
 

 

 

 

Towards Fluorescent Carbon Monoxide 

Releasing Prodrugs 

 

Hannah Johnston 

 

 

Recipient of the John Edmonds Scholarship for Industrial Chemistry 

 

 

A thesis submitted as a partial requirement towards the degree of  

Master of Science (Chemistry) 

University of Otago 

 

2020 

  



i | P a g e  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii | P a g e  

 

 Acknowledgements 

Firstly, I would like to give a massive thank you to my supervisor Dave Larsen for all the hard 

work, time, effort and patience you have had for me over the three years I have been a member 

of your research group. From the beginning you believed in me and pushed me to the best of 

my abilities, even when I failed to believe in myself. Your door was always open not only for 

research-related questions, but for emotional support, conversations and laughs. I will be 

forever grateful for your support and definitely could not have achieved this without you. 

I would also like to thank my lab mates for picking me up when I was down and making this 

experience so rewarding, fun and entertaining at times! Firstly, a massive thank you must go 

to my work-wife China for being there day and night for emotional support, endless coffees, 

multiple laughs and of course for being one of my closest friends throughout this experience. 

A massive thank you must also go to my classmate and friend Andrew H for his endless 

support, coffee breaks and banter. Brian, thank you for finishing off work I was unable to 

complete due to COVID-19 and for always providing guidance and support in the lab. Sage, 

Alistair, Jasmine, Elise, Kaleb, Lucy, Chelsea and Nathan, thank you for always providing 

many laughs and for contributing to my learning and research over the past three years. A 

massive thank you also goes to the BCH group for providing endless office banter and offers 

of help. Also, thank you to all of the technical, support and administration staff in the Chemistry 

Department for offering help whenever it was needed. 

A massive thank you must also go to Ivan and Joanne for all their help and support on the 

biological screening of these molecules. Also to Rachel, for the confocal microscopy images 

and results, and Steph and Jake for the microscopy of the isolated rat hearts. 

Also a huge thank you to my friends, both within and outside the Chemistry Department for 

your endless emotional support and encouragement. India, Kate and Alannah, thank you for all 

your support throughout this experience, whether it was eating way to much food together, 

coffee breaks, drinking far too much wine or picking me up from my emotional breakdowns, I 

am truly grateful for your friendship. 



iii | P a g e  

 

Lastly, I could not have achieved any of this without the support of my parents, my sister and 

my partner Mat. Thank you for pushing me to achieve my best and putting up with my stress, 

mental breakdowns and bad moods. I’m sure it was very tempting to push me out the door at 

times. I love you. Also to my dog, Lexi, for providing endless cuddles and entertainment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv | P a g e  

 

Abstract 

This research project aimed to develop fluorescent analogues of the oCOm molecules reported 

by Larsen and co-workers.1 It was proposed that the attachment of phenanthrene-based 

fluorescent reporter groups to these CO prodrugs would allow their distribution to be monitored 

in biological experiments and therefore, provide insight into their cellular location and mode 

of action. This was achieved by the synthesis of various phenanthrene-based CORMs, oCOm-

57, -58 and -62. 

 

oCOm-62 was synthesised via a Diels-Alder cycloaddition of bromomaleimide derivative 51 

and diene 37. This compound was unable to be purified due to low solubility in water and 

organic solvents, and therefore oCOm-62 was not investigated further. oCOm-57 and -58 were 

synthesised in good yields from a CuAAC reaction of alkyne 55, copper(I) catalyst 64 and 

appropriately functionalised mPEG-750 or TEG chains. 

oCOm-57, -58 and -62 were fully characterised and their water solubility profiles were 

investigated by HPLC analysis. oCOm-58 demonstrated an improved water solubility (≥ 440 

mM), in comparison to that of oCOm-57 (14.5 mM), and hence the CO release profile of this 

compound was investigated by HPLC analysis. Unfortunately, the half-life of oCOm-58 was 

found to be much longer (225 minutes) than those previously reported for similar oCOm 

molecules.1, 2 The UV-Vis and fluorescence profiles of oCOm-58 and its spent by-product, 

BP-oCOm-58, were investigated by spectrophotometry. BP-oCOm-58 demonstrated strong 
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fluorescence at 470 nm when excited with 400 nm light, which was almost 25 times as intense 

as that of oCOm-58.  

oCOm-57 and -58 were sent to our collaborators in the Department of Pharmacology at the 

University of Otago for biological screening. Confocal microscopy was carried out on AC-16 

cardiomyocyte cells treated with either oCOm-57 or -58, MitoTracker and the CO selective 

probe, COP-1. The spent by-product of oCOm-57, BP-oCOm-57, was observed to be 

predominantly associated with the cell membrane, while BP-oCOm-58 was detected inside the 

cellular matrix. This made it apparent that a terminal protonated amine group, such as in 

oCOm-58, provided the driving force for transportation across cell membranes, hence 

providing valuable information regarding the mode of action of these oCOm analogues. 
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 Abbreviations 

AcOH 

AcCl 

acetic acid 

acetyl chloride 

Ar  aromatic 

Boc 

BP-oCOm 

calcd 

cGMP 

tert-butyloxycarbonyl 

by-product of the organic carbon monoxide releasing molecule 

calculated 

cyclic guanosine monophosphate  

CDCl3  deuterated chloroform 

cm-1 wavenumbers 

CO  carbon monoxide 

CORM  carbon monoxide releasing molecule 

CuAAC 

DB-oCOm 

DBU 

copper(I) catalysed azide-alkyne cycloaddition 

de-brominated organic carbon monoxide releasing molecule  

1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM 

DIAD  

dichloromethane 

diisopropyl azodicarboxylate 

DMAP 

DMF 

4-dimethylaminopyridine 

dimethylformamide 

DMSO  

ELSD 

dimethyl sulfoxide  

evaporative light scattering detector 

ESI electrospray ionisation 

Et2O diethyl ether 

EtOAc  

EtOH 

ethyl acetate 

ethanol 

eV electron volt 

g 

GMP 

grams 

guanosine monophosphate 

GTP guanosine triphosphate 

h 

HeK 

hours 

human embryonic kidney cells 

HO haem oxygenase 
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HO-1 haem oxygenase-1 

HOMO 

HPLC 

highest occupied molecular orbital 

high-performance liquid chromatography 

HRMS  high resolution mass spectroscopy 

HR  high resolution 

Hz hertz 

IR infrared 

J 

kPa 

LC 

LC-MS 

coupling constant 

kilopascal 

liquid chromatography 

liquid chromatograpy – mass spectrometry 

LUMO 

MAPK 

lowest unoccupied molecular orbital 

mitogen-activated protein kinases  

MDCK 

MeOH 

Madine‐Darby canine kidney cells 

methanol 

MHz 

mg 

mg mL-1 

mL 

mL min-1 

M 

megahertz 

milligram 

milligrams per milliliter 

millilitre 

millilitres per minute 

molar 

µM 

mmol 

micromolar 

millimolar 

µm 

min 

m.p 

MS 

micrometer 

minutes 

melting point 

mass spectrometry 

m/z mass/charge ratio 

nm nanometre 

NMR  nuclear magnetic resonance 

oCOm organic carbon monoxide releasing molecule 

PE petroleum ether 

PEG polyethylene glycol 
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Ph 

PhMe 

PMA  

phenyl 

toluene 

phosphomolybdic acid 

rt 

s 

tBu 

room temperature (18 – 20 °C) 

seconds 

tert-Butyl group 

tert tertiary 

TEA triethylamine 

TFA trifluoroacetic acid 

THF  tetrahydrofuran 

TLC 

TPP 

TsCl  

thin layer chromatography 

triphenylphosphonium 

p-toluenesulfonyl chloride 

UV 

UV-vis 

ṽmax 

ultra-violet  

ultra-violet visible spectroscopy 

wavenumber 

λem emission wavelength 

λexc 

δ 

excitation wavelength 

chemical shift 
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Chapter 1  Introduction 

1.1 Carbon monoxide 

Carbon monoxide (CO) is a colourless and odourless gas which is accountable for a large 

number of poison-related deaths in the developed world.3 The toxicity of CO has been well 

known since the Greek and Roman times, however, the beneficial therapeutic effects have only 

recently been discovered.4 CO gas has an extremely high binding affinity for haemoglobin. It 

has been found to be 220 times that of oxygen and leads to asphyxiation on prolonged 

exposure.5 More than 10 % of patients exposed to CO are left with presumed brain injury, 

regardless of the treatment that they received.6, 7  

1.1.1 Endogenous production of CO 

Recent studies have found that CO is endogenously produced in the human body and 

subsequently exhaled in low levels. It was found that the breakdown of haem by the metabolic 

enzyme haem oxygenase (HO), which naturally occurs in the human body, produced CO as a 

by-product.8 This process is considered a part of the typical life cycle of red blood cells and is 

predominantly carried out in the reticuloendothelial system of the spleen and liver.9-11 For every 

molecule of CO produced from the degradation of haem, there are two other products formed; 

ferrous iron and biliverdin, which is rapidly converted to bilirubin and excreted in urine 

(Scheme 1.1).8 

 

Scheme 1.1. Catalytic process of the breakdown of haem to ferrous ions and biliverdin producing CO.8 
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The human body produces about 16 µmol of CO per hour, which corresponds to more than 12 

mL of CO produced per day.9 However, CO freely diffuses across cell membranes to carry out 

a number of cellular tasks prior to being expelled by the human body. For this reason, it is 

proposed that CO may possess beneficial therapeutic effects. In addition, increased levels of 

haem oxygenase-1 (HO-1), which subsequently increases the production of CO, were found in 

unwell patients, suggesting that endogenously produced CO could be therapeutic.4 

1.1.2 CO as a therapeutic agent   

CO has been well-established as a gasotransmitter or gaseous signalling molecule, due to the 

fact that it is endogenously produced in the human body and can freely diffuse across cell 

membranes.12 It binds to proteins that contain haem structures, which alters the regulation of 

protein or enzyme activity. One example of this is the binding of CO to guanylate cyclase, 

which increases the conversion of guanosine triphosphate (GTP) to guanosine monophosphate 

(GMP) (Figure 1.1).8 This causes vasodilation therefore increasing blood flow to damaged 

tissue in order to return this area to a healthy state.13 

 

Figure 1.1. Selected enzyme activities regulated by CO leading to beneficial therapeutic effects. 

The therapeutic applications of CO have been further demonstrated in anti-inflammation, organ 

transplantation and cardiovascular disease.8 One example of this is in a rodent heart transplant 

model, where the administration of CO increased survival rates of the recipients.14, 15 

Furthermore, the presence of CO in organ preservation solutions has been shown to improve 

organ function in rat hearts following transplantation, with a noticeable improvement in both 

systolic and diastolic function.16 Decreased levels of ischaemia reperfusion injury and 

improved recipient survival rates were observed in intestinal and kidney transplant models 

following organ storage in cold CO saturated solutions.17, 18 



3 | P a g e  

 

1.1.3 CO delivery 

There are a number of problems that cause the administration of this gas to be hazardous in a 

clinical setting, due to the toxicity of CO. Although CO can be delivered as an inhaled gas, 

administration to a patient in a controlled manner is extremely difficult.8 The toxic nature of 

CO gas presents a severe risk of poisoning in a clinical setting, which would affect both the 

surgical staff and the patient. Therefore, there is a desire to be able to deliver CO in a non-

gaseous form.19, 20  
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1.2 CO-releasing molecules 

An alternative method for the delivery of CO is the development of a prodrug. The development 

and use of prodrugs for the delivery of otherwise toxic gasotransmitters, such as CO and NO, 

is a relatively new area of pharmaceutical chemistry.4, 21 This area is of increasing interest as 

prodrugs are able to provide a chemical pathway to safely deliver a drug that would otherwise 

be unstable or hazardous in a biological environment.22 The development of CO-releasing 

molecules, otherwise known as CORMs, fulfil this.21 CORMs enable the safe administration 

of CO in a low and controlled dosage that is not detrimental to the health of the recipient or 

surgical staff.23 

1.2.1 Metal based CORMs 

The first generation of CORMs were developed by Motterlini and co-workers in 2002. These 

CORMs were carbonylated organometallic compounds containing transition metals (Figure 

1.2).24  

 

Figure 1.2. Transition metal based CORMs developed by Motterlini et al.24 

The iron pentacarbonyl complex 1 and CORM-1 release CO when exposed to light, while 

CORM-2 releases CO through ligand exchange in DMSO solution. However, these 

organometallic complexes were found to be insoluble in aqueous media, hence they were 

classified as unsuitable for use as therapeutic agents.24 

In order to remedy this issue, Motterlini and co-workers synthesised CORM-3, by using a 

glycinate ligand and CORM-2 (Figure 1.3). At pH 3.1, this compound was shown to react with 

water to produce isomers of [Ru(CO)2(COOH)Cl(glycinate)]-. At physiological pH, this 

compound reacts with further OH- ions to form isomers of [Ru(CO)2(CO2)Cl(glycinate)]2- or 

[Ru(CO)2(COOH)(OH)(glycinate)]-.25 This ‘extensive solution chemistry,’ provides 
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significant complications in terms of the biological activity of CORM-3. This arises as the 

various carbonyl complexes may have differing modes of action in a biological medium.26 

 

Figure 1.3. Structure of CORM-3. 

Research conducted by Desmard et al.27 indicated that CORM-3 might possess antibacterial 

properties. This compound was shown to inhibit the growth of P. aeruginosa and increase 

survival rates of immunocompetent and suppressed mice that had been exposed to the bacteria. 

The antibacterial activity of CORM-3 was thought to be mediated through CO released by this 

metal complex.27 However, a recent study conducted by Southham et  al.,26 proved that CORM-

3 releases minimal amounts of CO under physiological conditions and the observed 

antibacterial properties arise from the ruthenium(II) centre.  

Furthermore, a toxicology study of CORM-2, and its corresponding by-product iCORM-2 

(formed following the loss of CO) was conducted on two cell lines (MDCK and HeK cells). It 

was established that both CORM-2 and iCORM-2 were significantly toxic to cells. Even 

though CORM-2 provides cytoprotective qualities, iCORM-2 is severely cytotoxic, hence, 

these ruthenium based CORMs are unsuitable as therapeutic agents for CO-delivery.28 

1.2.2 Non-metal based CORMs 

Non-metal based CORMs have also been extensively reported in literature (Figure 1.4).29-32 

One such compound is the sodium boranocarbonate CORM 2 reported by Motterlini et al.,29 

in 2005. This compound spontaneously releases CO at pH 7.4 but is not stable under acidic 

conditions. Another example is the silacarboxylic acid 3 reported by Friis et al.,30 which 

releases CO in the presence of potassium fluoride. Additionally, Antony et al.31 reported a 

fluorescein analogue 4, which releases CO when activated by green light, while Peng et al.32 

reported a cyclic α-diketone 5, which is instead activated by visible light. However, these 
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metal-free CORMs are unsuitable for use in biological systems as therapeutic agents, due to 

the requirement of inappropriate triggers to release CO. 

 

Figure 1.4. Non-metal based CORMs reported in literature.29-32 

1.2.3 Bridged carbonyl organic CORM systems 

The absence of biologically compatible CORM systems prompted the development of organic 

CORMs, which could trigger the release of CO under physiological conditions. This area of 

research became the focus of the Larsen group at the University of Otago.1 These CORMs were 

based upon the bridged carbonyl structure of norbornadiene-7-one (6).33 This molecule 

undergoes near spontaneous cheletropic rearrangement to expel one molecule of CO and give 

benzene (7) as a by-product (Scheme 1.2). Due to the near spontaneous nature of this reaction, 

several computational studies have been conducted. The activation energy for this process was 

between 11 and 12 kcal mol-1 and the rate constant was 4.2 x 105 s-1 with a half-life of 1.6 x 

10-5 s.33, 34 Hence, the rate of this reaction was found to be too fast for any practical use as a 

CO delivery prodrug. 

 

Scheme 1.2. Norbornadiene-7-one (6) undergoes cheletropic rearrangement to release CO.33 

Due to this incompatibility in a biological setting, the Larsen group investigated the 

development of an organic CO-releasing prodrug based upon a norbornenone structure, which 
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could undergo base-activated elimination to release CO in physiological conditions.1 These 

compounds utilise Diels-Alder reactions of electron-rich cyclopentadienones and electron-poor 

dienophiles to give stable cycloadducts. Previous work conducted by Allen et al.35 indicated 

that CORM systems, such as cycloadduct 8, released CO when heated to 200 ºC (Scheme 1.3). 

However, these thermal conditions for CO release are not viable in a biological system. 

 

Scheme 1.3. Formation and aromatisation of cycloadduct 8, as reported by Allen et al.35 

With this information, the Larsen group envisaged a CORM system that combined the rapid 

CO release nature of the norbornadieneone substructure and the stability of the norbornenone 

structure. It was proposed that this would occur via an E1cB mechanism, if R3 was an electron-

withdrawing group (Scheme 1.4). The norbornenone-based structural motif 12 undergoes 

conjugate base elimination (E1cB) of HBr via a stabilised anion 13 to the norbornadieneone 

intermediate 14. This intermediate 14 would then undergo rapid cheletropic loss of CO to 

produce the spent by-product 15.1 

 

Scheme 1.4. E1cB CO release mechanism for an organic CORM with a base-activated trigger.1 

Larsen and co-workers then demonstrated that the Diels-Alder reaction of bromomaleimide 

derivatives with 2,5-dimethyl-3,4-diphenylcyclopentadienone (16), which predominantly 

exists as a dimer, and produced cycloadducts which released CO under basic conditions 

(Scheme 1.5).1 
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Scheme 1.5. Synthesis of an organic CORM with a base-activated trigger developed by Larsen and co-

workers.1 

This model system was unsuitable for use in a biological system as the phenyl moiety attached 

to the nitrogen of 18 made this cycloadduct insoluble in water. To overcome this issue, the N-

phenyl functionality was replaced with various amine salts, resulting in the synthesis of oCOm-

19 and oCOm-21 (Figure 1.5).1 

 

Figure 1.5. Structures of oCOm-19, -21 (A- = CF3COO-, Cl-).1  

The solubilities of oCOm-19 and -21 in tissue culture water at room temperature were 3.2 and 

10.8 mg mL-1, respectively. However, organ transplant preservation solutions are stored at 8 

ºC and oCOm-19 proved to be insoluble at this temperature, while oCOm-21 displayed a 

solubility of 3.9 mg mL-1. The CO release profile of the more soluble compound, oCOm-21, 

was then assessed. This compound released CO at pH 7.4 in TRIS-sucrose buffer, with a half-

life of 19 minutes at 37 ºC. Additionally, using the CO selective probe COP-1 (Figure 1.6a) 

developed by Chang et al.,36 Larsen and co-workers confirmed via fluorescence that CO was 

being delivered to MDCK cells following the administration of oCOm-21 (Figure 1.6b).1 
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Figure 1.6. a) Carbonylation reaction of COP-1, the CO selective probe, in the presence of CO to produce 

a fluorescent compound;36 b) Confirmation of CO delivery by oCOm-21 (10 µM) to cells using the CO 

selective fluorescent probe, COP-1, at 2 different temperatures; top: 8 ºC, bottom: 37 ºC.1 

Furthermore, both oCOm-19 and -21 demonstrated potential therapeutic effects in rat models. 

Vasodilatory effects were observed in isolated rat aortas treated with oCOm-19 and -21 (Figure 

1.7). However, due to the limited water solubility of oCOm-19, this compound was unsuitable 

for use as a prodrug.1 

 

Figure 1.7. Vasodilatory effects of oCOm-19 and -21 at 37 ºC. Responses expressed as a percentage of the 

contractile response to phenylephrine (100 nM).1 

The cardioprotective effects of oCOm-21 on the left ventricular peak systolic and end-diastolic 

pressures were assessed via a Langendorff heart assay. Following a period of ischaemia, the 

difference between the systolic and diastolic pressures substantially improved in the model 

treated with oCOm-21, in comparison to that of the control (Figure 1.8a). Additionally, tissue 

preservation properties were observed in cardiac tissue treated with oCOm-21. These were 
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stored for 48 hours then treated with a triphenyl tetrazolium chloride (TTC) mitochondrial 

stain, which is oxidised to red in living tissue (Figure 1.8b).1 

 

Figure 1.8. a) Cardioprotective effects of oCOm-21 (1 µM) on the left ventricular peak systolic and end-

diastolic pressures during ischaemia (30 minutes) and reperfusion;1 b) Cardiac tissue treated with oCOm-

21 (3 µM) and TTC stain, in comparison to the control tissue.1 

Based on these properties, oCOm-21 showed promise for use as a CO-releasing prodrug. In 

competing work, Wang et al.37 recently reported a pH-sensitive organic CO-releasing prodrug 

based on an E1cB mechanism (Scheme 1.6). This model utilises a substituted phenol leaving 

group, in comparison to the bromide used by Larsen and co-workers.1, 37  

 

Scheme 1.6. pH-sensitive CO-releasing prodrug based on an E1cB mechanism, where R = F  or CH3.37 

Using the CO selective probe COP-1 (Figure 1.6a),36 Wang et al.37 were able to confirm via 

fluorescence that CO was released and delivered to the cells following the administration of 

compounds 20. No cytotoxicity was observed in RAW 264.7 cells for these CO prodrugs 20 or 



11 | P a g e  

 

their corresponding by-products 21 up to concentrations of 50 mM. Additionally, these CO 

prodrugs 20 showed anti-inflammatory properties in RAW 264.7 cell lines. However, these 

prodrugs need to be studied in animal models to assess their suitability as therapeutic agents.37 

Given the above information, it is known that CO gas readily diffuses through membranes into 

cells and that CO was delivered to the MDCK cells following administration of oCOm-21.1, 38 

However, it is currently unknown whether oCOm-21 releases CO outside the cell or if it enters 

the cell then releases this gasotransmitter. The mode of action will have implications on the 

medical applications of the oCOm molecules, hence fluorescent analogues of these molecules 

need to be explored.1 
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1.3 Fluorescent CORMs 

Research conducted by Wang et al.21 has provided insight into a CORM system based on an 

intramolecular Diels-Alder reaction (Scheme 1.7). In this approach, an alkyne tethered to a 

cyclopentadienone derivative 22 undergoes an intramolecular cycloaddition under 

physiological conditions to give the unstable norbornadieneone intermediate 23. This 

intermediate 23 then undergoes spontaneous cheletropic rearrangement to release one molecule 

of CO and form the organic by-product 24.21  

 

Scheme 1.7. Generic intramolecular approach to an organic CORM system as reported by Wang et al.21 

Based on this approach, Wang et al.21 developed a ‘click and release’ intramolecular Diels-

Alder reaction involving cyclopentadienone derivatives, such as 25. Due to the tethered alkyne 

incorporated into its structure, this derivative can undergo intramolecular cycloaddition 

reactions to form an unstable norbornadieneone intermediate 26. This intermediate 26 then 

undergoes cheletropic loss of CO to form organic by-product 27 (Scheme 1.8). 

 

Scheme 1.8. ‘Click and release’ intramolecular Diels-Alder approach to an organic CORM system, 

developed by Wang et al.21 
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Wang et al.21 found that 27 strongly fluoresced at 450 nm when excited with 371 nm light with 

a quantum yield of 0.21. This was attributed to the extended conjugation of the fused aromatic 

group, highlighted in blue.21 More recently, Wang et al.39 reported a bimolecular CO release 

strategy which utilized an ‘enrichment-triggered release’ (Scheme 1.9).40 This was achieved 

by attaching a targeting moiety to both the cyclopentadienone 28 and alkyne 29.39 Since the 

mitochondria is the predominant site of action for CO, triphenylphosphonium (TPP), was 

chosen as the moiety for mitochondrial targeting.41 The idea behind this strategy is that at low 

concentrations the reaction would occur at a slow rate. However, enrichment at the desired site 

would increase this reaction rate forming the unstable intermediate 30. This would then 

spontaneously release CO to form the by-product 31, which is fluorescent and therefore CO 

release could be monitored.39 

 

Scheme 1.9. Bimolecular CO release strategy reported by Wang et al.,39 where R = 

N(C(CH3)2)(CH2)4PPh3
+Br-. 

In RAW 264.7 cells co-treated with CO prodrugs 28 and 29, strong blue fluorescence was 

observed, which was attributed to by-product 31 (Figure 1.9). This indicates that the TPP 

enrichment of 28 and 29 in the mitochondria triggered an increase in reaction rate, subsequently 

releasing CO and forming the fluorescent by-product 31. No fluorescence was observed from 

the control cells.39 
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Figure 1.9. RAW 264.7 cells co-treated with CO prodrugs 28 and 29 at a) 1 µM and b) 5 µM, as reported 

by Wang et al.39 Reprinted with permission from Wang et al.39 Copyright (2018) American Chemical 

Society. 

Based upon this research, the Larsen group attempted to make an analogue of oCOm-21 

possessing the acenaphthalene moiety 32.42 It was proposed that this analogue would undergo 

E1cB elimination of HBr and cheletropic loss of CO, as previously discussed, to give by-

product 33, which should show similar fluorescence properties to the compounds reported by 

Wang et al.21, 40 (Scheme 1.10). 

 

Scheme 1.10. Proposed synthesis of oCOm-21 analogue 32 possessing the acenaphthalene moiety.42 

However, this synthesis proved unsuccessful as the ring strain provided by the acenaphthalene 

moiety caused spontaneous elimination of HBr and decarbonylation of the cycloadduct 32 

giving only spent product 33. It was proposed that a diene with a less strained fused ring system 

might be stable to the conditions of the Diels-Alder reaction to provide a CORM that will 

fluoresce following the loss of CO in a controlled manner.42 

Sustmann et al.43 previously reported a fluorescent probe based on a phenanthrene backbone 

in the late 1990’s (Scheme 1.11). The idea behind this system was to use the decarbonylated 

product 35 as a ‘fluorescent nitric oxide trap.’43  
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Scheme 1.11. Synthesis of fluorescent probe based on a phenanthrene backbone as reported by Sustmann 

et al.43  

The phenanthrene backbone of 36a caused this compound to fluoresce at 360 nm when excited 

with 315 nm light (Figure 1.10a). Furthermore, it was found that the absorption and emission 

bands can be tuned to longer wavelengths by substitution of various groups at the R position. 

For example, substitution of an electron donating group, such as a dimethylamino group giving 

36b, results in fluorescence at 460 nm when excited with 380 nm light. This redshift of around 

0.75 eV provides a more suitable emission energy for biological application (Figure 1.10b).43 

 

 

 

 

 

Figure 1.10. Fluorescence spectra of a) 36a (c= 50 µM; λem = 380 nm for excitation spectrum; λexc = 315 nm 

for emission spectrum) and b) 36b (c = 50 µM; λem = 460 nm for excitation spectrum; λexc = 380 nm for 

emission spectrum) in sodium phosphate buffer pH 7.2. Excitation (broken line) and emission spectra 

(continuous line).43 Reprinted with permission from Sustmann et al.43 Copyright (1999) John Wiley and 

Sons. 

Sustmann et al.43 additionally reported that following loss of CO, the corresponding by-product 

35b fluoresces at 600 nm when excited with 460 nm light (Figure 1.11). It is evident that further 

conjugation of the system causes the bands to shift to lower transition energies and 

consequently longer wavelengths.43 This can be rationalised by considering the π-π* nature of 
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the transition, in which the energy gap of the π and π* orbitals decreases as conjugation 

increases. 

 

Figure 1.11. Fluorescence spectra of 35b (c = 50 µM; λem = 600 nm for excitation spectrum λexc = 460 nm 

for emission spectrum) in sodium phosphate buffer pH 7.2. Excitation (broken line) and emission spectra 

(continuous line).43 Reprinted with permission from Sustmann et al.43 Copyright (1999) John Wiley and 

Sons. 

The above study provides satisfactory evidence that incorporation of a phenanthrene moiety 

results in strong fluorescence that can be tuned by the addition of electron withdrawing or 

donating groups. A CORM framework containing this moiety would also be expected to exhibit 

a strong fluorescence band that could be tuned to a lower energy using similar substituents. 

The benefit of low energy absorption and emission is twofold in terms of biological application. 

Firstly, excitation wavelengths to the red of 340 nm avoid cell irradiation damage and secondly, 

fluorescence in the near-infrared window (650 – 900 nm) is best suited for transmission through 

tissue.43-45 
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1.4  Project goal 

This aim of this project is to develop fluorescent analogues of the oCOm molecules previously 

reported by Larsen and co-workers.1 These compounds will have phenanthrene-based 

fluorescent reporter groups to monitor their distribution in a biological setting, which will 

provide insight into the mode of action. 

1.4.1 Proposed approach 

The first objective is to synthesise phenanthrene analogues of the oCOm molecules.1 These 

will be synthesised using a Diels-Alder reaction of cyclopentadienone 37 and bromomaleimide 

38 to give oCOm variants 39 (Scheme 1.12). The R moiety will initially be an aqueous 

solubilising group; such as an mPEG-750 chain, PEG chain or aminoethyl. These will be either 

directly attached to the CORM or attached through a triazole ring, formed using CuAAC ‘click 

chemistry.’ The synthetic pathways will be discussed in detail in Chapter 2. 

 

Scheme 1.12. Proposed synthesis of the phenanthrene analogues of the oCOm molecules. 
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The water solubility and CO release profiles of the analogues will be measured in order to gain 

insight into their suitability as therapeutic agents. Fluorescence spectra will also be obtained to 

assess whether these CORMs are suitable as fluorophores to monitor CO release in a biological 

setting. 
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Chapter 2  Results and Discussion 

The aim of the present research is to synthesise phenanthrene analogues of the oCOm 

molecules with the generic structure 39, shown in Scheme 2.1.1 The R group will be either an 

mPEG-750 chain, PEG chain or aminoethyl to provide a degree of water solubility to the 

conjugated organic system. The hypothesis is that phenanthrene-based CORM 39 will undergo 

cheletropic loss of CO in physiological conditions to form the fluorescent triphenylene-based 

by-product 42 (Scheme 2.1). Although the phenanthrene moiety has been reported to be weakly 

fluorescent to the blue region by Sustmann et al.43, the excitation wavelength that is required 

would cause cell irradiation damage.44 To avoid this issue, it is desirable to use a system with 

further conjugation, such as triphenylene, to red-shift both the excitation and emission spectra.  

 

Scheme 2.1. Generic structure of a phenanthrene CO-releasing analogue of the oCOm molecules. 

2.1 Triphenylene as a fluorescent probe 

The fluorescence of triphenylene (43) has been extensively reported in literature.46-49 The S1 

→ S0 transition of 43, has been shown to be symmetry forbidden.46 Based on previous 

knowledge of aromatic systems, triphenylene (43) would be expected to have a planar 

conformation, however, X-ray crystallographic studies have shown that this compound adopts 

a slightly twisted conformation.50 Furthermore, methyl substitutions of triphenylene as in 

1,4,5,8,9,12-hexamethyltriphenylene (44) (Figure 2.1), induces steric crowding and therefore 

increases this twisted conformation.51  
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Figure 2.1. Structure of triphenylene (43) and 1,4,5,8,9,12-hexamethyltriphenylene (44). 

Based upon this, Levell et al.46 conducted a study of these compounds to assess whether the 

fluorescence of triphenylene derivatives is enhanced by breaking symmetry. To assess this 

matter, the absorption and emission spectra of triphenylene (43) and the methyl-substituted 

triphenylene 44 were measured. A film of triphenylene (43) fluoresced at 400 nm when excited 

with 325 nm light, with a corresponding quantum yield of 13 %. However, the film of the 

methyl-substituted equivalent 44 was observed to fluoresce at 435 nm when excited with 325 

nm light, with a corresponding quantum yield of 31 %. This observed red-shift with respect to 

triphenylene (43) is consistent with that expected for oligo(phenylenevinylene) molecules in a 

twisted conformation.46 

Based on this information, it is proposed that methyl substitution on CORM 39 would result in 

an analogous red-shift upon cheletropic loss of CO. As covered earlier, this red-shift of 

excitation and emission wavelengths is crucial for the biological application of these 

prodrugs.44, 45 Furthermore, conjugation of the triphenylene moiety to the carbonyls of the 

imide of 42 should result in a further red-shift of the fluorescence. 

Thus, this research project aims to develop analogues of the oCOm molecules reported by 

Larsen and co-workers, which will undergo cheletropic loss of CO to form triphenylene-based 

fluorescent by-products.1 It is proposed that these compounds will be used as fluorescent 

probes to monitor their distribution in a biological setting and provide insight into the mode of 

action of these prodrugs. 
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2.2 A forward approach 

In order to assess the viability of this theory, the phenanthrene-based oCOm analogues must 

first be synthesised. A generic forward synthetic approach is shown in Scheme 2.2. 

Bromomaleimide 45 and diene dimer 37 could both be accessed following literature 

procedures.52, 53 Previous work by Izgu et al.54 has shown that furan adducts such as 46 can 

undergo retro-Diels-Alder reactions at elevated temperatures to lose the volatile furan moiety. 

Based on this information, it was proposed to protect bromomaleimide 45 as furan adduct 46. 

This was to ensure that subsequent alkylation reactions, to add various R substituents, would 

not affect the reactive bromomaleimide 45. Following this protection, the nitrogen of the imide 

in cycloadduct 46 could then be alkylated with various R groups, following adapted literature 

procedures.1, 2 An in situ retro-Diels-Alder of furan adduct 47 to provide maleimide 

intermediate 38, and a subsequent Diels-Alder with diene dimer 37 would then result in the 

desired CORM 39.  

 

Scheme 2.2. Generic forward synthetic approach to form CORM 39. 
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2.3 Synthesis of diene dimer 37 

The first target of this research was to synthesise the diene component, 1,3-dimethyl-2H-

cyclopenta[l]phenanthrene-2-one (37), depicted in Figure 2.2, for the Diels-Alder [4πs + 2πs] 

cycloaddition with the bromomaleimide dienophiles. The monomer of diene 37 exists in an 

equilibrium with its dimer. This equilibrium lies to the right, hence the diene predominantly 

exists as a dimer (Figure 2.2). This is due to the fact that the monomer can act as both the diene 

and dienophile in a Diels-Alder cycloaddition reaction with another monomer of itself. This is 

a reversible process as the dimer can undergo a retro-Diels-Alder reaction at elevated 

temperatures to produce the monomer. 

 

Figure 2.2. Diene 37 predominantly exists as a dimer, where each diene monomer is indicated in either 

black or blue and two Ar groups are representative of one phenanthrene group. Further structures of the 

diene dimer 37 will be represented in an abbreviated form for simplicity.  

The 1,3-dimethyl-2H-cyclopenta[l]phenanthrene-2-one dimer (37) was synthesised using 

literature protocol reported by Jones (Scheme 2.3).53 Phenanthrene-9,10-dione (40) was reacted 

in an aldol condensation under basic conditions with pentan-3-one (41) to give cyclopentenone 

48 in 84% yield. This was then treated with acetyl chloride to give chloro-derivative 49 in 85 % 

yield, as a 2:1 mixture of diastereoisomers. This ratio is based upon integration of the two 

quartets at 4.06 and 4.20 ppm in its 1H NMR spectrum. These signals correspond to H3 in each 

diastereoisomer, which are the protons adjacent to the methyl group. The formation of 49 is 

favoured, as loss of the hydroxyl group causes ring formation of the aromatic phenanthrene 

moiety. The inseparable mixture of diastereomeric chlorides 49 were then reacted with 

triethylamine in an elimination reaction to give the desired diene dimer 37 in 66 % yield. 
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Scheme 2.3. Synthesis of diene dimer 37. Reagents and conditions: a) K2CO3, MeOH, rt, 18 h; b) AcCl, 0 – 5 

ºC, 1 h; c) TEA, PhMe, reflux, 1 h. 

The experimental data are consistent with diene 37 existing mainly as a dimer.53 The 1H NMR 

spectrum displayed four three proton singlets (δ 1.34, 1.40, 1.98 and 2.10), which corresponded 

to four non-equivalent methyl environments (Figure 2.3). There were also a series of muliplets 

in the aromatic region (between δ 5.61 and 8.84) equivalent to 16 aromatic protons, which was 

consistent with 37 existing predominantly as a dimer. The IR spectrum displayed a second 

carbonyl resonance (1760 cm-1) attributed to the bridged carbonyl group. Furthermore, HRMS 

analysis displayed a molecular ion peak at m/z 539.19770, which was consistent with the 

sodiated ion of the proposed molecular formula, C38H28O2.  

Additionally, from a separate reaction, a compound tentatively assigned as the monomer of 37, 

was able to be isolated by silica column chromatography. The 1H NMR spectrum of the 

monomer is stacked against the dimer in Figure 2.3. There was no evidence of equilibration 

between the monomeric and dimeric form of 37 in this spectrum suggesting that the monomer 

only forms at elevated temperatures. 
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Figure 2.3. Stacked 1H NMR spectra of both the monomeric (top) and dimeric (bottom) forms of diene 37 

in CDCl3, recorded at 400 MHz. 

The 1H NMR spectrum of the monomer displayed two three proton singlets (δ 1.22 and 1.88), 

which corresponded to two methyl environments. This was presumed to be due to the molecule 

being twisted out of plane. Additionally, there were a succession of peaks (between δ 6.93 and 

8.40), equivalent to eight aromatic protons. Further evidence of monomer 37 was provided by 

the HRMS analysis, which displayed a molecular ion peak at m/z 281.09317 consistent with 

the sodiated ion of the proposed molecular formula, C19H14O. 
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2.4 Diels-Alder cycloadditions 

A Diels-Alder reaction is a [4πs + 2πs] cycloaddition involving a suprafacial, thermally allowed 

interaction of the 4π electrons of the diene with the 2π electrons of the dienophile. A normal 

electron-demand Diels-Alder reaction involves the highest occupied molecular orbital 

(HOMO) of the diene and the lowest occupied molecular orbital (LUMO) of the dienophile. 

Generally, in this process the diene is electron-rich and the dienophile is electron-poor. 

However, the HOMO-LUMO energy gap can be tuned by adding electron-withdrawing groups 

to the diene, therefore making it electron deficient and lowering the energy of the π*-orbital. 

Equally, this can also be achieved by attaching electron-donating groups to the dienophile, 

hence making it electron-rich and raising the energy of the π-orbital. This is called an inverse 

electron-demand Diels-Alder reaction and involves the LUMO of the diene and the HOMO of 

the dienophile (Figure 2.4).55 Bromomaleimide derivatives, such as those used for the purposes 

of this research, are electron deficient and therefore Diels-Alder reactions of these derivatives 

are normal electron-demand in character. 

 

Figure 2.4. Generic representation of a normal and inverse electron-demand Diels-Alder reaction.55 
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A Diels-Alder reaction can occur via two possible transition states, termed endo or exo. These 

transition states are determined by the orientation of the diene and the dienophile as they 

approach one another. If the reaction is under kinetic control, the endo product is favoured. 

This can be rationalised by the fact that the endo transition state has a lower activation energy 

barrier due to the favourable secondary orbital interactions between the LUMO of the carbonyl 

groups and the HOMO of the diene (Figure 2.5). This lowers the activation energy barrier and 

increases the rate of formation of the kinetic product. Conversely, if the reaction is under 

thermodynamic control, the more stable exo product is formed due to less steric interactions. 

Diels-Alder reactions under thermodynamic control are reversible and can undergo a retro-

Diels-Alder at elevated temperatures.55 Previous research conducted by Mori et al.56 

demonstrated that reactions of maleic anhydride, similar to bromomaleimide, and 

cyclopentadienone derivatives tend to proceed under kinetic control giving predominantly the 

endo adduct. 

 

Figure 2.5. Interaction of the HOMO of a cyclopentadienone and LUMO of bromomaleimide derivatives 

via A) endo and B) exo transition states. Substituents on the diene and dienophile have been simplified for 

clarity. 

2.4.1 Synthesis of oCOm-62 (50) 

The synthesis of oCOm-62 (50) required tert-butyl 3-(4-bromo-1,3-dioxo-1,3-dihydro-1H-

pyrrol-1-yl)ethylcarbamate (51). This synthesis began from starting material 52, which was 

readily available in the group. As reported by Larsen and co-workers, maleimide 52 was 
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refluxed with bromine to yield the dibromo intermediate 53, which was used in the next step 

without purification.1 Subsequent elimination of hydrogen bromide with triethylamine yielded 

the desired dienophile 51 in 41 % yield. Experimental data supported the formation of 51 and 

were consistent with those reported in literature.1 Diene 37 and dienophile 51 were then reacted 

in a Diels-Alder cycloaddition at 50 ºC in toluene to give boc-protected oCOm-62 54 as the 

endo isomer in 78 % yield (Scheme 2.4).  

 

Scheme 2.4. Synthesis of oCOm-62 (50) via a Diels-Alder cycloaddition and boc-deprotection. Reagents and 

conditions: a) Br2, DCM, reflux, 1.5 h; b) TEA, THF, 0 ºC, 2 h; c) PhMe, 50 ºC, 18 h; d) TFA, DCM, 0 ºC, 18 h. 

The formation of 54 was supported by the appearance of a second carbonyl resonance (1790 

cm-1) in the IR spectrum, which corresponded to the bridging carbonyl. The 1H NMR spectrum, 

shown in Figure 2.6, displayed a nine proton singlet (δ 1.32) and two three proton singlets (δ 

2.30 and 2.33), which corresponded to the signals for the tert-butyl group and the two non-
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equivalent methyl groups, respectively. The appearance of a one proton singlet (δ 3.60) 

attributed to H7a indicated the formation of two new σ-bonds between the diene 37 and 

dienophile 51. The broad one proton singlet (δ 5.02) attributed to the amide of dienophile 51 

exhibited an upfield shift to be displayed as a one proton multiplet (δ 3.05 – 3.10). Furthermore, 

the two, two proton multiplets (δ 1.86 – 1.89 and 2.96 – 3.01) corresponding to H3’ and H2’, 

experienced an upfield shift, in comparison to the dienophile 51. These peaks are also further 

upfield in comparison to the chemical shifts reported for the analogous protons in boc-protected 

oCOm-21 (δ 3.37 – 3.39 and 3.73).1 The shielding effect experienced by these protons in 

cycloadduct 54, in comparison to its respective oCOm-21 analogue, can be explained by the 

presence of the phenanthrene ring system. Additionally, this shielding effect is only possible 

in the endo adduct, hence this supported the formation of cycloadduct 54 as the endo isomer. 

The aromatic region displayed a series of signals (between δ 7.65 and 8.73), equivalent to eight 

aromatic protons. The 13C NMR spectrum displayed an additional carbonyl resonance (δ 198.2) 

attributed to the bridging carbonyl, which further supported the formation of cycloadduct 54. 

Furthermore, the HRMS displayed a molecular ion peak at m/z 599.1116, which was consistent 

with the sodiated ion of the proposed molecular formula, C30H29BrN2O5.  

 

Figure 2.6. Stacked 1H NMR spectra of boc-protected oCOm-62 54 (top) in CDCl3, recorded at 400 MHz, 

and oCOm-62 (50) (bottom) in DMSO-d6, recorded at 500 MHz. 
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Revealing the protonated amino group of cycloadduct 54 was achieved with TFA to give 

oCOm-62 (50), which was unable to be purified due to its low solubility in organic solvents 

and water (Scheme 2.4). The formation of oCOm-62 (50) as its TFA salt was confirmed by 

comparison of experimental data to that of cycloadduct 54. The 1H NMR spectra of boc-

protected adduct 54 and oCOm-62 (50) are stacked in Figure 2.6. The absence of the nine 

proton singlet (δ 1.32), which corresponded to the tert-butyl group, indicated loss of the boc-

protecting group. Additionally, the disappearance of the one proton multiplet (δ 3.05 – 3.10) 

attributed to the amide proton and the appearance of a three proton broad singlet (δ 7.42) for 

the NH3 protons, expected for the formation of the amine salt, further supported the formation 

of oCOm-62 (50). The HRMS displayed a molecular ion peak for [M – CF3COO-]+ at m/z 

477.0811, hence confirming the molecular formula of the cation, C25H22BrN2O3
+, and 

formation of oCOm-62 (50). Unfortunately, oCOm-62 (50) proved to be insoluble in most 

organic solvents except for DMSO and DMF. Furthermore, its solubility in water and D2O was 

negligible. Thus oCOm-62 (50) was considered an unsuitable for use as a mechanistic probe 

for understanding the biological mode of action of this class of compound. As such, further 

development of this compound was discontinued. 

2.4.2 Synthesis of alkyne-substituted cycloadduct 55 

In earlier work on the oCOm project, Seifert-Simpson synthesised a variety of oCOm 

molecules from alkyne 56 and then functionalised these molecules using copper(I) catalysed 

azide-alkyne cycloaddition (CuACC) chemistry. This can be achieved via the attachment of a 

propargyl group to the imide nitrogen atom of a bromomaleimide, which gives propargyl-

substituted cycloadducts that can be further functionalised using CuACC chemistry.2 

The synthetic pathway for the current research is shown in Scheme 2.5. Maleimide (57) was 

refluxed with bromine to provide the corresponding dibromide, which upon elimination of 

hydrogen bromide with triethylamine gave the mono-brominated dienophile 45 in 47 % yield. 

Dienophile 45 was then reacted with furan in a Diels-Alder cycloaddition to provide furan 

adduct 58 as the exo isomer in 68 % yield. The experimental data of bromomaleimide (45) and 

furan adduct 58 were consistent with those found in the literature.52, 54  
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Scheme 2.5. Synthesis of alkyne-substituted cycloadduct 55. Reagents and conditions: a) Br2, CHCl3, reflux, 2 

h, then TEA, THF, 0 ºC, 1 h; b) furan, 80 ºC, 3 d; c) propargyl alcohol, TPP, DIAD, THF, 0 ºC, 18 h; d) propargyl 

bromide, K2CO3, DMF, 50 ºC, 2h; e) PhMe, 124 ºC, 7 h, then diene 37, 50 ºC, 7 h. 

Seifert-Simpson developed two different synthetic routes to alkyne 56 from furan adduct 58. 

Both synthetic pathways were attempted in the scope of this research. A Mitsunobu reaction of 

furan adduct 58 with propargyl alcohol gave the desired alkyne 56 in 71 % yield. Conversely, 

a substitution reaction of propargyl bromide with furan adduct 58 under basic conditions 

yielded alkyne 56 in 66 % yield. The experimental data of alkyne 56 were consistent with those 

reported by Seifert-Simpson for both synthetic routes.2 Following the successful synthesis of 

alkyne 56, a retro-Diels-Alder reaction was initiated by heating 56 in boiling toluene in an open 

flask. This allowed the volatile furan component to boil off, consequently producing the 

dienophile 59 in situ. Diene 37 was then added to the cooled solution, which upon heating at 

50 ºC yielded alkyne-functionalised adduct 55 in 78 % yield (Scheme 2.5).  

The stacked 1H NMR spectra of alkyne 56 and alkyne-functionalised cycloadduct 55 are 

displayed in Figure 2.7. The 1H NMR spectrum of cycloadduct 55 displayed a one proton triplet 

(δ 0.94) attributed to H1’. This signal displayed an upfield shift in comparison to alkyne 56. 

The two proton multiplet (δ 3.58 – 3.59) attributed to H3’, also displayed a significant upfield 
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shift in comparison to alkyne 56, due to the shielding effects of the phenanthrene ring system. 

Additionally, this provides evidence that alkyne-functionalised cycloadduct 55 is present as the 

endo isomer. The disappearance of the two multiplets for H4, 7 and H5, 6 (δ 5.30 – 6.66) 

corresponding to the alkyne 56 and the downfield shift of the one proton singlet (δ 3.64) 

attributed to H7a, further supported the formation of cycloadduct 55. The 1H NMR spectrum 

also displayed two non-equivalent three proton singlets (δ 2.30 and 2.33) and a series of peaks 

in the aromatic region (between δ 7.63 – 8.70), which corresponded to the two methyl 

environments and the aromatic protons, respectively.  

 

Figure 2.7. Stacked 1H NMR spectra of alkyne 56 (top) in CDCl3, recorded at 400 MHz, and alkyne-

substituted cycloadduct 55 (bottom) in CDCl3 recorded at 500 MHz. 

The formation of alkyne-functionalised cycloadduct 55 was supported by the appearance of a 

second carbonyl resonance (1780 cm-1) in the IR spectrum, which corresponded to the bridging 

carbonyl. The 13C NMR spectrum displayed an additional carbonyl resonance (δ 197.9) also 

attributed to the bridging carbonyl. Furthermore, the HRMS displayed a molecular ion peak at 

m/z 494.03557, which was consistent with the sodiated ion of the proposed molecular formula, 

C26H18BrNO3. This experimental data confirmed the formation of cycloadduct 55. 
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2.5 Copper(I) catalysed azide-alkyne cycloadditions (CuAAC) 

The copper(I) catalysed azide-alkyne cycloaddition (CuAAC) is an efficient and versatile 

reaction that was first discovered in the early 2000’s by Sharpless et al.57 It involves the 

copper(I) catalysed coupling of azides and alkynes, which ‘clicks’ the two components together 

to generate a triazole-based cycloadduct, hence it is commonly termed as ‘click’ chemistry. 

The mechanism for the CuAAC reaction is thought to proceed through a dinuclear copper 

intermediate, as depicted in Scheme 2.6.58 

 

Scheme 2.6. CuAAC mechanism as proposed by Worrell et al.58 

2.5.1 Attachment through ‘click’ chemistry 

As discussed earlier, the phenanthrene analogue of oCOm-21, termed oCOm-62 (50), proved 

to be insoluble in most organic solvents and water, hence it was considered unsuitable for use 

as a fluorescent probe for mode of action studies. In order to provide a degree of water 

solubility, alkyne-substituted cycloadduct 55 was functionalised with a PEG chain using 

CuAAC chemistry. 

2.5.1.1 Synthesis of oCOm-57 (60) 

The synthesis of oCOm-57 (60) required mPEG-750 azide 61. The mPEG-750 moiety was 

chosen to add a degree of water solubility to the phenanthrene analogues. This is due to the fact 

that oCOm analogues with the mPEG-750 moiety attached, reported by Seifert-Simpson, 
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demonstrated improved water solubility in comparison to compounds with shorter chains 

attached.2 mPEG-750 azide 61 was obtained via a two-step synthesis from mPEG-750-OH 62 

(Scheme 2.7). As reported by Seifert-Simpson, mPEG-OH 62 reacted with tosyl chloride to 

yield mPEG-750-OTs 63, which was used without further purification. A subsequent 

substitution reaction of mPEG-750-OTs 63 with sodium azide yielded mPEG-N3 61 in 68 % 

yield. The appearance of a characteristic azide absorption (2100 cm-1) in the IR spectrum 

supported the formation of mPEG-750 azide 61. Furthermore, spectroscopic data were 

consistent with those reported in the literature.2  

 

Scheme 2.7. Synthesis of mPEG-750 azide 61. Reagents and conditions: a) TsCl, NaOH, THF, 0 ºC, 3 h; b) 

NaN3, EtOH, reflux, 4 h. 

Additionally, the synthesis of oCOm-57 (60) also required the iodo(triethyl 

phosphite)copper(I) (64) catalyst, which was prepared in 84 % yield from a reaction of 

copper(I) iodide and triethyl phosphite at elevated temperatures. Experimental data of catalyst 

64 were also consistent with those in literature.2 oCOm-57 (60) was then obtained in 

quantitative yield from a ‘click’ reaction of alkyne-functionalised cycloadduct 55 and mPEG-

750 azide 61 in the presence of catalyst 64 (Scheme 2.8). 
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Scheme 2.8. Synthesis of oCOm-57 (60) and BP-oCOm-57 (65). Reagents and conditions: a) cat. CuI·P(OEt)3 

(64), N2, THF, 65 ºC, 5 d; b) DBU, THF, rt, 18 h. 

Spectroscopic data supported the formation of oCOm-57 (60). The stacked 1H NMR spectra 

of alkyne 55 and oCOm-57 (60) are shown in Figure 2.8. The appearance of a distinct triazole 

resonance (δ 6.36) attributed to H1’, supported the formation of oCOm-57 (60). This peak was 

further upfield in comparison to triazole protons reported for oCOm analogues synthesised by 

Seifert-Simpson.2 As previously stated, this can be explained by the phenanthrene ring system 

shielding these protons, which is only possible in the endo isomer. Hence, this further supports 

the formation of oCOm-57 (60) as the endo stereoisomer. The disappearance of the alkyne 

peak (δ 0.91) attributed to H1’ in alkyne 55, further confirmed the formation of oCOm-57 (60). 

The appearance of a series of CH2 signals (δ 3.42 – 4.01) and a methoxy resonance (δ 3.38), 

confirmed the attachment of the mPEG-750 group to 60. The two proton multiplet (δ 3.58 – 

3.59), which corresponded to H3’ in alkyne 55, experienced a downfield shift to be displayed 

as a singlet (δ 4.17) in the spectrum oCOm-57 (60).  
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Figure 2.8. Stacked 1H NMR spectra of cycloadduct 55 (top) and oCOm-57 (60) (bottom) in CDCl3, 

recorded at 500 MHz. 

Additionally, the disappearance of the characteristic azide peak (2100 cm-1) in the IR spectrum 

of oCOm-57 (60), further supported the attachment of the mPEG-750 group. The HRMS 

confirmed a significant increase in molecular weight displaying the most intense peak (m/z 

1211.46108) consistent with the major sodiated molecular ion of the oligomer mixture, 

therefore supporting the formation of oCOm-57 (60). 

Aromatisation of oCOm-57 (60) was achieved with DBU to give BP-oCOm-57 (65) in 27 % 

yield (Scheme 2.8). The stacked 1H NMR spectra of oCOm-57 (60) and BP-oCOm-57 (65) 

are shown in Figure 2.9. The methyl peaks in the 1H NMR spectrum of oCOm-57 (60) 

experienced a downfield shift to be displayed as one six proton singlet (δ 3.19). The equivalent 

environments of the methyl protons confirmed the formation of BP-oCOm-57 (65), as 

symmetry is only possible upon aromatisation. The 1H NMR spectrum displayed two singlets 

(δ 5.04 and 7.82) attributed to H3’ and H1’, respectively, which experienced a downfield shift 

in comparison to those of oCOm-57 (60). This reflected the near planar arrangement of the 
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aromatic triphenylene moiety in comparison to the twisted shape of 60. Additionally, the 13C 

NMR and IR spectra revealed the disappearance of the bridging carbonyl resonances. 

Furthermore, the HRMS displayed the most intense molecular ion peak at m/z 1103.53976, 

which was consistent with the major sodiated ion for the mixture of oligomers.  

 

Figure 2.9. Stacked 1H NMR spectra of oCOm-57 (60) (top) and BP-oCOm-57 (65) (bottom) in CDCl3, 

recorded at 500 MHz. 

2.5.1.2 Synthesis of oCOm-58 (66) 

The next target of the current research was to synthesise an additional phenanthrene oCOm 

analogue. It was proposed that a smaller molecular weight CORM, in comparison to oCOm-

57 (60), could be more suitable for use as a fluorescent probe in a biological medium. Given 

the lack of water solubility of oCOm-62 (50), the phenanthrene analogue of oCOm-21, it was 

decided to space the protonated amine group from the CO-releasing core with a triethylene 

glycol unit (Figure 2.10). The aim was to increase the water solubility while maintaining some 

structural similarity to oCOm-21. 
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Figure 2.10. Structures of oCOm-21, -62 (50) and -58 (66). 

The synthesis of target compound, oCOm-58 (66), required N3-TEG-NHBoc 67. N3-TEG-NH2 

68 was synthesised from triethylene glycol (69) in three steps, as reported by Ma et al.59 

(Scheme 2.9). Triethylene glycol (69) was reacted with tosyl chloride to yield ditosylate 70 in 

93 % yield. Ditosylate 70 was then heated with sodium azide to produce diazide 71 in 43 % 

yield. Diazide 71 was mono-reduced with triphenylphosphine and hydrochloric acid to give 

N3-TEG-NH2 68 in 41 % yield. Experimental data for the above compounds were consistent 

with those in literature.59 Subsequent boc-protection of N3-TEG-NH2 68 with boc-anhydride 

provided the desired N3-TEG-NHBoc 67 in 58 % yield (Scheme 2.9).60 

 

Scheme 2.9. Synthesis of N3-TEG-NHBoc 67. Reagents and conditions: a) TsCl, TEA, DMAP, DCM, 0 ºC → 

rt, 19 h; b) NaN3, DMF, 55 ºC, 18 h; c) TPP, HCl, EtOAc, rt, 7 h; d) boc-anhydride, DCM, rt, 18 h. 

Boc-protected oCOm-58 72 was then obtained through a ‘click’ reaction of alkyne-

functionalised cycloadduct 55 and N3-TEG-NHBoc 67 in the presence of catalyst 64, in 59 % 

yield (Scheme 2.10). At this point, the synthesis diverged into two separate pathways; the 

synthesis of oCOm-58 (66) and the synthesis of BP-oCOm-58 (73).  
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Scheme 2.10. Synthesis of oCOm-58 (66) and BP-oCOm-58 (73) via separate synthetic pathways. Reagents 

and conditions: a) N3-TEG-NHBoc 67, cat. CuI·P(OEt)3 (64), N2, THF, 65 ºC, 6 d; b) DBU, THF, 0 ºC, 1 h; c) 

HCl, 1,4-dioxane, 0 ºC, 18 h. 

The formation of boc-protected oCOm-58 72 was confirmed by the appearance of the 

characteristic triazole proton resonance (δ 6.41), which was also observed for oCOm-57 (60). 

The appearance of a nine proton singlet (δ 1.44), which was attributed to the tert-butyl group. 

The presence of a one proton singlet (δ 4.95) corresponding to the amide proton, further 

supported the attachment of the triethylene moiety.  Furthermore, the two proton multiplet (δ 

3.58 – 3.59), which corresponded to H3’ in alkyne 55, experienced a downfield shift to be 

displayed as a singlet (δ 4.18). Additionally, the HRMS confirmed an increase in molecular 
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weight displaying a peak (m/z 768.19757) consistent with the sodiated molecular ion, therefore 

supporting the formation of boc-protected oCOm-58 72. 

Revealing the protonated amino group of boc-protected oCOm-58 72 was achieved upon 

treatment with HCl to provide the amine hydrochloride salt, oCOm-58 (66) in 68 % yield 

following purification by reverse phase chromatography (Scheme 2.10). The stacked 1H NMR 

spectra of oCOm-58 (66) and its corresponding boc-protected counterpart 72 are displayed in 

Figure 2.11. The disappearance of the nine proton singlet (δ 1.44), which corresponded to the 

tert-butyl moiety supported the loss of the boc-protecting group. The disappearance of the one 

proton singlet (δ 4.95), which corresponded to the amide proton of 72, and the appearance of a 

broad seven proton multiplet (δ 7.68 – 7.77) attributed to the NH3 and aromatic protons in 

oCOm-58 (66), additionally supported the loss of the boc-protecting group. Furthermore, the 

HRMS displayed a molecular ion peak for [M – Cl-]+ at m/z 646.16536, which supported the 

proposed molecular formula of the cation of oCOm-58 (66), C32H33BrN5O5
+. The IR spectrum 

displayed a resonance (2870 cm-1) attributed to an N-H stretch for an amine salt. This further 

supported the loss of the boc-protecting group and consequently the formation of oCOm-58 

(66) as the amine hydrochloride salt. 
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Figure 2.11. Stacked 1H NMR spectra of boc-protected oCOm-58 72 (top) in CDCl3 and oCOm-58 (66) 

(bottom) in DMSO-d6, recorded at 500 MHz. 

Aromatisation of boc-protected oCOm-58 72 was achieved with DBU to give boc-protected 

BP-oCOm-58 74 in 74 % yield (Scheme 2.10). The two methyl peaks in the 1H NMR spectrum 

of the aromatised compound 74 experienced a downfield shift and were observed as one six 

proton singlet (δ 3.20). As in BP-oCOm-57 (65), this symmetry is only possible upon 

aromatisation, hence confirming the formation of boc-protected BP-oCOm-58 74. Downfield 

shifts were also observed for the signals corresponding to H3’ and H1’ (δ 5.06 and 7.85) upon 

formation of the aromatised product 74. Additionally, disappearance of the bridging carbonyl 

resonances was observed in the 13C NMR and IR spectra. The HRMS further supported the 

formation of the aromatised compound 74, with the presence of a peak at m/z 660.27784, which 

was consistent with the sodiated ion of the proposed molecular formula, C36H39N5O6. 

BP-oCOm-58 (73) was then obtained in 56 % yield from an HCl mediated deprotection of 

boc-protected BP-oCOm-58 74 (Scheme 2.10). The stacked 1H NMR spectra of boc-protected 

BP-oCOm-58 74 and BP-oCOm-58 (73) are displayed in Figure 2.12. The formation of 

aromatised compound 73 was confirmed by the characteristic disappearance of the tert-butyl 
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resonance (δ 1.42) and the appearance of a broad singlet (δ 7.81) attributed to the NH3 protons 

in the 1H NMR spectrum. Additionally, the HRMS displayed a molecular ion peak for [M – 

Cl-]+ at m/z 538.2445, which supported the proposed molecular formula of the cation of BP-

oCOm-58 (73), C31H32N5O4
+. 

 

Figure 2.12. Stacked 1H NMR spectra of boc-protected BP-oCOm-58 74 (top) in CDCl3, recorded at 500 

MHz, and BP-oCOm-58 (73) (bottom) in DMSO-d6, recorded at 400 MHz. 
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2.6 Solubility studies 

The water solubility of both oCOm-57 (60) and -58 (66) at room temperature was investigated 

via HPLC analysis as detailed in Section 4.3. 

2.6.1 Water Solubility of oCOm-57 (60)  

A calibration curve of concentration (mM) against peak area (254 nm) was constructed to 

determine the water solubility of oCOm-57 (60), as shown in Figure 2.13 (○).  

 

Figure 2.13. Calibration curve (○) for oCOm-57 (60) of absorbance peak area (254 nm, retention time = 

12.1 min) against concentration (mM). Peak area of the saturated aqueous sample (○) is plotted against 

concentration calculated from the equation of the linear regression fitted to the calibration curve: Area = 

(8.0464 x 106)x with an R2 value of 0.998, where x is equal to concentration. 

A 200-fold dilution of the saturated aqueous solution of oCOm-57 (60) in tissue culture water 

was analysed in triplicate via HPLC. The average peak area of this sample (○) is plotted against 

concentration (0.0726 mM), which was calculated by the equation determined from the 

calibration curve. This indicated that oCOm-57 (60) had a solubility of 14.5 mM, which was 

similar to the solubility reported for oCOm-21 of 21 mM.1 However, this was much lower than 

the solubility of oCOm-54 (75) (Figure 2.14), the phenyl derivative of 60, which was reported 

to be greater than 27 mM.2  
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Figure 2.14. Structure of oCOm-54 (75). 

2.6.2 Water solubility of oCOm-58 (66) 

A calibration curve of concentration (mM) against peak area (254 nm) was constructed to 

determine the water solubility of oCOm-58 (66), as shown in Figure 2.15 (○).  

 

Figure 2.15. Calibration curve (○) for oCOm-58 (66) of absorbance peak area (254 nm, retention time = 

9.52 min) against concentration (mM). The equation of the linear regression fitted to the calibration curve 

is: Area = (6.53 x 106)x with an R2 value of 0.981, where x is equal to concentration. 

A saturated aqueous solution of oCOm-58 (66) could not be generated, as all of the available 

material immediately dissolved in the tissue culture water. However, as the mass of available 

material was known, the solubility of oCOm-58 (66) was estimated to be greater than 440 mM, 

which far exceeded those reported for earlier oCOm molecules.1, 2 Consequently, oCOm-58 

(66) was investigated further and displayed promise for use as a fluorescent probe for mode of 

action studies in a biological setting. 
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2.7 Preliminary CO release profile of oCOm-58 (66) 

The preliminary CO release profile of oCOm-58 (66) was investigated via HPLC analysis as 

detailed in Section 4.4. A known amount of sample was dissolved in TRIS-sucrose buffer at 

pH 7.4 and 37 ºC. Aliquots were removed at specified time points, quenched with 0.5 M HCl 

and then analysed as soon as possible by HPLC. The conversion rate of 66 (retention time of 

9.52 min) to its aromatic by-product, BP-oCOm-58 (73) (retention time of 9.74 min), allowed 

the rate of CO release to be monitored and therefore the half-life of oCOm-58 (66) to be 

obtained (Scheme 2.11). 

 

Scheme 2.11. Conversion of oCOm-58 (66) to BP-oCOm-58 (73) under basic conditions. 

The CO release profile of oCOM-58 (66) at 37 ºC and pH 7.4 is shown in Figure 2.16, as a 

plot of percentage peak area against time. 
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Figure 2.16. CO release profile for oCOm-58 (66) (blue squares) as it converts to its aromatic by-product, 

BP-oCOm-58 (73) (red squares), in TRIS-sucrose buffer at pH 7.4 and 37 ºC. 

As observed in Figure 2.16, oCOm-58 (66) (blue squares) was slowly converted to its 

respective spent by-product 73 (red squares). The preliminary half-life of oCOm-58 (66) at 37 

ºC and pH 7.4 was determined to be approximately 225 minutes. This was similar to the half-

life of oCOm-54 (75), which was reported as 180 minutes.2 Although a faster CO release rate 

is desirable for use as a therapeutic prodrug, it is of lesser importance for a compound that is 

going to be used for mode of action studies in a biological setting. Hence, oCOm-58 (66) was 

investigated further. 
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2.8 Electronic and fluorescence profiles 

A colleague in the Larsen group, Dr. Brian Kueh, measured the UV-vis and fluorescence 

profiles for oCOm-58 (66) and BP-oCOm-58 (73), as detailed in Section 4.5. A suitable 

excitation wavelength was required in order to measure the fluorescence spectra of these 

compounds. This was measured via UV-vis spectroscopy. 

2.8.1 UV-vis and fluorescence studies of oCOm-58 (66) 

The UV-visible spectra of oCOm-58 (66) in tissue culture water at various concentrations (1 

mM, 0.2 mM and 0.04 mM) are displayed in Figure 2.17. A weak absorbance peak was 

observed between 350 and 360 nm, however, this was also present in the control. 

 

Figure 2.17. UV-vis spectra of oCOm-58 (66) in tissue culture water at various concentrations; tissue 

culture water control, 0.04 mM, 0.2 mM and 1 mM. 

The fluorescence spectra of oCOm-58 (66) were then measured at the same concentrations as 

the UV-vis spectra. Weak fluorescence was observed at 470 nm when excited with 400 nm 

light (Figure 2.18). This weak fluorescence was as expected for the non-aromatised oCOm-58 

(66).  
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Figure 2.18. Fluorescence spectra of oCOm-58 (66) (λex = 400 nm) in tissue culture water at various 

concentrations; tissue culture water control, 0.04 mM, 0.2 mM and 1 mM. 

2.8.2 UV-vis and fluorescence studies of BP-oCOm-58 (73) 

The next step was to measure the fluorescence of the spent by-product of oCOm-58 (66), BP-

oCOm-58 (73), in order to assess the viability of 66 as a fluorescent probe for mode of action 

studies. The hypothesis was that the conjugated aromatic structure of 73 would significantly 

increase the fluorescence, in comparison to oCOm-58 (66). The UV-visible spectra of BP-

oCOm-58 (73) in tissue culture water showed an absorbance peak at 400 nm. The intensity of 

this peak increased at higher concentrations of BP-oCOm-58 (73) (Figure 2.19). 
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Figure 2.19. UV-vis spectra of BP-oCOm-58 (73) in tissue culture water at various concentrations; tissue 

culture water control, 0.04 mM, 0.2 mM and 1 mM. 

The fluorescence spectra of BP-oCOm-58 (73) was then measured at the same concentrations 

as the UV-vis spectra. Strong fluorescence was observed at 470 nm when excited with 400 nm 

light (Figure 2.20). This emission was almost 25 times more intense than that observed for 

oCOm-58 (66) at the same concentration. oCOm-57 (60), -58 (66) and its aromatic 

counterpart, BP-oCOm-58 (73), were provided to our collaborators in the Department of 

Pharmacology at the University of Otago in order to assess the viability of these compounds as 

fluorophores in a biological setting. 
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Figure 2.20. Fluorescence spectra of BP-oCOm-58 (73) in tissue culture water at various concentrations; 

tissue culture water control, 0.04 mM, 0.2 mM and 1 mM. 
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2.9 Preliminary biological screening  

Our collaborators in the Department of Pharmacology at the University of Otago carried out 

preliminary screening of oCOm-57 (60) and -58 (66), in order to assess the viability of these 

compounds as fluorescent probes for mode of action studies in a biological setting. 

AC-16 cardiomyocyte cells were treated with a combination of oCOm-58 (66) (10 µM). 

MitoTracker (0.2 µM), a functional mitochondrial marker, was used to observe changes to the 

mitochondrial membrane, while the CO selective probe, COP-1 (Figure 1.6a) (10 µM) was 

used to monitor cellular delivery of CO. The images obtained from confocal microscopy of the 

treated cultured cardiac cells are displayed in Figure 2.21, panels a-e. Interestingly, they 

confirmed that CO release (green fluorescence) is accompanied by a decrease in mitochondrial 

activity, as shown in panel b. This inference is based upon the decrease in red fluorescence of 

the MitoTracker probe in panel b compared to panel a. Furthermore, mitochondrial activity 

returned as CO levels inside the cells decreased, as evidenced in panel c by the decrease in 

green fluorescence from the CO selective probe (COP-1) and the return of red fluorescence 

attributed to the MitoTracker probe. This coincided with an increase in the levels of blue 

fluorescence from BP-oCOm-58 (73) (panel d). This delayed onset of fluorescence could be 

due to the triphenylene fluorophore 73 being much less emissive than both MitoTracker and 

COP-1. As observed in panel e, the active mitochondria and spent by-product 73 are co-

localised in the cells. These images clearly indicate that the spent by-product 73 accumulates 

inside the cells, as blue fluorescence is absent in the extra-cellular matrix.  Given these results, 

it is highly likely that oCOm-58 (66) also releases CO once inside the cell. These images 

provide indirect evidence that positively charged compounds, such as oCOm-21 and oCOm-

58 (66), accumulate in the mitochondria and release CO within these organelles. 
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Figure 2.21. MitoTracker, CO-activated BODIPY dye COP-1 (Figure 1.6) and BP-oCOm-58 (73) 

fluorescence intensity  in AC-16 cardiomyocyte cells at various time points; a) 30 minutes – shows active 

mitochondria, b) 80 minutes – shows CO release is accompanied by decreased mitochondrial activity, c) 

150 minutes – mitochondrial activity returns as CO levels decrease, d) 190 minutes – BP-oCOm-58 (73) 

levels increase as all the CO is released, e) 240 minutes – purple indicates that active mitochondria and the 

spent by-product 73 are co-localised. Images courtesy of A/Prof I. Sammut, Dr. J Harrison and R. Hartley. 

Additionally, AC-16 cardiomyocyte cells were also treated with BP-oCOm-58 (73) and DB-

oCOm-58 (76), a non-CO-releasing control compound, in the same manner as for oCOm-58 

(66). The structures of 73 and 76 are shown in Figure 2.22 for reference. 

 

Figure 2.22. Structures of BP-oCOm-58 (73) and DB-oCOm-58 (76). 

Confocal microscopy of cultured cardiac cells treated with BP-oCOm-58 (73) and DB-oCOm-

58 (76), showed no green fluorescence from the COP-1 probe indicating that no CO was 

present, as expected (Figure 2.23, right hand panels). Furthermore, mitochondrial activity was 

not affected by either of these compounds as evidenced from the strong red fluorescence of the 

MitoTracker probe (middle panels). The top left-hand panel of Figure 2.23a shows that BP-
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oCOm-58 (73) co-localises in the mitochondria. Unfortunately, wavelengths suitable for 

excitation of the phenanthrene moiety of DB-oCOm-58 (76) were not available on the confocal 

microscope used to obtain these images. Thus, it was not able to be determined whether 76 was 

also co-localised in the mitochondria. However, these results confirmed that the decreased 

mitochondrial activity previously observed for oCOm-58 (66) can be attributed to CO released 

within the organelle. 

 

Figure 2.23. a) Breakdown product of oCOm-58 (66), BP-oCOm-58 (73), co-localises to the mitochondria 

in AC-16 cells but no CO was released (COP-1, Figure 1.6a); b) DB-oCOm-58 (76) did not breakdown to 

BP-oCOm-58 (73) in AC-16 cells and no CO was released (COP-1, Figure 1.6a). Images courtesy of A/Prof 

I. Sammut, Dr. J Harrison and R. Hartley. 

Confocal microscopy of AC-16 cardiomyocyte cells treated with oCOm-57 (60) provided 

further evidence of the mode of action of the phenanthrene-based oCOm analogues. The 

fluorescent mPEG-750 derivative 60 of oCOm-21 was observed to be predominantly 

associated with the cell membrane, as evidenced by the blue fluorescence of the spent by-

product, BP-oCOm-57 (65) (Figure 2.24a). However, the levels of CO inside the cellular 

matrix increased over time, as indicated by the green fluorescence of the CO selective probe, 

COP-1 (Figure 2.24b). This implies that oCOm-57 (60) released CO outside the cell and then 

the CO diffused across the cell membrane. Given this information, it was apparent that a 
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terminal protonated amine group, such as in oCOm-58 (66), provided the driving force for 

transportation across cell membranes. 

 

Figure 2.24. Superimposed confocal images of AC-16 cardiomyocyte cells exposed to oCOm-57 (60) (spent 

by-product 65), MitoTracker and COP-1 (Figure 1.6a). a) White arrow indicating that oCOm-57 (60) is 

predominantly located around the margins of cell membranes at 2 hrs; dense blue staining (blue arrows) 

only appearing around adherent cell surfaces; b) After 1 hour of exposure CO fluorescence is co-localised 

with MitoTracker to give a yellow composite colour. Images courtesy of A/Prof I. Sammut, Dr. J Harrison 

and R. Hartley. 

Additionally, isolated Sprague-Dawley rat hearts infused for 30 minutes with oCOm-58 (66) 

(10, 20 and 30 µM) confirmed through blue fluorescence (spent by-product 73) that 66 was 

distributed from the coronary arteries into the myocardium of this organ (Figure 2.25). 

 

Figure 2.25. Fluorescent microscopy images (40 x) of sections from the base, mid and apical planes of 

isolated Sprague-Dawley rat hearts following a 30 minute infusion with 20µM oCOm-58 (spent by-product) 

counterstained with the nuclear and cytoplasmic DNA/RNA dye, propidium iodide. Images courtesy of 

A/Prof I. Sammut, Dr. J. Harrison, S. Thwaite and J. Ward. 
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Chapter 3  Conclusions and Future work 

3.1 Conclusions 

This thesis reports a method for the development of phenanthrene-based analogues of the 

organic CORMs reported by Larsen and co-workers.1 These oCOm analogues undergo 

cheletropic loss of CO to form triphenylene-based fluorescent by-products. These compounds 

can act as fluorescent probes to monitor their distribution in cells and tissue in order to provide 

insight into the mode of action of these prodrugs.  

3.1.1 Solubility 

oCOm-62 proved to be insoluble in most organic solvents except for DMSO and DMF. 

Furthermore, its solubility in water and D2O proved to be neglible. Hence, this compound was 

considered unsuitable for use as a mechanistic probe for understanding the biological mode of 

action of this compound. The solubility of oCOm-57 was determined to be 14.5 mM, which 

was similar to that of the lead compound, oCOm-21. However, this was much lower than the 

solubility reported for the direct phenyl analogue of oCOm-57, denoted oCOm-54. The 

solubility of oCOm-58 was estimated to be greater than 440 mM, which far exceeded those 

reported for earlier oCOm molecules. Due to its high water solubility, oCOm-58 was 

investigated further and displayed promise for use in a biological setting. 

3.1.2 CO release profiles 

The half-life of oCOm-58 at 37 ºC and pH 7.4 was determined to be approximately 225 

minutes. Although a faster release rate is desirable for use as a therapeutic prodrug, this 

property is less important for a compound that is going to be used as a fluorophore for mode 

of action studies.  

3.1.3 Fluorescence profiles 

Both oCOm-58 and its aromatic counterpart, BP-oCOm-58, fluoresced at 470 nm when 

excited with 400 nm light. The fluorescence of BP-oCOm-58 was almost 25 times more 
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intense than that of oCOm-58. While this was a pleasing result, alternative emission 

wavelengths would be advantageous for mode of action studies in a biological setting.  

3.1.4 Biological screening 

The CORMs detailed in this thesis provided invaluable information with respect to the mode 

of action of oCOm molecules in biological experiments. Confocal microscopy of treated AC-

16 cardiomyocyte cells provided indirect evidence that positively charged compounds, such as 

oCOm-58, accumulate in the mitochondria and release CO within these organelles. 

Furthermore, the observed decrease in mitochondrial activity in these cells is consistent with 

research conducted by Alonso et al.,61 which showed that CO disrupted mitochondrial function 

through binding to cytochrome c oxidase of complex IV in the mitochondrial respiratory chain. 

Additionally, oCOm-57 was observed to be predominantly associated with the cell membrane, 

which further indicated that a terminal protonated amine provided the driving force for 

transportation across cell membranes. However, results to date direct that more evidence is 

needed to confirm this. 
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3.2 Moving forward 

As detailed in Section 3.1.3, both oCOm-58 and its spent by-product BP-oCOm-58 fluoresced 

at 470 nm when excited with 400 nm light. Furthermore, confocal microscopy of treated AC-

16 cardiomyocyte cells provided indirect evidence that positively charged compounds, such as 

oCOm-58, accumulate in the mitochondria and release CO within these organelles. However, 

this could only be inferred. As such, future research to synthesise a CORM with an excitation 

and/or emission wavelength dissimilar to that of its corresponding spent by-product would be 

beneficial.  

As reported by Sustmann et al.43 and detailed in Section 1.3, the absorption and emission 

wavelengths of phenanthrene-based fluorophores can be tuned to longer and shorter 

wavelengths by substitution at the R position, as depicted in Scheme 1.11 (displayed again for 

reference). For example, they showed that attachment of an electron donating group, such as a 

dimethylamino group, giving 36b, resulted in fluorescence of the phenanthrene moiety at 460 

nm when excited with 380 nm light. Furthermore, the corresponding decarbonylated product 

35b, which has extended conjugation, fluoresced at 600 nm when excited with 460 nm light.  

 

Scheme 1.11. Synthesis of fluorescent probe based on a phenanthrene backbone as reported by Sustmann 

et al.43 

Given this information, it is evident that further conjugation of the system causes the bands to 

shift to lower transition energies and consequently longer wavelengths. Hence, substitution of 

the phenanthrene moiety should provide an analogous red-shift in both the excitation and 

emission wavelengths of these oCOm molecules and their corresponding spent by-products. 
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As such, the synthesis of a diamino-substituted phenanthrene-based fluorophore, such as 82, is 

proposed. The generic synthesis of 82 is outlined in Scheme 3.1. Generation of cycloadduct 

81, could in turn yield protonated compound 82. It is envisaged that 82 and its spent by-product 

would have dissimilar excitation and emission wavelengths, which would consequently make 

these compounds suitable for confocal microscopy studies. 

 

Scheme 3.1. Generic proposed synthesis of a di-substituted phenanthrene oCOm analogue. 
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Chapter 4  Experimental 

4.1 General 

The synthesis of novel compounds are indicated by italicizing the compound name. 

4.1.1 Nuclear Magnetic Resonance Spectroscopy 

1H NMR spectra were recorded at either 400 MHz on a Varian 400-MR NMR system or at 500 

MHz on a Varian 500 MHz AR Premium Shielded Spectrometer. All spectra were recorded in 

5 mm NMR tubes at 25 °C as CDCl3 solutions unless otherwise stated. Chemical shifts are 

referenced to the residual CHCl3 singlet at 7.26 ppm according to the δ scale. Chemical shifts 

are reported to the nearest 0.01 ppm and coupling constants (J) to the nearest 0.1 Hz. 1H NMR 

data were reported using the following convention: 1H NMR (frequency, solvent) δ/ppm 

chemical shift (number of protons, multiplicity (s, singlet; br. s, broad singlet; d, doublet; t, 

triplet; q, quartet; dd, doublet of doublets; m, multiplet), coupling constant (Hz), assignment). 

13C NMR spectra were recorded at either 101 MHz on a Varian 400-MR NMR system or at 

126 MHz on a Varian 500 MHz AR Premium Shielded Spectrometer under the same conditions 

as for 1H spectra. Chemical shifts are referenced to the residual CDCl3 signal and are reported 

to the nearest 0.1 ppm. Where necessary to differentiate between similar resonances, carbon 

signals are reported to two decimal places. 13C NMR data were reported using the following 

convention: 13C NMR (frequency, solvent) δ/ppm chemical shift (assigned carbon(s)). 

2-D correlation spectroscopy (gCOSY, gHSQC, gHMBC, gHMQC and ASAP-HSQC) were 

used to assign the 1H and 13C spectra of most compounds. 

4.1.2 Infrared spectroscopy 

Infrared (IR) spectroscopic measurements were conducted on a Bruker Optics Alpha FT-IR 

spectrometer with a diamond attenuated total reflectance (ATR) top plate. No sample 

preparation was required. Absorbance values are reported in wavenumbers (cm-1) and are 

rounded to the nearest 10 cm-1. 
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4.1.3 Mass spectrometry 

High resolution mass spectrometry (HR-MS) measurements were conducted on either a Bruker 

microTOF-Q or Shimadzu LCMS 9030 mass spectrometer using an electrospray ionization 

(ESI) source operating in either positive or negative mode. 

4.1.4 Chromatography 

Thin layer chromatography (TLC) was performed on aluminium backed sorbent silica gel 

plates (Merck). Compounds were detected using a UV lamp and/or stained with either a vanillin 

stain (2 % w/v vanillin in ethanol and 0.01 % H2SO4) or a PMA stain (7 % w/v 

phosphomolybdic acid in ethanol) or a KMnO4 stain (1 % w/v KMnO4 in ethanol with 7 % w/v 

K2CO3 and 0.08 % w/v NaOH) and then developed with heating. Normal phase silica gel 

column chromatography was performed using silica gel (230 – 400 mesh) and the specified 

eluent(s). 

Reverse phase silica column chromatography was performed using Isolute® C18(EC) 10 g/70 

mL column cartridges purchased from Biotagem and using the specified mixture of 0.05 % in 

TFA in H2O and 0.05 % TFA in CH3CN. HPLC grade solvent was used for reverse phase silica 

column chromatography.  

4.1.5 High performance liquid chromatography 

Synthetic purity analyses were conducted on an analytical HPLC (Shimadzu LC-20AD 

equipped with both a SPD-20A UV [210 and 254 nm] and ELSD LTII [350 kPa, nebulizer 60 

°C] detector).  

HPLC columns were as follows: Column A; Phenomenex Prodigy 5µ ODS3 100A C18 (5 µm, 

3.00 x 250 mm) functionalized silica. The methods used were as follows: Method A; 10 % to 

100 % B over 12.5 minutes, then 100 % B for 2.5 minutes, then 100 % to 10 % B over 1.0 

minute, then 10 % B for 4 minutes.  
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Unless otherwise stated, the solvent system for all LC purposes was a mixture of A (0.05 % 

TFA in H2O) and B (0.05 % TFA in CH3CN). HPLC grade acetonitrile (CH3CN) was 

purchased from Merck Chemicals. MilliQ grade H2O was obtained from a Millipore 

purification system. HPLC grade trifluroacetic acid (TFA) was purchased from Scharlau.  

HPLC data was reported using the following convention. Analytical-HPLC System (column, 

flow rate, detector, method) retention time.  

4.1.6 UV-Vis and fluorescence spectroscopy 

Spectra were acquired using Greiner-96 F-Bottom well plates or Nunc-96 well plates on the 

BMG Labtech (Alphatech) CLARIOstar spectrophotometer, which was set to 37.8 ºC. 

Fluorescence spectra were acquired using a gain of 1192 (set to 70% of the target value), a 

focal point of 6.9 mm and a stepwidth of 1 nm. 

4.1.7 Solvents and reagents 

Solvents specified as anhydrous were prepared by a PURE SOLV MD-6 solvent purification 

system. All other reagents were used as received. 
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4.2 Synthetic Protocols 

3,4-Dihydro-4-hydroxy-1,3-dimethyl-2H-cyclopenta[l]phenanthren-2-one (48) 

 

The title compound 48 was synthesized using the literature procedure reported by Jones.53 

K2CO3 (13.3 g, 96 mmol) and pentan-3-one (41) (10.15 mL, 96 mmol) were suspended in 

MeOH (200 mL). To the above suspension phenanthrene-9,10-dione (40) (10.0 g, 48 mmol) 

was added portion-wise over 15 min and the mixture was stirred at rt for 18 h. The reaction 

mixture was concentrated to ~20 mL in vacuo and suspended in H2O (~100 mL). The insoluble 

solid was collected by vacuum filtration. The solid was then dissolved in DCM, washed with 

1M HCl, H2O and brine then dried over MgSO4. The organic extracts were concentrated in 

vacuo to yield the title compound 48 as a yellow/brown solid (11.2 g, 40.6 mmol, 84 %). IR 

(ṽmax/cm-1): 3340 (O-H stretch), 1670 (C=O stretch). 1H NMR (400 MHz, CDCl3) δ 1.55 (3H, 

d, J = 7.4 Hz, CH3 (C3)), 2.08 (3H, s, CH3 (C1)), 2.12 (1H, br. s, OH), 3.05 (1H, q, J = 7.5 Hz, 

H3), 7.35 – 7.55 (5H, m, Ar-H), 7.70 – 7.74 (1H, m, Ar-H), 7.89 – 7.92 (1H, m, Ar-H), 7.96 – 

7.98 (1H, m, Ar-H). 13C NMR (101 MHz, CDCl3) δ 9.8 (CH3 (C1)), 11.4 (CH3 (C3)), 48.0 (C3), 

75.4, 124.5, 125.0, 126.5, 128.3, 128.5, 129.2, 129.4, 129.5, 130.9, 132.5, 133.4, 135.1, 139.4, 

161.6, 208.8 (C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C19H16O2Na+, 299.1043; found, 

299.1017. 

1-Chloro-1,3-dihydro-1,3-dimethyl-2H-cyclopenta[l]phenanthren-2-one (49) 

 

The title compound 49 was synthesized using the literature procedure reported by Jones.53 3,4-

Dihydro-4-hydroxy-1,3-dimethyl-2H-cyclopenta[l]phenanthren-2-one (48) (11.2 g, 40.6 
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mmol) was treated with acetyl chloride (38.2 mL, 487 mmol) with gentle swirling. After some 

gas evolution the mixture was stirred at 0 – 5 °C for 1 h. The precipitate was filtered under 

vacuum and washed with PE to give the title compound 49 as a pale pink solid (10.2 g, 34.5 

mmol, 85 %) that exists as a 2:1 mixture of diastereoisomers. IR (ṽmax/cm-1): 1750 (C=O 

stretch). HRMS-ESI (m/z): [M - Cl]+ calcd for C19H14O
+, 259.1117; found, 259.1106.  

Major diastereoisomer; 1H NMR (400 MHz, CDCl3) δ inter alia 1.80 (3H, d, J = 7.5 Hz, CH3 

(C3)), 2.22 (3H, s, CH3 (C1)), 4.06 (1H, q, J = 7.5 Hz, H3), 7.68 – 7.81 (4H, m, Ar-H), 7.96 – 

8.02 (1H, m, Ar-H), 8.46 – 8.55 (1H, m, Ar-H), 8.76 – 8.81 (2H, m, Ar-H). 13C NMR (126 

MHz, CDCl3) δ inter alia 19.2 (CH3 (C3)), 25.8 (CH3 (C1)), 44.4, 44.8, 68.6, 69.5, 123.76, 

123.78, 123.83, 125.5, 125.6, 125.8, 125.84, 125.9, 127.0, 127.1, 127.12, 127.3, 127.35, 

127.39, 127.43, 127.5, 127.6, 127.7, 127.9, 128.0, 128.1, 131.4, 131.7, 131.8, 134.9, 135.1, 

136.9, 137.2, 213.1 (C=O). 

Minor diastereoisomer; 1H NMR (400 MHz, CDCl3) δ inter alia 1.69 (3H, d, J = 7.6, CH3 

(C3)), 2.26 (3H, s, CH3 (C1)), 4.20 (1H, q, J = 7.5 Hz, H3), 7.68 – 7.81 (4H, m, Ar-H), 7.96 – 

8.02 (1H, m, Ar-H), 8.46 – 8.55 (1H, m, Ar-H), 8.76 – 8.81 (2H, m, Ar-H). 13C NMR (126 

MHz, CDCl3) δ inter alia 18.9 (CH3 (C3)), 28.2 (CH3 (C1)), 44.4, 44.8, 68.6, 69.5, 123.76, 

123.78, 123.83, 125.5, 125.6, 125.8, 125.84, 125.9, 127.0, 127.1, 127.12, 127.3, 127.35, 

127.39, 127.43, 127.5, 127.6, 127.7, 127.9, 128.0, 128.1, 131.4, 131.7, 131.8, 134.9, 135.1, 

136.9, 137.2, 211.9 (C=O). 

1,3-Dimethyl-2H-cyclopenta[l]phenanthren-2-one dimer (37) 

 

The title compound 37 was synthesized using the literature procedure reported by Jones.53 1-

Chloro-1,3-dihydro-1,3-dimethyl-2H-cyclopenta[l]phenanthren-2-one (49) (8.03 g, 27.2 

mmol) was added over 5 – 10 min to TEA (7.59 mL, 33.9 mmol) in refluxing toluene (50 mL). 
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The mixture was heated at reflux for 1 h and then allowed to cool to rt. The solution was then 

extracted into DCM, washed with H2O and 2M H2SO4, filtered and concentrated in vacuo to 

yield the title compound 37 as a pink solid (4.65 g, 18.0 mmol, 66 %) isolated as a mixture of 

the monomer and the dimer. IR (ṽmax/cm-1): 1760 (bridging C=O stretch), 1680 (C=O stretch).  

Dimer; 1H NMR (400 MHz, CDCl3) δ inter alia 1.34 (3H, s, CH3), 1.40 (3H, s, CH3), 1.98 (3H, 

s, CH3), 2.10 (3H, s, CH3), 5.61 (1H, d, J = 8.1 Hz, Ar-H), 6.27 (1H, t, J = 7.7 Hz, Ar-H), 7.07 

(1H, t, J = 7.6 Hz, Ar-H), 7.14 – 7.20 (2H, m, Ar-H), 7.47 – 7.53 (2H, m, Ar-H), 7.60 (1H, t, 

J = 7.6 Hz, Ar-H), 7.72 – 7.74 (3H, m, Ar-H), 7.92 (1H, d, J = 8.0 Hz, Ar-H), 8.04 (1H, d, J 

= 8.0 Hz, Ar-H), 8.46 – 8.48 (1H, m, Ar-H), 8.71 (1H, d, J = 8.5 Hz, Ar-H), 8.81 – 8.84 (1H, 

m, Ar-H). HRMS-ESI (m/z): [M + Na]+ calcd for C38H28O2Na+, 539.19815; found, 539.19770. 

Monomer; 1H NMR (400 MHz, CDCl3) δ inter alia 1.22 (3H, s, CH3), 1.88 (3H, s, CH3), 6.93 

(1H, br. s, Ar-H), 7.14 – 7.20 (1H, m, Ar-H), 7.48 – 7.59 (3H, m, Ar-H), 7.84 (1H, br. s, Ar-

H), 8.31 – 8.40 (2H, m, Ar-H). HRMS-ESI (m/z): [M + Na]+ calcd for C19H14ONa+, 281.09369; 

found, 281.09317.  

Triethylene glycol ditosylate (TsO-TEG-OTs) (70) 

 

The procedure used was adapted from Ma et al.59 TEA (18.6 mL, 133 mmol) was added to a 

solution of triethylene glycol (69) (4.44 mL, 33.3 mmol) in anhydrous DCM (80 mL). The 

solution was then cooled to 0 ºC and TsCl (14.0 g, 73.5 mmol) was added in small portions 

followed by DMAP (0.426 g, 3.49 mmol). The reaction mixture was allowed to warm to rt and 

then stirred for 20 h. Saturated NaCO3 (200 mL) was added to quench the reaction and the 

aqueous phase was extracted with DCM (3 x 200 mL). The combined organic extracts were 

dried over MgSO4, filtered and concentrated in vacuo to obtain the title compound 70 as a white 

solid (14.2 g, 31.0 mmol, 93 %). 1H NMR (400 MHz, CDCl3) δ inter alia 2.43 (6H, s, Ts-CH3), 

3.51 (4H, s, H3), 3.63 – 3.65 (4H, m, H2), 4.11 – 4.13 (4H, m, H1), 7.33 (4H, d, J = 8.4 Hz, Ar-

H), 7.77 (4H, d, J = 8.2 Hz, Ar-H). 13C NMR (101 MHz, CDCl3) δ inter alia 21.8 (Ts-CH3), 
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68.8 (C2), 69.3 (C1), 70.8 (C3), 128.1, 130.0. HRMS-ESI (m/z): [M + Na]+ calcd for 

C20H26O8S2Na+, 481.09613; found, 481.09627. 

Diazide triethylene glycol (N3-TEG-N3) (71) 

 

The procedure used was adapted from Ma et al.59 Sodium azide (2.35 g, 36.1 mmol) was added 

to a solution of triethylene glycol ditosylate (70) (4.72 g, 10.3 mmol) in DMF (20 mL) under a 

N2 atmosphere. The solution was stirred at 55 °C for 24 h. After cooling the solution to rt, H2O 

(50 mL) was added and the solution was extracted with EtOAc. The combined organic extracts 

were washed with H2O and cold brine, dried over MgSO4, and concentrated in vacuo to yield 

the title compound 71 as a colourless oil (0.983g, 4.9 mmol, 48 %). 1H NMR (400 MHz, 

CDCl3) δ 3.39 (4H, t, J = 5.1 Hz, CH2-N3), 3.68 – 3.71 (8H, m, CH2-O). 13C NMR (101 MHz, 

CDCl3) δ 50.8, 69.3, 71.3. HRMS-ESI (m/z): [M + Na]+ calcd for C6H12N6O2Na+, 223.09139; 

found, 223.09130. 

N3-TEG-NH2 68 

 

The procedure used was adapted from Ma et al.59 Triphenylphosphine (1.81 g, 6.90 mmol) in 

EtOAc (30 mL) was added dropwise to a solution of diazide triethylene glycol (71) (1.41 g, 

7.04 mmol) in EtOAc/1M HCl (30 mL/37 mL) at rt with vigorous stirring. The reaction was 

vigorously stirred at rt for 7 h and then the EtOAc layer was removed. The aqueous layer was 

washed with EtOAc and then adjusted to pH 12 with 2M NaOH. The resulting aqueous solution 

was extracted with CHCl3 and the combined organic extracts were dried over MgSO4. The 

solvent was evaporated in vacuo to yield the title compound 68 as a colourless oil (0.701 g, 

4.02 mmol, 41 %). 1H NMR (400 MHz, CDCl3) δ 2.87 (2H, t, J = 4.3 Hz, H6), 3.39 (2H, t, J = 

5.0 Hz, H1), 3.52 (2H, t, J = 5.2 Hz, H2), 3.65 – 3.70 (6H, m, H3, H4 and H5). 
13C NMR (101 

MHz, CDCl3) δ 41.9 (C6), 50.8 (C1), 70.2, 70.5, 70.8, 73.7 (C2). HRMS-ESI (m/z): [M + Na]+ 

calcd for C6H14N4O2Na+, 197.10090; found, 197.10040. 
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N3-TEG-NHBoc 67 

 

A solution of di-tert-butyl dicarbonate (1.75 g, 8.03 mmol) in DCM (10 mL) was added 

dropwise to N3-TEG-NH2 (68) (0.698 g, 4.00 mmol) in DCM (40 mL) at 0 ºC. The reaction 

was stirred at rt for 18 h. The reaction mixture was concentrated in vacuo to yield the crude 

product, which was then purified by silica column chromatography (5 % EtOAc:PE → 40 % 

EtOAc:PE) to yield the title compound 67 as a yellow oil (0.636 g, 2.32 mmol, 58 %). 1H NMR 

(500 MHz, CDCl3) δ 1.44 (9H, s, tBu), 3.28 – 3.34 (2H, m, H6), 3.39 (2H, t, J = 5.1 Hz, CH2), 

3.54 (2H, t, J = 5.2 Hz, H5), 3.61 – 3.65 (4H, m, CH2), 3.67 (2H, t, J = 5.2 Hz, CH2), 5.00 (1H, 

br. s, NH). 13C NMR (126 MHz, CDCl3) δ 28.5 (tBu), 40.6 (C6), 50.8 (CH2), 70.2 (CH2), 70.38 

(C5), 70.44 (CH2), 70.7 (CH2), 79.4 (quart. C), 156.1 (C=O). HRMS-ESI (m/z): [M + Na]+ 

calcd for C11H22N4O4Na+, 297.15333; found, 297.15266. The NMR data obtained was 

consistent with that from the literature.60 

mPEG-750-N3 61 

 

The procedure used was reported by Seifert-Simpson.2 To a mixture of mPEG-750-OH 62 

(13.3 g, 17.7 mmol) in THF (20 mL) was added a solution of NaOH (1.98 g, 49.5 mmol) in 

H2O (10 mL). The mixture was cooled to 0 ºC and a solution of TsCl (6.02 g, 31.5 mmol) in 

THF (10 mL) was then added dropwise over 30 min. The mixture was stirred at 0 ºC for 3 h 

before being poured over ice cold H2O, extracted into DCM, washed with H2O and brine, dried 

over MgSO4 and the solvent removed in vacuo to yield mPEG-750-OTs 63, which was used 

without further purification. mPEG-750-OTs 63 was dissolved in EtOH (80 mL) followed by 

the addition of NaN3 (2.02 g, 31.1 mmol). The reaction mixture was heated at reflux for 4 h, 

then allowed to cool to rt. The insoluble precipitate was removed by vacuum filtration, and the 

filtrate was the concentrated in vacuo. The residue from the filtrate was dissolved in DCM, 

washed with H2O, dried over MgSO4, and the solvent removed in vacuo to give the title 



66 | P a g e  

 

compound 61 as a yellow oil (8.51 g, 11.9 mmol, 68 %). IR (ṽmax/cm-1): 2870 (C-H stretch), 

2100 (N3 stretch), 1100 (C-O stretch). 1H NMR (400 MHz, CDCl3) δ 3.38 (3H, s, O-CH3), 3.39 

– 3.41 (2H, m, CH2), 3.54 – 3.56 (2H, m, CH2), 3.63 – 3.69 (60H, m, CH2). 
13C NMR (101 

MHz, CDCl3) δ 50.8 (CH2-N3), 70.7 (CH2) HRMS-ESI (m/z): [M + Na]+ calcd for 

C31H63N3O15Na+, 740.41514; found, 740.41511. The data obtained was consistent with that 

from the literature.2 

Iodo(triethyl phosphite)copper(I) (64) 

CuI·P(OEt)3 

Copper(I) iodide (1.99 g, 10.5 mmol) and triethyl phosphite (1.80 mL, 10.50 mmol) were added 

to anhydrous toluene (30 mL) under N2. The solution was heated at 80 ºC for 18 h. The reaction 

mixture was then cooled to rt, filtered through a plug of celite and the solvent removed in vacuo 

to yield the title compound 64 as white crystals (3.14 g, 8.82 mmol, 84 %). 1H NMR (400 MHz, 

CDCl3) δ 1.29 (9H, t, J = 7.0 Hz, CH3), 4.12 (6H, quint, J = 7.2 Hz, CH2). HRMS-ESI (m/z): 

[M + Na]+ calcd for C6H15O3PCuINa+, 378.89917; found, 378.89929. The data obtained was 

consistent with that from the literature.62 

4-Bromo-2H-pyrrole-1,3-dione (45) 

 

The procedure used was reported by Li et al.52 To a solution of maleimide (57) (12.01 g, 124 

mmol) in CHCl3 (60 mL) was added a solution of Br2 (6.33 mL, 124 mmol) in CHCl3 (30 mL). 

The mixture was refluxed for 2 h before being cooled to rt. The mixture was then diluted with 

DCM and washed with sat. sodium thiosulfate. The aqueous layer was back extracted with 

DCM and the combined organic extracts were washed with H2O and brine before being dried 

over MgSO4 and concentrated in vacuo to yield dibromomaleimide. The dibromomaleimide 

intermediate was dissolved in anhydrous THF (100 mL) and cooled to 0 ˚C. A solution of TEA 

(17.2 mL, 124 mmol) in anhydrous THF (20 mL) was added over 5 min and the resulting 
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suspension was stirred at 0 ºC for 1 h. The mixture was diluted with 1 M HCl and EtOAc. The 

aqueous layer was back extracted with EtOAc and the combined organic extracts were washed 

with brine, dried over MgSO4 and concentrated in vacuo to yield the crude product, which was 

purified by silica column chromatography (5 % EtOAc:DCM → 8 % EtOAc:DCM) to yield 

the title compound 45 as a white solid (0.843 g, 4.79 mmol, 47 %). 1H NMR (400 MHz, CDCl3) 

δ 6.89 (1H, s, H5), 7.52 (1H, br. s, NH). 13C NMR (101 MHz, CDCl3) δ 132.3, 133.0, 164.9 

(C=O), 167.8 (C=O). HRMS-ESI (m/z): [M – H]- calcd for C4HN4O2
79Br-, 173.91961; found, 

173.92689. 

Exo-3a-bromo-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (46) 

 

The procedure used was reported by Izgu and Hoye.54 Furan (14.3 mL, 132 mmol) was added 

to a suspension of 4-bromo-2H-pyrrole-1,3-dione (45) (3.01 g, 10.2 mmol) in Et2O (3 mL) and 

the resulting mixture was split evenly between 3 Kimax tubes. The tubes were tightly sealed 

and heated at 80 ºC for 3 days. The suspension was diluted with DCM and Et2O and 

concentrated in vacuo to yield the crude product. The crude product was crystallised from DCM 

and filtered under vacuum to yield the title compound 46 as a pale yellow solid (1.69 g, 6.92 

mmol, 68 %, exo only). 1H NMR (400 MHz, CDCl3) δ 2.90 (1H, s, H7a), 5.30 (1H, s, H4 or H7), 

5.32 (1H, s, H4 or H7), 6.66 (s, 2H, H5, H6), 8.11 (1H, br. s, NH). 13C NMR (101 MHz, CDCl3) 

δ 31.1, 56.1, 57.5 (C7a), 82.8 (C4 or C7), 84.3 (C4 or C7), 136.7 (C5, C6), 172.8 (C=O), 172.8 

(C=O). 
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Exo-3a-bromo-2-(2-propn-1-yl)-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-

dione (56) 

 

Method 1 

The procedure used was reported by Seifert-Simpson.2 To a mixture of exo-3a-bromo-

3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (46) (1.18 g, 4.84 mmol), 

propargyl alcohol (0.338 mL, 5.81 mmol) and triphenylphosphine (1.28 g, 4.88 mmol) in 

anhydrous THF (15 mL) at 0 ºC under N2 was added DIAD (0.976 mL, 4.84 mmol). The 

mixture was warmed to rt and stirred for 18 h. The solvent was removed in vacuo to yield the 

crude product as a brown residue. The crude product was purified by silica column 

chromatography (PE → 66 % DCM:PE) to yield the title compound 56 as a white solid (0.975 

g, 3.46 mmol, 71 %). 1H NMR (400 MHz, CDCl3) δ 2.24 (1H, t, J = 2.6 Hz, H1’), 2.90 (1H, s, 

H7a), 4.29 (2H, d, J = 2.6 Hz, H3’), 5.30 – 5.31 (2H, m, H4, H7), 6.64 – 6.66 (2H, m, H5, H6).
 

13C NMR (101 MHz, CDCl3) δ 28.9 (C3’), 55.1, 56.1 (C7a), 72.3, 75.7 (C1’), 82.7 (C4 or C7), 

83.4 (C4 or C7), 136.7 (C5, C6), 172.0 (C=O), 172.0 (C=O). HRMS-ESI (m/z): [M + Na]+ calcd 

for C11H8
79BrNO3Na+, 303.9580; found, 303.9556. 

Method 2 

The procedure used was reported by Seifert-Simpson.2 To a mixture of exo-3a-bromo-

3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (46) (1.69 g, 6.94 mmol) and 

K2CO3 (4.82 g, 34.8 mmol) in anhydrous DMF (40 mL) was added propargyl bromide (0.95 

mL, 12.5 mmol). The reaction mixture was heated at 50 ºC for 2 h, cooled to rt and diluted with 

EtOAc. The mixture was washed with H2O and the aqueous layer was back extracted with 

EtOAc. The combined organic extracts were washed with brine, dried over MgSO4 and the 

solvents removed in vacuo to yield the title compound 56 as an off-white solid (1.29 g, 4.57 

mmol, 66 %). The data obtained was consistent with that from Method 1. 
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Endo-3a-bromo-2-(2-propyn-1-yl)-3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-

isoindole-1,3,8(2H)-trione (55) 

 

The procedure was adapted from Sammut et al.63 Exo-3a-bromo-2-(2-propn-1-yl)-3a,4,7,7a-

tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (56) (1.00 g, 3.55 mmol) was dissolved in 

toluene (60 mL) and heated at 124 ºC for 7 h in an open flask. The reaction mixture was then 

cooled to 50 ˚C and the 1,3-dimethyl-2H-cyclopenta[l]phenanthrene-2-one dimer (37)  (0.916 

g, 3.55 mmol) was added. The reaction mixture was heated at 50 ºC for 7 h and concentrated 

in vacuo to give the crude product, which was triturated from Et2O and filtered under vacuum 

to yield the title compound 55 as a pale pink solid (1.31 g, 2.77 mmol, 78 %, endo only). IR 

(ṽmax/cm-1): 1780 (bridging C=O stretch), 1710 (C=O stretch). 1H NMR (500 MHz, CDCl3) δ 

0.94 (1H, t, J = 2.6 Hz, H1’), 2.30 (3H, s, CH3), 2.33 (3H, s, CH3), 3.58 – 3.59 (2H, m, H3’), 

3.64 (1H, s, H7a), 7.63 – 7.69 (4H, m, Ar-H), 8.24 – 8.26 (1H, m, Ar-H), 8.31 (1H, d, J = 9.4 

Hz, Ar-H), 8.68 – 8.70 (2H, m, Ar-H). 13C NMR (126 MHz, CDCl3) δ 14.2 (CH3), 15.0 (CH3), 

28.1 (C3’), 54.9, 57.8, 58.2, 60.3, 60.4 (C7a), 70.6 (C2’), 73.8 (C1’), 123.3, 125.3, 125.5, 126.8, 

127.2, 127.37, 127.42, 127.5, 127.8, 131.4, 131.6, 134.7, 170.5 (C=O), 171.1 (C=O), 197.9 

(bridging C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C26H18
79BrNO3Na+, 494.03623; found, 

494.03557. 

oCOm-57 (60) 

 

The procedure was adapted from Seifert-Simpson.2 Endo-3a-bromo-2-(2-propyn-1-yl)-

3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-isoindole-1,3,8(2H)-trione (55) (0.301 

g, 0.637 mmol) and the copper(I) catalyst 64 (0.0277 g, 0.0777 mmol) were dissolved in 
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anhydrous THF (9 mL) under N2, followed by the addition of a solution of mPEG-750-N3 (61) 

(0.432 g, 0.602 mmol) in anhydrous THF (3 mL). The solution was heated at 65 ºC for 5 days. 

The reaction mixture was concentrated in vacuo to give the crude product, which was purified 

by silica column chromatography (CHCl3 → 10 % MeOH:CHCl3) to yield the title compound 

60 as a yellow oil (0.747 g, 0.629 mmol, 99 %). Rf (10 % MeOH:CHCl3) 0.4. IR (ṽmax/cm-1): 

2870 (C-H stretch), 1790 (bridging C=O stretch), 1710 (C=O stretch). 1H NMR (500 MHz, 

CDCl3) δ 2.25 (3H, s, CH3), 2.29 (3H, s, CH3), 3.38 (3H, s, O-CH3), 3.42 – 3.44 (2H, m, CH2), 

3.49 – 3.51 (2H, m, CH2), 3.53 – 3.57 (6H, m, CH2), 3.60 – 3.66 (60H, m, CH2), 3.73 – 3.76 

(2H, m, CH2), 4.01 (2H, t, J = 5.4 Hz, CH2), 4.17 (2H, s, H3’), 6.36 (1H, s, H1’), 7.62 -7.71 (4H, 

m, Ar-H), 8.17 – 8.19 (1H, m, Ar-H), 8.23 – 8.25 (1H, m, Ar-H), 8.64 (2H, d, J = 8.3 Hz, Ar-

H). 13C NMR (126 MHz, CDCl3) δ 14.2 (CH3), 14.9 (CH3), 25.8, 34.2 (C3’), 50.1 (CH2), 54.9, 

57.9, 58.2, 59.2 (O-CH3), 60.1, 69.4, 70.5, 70.6, 70.7, 72.1, 123.3, 125.3, 125.5, 126.4, 126.7, 

127.35, 127.37, 127.44, 127.7, 130.8, 131.0, 131.2, 134.6, 171.1 (C=O), 171.6 (C=O), 197.7 

(bridging C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C57H81
79BrN4O18Na+, 1211.46215; 

found, 1211.46108. Analytical HPLC (Column A, Flow 0.5 mL min-1, UV, Method A) tR = 

12.1 min. 

BP-oCOm-57 (65) 

 

The procedure was adapted from Kueh et al.1 oCOm-57 (60) (0.279 g, 0.235 mmol) and DBU 

(0.212 mL, 1.41 mmol) were dissolved in THF (15 mL) and stirred at rt for 18 h. The reaction 

mixture was then extracted into DCM, washed with H2O and 1 M HCl, dried over MgSO4 and 

concentrated in vacuo to give the crude product, which was purified by silica column 

chromatography (CHCl3 → 4 % MeOH:CHCl3) to yield the title compound 65 as a yellow oil 

(0.0697 g, 0.0645 mmol, 27 %). Rf (10 % MeOH:CHCl3) 0.56. IR (ṽmax/cm-1): 2870 (C-H 

stretch), 1700 (C=O stretch). 1H NMR (500 MHz, CDCl3) δ 3.19 (6H, s, CH3), 3.37 (3H, s, O-

CH3), 3.52 – 3.56 (2H, m, CH2), 3.59 – 3.67 (60H, m, CH2), 3.86 (2H, t, J = 5.1 Hz, CH2), 4.52 

(2H, t, J = 5.1 Hz, CH2), 5.04 (2H, s, H3’), 7.55 – 7.58 (2H, m, Ar-H), 7.64 -7.67 (2H, m, Ar-

H), 7.82 (1H, br. s, H1’), 8.32 (2H, d, J = 8.3 Hz, Ar-H), 8.52 (2H, d, J = 8.41 Hz, Ar-H). 13C 
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NMR (126 MHz, CDCl3) δ 20.4 (CH3), 29.8, 33.0 (C3’), 50.4 (CH2), 59.1 (O-CH3), 69.6 (CH2), 

70.6 (CH2), 72.1, 123.8, 124.1 (C1’), 126.7, 126.8, 128.4, 129.0, 130.0, 131.7, 132.6, 138.0, 

143.1, 168.5 (C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C56H80N4O17Na+, 1103.54107; 

found, 1103.53976. 

Boc-protected oCOm-58 72 

 

The procedure was adapted from Seifert-Simpson.2 Endo-3a-bromo-2-(2-propyn-1-yl)-

3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-isoindole-1,3,8(2H)-trione (55) (0.393 

g, 0.833 mmol) and the copper(I) catalyst 64 (0.0325 g, 0.0911 mmol) were dissolved in 

anhydrous THF (9 mL) under N2, followed by the addition of a solution of N3-TEG-NHBoc 

(67) (0.237 g, 0.864 mmol) in anhydrous THF (3 mL). The solution was heated at 65 ºC for 6 

days. The reaction mixture was concentrated in vacuo to give the crude product, which was 

purified by silica column chromatography (80 % EtOAc:PE → EtOAc) to yield the title 

compound 72 as a yellow oil (0.367 g, 0.492 mmol, 59 %). Rf (EtOAc) 0.44. IR (ṽmax/cm-1): 

2970 (C-H stretch), 1790 (bridging C=O stretch), 1710 (C=O stretch). 1H NMR (500 MHz, 

CDCl3) δ 1.44 (9H, s, tBu), 2.25 (3H, s, CH3), 2.29 (3H, s, CH3), 3.26 – 3.30 (2H, m, H6”), 3.40 

– 3.43 (2H, m, CH2), 3.45 – 3.48 (4H, m, CH2), 3.54 – 3.56 (2H, m, CH2), 3.64 (1H, s, H7a), 

4.03 (2H, t, J = 5.3 Hz, CH2), 4.18 (2H, s, H3’), 4.95 (1H, br. s, NH), 6.41 (1H, s, H1’), 7.62 – 

7.71 (4H, m, Ar-H), 8.19 (1H, dd, J = 8.1, 1.3 Hz, Ar-H), 8.25 (1H, dd, J = 8.2, 1.1 Hz, Ar-

H), 8.64 (2H, d, J = 8.3 Hz, Ar-H). 13C NMR (126 MHz, CDCl3) δ 14.2 (CH3), 14.9 (CH3), 

28.6 (tBu), 34.2 (C3’), 40.5 (C6”), 50.1 (CH2), 54.9, 57.8, 58.2, 60.1, 60.2 (C7a), 69.3 (CH2), 

70.2 (CH2), 70.4 (CH2), 70.5 (CH2), 123.3, 125.3, 125.5, 126.4, 126.7, 127.3, 127.4, 127.7, 

130.8, 131.0, 131.20, 131.22, 134.6, 139.9, 156.1, 171.2 (C=O), 171.7 (C=O), 197.7 (bridging 

C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C37H40
79BrN5O7Na+, 768.20033; found, 

768.19757. 
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oCOm-58 (66) 

 

The procedure was adapted from Kueh et al.1 Boc-protected oCOm-58 (72) (0.361 g, 0.484 

mmol) was dissolved in anhydrous 1,4-dioxane (3 mL) and cooled to 0 ºC. A solution of 6M 

HCl in 1,4-dioxane (3 mL) was added dropwise and the reaction mixture was warmed to rt and 

stirred for 18 h. The solvent was removed in vacuo to provide the amine hydrochloride salt, 

which was then lyophilized to provide the crude product. This was purified by C18 reverse 

phase column chromatography (Isolute C-18(EC) with a gradient of 0.1 % HCl in H2O and 

MeCN 90:10 to 0:100 eluting around 70:30). The fractions containing the product were then 

lyophilized to yield the title compound 66 as a white powder (0.197 g, 0.288 mmol, 60 %, endo 

only). M.p 185.9 ºC. IR (ṽmax/cm-1): 2870 (N-H stretch amine salt), 1780 (bridging C=O 

stretch), 1710 (C=O stretch). 1H NMR (500 MHz, DMSO-d6) δ 2.14 (3H, s, CH3), 2.20 (3H, s, 

CH3), 2.87 – 2.92 (2H, m, H6”), 3.41 – 3.47 (6H, m, CH2), 3.55 (2H, t, J = 5.3 Hz, CH2), 3.98 

(2H, s, H3’), 4.09 (2H, q, J = 5.1 Hz, CH2), 4.22 (1H, s, H7a), 6.51 (1H, s, H1’), 7.68 – 7.77 (7H, 

m, Ar-H and NH3), 8.11 – 8.13 (1H, m, Ar-H), 8.24 – 8.26 (1H, m, Ar-H), 8.87 (2H, dd, J = 

7.9, 4.1 Hz, Ar-H). 13C NMR (126 MHz, DMSO-d6) δ 13.9 (CH3), 14.5 (CH3), 33.8 (C3’), 38.5 

(C6”), 40.1, 49.3 (CH2), 54.3, 57.5, 58.0, 58.2 (C7a), 66.6 (CH2), 68.4 (CH2), 69.3 (CH2), 69.4 

(CH2), 122.5 (C1’), 123.8, 123.8, 124.7, 125.6, 126.1, 127.3, 127.3, 127.4, 127.7, 130.2, 130.4, 

130.5, 134.5, 139.4, 170.8 (C=O), 171.4 (C=O), 197.9 (bridging C=O). HRMS-ESI (m/z): [M 

– Cl-]+ calcd for C32H33
79BrN5O5

+, 646.16596; found, 646.16536. Analytical HPLC (Column 

A, Flow 0.5 mL min-1, UV, Method A) tR = 9.52 min. 
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Boc-protected BP-oCOm-58 74 

 

The procedure was adapted from Kueh et al.1 Boc-protected oCOm-58 (72) (0.156 g, 0.209 

mmol) was dissolved in anhydrous THF (10 mL) and cooled to 0 ºC. DBU (0.187 mL, 12.6 

mmol) was added and the solution was warmed to rt and stirred for 1 h. The reaction mixture 

was then extracted into DCM, washed with sat. ammonium chloride, H2O and brine, dried over 

MgSO4 and the solvent removed in vacuo to give the crude compound, which was then filtered 

through a plug of silica (EtOAc) to give the title compound 74 as a yellow oil (98.4 mg, 0.154 

mmol, 74%). Rf (EtOAc) 0.4. IR (ṽmax/cm-1): 1690 (C=O stretch). 1H NMR (400 MHz, CDCl3) 

δ 1.42 (9H, s, tBu), 3.20 (6H, s, CH3), 3.33 (2H, br. s, CH2), 3.53 (2H, t, J = 5.2 Hz, CH2), 3.58 

(4H, s, CH2), 3.86 (2H, t, J = 5.1 Hz, CH2), 4.54 (2H, t, J = 5.1 Hz, CH2), 5.06 (2H, s, H3’), 

5.14 (1H, br. s, NH), 7.55 – 7.59 (2H, m, Ar-H), 7.65 – 7.69 (2H, m, Ar-H), 7.85 (1H, s, H1’), 

8.32 – 8.34 (2H, m, Ar-H), 8.52 – 8.54 (2H, m, Ar-H). 13C NMR (126 MHz, CDCl3) δ 20.3 

(CH3), 28.5 (tBu), 32.9 (C3’), 40.5 (CH2), 50.3 (CH2), 69.5 (CH2), 70.2 (CH2), 70.3 (CH2), 70.6 

(CH2), 123.7, 124.2 (C1’), 126.5, 126.6, 128.4, 128.8, 129.8, 131.6, 132.5, 137.9, 143.1, 156.1, 

168.4 (C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C36H39N5O6Na+, 660.27925; found, 

660.27784. 

BP-oCOm-58 (73) 

 

The procedure was adapted from Kueh et al.1 Boc-protected BP-oCOm-58 (74) (88.6 mg, 0.139 

mmol) was dissolved in anhydrous 1,4-dioxane (3 mL) and cooled to 0 ºC. A solution of 6M 

HCl in 1,4-dioxane (3 mL) was added dropwise and the reaction mixture was warmed to rt and 

stirred for 18 h. The solvent was removed in vacuo to provide the amine hydrochloride salt, 
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which was then lyophilized to provide the crude product. This was purified by C18 reverse 

phase column chromatography (Isolute C-18(EC) with a gradient of 0.1 % HCl in H2O and 

MeCN 90:10 to 0:100 eluting around 70:30). The fractions containing the product were then 

lyophilized to yield the title compound 73 as a white powder (44.8 mg, 0.078 mmol, 56 %). IR 

(ṽmax/cm-1): 1700 (C=O stretch). 1H NMR (500 MHz, DMSO-d6) δ 2.93 – 2.96 (2H, m, CH2), 

3.16 (6H, s, CH3), 3.52 – 3.57 (6H, m, CH2), 3.83 (2H, t, J = 5.3 Hz, CH2), 4.52 (2H, t, J = 5.3 

Hz, CH2), 4.90 (2H, s, H3’), 7.66 (2H, t, J = 7.7 Hz, Ar-H), 7.76 (2H, t, J = 7.6 Hz, Ar-H), 7.81 

(3H, br. s, NH3), 8.11 (1H, s, H1’), 8.44 (2H, d, J = 8.3 Hz, Ar-H), 8.73 (2H, d, J = 8.1 Hz, Ar-

H). 13C NMR (126 MHz, DMSO-d6) δ 19.8 (CH3), 32.8 (C3’), 38.6 (CH2), 49.4 (CH2), 66.6 

(CH2), 68.6 (CH2), 69.4 (CH2), 69.5 (CH2), 123.6 (C1’), 123.9, 126.3, 126.9, 128.7, 128.8, 

129.0, 131.0, 132.0, 137.0, 142.3, 167.7 (C=O). HRMS-ESI (m/z): [M – Cl-]+ calcd for 

C31H32N5O4
+, 538.24488; found, 538.24451. Analytical HPLC (Column A, Flow 0.5 mL min-

1, UV, Method A) tR = 9.74 min. 

tert-Butyl 3-(4-bromo-1,3-dioxo-1,3-dihydro-1H-pyrrol-1-yl)ethylcarbamate (51) 

 

The procedure used was as reported by Kueh et al.1 A solution of tert-butyl 3-(1,3-dioxo-1,3-

dihydro-1H-pyrrol-1-yl)ethylcarbamate (52) (1.97 g, 8.19 mmol) in DCM (20 mL) was treated 

with Br2 (0.46 mL, 8.97 mmol) and heated at reflux for 1.5 h. The reaction was cooled to rt and 

concentrated in vacuo to give the dibromo intermediate as a thick orange oil. The intermediate 

was diluted in anhydrous THF (40 mL) and then cooled to 0 ºC. Anhydrous TEA (1.14 mL, 

8.19 mmol) was added dropwise and the solution was stirred at 0 ºC for 2 h. The resulting thick 

off-white suspension was diluted with H2O (20 mL) and the aqueous phase was extracted with 

EtOAc (3 x 20 mL). The combine organic extracts were dried over MgSO4 and concentrated 

in vacuo to give the crude product as a dark brown oil, which was purified by silica column 

chromatography (DCM → 5 % EtOAc:DCM) to yield the title compound 51 as a pale yellow 

solid (1.07 g, 3.35 mmol, 41 %). 1H NMR (400 MHz, CDCl3) δ 1.38 (9H, s, tBu), 3.28 – 3.36 

(2H, m, H2’), 3.66 – 3.69 (2H, m, H3’), 4.80 (1H, br. s, NH), 6.87 (2H, s, H5). HRMS-ESI (m/z): 

[M + Na]+ calcd for C11H15
79BrN2O4Na+, 341.0107; found, 341.0086. 
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Boc-protected oCOm-62 54 

 

The procedure was adapted from Kueh et al.1 1,3-Dimethyl-2H-cyclopenta[l]phenanthrene-2-

one dimer (37) (0.201 g, 0.777 mmol) and tert-butyl 3-(4-bromo-1,3-dioxo-1,3-dihydro-1H-

pyrrol-1-yl)ethylcarbamate (51) (0.254 g, 0.768 mmol) were stirred in toluene (50 mL) at 50 

ºC for 18 h. The reaction mixture was concentrated in vacuo to give the crude product, which 

was triturated with Et2O. The resulting precipitate was filtered under vacuum to give the title 

compound 54 as a white solid (0.350 g, 0.606 mmol, 78 %, endo only). IR (ṽmax/cm-1): 3410 

(N-H stretch), 1790 (bridging C=O stretch), 1710 (C=O stretch). 1H NMR (500 MHz, CDCl3) 

δ 1.32 (9H, s, tBu), 1.86 – 1.89 (2H, m, H2’), 2.30 (3H, s, CH3), 2.33 (3H, s, CH3), 2.96 – 3.01 

(2H, m, H3’), 3.05 – 3.10 (1H, m, NH), 3.60 (1H, s, H7a), 7.65 – 7.72 (4H, m, Ar-H), 8.26 – 

8.28 (1H, m, Ar-H), 8.32 – 8.34 (1H, m, Ar-H), 8.73 (2H, d, J = 8.1 Hz, Ar-H). 13C NMR (126 

MHz, CDCl3) δ 14.2 (CH3), 14.9 (CH3), 28.5 (tBu), 39.2 (C2’), 39.6 (C3’), 55.0, 57.7, 58.3, 60.1 

(C7a), 79.4, 123.7, 125.1, 125.3, 126.5, 126.9, 127.8, 127.9, 128.2, 130.6, 130.9, 131.5, 134.9, 

155.4, 171.9 (C=O), 172.3 (C=O), 198.2 (bridging C=O). HRMS-ESI (m/z): [M + Na]+ calcd 

for C30H29
79BrN2O5Na+, 599.1152; found, 599.1135. 

oCOm-62 (50) 

 

The procedure was adapted from Kueh et al.1 Boc-protected-oCOm-62 54 (0.202 g, 0.349 

mmol) was dissolved in DCM (15 mL) and cooled to 0 C. TFA (0.534 mL, 6.94 mmol) was 

added dropwise and the solution was allowed to warm to rt and stirred for 18 h. Removal of 

solvent in vacuo provided the title compound 50 as a white solid (0.228 g, 0.476 mmol). IR 

(ṽmax/cm-1): 2940 (N-H stretch amine salt), 1780 (bridging C=O stretch), 1710 (C=O stretch). 
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1H NMR (500 MHz, DMSO-d6) δ 1.44 – 1.47 (2H, m, H2’), 2.18 (3H, s, CH3), 2.25 (3H, s, 

CH3), 2.78 – 2.85 (2H, m, H3’), 4.10 (1H, s, H7a), 7.42 (3H, br. s, NH3), 7.69 – 7.79 (4H, m, 

Ar-H), 8.18 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 8.33 (1H, dd, J = 8.2, 1.5 Hz, Ar-H), 8.91 – 8.93 

(2H, m, Ar-H). 13C NMR (126 MHz, DMSO-d6) δ 13.7 (CH3), 14.4 (CH3), 34.3 (C2’), 35.2 

(C3’), 54.2, 57.5, 57.7, 58.4 (C7a), 123.8, 123.9, 124.6, 124.56, 125.64, 126.2, 127.4, 127.5, 

127.8, 130.1, 130.3, 130.5, 134.6, 170.9 (C=O), 171.6 (C=O), 198.2 (bridging C=O). HRMS-

ESI (m/z): [M – CF3COO-]+ calcd for C25H22
79BrN2O3

+, 477.0808; found, 477.0811. 

Exo-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (83) 

 

The procedure used was adapted from Izgu and Hoye,54 and as reported by Seifert-Simpson.2 

Furan (9.4 mL, 129 mmol) was added to a suspension of maleimide (57) (1.01 g, 10.4 mmol) 

in Et2O (2 mL) and the resulting mixture was split evenly between 2 Kimax tubes. The tubes 

were sealed and heated at 80 ºC for 2 days. The suspension was diluted with DCM and Et2O 

and concentrated in vacuo to yield the crude compound, which was recrystallised from DCM 

and filtered under vacuum to yield the title compound 83 as an off-white solid (1.71 g, 10.3 

mmol, 99%, exo only). 1H NMR (400 MHz, CDCl3) δ 2.89 (2H, s, H3a, H7a), 5.31 (2H, s, H4, 

H7), 6.52 (2H, s, H5, H6), 8.07 (1H, br. s, NH). 13C NMR (101 MHz, CDCl3) δ 48.8 (C3a, C7a), 

81.1 (C4, C7), 136.7 (C5, C6), 176.1 (C=O). HRMS-ESI (m/z): [M + Na]+ calcd for 

C8H7NO3Na+, 188.0318; found, 188.0316. The NMR data obtained was consistent with that 

reported by Seifert-Simpson.2 
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Exo-2-(2-propn-1-yl)-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (84) 

 

The procedure used was as reported by Seifert-Simpson.2 To a mixture of exo-3a,4,7,7a-

tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (83) (1.71 g, 10.3 mmol) and K2CO3 (7.10 

g, 51.4mmol) in anhydrous DMF (40 mL) was added propargyl bromide (1.42 mL, 18.9 mmol). 

The reaction mixture was heated at 50 ºC for 2 h, cooled to rt and diluted with EtOAc. The 

mixture was washed with H2O and the aqueous layer was back extracted with EtOAc. The 

combined organic extracts were washed with brine, dried over MgSO4 and the solvents 

removed in vacuo to yield the title compound 84 as an off-white solid (1.33 g, 6.55 mmol, 64 

%). 1H NMR (400 MHz, CDCl3) δ 2.20 (1H, t, J = 2.6 Hz, H1’), 2.91 (2H, s, H3a, H7a), 4.24 

(2H, d, J = 2.6 Hz, H3’), 5.30 – 5.31 (2H, m, H4, H7), 6.52 – 6.53 (2H, m, H5, H6). 
13C NMR 

(101 MHz, CDCl3) δ 28.0 (C3’), 47.7 (C3a, C7a), 71.6, 77.4, 81.1 (C4, C7), 136.7 (C5, C6), 175.0 

(C=O). HRMS-ESI (m/z): [M +Na]+ calcd for C11H9NO3Na+, 226.0475; found, 226.0475. 

Endo-2-(2-propyn-1-yl)-3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-isoindole-

1,3,8(2H)-trione (85) 

 

The procedure was adapted from Sammut et al.63 Exo-2-(2-propn-1-yl)-3a,4,7,7a-tetrahydro-

4,7-epoxy-1H-isoindole-1,3(2H)-dione (84) (1.33 g, 6.53 mmol) was dissolved in toluene (60 

mL) and heated at 124 ºC for 9 h in an open flask. The reaction mixture was then cooled to 50 

ºC and the 1,3-dimethyl-2H-cyclopenta[l]phenanthrene-2-one dimer (37) (1.66 g, 6.43 mmol) 

was added. The reaction mixture was heated at 50 ºC for 7 h and concentrated in vacuo to give 

the crude product, which was purified by silica column chromatography (DCM → 1 % 

EtOAc:DCM) to yield the title compound 85 as a pink solid (1.33 g, 3.36 mmol, 52 %, endo 

only). Rf (5% EtOAc:DCM) 0.55. IR (ṽmax/cm-1): 1780 (bridging C=O stretch), 1710 (C=O 
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stretch). 1H NMR (500 MHz, CDCl3) δ 0.97 (1H, t, J = 2.5 Hz, H1’), 2.29 (6H, s, CH3), 3.39 

(2H, s, H3a, H7a), 3.50 (2H, d, J = 2.5 Hz, H3’), 7.62 – 7.66 (4H, m, Ar-H), 8.33 – 8.36 (2H, m, 

Ar-H), 8.67 – 8.71 (2H, m, Ar-H). 13C NMR (126 MHz, CDCl3) δ 14.8 (CH3), 27.4 (C3’), 47.7 

(C3a, C7a), 54.9, 70.1 (C1’), 74.4, 123.2, 125.3, 127.1, 127.2, 127.4, 131.1, 133.0, 173.7 (C=O), 

200.4 (bridging C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C26H19NO3Na+, 416.1257; found, 

416.1247. 

DB-oCOm-57 (86) 

 

The procedure was adapted from Seifert-Simpson.2 Endo-2-(2-propyn-1-yl)-3a,4,7,7a-

tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-isoindole-1,3,8(2H)-trione (85) (0.203 g, 0.516 

mmol) and the copper(I) catalyst 64 (0.0204 g, 0.0572 mmol) were dissolved in anhydrous 

THF (9 mL) under N2, followed by the addition of a solution of mPEG-750-N3 61 (0.364 g, 

0.507 mmol) in anhydrous THF (3 mL). The solution was heated at 65 ºC for 3 days. The 

reaction mixture was concentrated in vacuo to give the crude product, which was purified by 

silica column chromatography (CHCl3 → 5 % MeOH:CHCl3) to yield the title compound 86 

as a yellow oil (0.443 g, 0.399 mmol, 79 %). Rf (10 % MeOH:CHCl3) 0.42. IR (ṽmax/cm-1): 

2870 (C-H stretch), 1780 (bridging C=O stretch), 1700 (C=O stretch), 1090 (C-O stretch). 1H 

NMR (500 MHz, CDCl3) δ 2.24 (6H, s, CH3), 3.38 (3H, s, O-CH3), 3.39 (2H, s, H3a, H7a), 3.42 

– 3.44 (2H, m, CH2), 3.49 – 3.51 (2H, m, CH2), 3.54 – 3.57 (6H, m, CH2), 3.59 – 3.78 (46 H, 

m, CH2), 4.01 (2H, t, J = 5.0 Hz, CH2), 4.11 (2H, s, H3’), 6.33 (1H, br. s, H1’), 7.62 – 7.68 (4H, 

m, Ar-H), 8.29 (2H, d, J = 8.0 Hz, Ar-H), 8.66 (2H, d, J = 8.0 Hz, Ar-H). 13C NMR (126 MHz, 

CDCl3) δ 14.7 (CH3), 33.6, 47.6 (C3a, C7a), 50.2 (CH2), 54.9, 59.2(O-CH3), 69.3, 70.7 (CH2), 

72.1, 123.2, 125.3, 127.06, 127.1, 127.2, 130.6, 132.9, 174.4 (C=O), 200.2 (bridging C=O). 

HRMS-ESI (m/z): [M + Na]+ calcd for C57H82N4O18Na+, 1133.55163; found, 1133.54885. 
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Boc-protected DB-oCOm-58 87 

 

The procedure was adapted from Seifert-Simpson.2 Endo-2-(2-propyn-1-yl)-3a,4,7,7a-

tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-isoindole-1,3,8(2H)-trione (85) (0.198 g, 0.503 

mmol) and the copper(I) catalyst 64 (0.0178 g, 0.0499 mmol) were dissolved in anhydrous 

THF (9 mL) under N2, followed by the addition of a solution of N3-TEG-NHBoc 67 (0. 139 g, 

0.507 mmol) in anhydrous THF (3 mL). The solution was heated at 65 ºC for 4 days. The 

reaction mixture was concentrated in vacuo to give the crude product, which was purified by 

silica column chromatography (CHCl3 → 10 % MeOH:CHCl3) to yield the title compound 87 

as a yellow oil (0.185 g, 0.277 mmol, 55 %). Rf (10 % MeOH:CHCl3) 0.35. IR (ṽmax/cm-1): 

1780 (bridging C=O stretch), 1700 (C=O stretch). 1H NMR (500 MHz, CDCl3) δ 1.43 (9H, s, 

tBu), 2.24 (6H, s, CH3), 3.27 – 3.28 (2H, m, H6”), 3.39 (2H, s, H3a, H7a), 3.40 – 3.42 (2H, m, 

CH2), 3.44 – 3.47 (4H, m, CH2), 3.54 (2H, t, J = 5.0 Hz, CH2), 4.03 (2H, t, J = 5.0 Hz, CH2), 

4.10 (2H, s, H3’), 5.00 (1H, br. s, NH), 6.43 (1H, br. s, H1’), 7.61 – 7.68 (4H, m, Ar-H), 8.29 

(2H, dd, J = 7.9, 1.6 Hz, Ar-H), 8.65 (2H, dd, J = 8.1, 1.5 Hz, Ar-H). 13C NMR (126 MHz, 

CDCl3) δ 14.7 (CH3), 28.6 (tBu), 33.6 (C3’), 40.5 (C6”), 47.6 (C3a, C7a), 50.0 (CH2), 54.9, 69.3 

(CH2), 70.1 (CH2), 70.4 (CH2), 70.5 (CH2), 79.5, 123.2, 125.3, 127.06, 127.08, 127.15, 127.2, 

130.6, 132.9, 156.1, 174.4 (C=O), 200.2 (bridging C=O). HRMS-ESI (m/z): [M + H]+ calcd 

for C37H42N5O7
+, 668.30788; found, 668.30689. 

DB-oCOm-58 (76) 

 

The procedure was adapted from Kueh et al.1 Boc-protected DB-oCOm-58 87 (0.192 g, 0.289 

mmol) was dissolved in anhydrous 1,4-dioxane (3 mL) and cooled to 0 ºC. A solution of 6M 
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HCl in 1,4-dioxane (1 mL) was added dropwise and the reaction mixture was warmed to rt and 

stirred for 18 h. Removal of the solvent in vacuo provided the amine hydrochloride salt, which 

was then lyophilized to provide the crude product. This was purified by C18 reverse phase 

column chromatography (Isolute C-18(EC) with a gradient of 0.1 % HCl in H2O and MeCN 

90:10 to 0:100 eluting around 80:20). The fractions containing the product were lyophilized to 

yield the title compound 76 as a white powder (0.117 g, 0.194 mmol, 67 %). IR (ṽmax/cm-1): 

3390 (N-H stretch), 1770 (bridging C=O stretch), 1700 (C=O stretch). 1H NMR (500 MHz, 

DMSO-d6) δ 2.13 (6H, s, CH3), 2.87 – 2.92 (2H, m, H6”), 3.40 – 3.47 (8H, m, CH2), 3.52 (2H, 

t, J = 5.0 Hz, CH2), 3.69 (2H, s, H3a, H7a), 3.89 (2H, s, H3’), 4.03 (2H, t, J = 5.1 Hz, CH2), 6.22 

(1H, s, H1’), 7.67 – 7.63 (4H, m, Ar-H), 7.78 (3H, br. s, NH3), 8.24 (2H, dd, J = 7.9, 1.8 Hz, 

Ar-H), 8.87 – 8.88 (2H, m, Ar-H). 13C NMR (126 MHz, DMSO-d6) δ 14.4 (CH3), 33.2 (C3’), 

38.5 (C6”), 47.1 (C3a, C7a), 49.2 (CH2), 50.7, 54.1, 58.2, 66.6 (CH2), 68.4 (CH2), 69.3 (CH2), 

69.4, 122.0 (C1’), 123.7, 124.7, 126.5, 127.0, 127.2, 129.9, 132.8, 140.4, 174.7 (C=O), 200.1 

(bridging C=O). HRMS-ESI (m/z): [M]+ calcd for C32H34N5O5
+, 568.25545; found, 568.25558. 

Analytical HPLC (Column A, Flow 0.5 mL min-1, UV, Method A) tR = 8.77 min. 

2,5-Dimethyl-3,4-diphenylcyclopentadieone dimer (16) 

 

The procedure used was as reported by Kueh et al.1 2,3-Dihydro-3-hydroxy-2,5-dimethyl-3,4-

diphenylcyclopentadieone (10.1 g, 36.3 mmol) was dissolved in acetic acid (24.7 mL, 431 

mmol) and the solution was then cooled to 0 ºC. Acetic anhydride (10.2 mL, 108 mmol) and 

conc. H2SO4 (0.916 mL, 9.34 mmol) were slowly added and the solution was stirred at rt for 

18 h. Cold H2O (100 mL) was added. The solid precipitate formed was extracted into EtOAc 

and the solvent was removed in vacuo to yield the crude compound, which was triturated from 

DCM, Et2O and PE and filtered under vacuum to yield the title compound 16 as an off-white 

solid (6.26 g, 24.0 mmol, 66 %). 1H NMR (400 MHz, CDCl3) δ 0.58 (3H, s, CH3), 1.25 (3H, s, 

CH3), 1.64 (3H, s, CH3), 2.25 (3H, s, CH3), 6.69 -6.71 (2H, m, Ar-H), 6.89 – 7.00 (7H, m, Ar-

H), 7.04 – 7.12 (5H, m, Ar-H), 7.20 – 7.22 (3H, m, Ar-H), 7.24 – 7.28 (1H, m, Ar-H), 7.33 – 
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7.55 (2H, m, Ar-H). HRMS-ESI (m/z): [M + H]+ calcd for C19H17O
+, 261.12739; found, 

261.12684. 

Endo-3a-bromo-2-(2-propyn-1-yl)-3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-diphenyl-1H-

isoindole-1,3,8(2H)-trione (88) 

 

The procedure was as reported by Seifert-Simpson.2 Exo-3a-bromo-2-(2-propn-1-yl)-

3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (56) (0.921 g, 3.26 mmol) was 

dissolved in toluene (30 mL) and heated at 120 ºC for 4 h in an open flask. The reaction mixture 

was then cooled to 100 ̊ C and the 2,5-dimethyl-3,4-diphenylcyclopentadieone dimer (16) (1.17 

g, 4.49 mmol) was added. The reaction mixture was heated at 100 ºC for 3 h and concentrated 

in vacuo to give the crude product, which was purified by silica column chromatography (20 

% DCM:PE → 60 % DCM:PE) to yield the title compound 88 as a white solid (0.793 g, 1.78 

mmol, 55 %, endo only). Rf (60 % DCM:PE) 0.29. 1H NMR (400 MHz, CDCl3) δ 1.61 (3H, s, 

CH3), 1.63 (3H, s, CH3), 2.03 (1H, t, J = 2.6 Hz, H1’), 3.53 (1H, s, H7a), 4.35 (2H, dd, J = 2.5, 

1.6 Hz, H3’), 6.92 – 6.96 (4H, m, Ar-H), 7.13 – 7.19 (6H, m, Ar-H). 13C NMR (126 MHz, 

CDCl3) δ 11.6 (CH3), 12.5 (CH3), 29.1 (C3’), 56.4, 58.9, 60.6, 60.8 (C7a), 72.8, 75.8, 128.16, 

128.19, 128.24, 129.6, 130.0, 132.4, 132.5, 140.6, 144.8, 171.1 (C=O), 171.5 (C=O), 196.7 

(bridging C=O). HRMS-ESI (m/z): [M + Na]+ calcd for C26H20
79BrNO3Na+, 496.0519; found, 

496.0549. 
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oCOm-54 (75) 

 

The procedure used was as reported by Seifert-Simpson.2 Endo-3a-bromo-2-(2-propyn-1-yl)-

3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-diphenyl-1H-isoindole-1,3,8(2H)-trione (88) (0.172 g, 

0.366 mmol) and the copper(I) catalyst 64 (0.011 g, 0.0314 mmol) were dissolved in anhydrous 

THF (4 mL) under N2, followed by the addition of a solution of mPEG-750-N3 61 (0.197 g, 

0.275 mmol) in anhydrous THF (4 mL). The solution was heated at 65 ºC for 5 days. The 

reaction mixture was concentrated in vacuo to give the crude product, which was purified by 

silica column chromatography (CHCl3 → 5 % MeOH:CHCl3) to give a yellow oil, which 

contained trace amounts of mPEG-750-N3. The oil was further purified by C18 reverse phase 

column chromatography (Isolute C-18(EC) with a gradient of 0.1 % TFA in H2O and MeCN 

80:20 to 0:100 eluting around 50:50). The fractions containing the product were lyophilized to 

yield the title compound 75 as a yellow oil (91 mg, 0.071 mmol, 26 %). Rf (10 % 

MeOH:CHCl3) 0.48. 1H NMR (400 MHz, CDCl3) δ 1.56 (3H, s, CH3), 1.59 (3H, s, CH3), 2.59 

– 2.77 (4H, m, CH2), 3.35 (3H, s, O-CH3), 3.50 – 3.69 (75H, m, CH2, H7a), 4.23 – 4.28 (2H, m, 

CH2), 4.86 (2H, dd, J = 3.6, 1.5 Hz, H3’), 6.66 – 6.68 (2H, m, Ar-H), 6.73 – 6.75 (2H, m, Ar-

H), 7.10 – 7.14 (6H, m, Ar-H), 7.62 (1H, s, H1’). 
13C NMR (101 MHz, CDCl3) δ 11.6 (CH3), 

12.4 (CH3), 35.1 (C3’), 50.2 (CH2), 56.4, 58.9, 59.08, 59.09, 60.42, 60.44, 60.7, 69.3, 70.6 

(CH2), 72.0 (O-CH3), 124.69, 124.70, 128.18, 128.22, 128.3, 129.3, 129.7, 132.3, 132.4, 140.2, 

140.8, 144.5, 171.7 (C=O), 171.9 (C=O), 196.8 (bridging C=O). HRMS-ESI (m/z): [M + H]+ 

calcd for C54H78
79BrN4O18

+, 1149.44890; found, 1149.46761. Analytical HPLC (Column A, 

Flow 0.5 mL min-1, UV, Method A) tR = 12.1 min. 
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Boc-protected oCOm-59 89 

 

The procedure was adapted from Seifert-Simpson.2 Endo-3a-bromo-2-(2-propyn-1-yl)-

3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-diphenyl-1H-isoindole-1,3,8(2H)-trione (88) (0.182 g, 

0.387 mmol) and the copper(I) catalyst 64 (10.6 mg, 0.0298 mmol) were dissolved in 

anhydrous THF (4 mL) under N2, followed by the addition of a solution of N3-TEG-NHBoc 

67 (89.7 g, 0.327 mmol) in anhydrous THF (3 mL). The solution was heated at 65 ºC for 3 

days. The reaction mixture was concentrated in vacuo to give the crude product, which was 

purified by silica column chromatography (50 % EtOAc:PE → 90 % EtOAc:PE) to yield the 

title compound 89 as a yellow oil (0.159 g, 0.212 mmol, 65 %). Rf (70 % EtOAc:PE) 0.53. IR 

(ṽmax/cm-1): 1780 (bridging C=O stretch), 1710 (C=O stretch). 1H NMR (500 MHz, CDCl3) δ 

1.42 (9H, s, tBu), 1.58 (3H, s, CH3), 1.60 (3H, s, CH3), 3.30 – 3.31 (2H, m, CH2), 3.50 – 3.58 

(7H, m, CH2, H7a), 3.69 (2H, t, J = 5.2 Hz, CH2), 4.24 – 4.31 (2H, m, CH2), 4.84 – 4.92 (2H, 

m, H3’), 5.00 (1H, br. s, NH), 6.68 – 6.70 (2H, m, Ar-H), 6.75 – 6.76 (2H, m, Ar-H), 7.12 – 

7.18 (6H, m, Ar-H), 7.65 (1H, s, H1’). 
13C NMR (126 MHz, CDCl3) δ 11.7 (CH3), 12.4 (CH3), 

28.5 (tBu), 35.1 (C3’), 40.5 (CH2), 50.2 (CH2), 56.4, 58.9, 60.5 (C7a), 60.7, 69.3, 70.2, 70.4, 

70.5, 76.9, 77.2, 77.36, 77.41, 79.4, 124.8 (C1’), 128.2, 128.33, 128.35, 129.4, 129.7, 130.6, 

132.3, 132.4, 140.2, 141.0 144.6, 156.0, 171.8 (C=O), 171.9 (C=O), 196.8 (bridging C=O). 

HRMS-ESI (m/z): [M + Na]+ calcd for C37H42
79BrN5O7Na+, 770.21598; found, 770.21362.  

oCOm-59 (90) 

 

The procedure was adapted from Kueh et al.1 Boc-protected oCOm-59 89 (83.4 mg, 0.111 

mmol) was dissolved in anhydrous 1,4-dioxane (2 mL) and cooled to 0 ºC. A solution of 6M 
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HCl in 1,4-dioxane (3 mL) was added dropwise and the reaction mixture was warmed to rt and 

stirred for 18 h. Removal of the solvent in vacuo provided the amine hydrochloride salt, which 

was then lyophilized to provide the crude product. This was purified by C18 reverse phase 

chromatography (Isolute C-18(EC) with a gradient of 0.1 % HCl in H2O and MeCN 90:10 to 

0:100 eluting around 30:70). The fractions containing the product were then lyophilized to 

yield the title compound 90 as a white powder (52.2 mg, 0.0762 mmol, 69 %). IR (ṽmax/cm-1): 

1790 (bridging C=O stretch), 1710 (C=O stretch). 1H NMR (400 MHz, DMSO-d6) δ 1.44 (3H, 

s, CH3), 1.47 (3H, s, CH3), 2.89 – 2.95 (2H, m, CH2), 3.50 (4H, br. s, CH2), 3.56 (2H, t, J = 5.3 

Hz, CH2), 3.70 (2H, t, J = 5.3 Hz, CH2), 4.08 (1H, s, H7a), 4.41 (2H, t, J = 5.3 Hz, CH2), 4.79 

(2H, s, H3’), 6.73 – 6.77 (4H, m, Ar-H), 7.13 – 7.20 (6H, m, Ar-H), 7.98 (3H, br. s, NH3), 8.04 

(1H, s, H1’). 
13C NMR (101 MHz, DMSO-d6) δ 11.3 (CH3), 11.7 (CH3), 34.6 (C3’), 38.5 (CH2), 

45.4, 49.3 (CH2), 55.7, 58.2 (C7a), 59.1, 60.0, 66.6 (CH2), 68.6 (CH2), 69.4 (CH2), 69.5 (CH2), 

79.2, 124.7 (C1’), 127.9, 128.0, 128.12, 128.13, 129.1, 129.4, 132.2, 132.3, 139.5, 140.1, 144.5, 

171.5 (C=O), 171.9 (C=O), 196.6 (bridging C=O). HRMS-ESI (m/z): [M]+ calcd for 

C32H35
79BrN5O5

+, 648.18161; found, 648.18096. Analytical HPLC (Column A, Flow 0.5 mL 

min-1, UV, Method A) tR = 8.88 min. 
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4.3 Solubility studies 

Solubility studies were conducted on the CORMs, oCOm-57 (60) and -58 (66) to determine 

their water solubility at room temperature. HPLC chromatograms and further details are 

available on request (stored on group drive). 

4.3.1 Standard Solutions 

A series of standard solutions (typically 5 samples between the concentrations 0.07 and 0.45 

mg mL-1) of the desired sample in CH3CN were prepared. The absorbance of the standards at 

254 nm was analysed by HPLC in triplicate (UV detector, flow rate 0.5 mL min-1). The average 

peak areas and the concentrations of each solution were used to construct a standard curve. 

4.3.2 Water Solubility of CORMs 

Tissue culture water (1 mL) was added to a known amount of oCOm-57 (60) or -58 (66) 

(enough sample to make a saturated solution) at room temperature. This solution was sonicated 

and gently heated to allow the maximum amount of sample to dissolve. The sample was then 

cooled to room temperature, filtered (syringe filter, nylon, 0.45 μm) and diluted with tissue 

culture to bring the concentration within the range of the standard curve. The diluted sample 

was analysed by HPLC in triplicate with the same flow rate and detector as for the standards. 

The average peak area was used in conjunction with the equation determined from the standard 

curve to calculate the concentration of the original saturated solution and hence, the water 

solubility of the CORM in water at room temperature. 
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4.4 CO release profiles 

4.4.1 Tris-sucrose buffer 

The tris-sucrose buffer was prepared was prepared from potassium chloride (1.49 g, 20 mmol), 

mannitol (2.73 g, 15 mmol), sucrose (1.71 g, 5 mmol) and tris (0.24 g, 1.98 mmol). MilliQ 

water (200 mL) was added to the above reagents to make the tris-sucrose buffer solution. If 

necessary, tris-HCl was added to the solution to adjust the pH to 7.4 at 37 ºC. The tris-sucrose 

buffer was stored at 4 ºC. Prior to each study an aliquot of buffer was removed and tested to 

confirm that the pH was 7.4 at 37 ºC. 

4.4.2 CO release studies 

CO release studies were conducted to determine the rate of CO release of oCOm-58 (66) in 

aqueous buffer at 37 ºC at the specified pH. A sample of oCOm-58 (66) (approx. 2 mg) and 

buffer (1 mL) were allowed to equilibrate to 37 ºC for 1 hour. The buffer was then added to the 

sample and the timer started. Immediately after addition of the buffer, the sample was heated 

and/or briefly sonicated to facilitate dissolution, before being lightly sealed. Aliquots (30 µL) 

were removed from the vial at the specified times, added to 0.5 M HCl (170 µL) and shaken to 

quench CO release. 

These samples were analysed by HPLC (Column A, Flow 0.5 mL min-1, UV, Method A) as 

soon as possible and the relative peak areas of oCOm-58 (66) and BP-oCOm-58 (73) were 

compared. The half-life was determined at the time point at which the peak areas of both the 

CORM and BP-CORM were approximately 50 %. HPLC chromatograms and detailed figures 

of the CO release profiles are available on request. 
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4.5 Electronic and fluorescence profiles 

Fluorescence profiles of oCOm-58 (66) and BP-oCOm-58 (73) were completed by a colleague 

in the Larsen group, Dr. Brian Kueh, as lab-access was interrupted by the COVID-19 

pandemic. A 5 mM stock solution of either oCOm-58 (66) or BP-oCOm-58 (73) was prepared 

in tissue culture water (1 mL). These stock solutions were then serially diluted using tissue 

culture water to the following concentrations: 1 mM, 0.2 mM, 0.04 mM and 0.008 mM. Each 

concentration was then analysed by the spectrophotometer in triplicate (100 µL each) using the 

parameters outlined in Section 4.1.6. 
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Appendix 
3,4-Dihydro-4-hydroxy-1,3-dimethyl-2H-cyclopenta[l]phenanthren-2-one (48) 
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1-Chloro-1,3-dihydro-1,3-dimethyl-2H-cyclopenta[l]phenanthren-2-one (49) 
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1,3-Dimethyl-2H-cyclopenta[l]phenanthren-2-one monomer (37)  

 

1,3-Dimethyl-2H-cyclopenta[l]phenanthren-2-one dimer (37)  
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Triethylene glycol ditosylate (TsO-TEG-OTs) (70) 
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Diazide triethylene glycol (N3-TEG-N3) (71) 
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N3-TEG-NH2 68 
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N3-TEG-NHBoc 67 

 

 

 

 

 



95 | P a g e  

 

mPEG-750-N3 61 
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Iodo(triethyl phosphite)copper(I) (64) 

 

4-Bromo-2H-pyrrole-1,3-dione (45) 
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Exo-3a-bromo-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (46) 
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Exo-3a-bromo-2-(2-propn-1-yl)-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-

dione (56) 
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Endo-3a-bromo-2-(2-propyn-1-yl)-3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-

isoindole-1,3,8(2H)-trione (55) 
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oCOm-57 (60) 
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BP-oCOm-57 (65) 
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Boc-protected oCOm-58 72 
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oCOm-58 (66) 
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Boc-protected BP-oCOm-58 74 
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BP-oCOm-58 (73) 
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tert-Butyl 3-(4-bromo-1,3-dioxo-1,3-dihydro-1H-pyrrol-1-yl)ethylcarbamate (51) 
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Boc-protected oCOm-62 54 
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oCOm-62 (50) 
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Exo-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (83) 
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Exo-2-(2-propn-1-yl)-3a,4,7,7a-tetrahydro-4,7-epoxy-1H-isoindole-1,3(2H)-dione (84) 
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Endo-2-(2-propyn-1-yl)-3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-phenanthro-1H-isoindole-

1,3,8(2H)-trione (85) 
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DB-oCOm-57 (86) 

 

 

 

 

 



113 | P a g e  

 

Boc-protected DB-oCOm-58 87 
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DB-oCOm-58 (76) 
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2,5-Dimethyl-3,4-diphenylcyclopentadieone dimer (16) 

 

Endo-3a-bromo-2-(2-propyn-1-yl)-3a,4,7,7a-tetrahydro-4,7-dimethyl-5,6-diphenyl-1H-

isoindole-1,3,8(2H)-trione (88) 
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oCOm-54 (75) 
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Boc-protected oCOm-59 89 
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