2.13 (m, 4H, 2-CH2), 2.53 (s, 4H,15-CH2), 3.02-3.20 (m, 20H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-

CH2), 3.26 (t, J = 7.0 Hz, 4H, 12-CH2); 13C NMR, 125.77 MHz (D2O): 22.7 (6-CH2, 7-CH2), 

23.7 (2-CH2), 25.5 (11-CH2), 30.7 (15-CH2), 36.0 (12-CH2), 36.4, 44.4, 45.1, 46.7, 46.9 (1-CH2, 

3-CH2, 5-CH2, 8-CH2, 10-CH2), 116.3 (q, 1J = 292.0 Hz, CF3), 161.7 (q, 2J = 36.6 Hz, CO-CF3), 

175.3 (2 x NHCO). 

 

N1-(12-amino-4,9-diazadodecyl)- N11-(1-amino-4,8-diazadecyl) succinamide 16 

Compound 13 (0.22 g, 0.20 mmol) was deprotected according to general procedure Boc 

removal to yield the desired product 16 as a white solid (0.22 g, 99 %). HRMS: Found 473.4213 

(m/z), C23H53N8O2 requires 473.4212 (m/z) [M + H]+; IR (KBr disc); 1683 (C=O) cm-1; 1H 

NMR, 500 MHz (D2O): 1.71-1.78 (m, 4H, 23-CH2, 24-CH2), 1.83-1.91 (m, 4H, 10-CH2, 19-



170 
 

CH2), 2.02-2.14 (m, 6H, 2-CH2, 6-CH2, 28-CH2), 2.53 (s, 4H, 14-CH2, 15-CH2), 2.85-3.13 (m, 

20H, 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 20-CH2, 22-CH2, 25-CH2, 27-CH2, 29-CH2), 3.27 (t, J 

= 7.4 Hz, 4H, 11-CH2, 18-CH2); 13C NMR, 125.77 MHz (D2O): 22.6, 22.7 (23-CH2, 24-CH2), 

23.5 (2-CH2, 6-CH2, 28-CH2), 25.5 (10-CH2, 19-CH2), 30.7 (14-CH2, 15-CH2), 36.0 (11-CH2, 18-

CH2), 36.4, 44.3, 44.4, 44.5, 44.6, 45.0, 45.2, 46.8, 46.9 (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 

20-CH2, 22-CH2, 25-CH2, 27-CH2, 29-CH2), 116.5 (q, 1J = 291.0 Hz, CF3), 163.1 (q, 2J = 38.0 

Hz, CO-CF3), 175.3 (2 x NHCO). 

 

3-(3-{(2-Cyanoethyl)-[3-(2-cyanoethylamino)propyl]amino}propylamino)propionitrile 18 

To a solution of norspermidine 17 (0.50 g, 3.81 mmol) in ethanol (10 mL) was treated with 

acrylonitrile (0.60 g, 11.4 mmol, 3 equiv.) at 25 °C. The solution was stirred for a further 48 h. 

The solution was then concentrated in vacuo, and the crude material was purified over silica gel, 

(DCM: methanol; 9.9:0.1 to 9:1 v/v). After combining fractions and concentrating them, the 

desired product 18 was obtained as a yellow oil (0.331 g, 30%). TLC analysis showed one spot 

(Rf = 0.4 (DCM: methanol, 9:1 v/v). HRMS: Found 291.2342 (m/z), C15H27N6 requires 

291.2292 (m/z) [M + H]+; IR (Film); 2250 (CN) cm-1; 1H NMR, 500 MHz (CDCl3): 1.62-1.69 

(m, 4H, 6-CH2), 2.47-2.57 (m, 10H, 2 x 2-CH2, 2 x 7-CH2, 10-CH2), 2.68-2.76 (m, 6H, 2 x 5-

CH2, 9-CH2), 2.92 (t, J = 6.5 Hz, 4H, 2 x 3-CH2); 13C NMR, 125.77 MHz (CDCl3): 16.7 (10-

CH2), 18.7 (2 x 2-CH2), 27.4 (2 x 6-CH2), 45.1 (2 x 3-CH2), 47.2 (2 x 5-CH2), 49.5 (9-CH2), 

51.7 (2x 7-CH2), 118.9 (1-CN), 119.2 (2 x 11-CN). 

 

3-[{3-[{3-[Bis-(2-cyanoethyl)amino]propyl}-(2-cyanoethyl)amino]propyl}-(2-cyanoethyl) 

amino]propionitrile 19 

To a solution of norspermidine 17 (0.50 g, 3.81 mmol) in ethanol (10 mL) was treated with 

acrylonitrile (1.01 g, 19.0 mmol, 5 equiv.) at 20°C. The solution was stirred for a further 72 h. 

The solution was then concentrated in vacuo, and the crude material was purified over silica gel, 

(DCM: methanol; 10:0 to 9:1 v/v). After combining fractions and concentrating them, the 

desired product 19 was obtained as a yellow oil (0.60 g, 40%). TLC analysis showed one spot 

(Rf = 0.6 (DCM: methanol, 9:1 v/v). HRMS: Found 397.2761 (m/z), C21H33N8 requires 
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397.2750 (m/z) [M + H]+; IR (Film) 2254 (CN) cm-1; 1H NMR, 500 MHz (CDCl3): 1.60-1.70 

(m, 4H, 2x CH2), 2.51 (t, J = 6.9 Hz, 10H, 4 x 2-CH2, 10-CH2), 2.56 (t, J = 6.9 Hz, 4H, 2 x 7-

CH2), 2.63 (t, J = 6.9 Hz, 4H, 2 x 5-CH2), 2.74 (t, J = 6.9 Hz, 2H, 9-CH2), 2.86 (t, J = 6.9 Hz, 

8H, 4 x 3-CH2); 13C NMR, 125.77 MHz (CDCl3): 16.8 (10-CH2), 16.9 (4x 2-CH2), 25.3 (2x 6-

CH2), 49.2 (9-CH2), 49.5 (4x 3-CH2), 51.1 (2 x 5-CH2), 51.2 (2x 7-CH2), 118.8 (4x 1-CN), 

119.5 (11-CN). 

 

N1,N3-bis(3-ammoniopropyl)-N1-(3-((3-ammoniopropyl)ammonio)propyl)propane-1,3-

diaminium 22 

To a solution of 18 (0.33 g, 1.14 mmol) and NaOH (0.13 g, 3.42 mmol, 3 equiv.) in ethanol 

(15 mL). Raney nickel (~ 0.5 g) was added to the mixture. The atmosphere over the solution 

was evacuated and replaced with N2 gas three times, and then replaced with H2. The solution 

was stirred under H2 for a further 18 h at 20°C. The solution mixture was then filtered through 

Celite with ethanol. Without further purification, (Boc)2O (2.48 g, 11.4 mmol, 10 equiv.) was 

added to the ethanolic solution. The solution was stirred for a further 2 h at 20°C. The solution 

was then concentrated in vacuo, and the crude material was extracted with chloroform (5 x 15 

mL) in order to remove the NaOH. The combined organic extracts were dried (Na2SO4), 

filtered, and concentrated in vacuo. The desired product 20 was obtained as a pale yellow oil. 

After combining fractions and concentrating them, the desired product 20, without further 

analysis, was deprotected according to general procedure Boc removal to yield the desired 

product 22 as a pale yellow oil (0.44 g, 40 %). HRMS: Found 303.3158 (m/z), C15H39N6 

requires 303.3098 (m/z) [M + H]+; 1H NMR, 500 MHz (D2O): 1.76-1.96 (m, 10H, 2 x 2-CH2, 2 

x 6-CH2, 10-CH2), 2.81 (t, J = 8.0 Hz, 6H, 2 x 7-CH2, 9-CH2), 2.85-2.94 (m, 8H, 2 x 3-CH2, 2 x 

5-CH2), 3.02-3.10 (m, 6H, 2 x 1-CH2, 11-CH2); 13C NMR, 125.77 MHz (D2O): 20.2, 23.5 (2 x 2-

CH2, 2 x 6-CH2, 10-CH2), 35.9, 36.1 (2 x 7-CH2, 9-CH2), 44.1, 44.5 (2 x 3-CH2, 2 x 5-CH2), 49.5 

(2 x 1-CH2, 11-CH2), 115.0 (q, 1J = 293.0 Hz, CF3), 162.2 (q, 2J = 36.4 Hz, CO-CF3). 
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N1,N1,N3-tris(3-ammoniopropyl)-N3-(3-(bis(3-ammoniopropyl)ammonio)propyl)propane-

1,3-diaminium 23 

To a solution of 19 (0.60 g, 1.51 mmol) and NaOH (0.18 g, 4.54 mmol, 3 equiv.) in ethanol 

(15 mL). Raney nickel (~ 0.5 g) was added to the mixture. The atmosphere over the solution 

was evacuated and replaced with N2 gas three times, and then replaced with H2. The solution 

was stirred under H2 for a further 18 h at 20°C. The solution mixture was then filtered through 

Celite with ethanol. Without further purification, (Boc)2O (3.29 g, 15.1 mmol, 10 equiv.) was 

added to the ethanolic solution. The solution was stirred for a further 2 h at 20°C. The solution 

was then concentrated in vacuo, and the crude material was extracted with chloroform (5 x 15 

mL) in order to remove the NaOH. The combined organic extracts were dried (Na2SO4), 

filtered, and concentrated in vacuo. The desired product 21 was obtained as a pale yellow oil. 

After combining fractions and concentrating them, the desired product 21, without further 

analysis, was deprotected according to general procedure Boc removal to yield the desired 

product 23 as a pale yellow oil (1.10 g, 55 %). HRMS: Found 417.4357 (m/z), C21H53N8 

requires 417.4315 (m/z) [M + H]+; 1H NMR, 500 MHz (D2O): 2.12-2.21 (m, 10H, 4 x 2-CH2, 

10-CH2), 2.24-2.32 (m, 4H, 2 x 6-CH2), 3.07-3.15 (m, 10H, 4 x 1-CH2, 11-CH2), 3.30-3.42 (m, 

18H, 4 x 3-CH2, 2 x 7-CH2, 2 x 5-CH2, 9-CH2); 13C NMR, 125.77 MHz (D2O): 18.7 (2 x 6-CH2), 

21.4 (4 x 2-CH2, 10-CH2), 36.2 (4 x 1-CH2, 11-CH2), 49.9 (4 x 3-CH2, 2 x 7-CH2, 2 x 5-CH2, 9-

CH2), 116.1 (q, 1J = 290.5 Hz, CF3), 163.0 (q, 2J = 38.1 Hz, CO-CF3). 
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Chapter 6 

 

Practical synthesis of antimicrobial long linear polyamine succinamides 

 

Introduction 

Antimicrobial resistance (AMR) is one of the top 10 current global health threats.1,2 The 

continual rise of AMR among major bacterial pathogens is expected to result in 10 million 

deaths per year by 2050 with an estimated US$1 trillion in healthcare costs globally.3,4 

Estimates have indicated that up to US$100 trillion could be lost to the global economy due to 

decreased productivity.3 Despite the urgent need for investments in research and development of 

antibiotics, only two new antibiotic classes (oxazolidinones and lipopeptides) have emerged and 

been approved for clinical use.5 As a response to the lack of antibiotics in the clinical pipeline 

and growing spread of antibiotic resistance, the WHO have generated a priority list to inform 

and direct research to tackle specific antibiotic-resistant human bacterial pathogens through the 

development of new and effective antibiotics.6 Accordingly, here the aims are to examine the 

activity of novel linear polyamine compounds against seven major human bacterial pathogens 

identified on this list (Enterococcus faecalis, Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Escherichia 

coli) and one emerging pathogen (Staphylococcus epidermidis).  

The positive charges of the amino groups along these linear polyamines 7 and the elongated 

polyamine amides are potentially a key factor in their rapid antimicrobial activity against both 

Gram-positive and Gram-negative bacteria including meticillin-resistant Staphylococcus aureus, 

potentially primarily acting by depolarization of the cytoplasmic membrane and 

permeabilization of the bacterial outer membrane.8,9 Linking two of the same or different 

polyamines via amide bonds can be achieved by introducing a carboxylic acid group on the first 

polyamine, then coupling to a free primary amine in the second polyamine. If the addition of 

positive charges 10-12 increases the antimicrobial activity of linear polyamines, synthesising 

homo- or hetero-dimeric polyamines will increase the total net charge compared to their 

monomeric counterparts.13  
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Results and discussion 

Synthesis of tetraamine 3.12.3 then selective protection of the reactive amines on 

polyamines 

A two-step procedure was used to form compound 3.14,15 Commercially available 1,12-

diaminododecane 1 was reacted with two equivalents of acrylonitrile in EtOH at 20 oC to 

undergo two 1,4-Michael addition reactions to obtain dinitrile 2 15 see Fig. 1 and 2 in 87% yield; 

the formation of some tri-Michael adducts was observed. 13C NMR spectroscopy showed nitrile 

carbon signal of low intensity at 118.8 ppm. Moreover, the IR spectrum confirmed the presence 

of nitrile (CN) functional group in the desired derivative 2 with a sharp band at 2253 cm-1, see 

Fig. 2. Using LiAlH4 in anhydrous THF was investigated to reduce the nitrile functional groups 

to primary amines, but this gave a complex mixture.16 Pd/C (10%) was investigated as a catalyst 

under hydrogen gas with little success,17 likewise using Raney nickel as a catalyst.18 However, 

the nitrile functional groups were successfully reduced to primary amines using catalytic Raney 

nickel and sodium hydroxide (co-catalyst) under a hydrogen pressure of 1 bar to afford 

tetraamine 3 in 75 % yield.19,20  

 

 

 

Fig. 1 Reagents and conditions: (i) Acrylonitrile, EtOH, 20 oC, 18 h; (ii) Raney Nickel, H2, 

NaOH, EtOH, 20 oC, 18 h. 
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Fig. 2 Infrared (IR) spectrum of compound 2 showed the nitrile band at 2253 cm-1. 

 

The ability to link covalently polyamines requires selective protection, in order to avoid 

unwanted side products. However, the protection of three amines out of four is always low 

yielding and needs substantial chromatographic purification. Mono-protection using benzyl 

chloroformate (CbzCl) or di-tert-butyldicarbonate (Boc anhydride) is not practical due to low 

yields and requiring more substantial chromatographic purification.21 Geall and Blagbrough 

(2000) reported that using trifluoroacetyl as a protecting group for one amine out of four can be 

controlled by decreasing the temperature and the concentration. Subsequent removal under basic 

conditions makes trifluoroacetyl an ideal protecting group compared to Cbz and Boc for the 

purpose of gram scale protection of polyamines in preparing unsymmetrical polyamine amides. 

The ratio between –NH2 and ethyl trifluoroacetate (source of the protecting group) is important 

not only to avoid protection of both primary amines, but also to avoid protection of the more 

sterically hindered secondary amines on 3, 4, and 5. Thus, using this approach, via mono-

trifluoroacetamides 6, 7, and 8, triBoc-protected 12, 13, and 14 were synthesised following 

trifluoroacetyl removal, Fig. 3.  
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Fig. 3  Reagents and conditions: (i) EtOOCCF3, MeOH, -78 oC, 18 h; (ii) Boc2O, MeOH, 0-20 oC, 

18 h; (iii) aq. NH3, 20 oC, 18 h; (iv) succinic anhydride, anhydrous pyridine, 20 oC, 18 h; (v) 

HBTu, R-NH2, TEA, anhydrous DMF, 20 oC, 18 h; (vi) DCM/TFA (9:1 v/v), 20 oC, 18 h. 

 

 



179 
 

Synthesis of polyamine carboxylic acids and their conversion into homo- and hetero-

dimeric linear polyamine amides 

Succinic anhydride was selected to link two of the same or different linear polyamines, 

introducing a short (4 carbons) spacer and a useful carboxylic acid functional group from which 

amides may be obtained e.g., from the same or different linear polyamines.22 Compounds 15, 

16, and 17 were synthesised by the addition of one equivalent of succinic anhydride to a 

solution of triBoc 12, 13, and 14 in anhydrous pyridine at 20 ℃, Fig. 3. All spectral data 

confirmed that the reactions successfully occurred. The 1H-13C HMBC NMR spectrum of 

compound 17, shows that there are two triplets at 2.45 and 2.58 ppm in the 1H NMR spectrum, 

which represents the two CH2 groups between the amide group and the carboxylic acid, and 

carbon signals at 173.4 and 174.8 ppm in the 13C NMR spectrum, which represents the carbonyl 

carbons of the carboxylic acid and the amide group. Moreover, the 1H-13C cross peaks in HMBC 

NMR spectra between the two triplets and the two carbon signals were observed, see Fig. 4. 

 

 

Fig. 4 1H-13C HMBC NMR spectrum of compound 17 measured relative to TMS in 99.8% 

CD3OD at 25 °C. 
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EDC.HCl/HOBt and DCC/DMAP were investigated in order to couple the carboxylic acids 

with the protected linear polyamines, however, the yields were low ~10 and ~ 5%, 

respectively.23,24 Compounds 15, 16, and 17 were separately coupled to one equivalent of the 

primary amine 12 to obtain the corresponding target hetero-dimeric polyamines 18, 19, and 20 

in good yield by the addition of one equivalent of HBTu to activate the carboxylic acid in 

anhydrous DMF at 20 ℃. 1H NMR spectra show a singlet at 2.52 ppm integrating for the four 

protons (with hetero-dimeric polyamines) between the two new amide groups 

(RNHCOCH2CH2CONHR) rather than a triplet, as observed for carboxylic acid amides 15, 16, 

and 17, Fig. 5. Also, there is one carbonyl signal observed at ~175 ppm with higher intensity, 

from both the amide carbonyl groups, and the disappearance of the carboxylic acid signal in the 

13C NMR spectrum. Deprotection of the Boc protecting groups in compounds 18, 19, and 20 

proceeded smoothly using TFA/DCM (1:9 v/v) stirred for 18 h then concentrated in vacuo and 

lyophilised to yield desired hetero-dimeric linear polyamines 21, 22, and 23 as poly-TFA salts 

confirmed by MS, IR, and NMR spectroscopy.  

The counterion influence cannot be ignored, especially because amine functional groups on 

polyamines are positively charged and can interact with anions. As the chloride salt is the most 

common salt used in pharmaceutical product formulations, TFA counterions have been replaced 

in 21 with chloride counterions by changing the deprotection method to using 4M HCl/1,4-

dioxane. However, 21 as TFA salt and 21a as HCl salt had identical MIC against S. aureus 

SH1000 (4 g/mL). 

 

Fig. 5 The 1H NMR spectra of A) 17 in 99.8% CD3OD and B) 20 in 99.8% CDCl3 measured 

relative to TMS at 25 °C. 
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NMR spectroscopic assignments for homo- (21) and hetero- (22, and 23) dimeric linear 

polyamines incorporating a 3.12.3-tetraamine moiety 

For unambiguous assignment, all the protons and carbons of compounds 21, 22, and 23 were 

assigned using 2D, 1H-13C HSQC, and 1H-13C HMBC NMR spectroscopy, see Figs 6-15. The 

1H NMR spectroscopic resonances of methylene groups of poly-TFA salts of compounds 21, 

22, and 23 can be observed in five distinct regions, ~3.2 ppm (t, J = 7.2 Hz) resonate methylene 

backbones adjacent to amide groups (20-CH2 for compound 21, 20-CH2, 27-CH2 for compounds 

22, and 23), around 2.9-3.1 ppm methylene groups adjacent to primary and secondary amino 

groups (10 x NCH2), around 2.5 ppm methylene groups which represent two methylene groups 

of the linker (RNHCOCH2CH2CONHR), around 2.0 and 1.8 ppm methylene groups separated 

from amino groups (NH2 or/and NH) by one CH2 group on each side (2-CH2, 19-CH2 for 

compound 21, 2-CH2, 19-CH2, 28-CH2, 32-CH2, and 36-CH2  for compound 22, 2-CH2, 19-CH2, 

28-CH2, and 37-CH2 for compound 23), and around 1.6 and 1.3 ppm methylene groups 

separated from the secondary amines by one methylene group on one side and more than one 

methylene groups on the other side 6-CH2, 15-CH2 for compounds 21, 22, and 23 or more than 

on each side 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2 for compounds 

21, 22, and 23, (Fig. 6). 

Methylene groups  to an amide (20-CH2 for compound 21, 20-CH2, 27-CH2 for compound 22, 

and 23) are more de-shielded, and therefore have the highest chemical resonance. The protonation 

of primary and secondary amine functional groups causes a de-shielding of the methylene 

functional group  to the nitrogen causing a downfield shift in their peaks. Therefore, CH2 groups 

located next to an amine are more de-shielded than those located further away, 1-CH2, 3-CH2, 5-

CH2, 16-CH2, 18-CH2 for compound 21, 1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 29-CH2, 31-CH2, 

33-CH2, 35-CH2, 37-CH2 for compound 22, and 1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 29-CH2, 

31-CH2, 34-CH2, 36-CH2, 38-CH2 for compound 23, see Fig. 6.  

Methylene groups  to amide and secondary amines (19-CH2 for compound 21, 19-CH2, 28-

CH2 for compounds 22 and 23) are less de-shielded, and therefore have smaller chemical shifts 

than methylene groups  to primary and secondary or secondary and secondary amines (2-CH2 for 
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compound 21, 2-CH2, 32-CH2, 36-CH2 for compound 22, and 2-CH2, 37-CH2 23). However, 

protons 32-CH2 and 33-CH2 for compound 23 are  and  to amines, for this reason they shifted 

slightly upfield in the 1H NMR spectrum compared to methylene groups  to amide and secondary 

amines, see Fig. 6. 

The most upfield chemical shifts were observed for methylene groups 6-CH2, 15-CH2, and 7-

CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2 for compounds 21, 22, and 23 as 

they are located further away from amines, however, due to the effect by the secondary amine 

from only one side, methylene groups 6-CH2 and 15-CH2,  to secondary amine, have larger 

chemical shifts than methylene groups 7-CH2 to 14-CH2, see Fig. 6.  

In 13C NMR spectra the magnetic resonance of methylene groups of poly-TFA salts of 

compounds 21, 22, and 23 can be found in four distinct regions, around 175 ppm representing the 

amide groups (2 x NHCO for compounds 21, 22, and 23), around 35-50 ppm methylene groups 

adjacent to primary amines, secondary amines and amid groups (12 x NCH2), around 30 ppm 

methylene groups which represent two methylene groups of the linker 

(RNHCOCH2CH2CONHR), around 20-30 ppm methylene groups separated from amino groups 

(NH2 or/and NH) by one CH2 group on each side (2-CH2, 19-CH2 for compound 21, 2-CH2, 19-

CH2, 28-CH2, 32-CH2, and 36-CH2 for compound 22, 2-CH2, 19-CH2, 28-CH2, and 37-CH2 for 

compound 23), or methylene groups separated from the secondary amines by one CH2 functional 

group on one side and more CH2 groups on the other side (6-CH2, 15-CH2 for compounds 21, 22, 

and 23), or more than one on each side (7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 

14-CH2 for compounds 21, 22, and 23), see Figs 7-15. 
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Fig. 6  Stacked 1H NMR spectra of compounds 21, 22, and 23 as TFA salts measured relative to 

the residual solvent peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

23 
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Fig. 7 13C NMR spectrum of compound 21 measured in 99.7% D2O at 25 °C. 

 

 

 

Fig. 8 1H-13C HSQC NMR spectrum of compound 21 measured relative to the residual solvent 

peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 
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Fig. 9 1H-13C HMBC NMR spectrum of compound 21 measured relative to the residual solvent 

peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

 

Fig. 10 13C NMR spectrum of compound 22 measured in 99.7% D2O at 25 °C. 
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Fig. 11 1H-13C HSQC NMR spectrum of compound 22 measured relative to the residual solvent 

peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

Fig.12 1H-13C HMBC NMR spectrum of compound 22 measured relative to the residual solvent 

peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 
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Fig. 13 13C NMR spectrum of compound 23 measured in 99.7% D2O at 25 °C. 

 

 

 

Fig. 14 1H-13C HSQC NMR spectrum of compound 23 measured relative to the residual solvent 

peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 
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Fig. 15 1H-13C HMBC NMR spectrum of compound 23 measured relative to the residual solvent 

peak (HOD) at 4.79 ppm in 99.7% D2O at 25 °C. 

 

 

Microbiological activity of homo- (21) and hetero- (22, and 23) dimeric linear polyamines 

incorporating a 3.12.3-tetraamine moiety 

The anti-bacterial activity was measured for compounds 21, 22, and 23 on different bacterial 

strains (Table 1). In particular, activity was found against P. aeruginosa PAO1 and S. aureus 

SH1000, at levels comparable to those of the positive controls, kanamycin (MIC = 32 µg/mL) and 

tobramycin (MIC = 1-2 µg/mL), together with 8-32 µg/mL MIBC anti-biofilm levels. For toxicity 

quantified by measurement on human erythrocytes, even at 512 µg/mL, less than 5% haemolysis. 
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Table 1  The microbiological activity of compounds 21, 21a, 22, and 23 on different bacterial 

strains 

 Minimum inhibitory concentration (MIC) (µg/mL) 

Bacterial species Spermidine AHA1268 

22 

AHA1282 

23 

AHA1394 

21 

AHA926 

21a 

Enterococcus faecalis >128 >128 >128 >128 - 

Enterococcus faecium >128 >128 >128 64 - 

S. epidermidis RP62A >128 64 64 4 - 

Klebsiella pneumoniae >128 128 128 8-16 - 

Acinetobacter 

baumannii 

>128 >128 >128 32-64 - 

Escherichia coli K12 >128 >128 >128 16-32 - 

P. aeruginosa PAO1 >128 32 16 4 - 

S. aureus SH1000 >128 32 32 4 4 

 

P. aeruginosa kanamycin (MIC = 32 µg/mL) and tobramycin (MIC = 1-2 µg/mL) 

S. aureus kanamycin (MIC = 2 µg/mL) and tobramycin (MIC = 0.25 µg/mL) 

 

 MIBC Biofilm (µg/mL) MIBC Biofilm (µg/mL) 

Compound SH1000 (MSSA) PAO1 

21 4-8 8 

22 64 8-32 

23 64 8-32 

 

Compound Haemolysis (HC5) 

21 >512 µg/mL 

22 > 512 µg/mL 

23 > 512 µg/mL 

 

Even at concentrations of 512 µg/mL, there was less than 5% haemolysis of human 

erythrocytes.  

Haemolysis HC5 is the concentration required to induce haemolysis of 5% of the erythrocyte 

population.  
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Conclusions 

There are many severe bacterial infections notorious for their ability to become resistant to 

clinically relevant antibiotics. Indeed, antibiotic resistance is now a growing threat to human 

health, further exacerbated by the lack of new antibiotics. The practical synthesis of a series of 

substituted long linear polyamines that produce rapid antibacterial activity against both Gram-

positive and Gram-negative bacteria, including meticillin-resistant Staphylococcus aureus 

(MRSA). These compounds also reduce biofilm formation in Pseudomonas aeruginosa. The 

most potent analogues are thermine, spermine, and 1,12-diaminododecane homo- and 

heterodimeric polyamine succinic acid amides. They are of the order of activity of the 

aminoglycoside antibiotics kanamycin and tobramycin as positive controls. Their low human 

cell toxicity was demonstrated in ex vivo haemolytic assays where they did not produce even 

5% haemolysis of human erythrocytes. These long, linear polyamines are a new class of broad-

spectrum antibacterials active against drug-resistant pathogens. 

 

Experimental 

Materials and General Methods 

D2O, CD3OD, and CDCl3 were purchased from Goss Scientific (UK). Methanol (MeOH), 

ethanol (EtOH), ethyl acetate, dichloromethane (DCM), dimethylformamide (DMF), 

triethylamine (TEA), and aqueous ammonia (32%) were purchased from VWR (UK). 

Anhydrous pyridine and anhydrous dimethylformamide (DMF) were purchased from Fisher-

Scientific (UK). 1,12-Diaminododecane, spermidine, spermine, norspermine (thermine), 

acrylonitrile, Raney®-Nickel, sodium hydroxide (NaOH), ninhydrin, di-tert-butyl dicarbonate 

((Boc)2O), succinic anhydride, N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTu), trifluoroacetic acid (TFA), ethyl trifluoroacetate, potassium 

bromide (KBr), and sodium sulfate (Na2SO4) were purchased from Sigma-Aldrich (UK). 

Column chromatography was performed over silica gel 60-120 mesh (purchased from 

Sigma-Aldrich, UK) using different ratios of MeOH, EtOH, ethyl acetate, DCM, and aqueous 

ammonia (32%) as eluents. Thin-Layer Chromatography (TLC) was performed over silica gel 

using aluminium-backed sheets coated with Kieselgel 60 F254 purchased from Merck (UK). 
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Ninhydrin TLC spray reagent was used for detecting amine functional groups (ninhydrin (0.2 g) 

in 100 mL ethanol). 

 

Bacterial strains, culture conditions, minimum inhibitory concentration (MIC) 

determination (experiments performed by Dr M Laabei) 

Bacterial strains used in this study are listed in Table 1. Staphylococcus aureus, S. 

epidermidis, Enterococcus faecalis and E. faecium were grown on tryptic soy agar (TSA; 

Sigma-Aldrich) for 18 h at 37 °C. Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, Escherichia coli, were grown on Luria-Bertani agar (LBA; Sigma-

Aldrich) for 18 h at 37 °C. The minimum inhibitory concentration (MIC) of polyamine 

compounds against the above bacterial species was determined using the broth microdilution 

method as described by the Clinical and Laboratory Standards Institute (CLSI).25  

Individual pure colonies of the above bacterial species were used to inoculate separate 15 

mL polystyrene test tubes (ThermoFisher) containing 3 mL of cation-adjusted Mueller-Hinton 

broth (MHB; Oxoid). Growth agar and broth were made according to manufacturer’s 

instructions. Bacterial cultures were incubated for 18 h at 37°C with shaking at 180 rpm (New 

Brunswick Innova 44/R incubator). The 18 h bacterial cultures were subsequently diluted 1:100 

in fresh MHB and cultured at 37°C with shaking at 180 rpm to exponential phase of growth, 

defined as reaching an absorbance (OD600nm) within the range of 0.5-0.6. Absorbance was 

measured using a 1mm cuvette and DS-11 Spectrophotometer (DeNovix). Polyamine 

compounds were reconstituted in sterile deionised water. Compounds were diluted in MHB and 

dispensed into a 96-well round bottom microtiter plate (Costar) to a final concentration range of 

128-2 µg/mL. Aliquots of 0.5 McFarland standardized inoculum of bacteria were dispensed into 

wells containing polyamine compounds to a final inoculum of 5 x 105 CFU/mL. Bacterial 

cultures were grown statically at 37°C for 24 h (ThermoScientific HeraTherm). The MIC was 

defined as the lowest concentration of compound to result in no visible growth measured 

through inspection of turbidity. Tobramycin sulfate and kanamycin sulfate were used as 

antibiotic (positive) controls.  
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Ex vivo haemolytic assay (experiments performed by Dr M Laabei) 

Informed consent was gained from three healthy donors prior to blood donation. 

Experiments were approved by the University of Bath, Research Ethics Approval Committee 

for Health (REACH) [reference: EP 18/19 108]. Whole blood (10 mL) was obtained from three 

healthy donors, drawn directly into K2-EDTA-coated Vacutainer tubes (BD Biosciences) to 

prevent coagulation. Tubes were centrifuged at 500 x g for 10 min at 4°C (Eppendorf 5810R), 

plasma layer was aspirated, discarded and the remaining haemocrit was filled to the original 

volume with sterile saline solution (150 mM NaCl) and gently mixed by inversion. Blood cells 

were washed three times according to this above procedure then, after the final wash, heamocrit 

was resuspended in sterile phosphate buffered saline (PBS; Oxoid) to the original volume. 

Haemocrit was diluted to 2% (v/v) in PBS. Blood cells were aliquoted (100 µL) in triplicate in a 

96 well microtiter plate. Equal volumes of polyamine compound diluted in PBS were added to a 

final concentration of 512-16 µg/mL and incubated for 1 h at 37°C. Blood cells incubated with 

saline served as a measure of spontaneous lysis of erythrocytes. Total lysis of erythrocytes was 

obtained following incubation with Triton X-100 (Sigma-Aldrich) (2% (v/v)). Following 

incubation, plates were centrifuged at 500 x g for 5 min and 100 µL of supernatant was 

transferred to a new 96-well plate and the absorbance (OD404nm) was measured using a Sunrise 

absorbance microplate reader (Tecan Life Sciences). Degree of haemolysis was expressed as % 

haemolysis relative to spontaneous lysis controls.  

% haemolysis = (corrected absorbance of sample cells / correct absorbance of lysed cells) x 

100.  

Each experiment was performed using three technical repeats, and values were derived 

from three biological replicates from three different blood donors.  

 

Instrumentation 

NMR spectra including 1H, 13C, HSQC, HMBC, and H2BC, and HSQC-TOCSY, were 

recorded on Bruker Avance III (operating at 500.13 MHz for 1H and 125.77 MHz for 13C) 

spectrometers at 25℃. MestReNova has been used for processing the spectra. 1H and 13C 

chemical shifts () were observed and are reported in parts per million (ppm) relative to 
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tetramethylsilane (TMS) at 0.00 ppm as an internal reference or to the residual solvent peak, 

HDO at 4.79 ppm for 1H NMR and using the intrinsic lock signal for 13C NMR. High 

Resolution Time-of Flight (HR-TOF) mass spectra were obtained on a Bruker Daltonics 

“micrOTOF” mass spectrometer using electrospray ionisation (ESI) (loop injection +ve mode). 

PerkinElmer 65 spectrum FT-IR spectroscopy was used to obtain the IR spectra. Potassium 

bromide (KBr) discs were prepared for solid samples. 

 

General Procedure A: Boc Removal 

A solution of fully Boc polyamine in DCM (9 mL) was deprotected by adding TFA (1 mL) 

at 20 °C. The solution was stirred for a further 18 h then concentrated in vacuo and lyophilised 

to yield the desired product as a pale yellow oil (poly-TFA salt). 

 

General Procedure B: Boc Removal  

     A fully Boc-protected polyamine was deprotected in 4M HCl/1,4-dioxane (5 mL) at 20 °C. 

The solution was stirred for 18 h then concentrated in vacuo and lyophilised to yield the desired 

product as a white powder (poly-hydrochloride salt). 

 

3-(12-[(2-Cyanoethyl)amino]dodecylamino)propanenitrile 2 

A solution of 1,12-diaminododecane 1 (1.00 g, 4.99 mmol) in EtOH (20 mL) under nitrogen 

was treated with acrylonitrile (0.53 g, 9.98 mmol, 2 equiv.) at 20 °C and stirred for a further 18 

h, then concentrated in vacuo, and the crude material was purified over silica gel, 

(DCM:MeOH; 9.5:0.5 to 9:1 v/v). After combining fractions and concentrating them, the 

desired product 2 was obtained as a white solid (1.33 g, 87%), homogeneous by TLC analysis 

(Rf = 0.4, DCM:MeOH, 9:1 v/v). HRMS: found 307.2792 (m/z), C18H35N4 requires 307.2856 

(m/z) [M+H]+; IR (KBr disc); 2253s (CN) cm-1, see Fig. 2. 1H NMR, 500 MHz (CDCl3): 1.25-

1.34 (m, 16H, 7-CH2, 8-CH2, 9-CH2, 10-CH2), 1.45-1.55 (m, 4H, 6-CH2), 2.52 (t, J = 6.6 Hz, 

4H, 2-CH2), 2.62 (t, J = 6.6 Hz, 4H, 5-CH2), 2.93 (t, J = 6.6 Hz, 4H, 3-CH2); 13C NMR, 125.77 

MHz (CDCl3): 18.68 (2-CH2), 27.0, 29.5, 29.5, 29.5, 30.0 (6-CH2, 7-CH2 , 8-CH2, 9-CH2, 10-

CH2), 45.0 (3-CH2), 49.2 (5-CH2), 118.8 (2 x CN) in agreement with those spectral data 
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previously reported.15 MS data also showed the correct mass for tri-1,4-Michael adducts:  found 

360.3066, C21H38N5 requires 360.3049 [M+H]+. 

 

N1,N12-Bis(3-aminopropyl)-1,12-dodecanediamine 3 

A solution of 2 (2.00 g, 6.52 mmol) and NaOH (0.78 g, 19.6 mmol, 3 equiv.) dissolved in 

EtOH (30 mL). Raney nickel (~0.5 g) was added to the mixture. The atmosphere over the 

solution was evacuated and replaced with N2 gas three times, and then replaced with H2. The 

solution was stirred under H2 for a further 18 h at 20 °C, filtered through Celite with EtOH and 

then concentrated in vacuo. The crude material was extracted with a mixture of chloroform: 

methanol (85: 15 v/v, 10 x 15 mL). The combined organic extracts were dried (Na2SO4), 

filtered, and concentrated in vacuo to yield the desired tetraamine 3 as a pale yellow oil (1.55 g, 

75%), homogeneous by TLC analysis (Rf = 0.3 (EtOAc: DCM: ethanol: aq. ammonia (32%), 

3:3:3:1 v/v/v). HRMS: found 315.3581 (m/z), C18H43N4 requires 315.3482 (m/z) [M+H]+; IR 

(film): 3271-3396 (NH, NH2), and 2932 (CH2) cm-1; 1H NMR, 500 MHz (CDCl3): 1.24-1.30 (m, 

16H, 7-CH2 , 8-CH2, 9-CH2, 10-CH2), 1.45-1.50 (m, 4H, 6-CH2), 1.64 (m, 4H, 2-CH2), 2.59 (t, J 

= 7.1 Hz, 4H, 5-CH2), 2.66 (t, J = 7.1 Hz, 4H, 3-CH2), 2.76 (t, J = 7.1 Hz, 4H, 1-CH2); 13C 

NMR, 125.77 MHz (CDCl3): 27.3, 29.5, 30.1 (6-CH2, 7-CH2, 8-CH2, 9-CH2, 10-CH2), 33.9 (2-

CH2), 40.5 (1-CH2), 47.9 (3-CH2), 50.2 (5-CH2), Fig. 16 in agreement with those data 

previously reported.26  

 

Fig. 16 13C NMR spectra of compounds 2 A and 3 B showed the loss of the nitrile peak upon 

catalytic hydrogenation measured relative to TMS in 99.8% CDCl3 at 25 °C. 

A 

B 
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TriBoc 12, 13, and 14 were synthesised by the addition of one equivalent of ethyl 

trifluoroacetate to a methanolic solution of starting materials 3, 4, and 5 at -78 ℃ to obtain 

mono-trifluoroacetamides 6, 7, and 8. HRMS: found 411.3241, C20H42F3N4O requires 411.3232 

[M+H]+ for compound 6. HRMS: found 285.1810, C11H24F3N4O requires 285.1824 [M+H]+ for 

compound 7. HRMS: found 299.1971, C12H26F3N4O requires 299.1980 [M+H]+ for compound 

8. The products were not isolated. In the same methanolic solution, three equivalents of di-tert-

butyldicarbonate were added to protect fully polyamines 9, 10, and 11. HRMS: found 733.4791, 

C35H65NaF3N4O7 requires 733.4805 [M+Na]+ for compound 9. HRMS: found 585.3411, 

C26H48F3N4O7 requires 585.3397 [M+H]+ for compound 10. HRMS: found 621.3546, 

C27H49NaF3N4O7 requires 621.3553 [M+Na]+ for compound 11. The trifluoroacetamide group 

was selectively deprotected by increasing the pH to above 11 with conc. aq. ammonia to afford 

polyamines 12, 13, and 14, each substituted with one unmasked amino group. The spectral data 

obtained for compounds 13 and 14 agreed with those reported previously.21  

 

(N1,N4,N17-Tri-tert-butoxycarbonyl)-1,20-diamino-4,17-diazaicosane 12 

A solution of 3 (1 g, 3.18 mmol) in MeOH (150 mL), at -78 ℃ under nitrogen, was treated 

with ethyl trifluoroacetate (0.45 g, 3.18 mmol, 1 equiv.) added dropwise over 15 min. Stirring 

was continued for a further 45 min, then the temperature was increased to 20 ℃ for 18 h to 

afford the mono-trifluoroacetamide 6. Without purification, the remaining amino functional 

groups were protected with an excess of di-tert-butyldicarbonate (2.78 g, 12.7 mmol, 4.0 equiv.) 

in MeOH (20 mL) at 0 ℃ over 10 min. The reaction was then warmed to 20 ℃ and stirred for a 

further 18 h to afford the fully protected polyamine 9. The trifluoroacetate protecting group was 

then removed by increasing the pH of the solution to above 11 with conc. aq. ammonia (32%) 

and then stirring at 20 ℃ for 18 h. The solution was concentrated under reduced pressure. The 

column chromatography was eluted with DCM in MeOH (9.5:0.5 v/v). After combining 

fractions and concentrating them, the desired product 12 was obtained as a pale yellow oil (0.89 

g, 45%), homogeneous by TLC analysis (Rf = 0.6, DCM: MeOH: aq. ammonia (32%), 10:1 

v/v/v). HRMS: found 615.4982 (m/z), C33H67N4O6 requires 615.4979 (m/z) [M+H]+; IR (KBr 

disc); 1677 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.22-1.31 (m, 16H, 7-CH2, 8-CH2, 9-CH2, 
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10-CH2, 11-CH2, 12-CH2,13-CH2, 14-CH2, overlapping), 1.41-1.53 (m, 31H, 9 x CH3, Boc, 6-

CH2, 15-CH2, overlapping), 1.59-1.68 (m, 2H, 2-CH2), 1.86-1.97 (m, 2H, 19-CH2), 2.90-2.99 (t, 

J = 6.4 Hz, 2H, 1-CH2), 3.04-3.36 (m, 10H, 3-CH2 , 5-CH2, 16-CH2, 18-CH2, 20-CH2); 13C 

NMR, 125.77 MHz (CDCl3): 25.3 (19-CH2), 26.7, 26.9, 29.3, 29.5 (7-CH2, 8-CH2, 9-CH2, 10-

CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, overlapping), 28.7, 28.4 (9 x CH3, Boc, 2-CH2, 6-CH2, 

15-CH2, overlapping), 36.3 (1-CH2), 42.7, 44.0, 46.8, 47.0, 47.3 (3-CH2, 5-CH2, 16-CH2, 18-

CH2, 20-CH2, overlapping), 79.8-81.2 (3 x Cq, Boc), 155.7157.5 (3 x C=O, Boc). 

 

(N1,N4,N8-Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane 13 

A solution of norspermine (thermine) 4 (2.00 g, 10.6 mmol) in MeOH (150 mL), at -78 ℃ 

under nitrogen, was treated with ethyl trifluoroacetate (1.51 g, 10.6 mmol, 1 equiv.) dropwise 

over 15 min. Stirring was continued for a further 45 min, then the temperature was increased to 

20 ℃ for 18 h to afford the mono-trifluoroacetamide 7. Without purification, the remaining 

amino functional groups were protected with an excess of di-tert-butyldicarbonate (6.95 g, 31.8 

mmol, 3.0 equiv.) in methanol (20 mL) at 0 ℃ over 10 min. The reaction was then warmed to 

20 ℃ and stirred for a further 18 h to afford the fully protected polyamine 10. The 

trifluoroacetate protecting group was then removed by increasing the pH of the solution to 

above 11 with conc. aq. ammonia (32%) and then stirring at 20 ℃ for 18 h. The solution was 

concentrated under reduced pressure. The crude product was purified via column 

chromatography with DCM in MeOH (9.5:0.5 v/v). After combining fractions and 

concentrating them, the desired product 13 was obtained as a colourless oil (2.50 g, 48%), 

homogeneous by TLC analysis (Rf = 0.5, DCM: MeOH: aq. ammonia (32%), 70:10:1 v/v/v). 

HRMS: found 489.3641 (m/z), C24H49N4O6 requires 489.3573 (m/z) [M+H]+; IR (film): 1689 

(C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.37-1.51 (m, 27H, 9 x CH3, Boc), 1.66-1.78 (m, 4H, 

2-CH2, 6-CH2, overlapping), 1.88-193 (m, 2H, 10-CH2), 2.91-2.98 (t, J = 6.4 Hz, 2H, 11-CH2), 

3.05-3.38 (m, 10H, 1-CH2 , 3-CH2, 5-CH2, 7-CH2, 9-CH2); 13C NMR, 125.77 MHz (CDCl3): 

25.9 (10-CH2), 27.4, 27.8, 29.0 (9 x CH3, Boc, 2-CH2, 6-CH2, overlapping), 36.5 (11-CH2), 40.6, 

40.9, 46.1, 46.4 (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2), 79.9-80.8 (3 x Cq, Boc), 156.5-158.0 (3 

x C=O, Boc). 
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(N1,N4,N9-Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazadodecane 14 

A solution of spermine 5 (0.50 g, 2.47 mmol) in methanol (100 mL), at -78 ℃ under 

nitrogen, was treated with ethyl trifluoroacetate (0.35 g, 2.47 mmol, 1 equiv.). The ethyl 

trifluoroacetate was added dropwise over 20 min. stirring was continued for a further 30 min, 

then the temperature was increased to 20 ℃ to afford predominantly the mono-

trifluoroacetamide 8. Without purification, the remaining amino functional groups were 

protected by an excess of di-tert-butyldicarbonate (1.61 g, 7.41 mmol, 3.0 equiv.) in MeOH (15 

mL) over 10 min. The reaction was then warmed to 20 ℃ and stirred for a further 18 h to afford 

the fully protected polyamine 11. The trifluoroacetate protecting group was then removed by 

increasing the pH of the solution to above 11 with conc. aq. ammonia (32%) and then stirring at 

20 ℃ for 18 h. The solution was concentrated under reduced pressure. The column 

chromatography was elution with DCM in MeOH (9.5:05 v/v). After combining fractions and 

concentrating them, the desired product 14 was obtained as a colourless oil (0.57 g, 46%), 

homogeneous by TLC analysis (Rf = 0.6, DCM:MeOH: aq. ammonia (32%), 50:10:1 v/v/v). 

HRMS: found 503.3728 (m/z), C25H51N4O6 requires 503.3730 (m/z) [M+H]+; IR (film): 1692 

(C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.41-1.53 (m, 31H, 9 x CH3, Boc, 6-CH2, 7-CH2, 

overlapping), 1.60-1.65 (m, 4H, 2-CH2, 11-CH2), 1.70-1.75 (s, 2H, NH2), 2.70 (t, J = 6.7 Hz, 

2H, 12-CH2), 3.04-3.29 (m, 10H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, overlapping); 13C 

NMR, 125.77 MHz (CDCl3): 25.5, 25.8 (6-CH2, 7-CH2), 28.4, 29.0, 34.0 (9 x CH3, Boc, 2-CH2, 

11-CH2, overlapping), 37.3 (12-CH2), 42.0, 42.2, 43.9, 44.1 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-

CH2, overlapping), 79.2-81.4 (3 x Cq, Boc), 156.1-157.9 (3 x C=O, Boc). 

 

(N1,N4,N17-Tri-tert-butoxycarbonyl)-1,20-diamino-4,17-diazaicosan 15 

A solution of 12 (0.50 g, 0.81 mmol) in anhydrous pyridine (5 mL) under nitrogen was 

treated with succinic anhydride (0.08 g, 0.81 mmol, 1 equiv.) at 20 °C. The solution was stirred 

for a further 18 h. The solution was then concentrated in vacuo, and the crude material was 

extracted with chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), 

filtered, and concentrated in vacuo. The desired product 15 was obtained as a colourless oil 

(0.42 g, 72%), homogeneous by TLC analysis (Rf = 0.6, EtOAc: ethanol: aq. ammonia (32%); 
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7:2:1 v/v/v). HRMS: found 713.5182 (m/z), C37H69N4O9 requires 713.5143 (m/z) [M-H]-; IR 

(film): 2892-3736 (COOH) and 1686 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.24-1.35 (m, 

16H, 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2,13-CH2, 14-CH2), 1.44-158 (m, 31H, 9 x 

CH3, Boc, 6-CH2, 15-CH2, overlapping), 1.75-1.88 (m, 4H, 2-CH2, 19-CH2, overlapping), 2.54 

(t, J = 7.0 Hz, 2H, CH2), 2.77 (t, J = 7.0 Hz, 2H, CH2), 3.04-3.36 (m, 12H, 1-CH2, 3-CH2 , 5-

CH2, 16-CH2, 18-CH2, 20-CH2, overlapping); 13C NMR, 125.77 MHz (CDCl3): 24.5 (19-CH2), 

26.8, 27.0 (9-CH2, 10-CH2, 11-CH2, 12-CH2, overlapping), 28.5, 28.8 (9 x CH3, Boc, 2-CH2, 6-

CH2, 15-CH2, overlapping), 29.3, 29.9 (7-CH2, 8-CH2, 13-CH2, 14-CH2, overlapping), 30.7 

(CH2), 32.7 (CH2), 37.1, 42.4, 44.0, 45.5, 47.0 (1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 20-CH2, 

over-lapping), 79.8-81.1 (3 x Cq, Boc), 155.7-157.1 (3 x C=O, Boc), 172.4 (CONH), 174.2 

(COOH). 

 

N-[3-(tert-Butoxycarbonyl-{3-[tert-butoxycarbonyl-(3-tert-butoxycarbonylamino - propyl) 

- amino]- propyl }-amino)-propyl]–succinamic acid 16 

A solution of the tri-Boc protected norspermine (thermine) 13 (0.35 g, 0.71 mmol) in 

anhydrous pyridine (5 mL) under nitrogen was treated with succinic anhydride (0.07 g, 0.71 

mmol, 1 equiv.) at 20 °C. The solution was stirred for a further 18 h. The solution was then 

concentrated in vacuo, and the crude material was extracted with chloroform (3 x 15 mL). The 

combined organic extracts were dried (Na2SO4), filtered, and concentrated in vacuo. The desired 

product 16 was obtained as a colourless oil (0.31 g, 75%), homogeneous by TLC analysis (Rf = 

0.3, EtOAc: ethanol: aq. ammonia (32%); 7:2:1 v/v/v). HRMS: found 587.3730 (m/z), 

C28H51N4O9 requires 587.3734 (m/z) [M-H]-; IR (film): 3074-3746 (COOH), and 1629 (C=O), 

cm-1; 1H NMR, 500 MHz (CD3OD): 1.42-1.48 (m, 27H, 9 x CH3, Boc), 1.64-1.80 (m, 6H, 2-

CH2, 6-CH2, 10-CH2, overlapping), 2.51 (t, J = 7.0 Hz, 2H, CH2), 2.68 (t, J = 7.0 Hz, 2H, CH2), 

3.03-3.24 (m, 12H, 1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2, overlapping); 13C NMR, 

125.77 MHz (CD3OD): 27.5 (9 x CH3, Boc, 2-CH2, 6-CH2, 10-CH2, overlapping), 29.6 (CH2), 

30.5 (CH2), 35.4, 36.7, 43.2, 44.3 (1-CH2, 3-CH2, 5-CH2, 7-CH2, 9-CH2, 11-CH2, overlapping), 

79.2-80.9 (3 x Cq, Boc), 155.2-157.4 (3 x C=O, Boc), 171.2 (CONH), 173.9 (COOH). 
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N-[3-(tert-Butoxycarbonyl-{4-[tert-butoxycarbonyl-(3-tert-butoxycarbonylamino - propyl) 

- amino]-butyl}-amino)-propyl]–succinamic acid 17 

A solution of the tri-Boc protected spermine 14 (0.61 g, 1.21 mmol) in anhydrous pyridine (5 

mL) under nitrogen was treated with succinic anhydride (0.12 g, 1.21 mmol, 1 equiv.) at 20 °C. 

The solution was stirred for a further 18 h. The solution was then concentrated in vacuo. The 

crude material was extracted with chloroform (3 x 15 mL). The combined organic extracts were 

dried (Na2SO4), filtered, and concentrated in vacuo. The desired product 17 was obtained as a 

colourless oil (0.63 g, 86%). Homogeneous by TLC analysis (Rf = 0.4, EtOAc: ethanol: aq. 

ammonia (32%); 7:2:1 v/v/v). HRMS: found 601.3867 (m/z), C29H53N4O9 requires 601.3860 

(m/z) [M-H]-; IR (film): 2948-3536 (COOH) and 1686 (C=O) cm-1; 1H NMR, 500 MHz 

(CD3OD): 1.41-1.49 (m, 27H, 9 x CH3, Boc) 1.48-1.53 (m, 4H, 6-CH2, 7-CH2), 1.64-1.74 (m, 

4H, 2-CH2, 11-CH2), 2.45 (t, J = 7.0 Hz, 2H, CH2), 2.58 (t, J = 7.0 Hz, 2H, CH2), 3.03-3.24 (m, 

12H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, overlapping); 13C NMR, 125.77 MHz 

(CD3OD): 25.5, 26.8 (6-CH2, 7-CH2), 27.5 (9 x CH3, Boc), 26.9 (2-CH2, 10-CH2), 28.8 (CH2), 

30.26 (CH2), 36.3, 36.7, 39.9, 44.1 (1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CH2, 12-CH2, 

overlapping), 79.5-81.0 (3 x Cq, Boc), 156.1-157.5 (3 x C=O, Boc), 173.4 (CONH), 174.8 

(COOH). 

 

N20-bis(N1,N4,N17-Tri-tert-butoxycarbonyl)-1,20-diamino-4,17-diazadodecane)succinamide  

18 

A solution of 15 (0.17 g, 0.24 mmol), HBTu (0.09 g, 0.24 mmol, 1 equiv.), and TEA (0.07 g, 

0.02 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with 12 (0.15 g, 0.24 mmol, 1 

equiv.) in anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for a further 

18 h. The solution was then concentrated in vacuo. The crude material was extracted with 

chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), filtered, 

concentrated in vacuo and purified over silica gel, (DCM: methanol; 9.9:0.1 to 9:1 v/v). After 

combining fractions and concentrating them, the desired product 18 was obtained as a pale 

yellow oil (0.24 g, 75%), homogeneous by TLC analysis (Rf = 0.5, DCM: methanol, 9:1 v/v). 
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HRMS: found 1333.9990 (m/z), C70H134NaN8O14 requires 1334.0020 (m/z) [M+Na]+; IR (film): 

1686 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.26 (s, 40H, 6-CH2, 7-CH2, 8-CH2, 9-CH2, 10-

CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2), 1.38-1.51 (m, 54H, 18x CH3, Boc), 1.59-1.72 

(m, 8H, 2-CH2, 19-CH2), 2.53 (s, 4H, 23-CH2), 3.00-3.32 (m, 24H, 1-CH2, 3-CH2, 5-CH2, 16-

CH2, 18-CH2, 20-CH2); 13C NMR, 125.77 MHz (CDCl3): 26.6, 27.8, 28.7, 29.8 (18x CH3, Boc, 

2-CH2, 6-CH2, 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2, 19-

CH2,), 31.9 (23-CH2), 36.0, 37.5, 43.6, 47.2 (1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 20-CH2), 

79.7, 80.7 (6x Cq, Boc), 156.4-156.9 (6x C=O, Boc), 172.6 (2x NHCO). 

 

N20-(N1,N4,N17-Tri-tert-butoxycarbonyl)-1,20-diamino-4,17-diazadodecane)-N11-(N1,N4,N8-

Tri-tert-butoxycarbonyl)-1,11-diamino-4,8-diazaundecane)succinamide 19 

A solution of 16 (0.29 g, 0.41 mmol), HBTu (0.15 g, 0.41 mmol, 1 equiv.), and TEA (0.04 g, 

0.41 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with 12 (0.20 g, 0.41, 1 equiv.) in 

anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for a further 18 h. The 

solution was then concentrated in vacuo. The crude material was extracted with chloroform (3 x 

15 mL). The combined organic extracts were dried (Na2SO4), filtered, concentrated in vacuo 

and purified over silica gel, (DCM: methanol; 9.9:0.1 to 9:1 v/v). After combining fractions and 

concentrating them, the desired product 19 was obtained as a pale yellow oil (0.23 g, 48%), 

homogeneous by TLC analysis (Rf = 0.5, DCM: methanol, 9:1 v/v). HRMS: found 1185.8698 

(m/z), C61H117N8O14 requires 1185.8611 (m/z) [M+H]+; IR (film): 1687 (C=O) cm-1; 1H NMR, 

500 MHz (CDCl3): 1.24 (s, 20H, 6-CH2, 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-

CH2, 14-CH2, 15-CH2), 1.36-1.50 (m, 54H, 18 x CH3, Boc), 1.58-1.77 (m, 10H, 2-CH2, 19-CH2, 

28-CH2, 32-CH2, 36-CH2), 2.52 (s, 4H, 23-CH2, 24-CH2), 3.03-3.30 (m, 24H, 1-CH2, 3-CH2, 5-

CH2, 16-CH2, 18-CH2, 20-CH2, 27-CH2, 29-CH2, 31-CH2, 33-CH2, 35-CH2, 37-CH2); 13C NMR, 

125.77 MHz (CDCl3): 26.9, 27.8, 28.6, 29.6 (18 x CH3, Boc, 2-CH2, 6-CH2, 7-CH2, 8-CH2, 9-

CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2, 19-CH2, 28-CH2, 32-CH2, 36-CH2), 

31.8 (23-CH2, 24-CH2), 36.2, 37.7, 38.7, 43.7, 45.0, 47.1 (1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-
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CH2, 20-CH2, 27-CH2, 29-CH2, 31-CH2, 33-CH2, 35-CH2, 37-CH2), 79.7-80.8 (6 x Cq, Boc), 

156.4-157.6 (6 x C=O, Boc), 172.6 (2 x NHCO). 

 

N20-(N1,N4,N17-Tri-tert-butoxycarbonyl)-1,20-diamino-4,17-diazadodecane)-N12-(N1,N4,N9-

Tri-tert-butoxycarbonyl)-1,12-diamino-4,9-diazaundecane)succinamide 20 

A solution of 17 (0.42 g, 0.59 mmol), HBTu (0.22 g, 0.59 mmol, 1 equiv.), and TEA (0.05 g, 

0.59 mmol, 1 equiv.) in anhydrous DMF (10 mL) was treated with 12 (0.35 g, 0.59 mmol, 1 

equiv.) in anhydrous DMF (3 mL) under nitrogen at 20 °C. The solution was stirred for a further 

18 h. The solution was then concentrated in vacuo, and the crude material was extracted with 

chloroform (3 x 15 mL). The combined organic extracts were dried (Na2SO4), filtered, 

concentrated in vacuo and purified over silica gel, (DCM: methanol; 9.5:0.5 to 9:1 v/v). After 

combining fractions and concentrating them, the desired product 20 was obtained as a pale 

yellow oil (0.28 g, 37%), homogeneous by TLC analysis (Rf = 0.6 (DCM: methanol, 9:1 v/v). 

HRMS: found 1221.8624 (m/z), C62H118NaN8O14 requires 1221.8768 (m/z) [M+Na]+; IR (film): 

1663 (C=O) cm-1; 1H NMR, 500 MHz (CDCl3): 1.26 (m, 20H, 6-CH2, 7-CH2, 8-CH2, 9-CH2, 

10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2), 1.39-1.53 (m, 58H, 18 x CH3, Boc, 32-

CH2, 33-CH2), 1.61-1.73 (m, 8H, 2-CH2, 19-CH2, 28-CH2, 37-CH2), 2.52 (s, 4H, 23-CH2, 24-

CH2), 3.03-3.37 (m, 24H, 1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 20-CH2, 27-CH2, 29-CH2, 31-

CH2, 34-CH2, 36-CH2, 38-CH2) ; 13C NMR, 125.77 MHz (CDCl3): 25.8, 27.4, 28.3, 28.6 (18 x 

CH3, Boc, 2-CH2, 6-CH2, 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-

CH2, 19-CH2, 28-CH2, 32-CH2, 33-CH2, 37-CH2), 30.8 (23-CH2, 24-CH2), 34.9, 36.1, 37.6, 43.5, 

46.0 (1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 20-CH2, 27-CH2, 29-CH2, 31-CH2, 34-CH2, 36-

CH2, 38-CH2), 79.3-81.6 (6 x Cq, Boc), 156.0-157.7 (6 x C=O, Boc), 173.6 (2 x NHCO). 

 

N1-bis(20-amino-4,17-diazaicosanyl)- succinimide TFA salt 21 and HCl salt 21a 

Compound 18 (0.12 g, 0.09 mmol) was deprotected according to general procedure A to 

yield the desired product 21 as a pale yellow oil (0.12 g, 99 %). HRMS: found 733.6757 (m/z), 

C40H86NaN8O2 requires 733.6874 (m/z) [M+Na]+; IR (film): 1607 (C=O) and 2963-3006 (NH, 

NH2
+, NH3

+) cm-1; 1H NMR, 500 MHz (D2O): 1.20-1.37 (m, 32H, 7-CH2, 8-CH2, 9-CH2, 10-
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CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2), 1.58-1.68, (m, 8H, 6-CH2, 15-CH2), 1.80-1.89 (m, 4H, 

19-CH2), 2.00-2.10 (m, 4H, 2-CH2), 2.51 (s, 4H, 23-CH2), 2.94-3.13 (m, 20H, 1-CH2, 3-CH2, 5-

CH2, 16-CH2, 18-CH2), 3.24 (t, J = 6.7 Hz, 4H, 20-CH2); 13C NMR, 125.77 MHz (D2O): 23.6 

(19-CH2), 25.4, 25.5, 25.6, 28.1, 28.4, 28.6 (2-CH2, 6-CH2, 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-

CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2), 30.6 (23-CH2), 35.9 (20-CH2), 36.5, 44.3, 44.7, 47.7, 

47.8 (1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2), 116.4 (q, 1J = 292.4 Hz, CF3), 160.8 (q, 2J = 36.1 

Hz, CO-CF3), 175.1 (2 x NHCO). 

Compound 18 (0.12 g, 0.09 mmol) was deprotected according to general procedure B to 

yield the desired product 21a as a white powder. 1H NMR, 500 MHz (D2O): 1.22-1.35 (m, 32H, 

7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2), 1.59-1.69, (m, 8H, 6-CH2, 

15-CH2), 1.80-1.90 (m, 4H, 19-CH2), 2.00-2.10 (m, 4H, 2-CH2), 2.51 (s, 4H, 23-CH2), 2.94-3.13 

(m, 20H, 1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2), 3.25 (t, J = 6.7 Hz, 4H, 20-CH2); 13C NMR, 

125.77 MHz (D2O): 23.7 (19-CH2), 25.3, 25.4, 25.6, 28.1, 28.5, 28.6 (2-CH2, 6-CH2, 7-CH2, 8-

CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2), 30.8 (23-CH2), 36.1 (20-

CH2), 36.3, 44.5, 44.8, 47.9, 48.1 (1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2), 175.3 (2 x NHCO). 

 

N1-(20-amino-4,17-diazaicosanyl)- N11-(1-amino-4,8-diazadecyl) succinamide 22 

Compound 19 (0.11 g, 0.09 mmol) was deprotected according to general procedure A to yield 

the desired product 22 as a pale yellow oil (0.11 g, 99 %). HRMS: found 585.5538 (m/z), 

C31H69N8O2 requires 585.5465 (m/z) [M+H]+; IR (film): 1688 (C=O); 1H NMR, 500 MHz (D2O): 

1.20-1.38 (m, 16H, 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2), 1.58-1.69 

(m, 4H, 6-CH2, 15-CH2), 1.80-1.90 (m, 4H, 19-CH2, 28-CH2), 1.99-2.13 (m, 6H, 2-CH2, 32-CH2, 

36-CH2), 2.51 (s, 4H, 23-CH2, 24-CH2), 2.92-3.17 (m, 20H, 1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-

CH2, 29-CH2, 31-CH2, 33-CH2, 35-CH2, 37-CH2), 3.23 (t, J = 7.6 Hz, 4H, 20-CH2, 27-CH2); 13C 

NMR, 125.77 MHz (D2O): 22.6 (2-CH2, 32-CH2, 36-CH2), 25.6, 28.1, 28.4, 28.6 (6-CH2, 7-CH2, 

8-CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2, 19-CH2, 28-CH2, 

overlapping), 30.6 (23-CH2, 24-CH2), 36.0 (20-CH2, 27-CH2), 36.4, 44.1, 44.9, 45.3, 47.9 (1-CH2, 

3-CH2, 5-CH2, 16-CH2, 18-CH2, 29-CH2, 31-CH2, 33-CH2, 35-CH2, 37-CH2), 116.5 (q, 1J = 290.9 

Hz, CF3), 162.6 (q, 2J = 37.1 Hz, CO-CF3), 175.1 (2 x NHCO). 
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N1-(20-amino-4,17-diazaicosanyl)- N12-(1-amino-4,9-diazadecyl) succinamide 23 

Compound 20 (0.28 g, 0.22 mmol). The Boc protecting groups were deprotected according 

to general procedure A to yield the desired product 23 as a pale yellow oil (0.28 g, 99 %). 

HRMS: found 599.5690 (m/z), C32H71N8O2 requires 599.5630 (m/z) [M+H]+; IR (Film): 1676 

(C=O); 1H NMR, 500 MHz (D2O): 1.22-1.37 (m, 16H, 7-CH2, 8-CH2, 9-CH2, 10-CH2, 11-CH2, 

12-CH2, 13-CH2, 14-CH2), 1.60-1.69 (m, 4H, 6-CH2, 15-CH2), 1.72-1.78 (m, 4H, 32-CH2, 33-

CH2),1.82-1.91 (m, 4H, 19-CH2, 28-CH2), 2.00-2.13 (m, 4H, 2-CH2, 37-CH2), 2.52 (s, 4H, 23-

CH2, 24-CH2), 2.95-3.16 (m, 20H, 1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 29-CH2, 31-CH2, 34-

CH2, 36-CH2, 38-CH2), 3.26 (t, J = 7.2 Hz, 4H, 20-CH2, 27-CH2); 13C NMR, 125.77 MHz (D2O): 

22.5 (32-CH2, 33-CH2), 23.8 (2-CH2, 37-CH2), 25.5, 27.9, 28.1, 28.4, 28.6 (6-CH2, 7-CH2, 8-

CH2, 9-CH2, 10-CH2, 11-CH2, 12-CH2, 13-CH2, 14-CH2, 15-CH2, 19-CH2, 28-CH2, 

overlapping), 30.7 (23-CH2, 24-CH2), 36.2 (20-CH2, 27-CH2), 36.5, 44.4, 44.8, 45.0, 46.8, 46.9, 

47.7, 47.8 (1-CH2, 3-CH2, 5-CH2, 16-CH2, 18-CH2, 29-CH2, 31-CH2, 34-CH2, 36-CH2, 38-CH2), 

116.0 (q, 1J = 292.6 Hz, CF3), 162.7 (q, 2J = 36.6 Hz, CO-CF3), 175.2 (2 x NHCO). 
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Chapter 7 

 

Conclusions 

 

For years, there has been a continuous decrease in the worldwide registration of new 

medications for treating pathologies. Some therapeutic areas have suffered more as a result of 

this decrease, such as infectious diseases. This contrasts with the growth of technologies and 

science aimed to improve the quality of human life. Some of the reappearing diseases that are 

linked to resistant microorganisms, e.g. malaria, tropical diseases, and autoimmune diseases, 

still present significant challenges to the pharmaceutical sector. There is therefore a need to 

develop new medications that can treat infectious diseases, especially those caused by MDR 

bacteria and the many different cancers. 

The development of highly effective conjugate chemistry approaches is a way to improve the 

quality of drugs and of medicines. Linking two pharmacophores is of pharmacological interest 

as they can potentially provide advantages over using a higher, e.g., double concentration of a 

monomeric compound. The future of two linked the same or different ligands is potentially 

bright for the discovery of not just highly potent medications, but also selective molecules that 

activate one or more pharmacological mechanisms of action acting in synergy. It is a promising 

approach in medicinal chemistry to improve ligand affinity, selectivity, and drug potency. 

The aim of chapter 1 is to highlight and present a critical review of the literature of such 

hybrid compounds and the strategies underpinning their design. A variety of unique hybrid 

compounds provide an excellent toolkit for novel biological activity, e.g. anticancer, non-viral 

gene therapy (NVGT), and as antimicrobials. There is the anticancer potential of hybrid 

compounds containing daunorubicin, benzyl- or tetrahydroisoquinoline-coumarin, and cytotoxic 

NSAID-pyrrolizidine/indolizine hybrids. Then NVGT cationic lipid-based delivery agents, 

where steroids or long chain fatty acids as the lipid moiety are bound to polyamines as the 

cationic moiety. These polyamines can be linear as in spermidine or spermine, or on a 

polycyclic sugar template, aminoglycosides kanamycin and neomycin B. They are highly 
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efficient for the delivery of both fluorescent DNA and siRNA. Molecular precedents can be 

found for the design of hybrid compounds in the natural world, e.g., squalamine, the first 

representative of a previously unknown class of natural antibiotics of animal origin. These 

polyamine-bile acid (e.g., cholic acid type) conjugates display many exciting biological 

activities with the bile acids acting as a lipidic region and spermidine as the polycationic region. 

Analogues of squalamine can act as vectors in NVGT. Their natural role is as antibiotics. Novel 

antibacterial materials are urgently needed as recalcitrant bacterial infection is a worldwide 

problem for human health. Ribosome inhibitors founded upon dimers of tobramycin or 

neomycin, bound as ethers by a 1,6-hexyl linker or a more complex diether-disulfide linker, 

improved upon the antibiotic activity of aminoglycoside monomers by 20- to 1200-fold. Other 

hybrids, linked by click chemistry, conjugated ciprofloxacin to neomycin, trimethoprim, or 

tedizolid now in clinical trials. 

The positive charges of the amino groups in both linear and cyclic-sugar based polyamines 

(aminoglycosides) are potentially a key factor in anti-microbial, anti-biofilm activity, and DNA 

and RNA condensation. Selective reaction in the synthesis of polyamine conjugates needs to 

follow selective protection of the other reactive amine functional groups. The protection of three 

amines out of four is always low yielding and needs chromatographic purification. 

Alternatively, mono-protection using benzyl chloroformate (CbzCl) or di-tert-butyldicarbonate 

(Boc anhydride) either ends up with a low yield, which is not practical, or requires a long time 

for chromatographic purification. However, using trifluoroacetyl as a protecting group for one 

amine out of many can be controlled by decreasing both the reaction temperature and the 

concentration. Subsequent removal under basic conditions makes trifluoroacetyl an ideal 

protecting group for preparing unsymmetrical polyamine amides for the purposes of working on 

a gram scale. Thus, using this method, triBoc-spermine 7, triBoc-thermine 8, and tetraBoc-

tobramycin 30, the numbering is from chapter 2 (Schemes 1 and 6), were synthesised by first 

protecting one amine with trifluoroacetyl, then Boc protecting all the other amines before finally 

revealing the first amine by trifluoroacetyl removal under basic conditions. However, triBoc-

kanamycin A 8, the numbering is according to chapter 3, was synthesised by first protecting one 
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amine with Cbz, then Boc protecting the rest before finally revealing the first amine by Cbz 

removal. 

The unprotected amines of triBoc-spermine 7, triBoc-thermine 8, and tetraBoc-tobramycin 

30 were reacted initially with cholesteryl chloroformate, to introduce a steroid moiety to obtain 

compounds 11, 12, 32. Ring-opening succinic anhydride in order to introduce a short (4 carbon) 

spacer, liberating an available carboxylic acid functional group, was also investigated. This 

carboxylic acid has been converted into amides of single alkyl chains with different saturation 

states, 16 and 17, in order to obtain the advantages of linked hydrophobic and hydrophilic parts 

for gene and siRNA delivery and gene therapy purposes, see Figure 1; the numbering of these 

compounds is from chapter 2 (Schemes 2 and 3). 
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Figure 1 Polyamines linked to a cholesteryl steroid moiety 11, 12, 32 or to a single alkyl 16 or 

alkenyl chain 17. 

 

In order to synthesise homo- or hetero-dimeric aminoglycosides (chapter 3), the primary 

amino group at C-6' and primary hydroxy group at C-6'' were selected as points for 

modification. The primary hydroxyl group at C-6'' of tobramycin and kanamycin A are not 

essential for RNA binding. Therefore, in order to synthesise homo- or hetero-dimeric 

aminoglycosides linked at position NH2-6'', 6''-deoxy-6''-amino(Boc)5tobramycin 15 and 6''-

deoxy-6''-amino(Boc)4-kanamycin A 16 were synthesised. Succinic anhydride was chosen to 

introduce a short (4 carbons) spacer and a useful carboxylic acid functional group from which 

amides may be obtained, e.g., from the same or different aminoglycosides. Homo- and hetero-

dimeric aminoglycoside derivatives 29-34 were synthesised by the activation of carboxylic acid 

functional groups of 19-22 with HBTu followed by the addition of one equivalent of the 

unmasked free primary amines in tetraBoc-tobramycin 7, triBoc-kanamycin A 8, 15, or 16 to 

obtain fully Boc protected homo- and hetero-dimeric aminoglycoside derivatives 23-28. 

Deprotection of the Boc protecting groups in compounds 23-28 proceeded smoothly using 

trifluoracetic acid (TFA) to yield the desired homo- hetero-dimeric aminoglycosides 29-34 as 

poly-TFA salts, see Figure 2 (chapter 3). Using the same method that has been used to 

synthesise hetero-dimeric aminoglycoside derivatives 29-34, compound tetraBoc-tobramycin 19 

was separately coupled to triBoc-spermine and triBoc-thermine (norspermine) in order to obtain 

their corresponding target analogues 45 and 46, see Figure 3. 
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Figure 2 Homo- hetero-dimeric aminoglycosides 29-34 as poly-TFA salts. 

 

 

Figure 3 Tobramycin linked to linear polyamines thermine 45 and spermine 46 

 

Monomers, tobramycin, kanamycin A, 6''-deoxy-6''-amino(Boc)5tobramycin 15, 6''-deoxy-

6''-amino(Boc)4kanamycin A 16 and homo- and hetero-dimeric aminoglycosides 29-34 have 

been tested for microbiological activity in MIC assays on two bacterial strains S. aureus 

SH1000 (MSSA) and P. aeruginosa (PAO1). Semi-synthetic aminoglycosides 6''-deoxy-6''-

aminokanamycin A 15, 6''-deoxy-6''-aminotobramycin 16, homo- or hetero-dimeric 

aminoglycosides linked at position NH2-6' 29, 30, and 31 and tobramycin linked to thermine 45 

and spermine 46 showed antimicrobial activity less than spermine, thermine, tobramycin, and 

kanamycin A as monomers. However, homo- or hetero-dimeric aminoglycosides linked at 

position NH2-6'' 32, 33, and 34 showed antimicrobial activity equal to tobramycin and better 

than kanamycin A (see chapter 3, page 98).  

The determination of individual pKa values of semi-synthetic aminoglycosides 15 and 16, 

chapter 4, are important for understanding their modes of action and their potential as novel 
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antibiotics in the fight against anti-microbial resistance (AMR). Unambiguous assignments were 

made for each individual amine substituent on 6''-deoxy-6''-aminokanamycin A 15 and 6''-

deoxy-6''-aminotobramycin 16 using 1H NMR spectroscopic chemical shifts (δ). The individual 

pKa values of all the amines in 15 and 16 are reported for the first time. Also, the pKa values of 

tobramycin and neomycin in both forms, free base and sulfate, were determined in order to 

determine if there is any significant effect of the salt on the pKa. There was no significant 

change in the pKa values. Likewise, as we predicted, it makes no difference to the determined 

pKa if the titration is from acid to base or from base to acid, and those titration curves overlay 

exquisitely. This study also confirms that the use of the correction factor value, although 

seemingly an arbitrary 0.5 units, is in fact a reasonable approach. 
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Figure 4 Long linear polyamines 14, 15, 16, and 21, 22, 23. 

 

Beside the importance of linking two pharmacophores in increasing the new ligand’s 

potency, increasing the number of positive charges was reported to increase the percentage of 

biofilm formation prevention and existing biofilm dispersions for linear polyamines (chapters 5 

and 6). Succinic half-acid amides of linear polyamines, spermine (3.4.3), thermine (3.3.3), and 

3.12.3 were separately coupled to one equivalent of the primary amine of the same or different 

linear polyamines to obtain 14, 15, 16, the numbering is from chapter 5 (Figure 4) and 21, 22, 

23, the numbering is from chapter 6 (Figure 4). However, branched polyamines 24 and 25 (re-

numbered in this chapter; they are 22 and 23 in chapter 5) were designed and synthesised to 

compare their biological activity against that of linear polyamines 14, 15, 16 and 21, 22, 23, see 

Figure 4. 

The most potent analogues are thermine, spermine, and 1,12-diaminododecane homo- and 

heterodimeric polyamine succinic acid amides 21, 22, and 23 (chapter 6). They are of the order 

of activity of the aminoglycoside antibiotics kanamycin and tobramycin as positive controls. 

Their low human cell toxicity was demonstrated in ex vivo haemolytic assays where they did not 
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produce even 5% haemolysis of human erythrocytes. These long, linear polyamines are a new 

class of broad-spectrum antibacterials active against drug-resistant pathogens, see Figure 4. 

In conclusion, a critical literature review has demonstrated the relevance of linking two the 

same or different pharmacophores together with the potential to increase the potency of the new 

conjugate as a biologically active ligand. Increasing the total number of positive charges was 

achieved through using polyamine protecting group chemistry. Such amino-aminoglycosides 

are of interest themselves with their antibacterial activity and potentially with their new modes 

of action. Their individual amino pKa values were determined and the power of the 1H NMR 

spectroscopic technique was unambiguously demonstrated for such analytical chemistry 

measurements, as well as resolving two more contentious statements published in the refereed 

literature. Likewise, long linear polyamines, especially those built upon the 3.12.3 tetra-amine 

fragment are powerful antibiotics with biofilm disrupting potential and together they constitute 

a new class of antibacterials which show high broad-spectrum antibacterial activity with low 

human cell toxicity. 
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Appendix 
 
21st SCI/RSC Medicinal Chemistry Symposium, Cambridge, UK, 12-15.09.2021  

 
Medicinal and biological chemistry of polyamines and their conjugates 

Abdulaziz H. Alkhzem, Timothy J. Woodman, and Ian S. Blagbrough 
Department of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, UK 

ahaa30@bath.ac.uk; prsisb@bath.ac.uk  
Bacterial antimicrobial resistance (AMR) and biofilms formed by certain bacteria are a great 
challenge to global health.[1] Linking two pharmacophores are of pharmacological interest as 
they can potentially provide advantages over using a monomeric compound.[2] Furthermore, 
the future of two linked the same or different ligands is bright for the discovery of highly 
potent medications.[2] The positive charges of the amino groups in both linear and cyclic-sugar 
based polyamines are potentially a key factor in anti-microbial (of aminoglycosides), anti-
biofilm activity, and DNA and RNA condensation (for linear polyamines).[3] Selective reaction in 
the manufacture of linear and cyclic polyamines conjugates needs to follow selective 
protection of the other reactive amine functional groups. The unprotected amine was reacted 
initially with cholesteryl chloroformate to introduce a steroid moiety, in order to obtain the 
advantages of linked hydrophobic moiety for gene delivery for gene therapy purposes (1 and 
2) (Fig. 1). Ring-opening succinic anhydride in order to introduce a short (4 carbons) spacer, 
liberating an available carboxylic acid was also investigated. This carboxylic acid functional 
group has been converted into amides of other biologically active linear polyamines (3-8) and 
cyclic-sugar based polyamines (9-11) as their TFA salts (Fig. 1). 

 

Fig. 1 Norspermine 1 and spermine 2 cholesteryl carbamates and homo-/hetero-dimeric linear 
(3-8) and cyclic-sugar based (9-11) polyamine amides 
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Medicinal and biological chemistry of Homo-/hetero-dimeric linear polyamines  
Abdulaziz H. Alkhzem 1, Timothy J. Woodman 1, Maisem Laabei 2, and Ian S. Blagbrough* 1 

1 Department of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, UK 
2 Department of Biology and Biochemistry, University of Bath, Bath BA2 7AY, UK 

* prsisb@bath.ac.uk 
Treatment of multidrug resistant bacteria is a significant global health challenge.[1]  Linking 

together two pharmacophores is of pharmacological interest as this approach can potentially 

provide advantages over using a higher concentration of each ligand.[2] The positive charges of 

the amino groups in linear polyamines are potentially a key factor in antimicrobial and anti-

biofilm activity.[3] The aim of our study is to link two biologically active pharmacophores by an 

appropriately designed linker.  

Selective reaction in the manufacture of polyamine conjugates needs to follow selective 

protection of the other reactive amine functional groups.[4] The unprotected amine was reacted 

with succinic anhydride in order to introduce a short (4 carbons) spacer, liberating an available 

carboxylic acid. This released carboxylic acid functional group has been converted into amides 

of other biologically active linear polyamine amides (1-3) as their TFA salts (Fig. 1). 

Staphylococcus aureus is a major human pathogen that is notorious for its ability to become 
resistant to clinically relevant antibiotics.[1] This bacterial pathogen readily forms biofilms, 
complex bacterial communities which are more resistant to antibacterial therapies. Linear 
polyamine conjugates were tested against a panel of clinically relevant multidrug resistant S. 
aureus and P. aeruginosa strains using a broth microdilution assay and a static biofilm model. 
Dimeric polyamines 1, 2, and 3 were superior in inhibiting planktonic bacteria compared to 
related monomeric polyamines and showed significant activity at both preventing and 
dispersing biofilms (Fig. 1). Dimeric polyamines 1, 2, and 3 showed low level toxicity to 
eukaryotic cells and thus represent a promising future antimicrobial strategy to explore.  

 

 

 

 

 

 

Fig. 1 Homo-/hetero-dimeric linear polyamine amides (1-3) and their biological activity 
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