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Abstract 

Cancer is a disease of global significance, with cancer rates increasing year on year globally. A key 

challenge within the treatment of cancer is the cellular response to radiotherapy. When fractionated 

radiotherapy is targeted at cancerous cells DNA double strand breaks are promoted via free radical 

formation to induce cellular death. However, cellular responses activate the DNA double strand break 

repair mechanism to oppose these outcomes. Involved in this mechanism is the DNA-PK enzyme and 

the Auckland Cancer Society Research Centre (ACSRC) has developed an enzyme inhibitor SN39536 

to inhibit the repair mechanism. Core aspects of the project surround the use and optimization of an 

alternative novel synthetic route to the drug as the original published route was developed allowing for 

structural diversity as opposed to efficiency. 

There are three novel reactions at the beginning of the alternative route leading to a point of convergence 

with the ACSRC route at an imidazopyridinone intermediate; a nucleophilic aromatic substitution, a 

base-catalyzed hydrolysis and a Curtius rearrangement. Analogous reactions were originally reported 

by Astra Zeneca (AZ) with pyrimidine analogues however in this work they have been adapted and 

optimized for pyridine variants. Post optimization the highest yield achieved for the pyridine substrates 

were; 85.3% for the nucleophilic aromatic substitution, 89.9% for the base-catalyzed hydrolysis and 

69.5% for the Curtius rearrangement. These are comparable to the AZ yields with their pyrimidine 

analogues however in each case the addition of heat and/or increased reaction times were consistently 

required to match the AZ yields – highlighting that the novel pyridine substrates are not as activated for 

these reactions. 

The novel route generates the same imidazopyridinone intermediate as the ACSRC route in an overall 

yield of 53.3%. This is significantly lower than the 70.6% overall yield from the ACSRC route. Despite 

the novel route being viable for the synthesis of imidazopyridinones we propose it is currently an 

inferior alternative for the synthesis of SN39536. 

A rearrangement of the novel route steps was then attempted to explore if the altered electronics of the 

substrates aid or diminish the synthetic yield of the novel reactions. We placed the final Buchwald-

Hartwig amination of the original syntheses after the initial novel nucleophilic aromatic substitution 

however, we were unable to optimize this novel cross-coupling beyond a yield of 19.0%. Investigation 

into the reaction conditions were unable to discern why the cross-coupling was consistently 

unsuccessful. The limited information from our substrate studies suggests that the substrate for this 

reaction does not have the correct electronics to undergo the proposed cross-coupling. The 19.0% yield 

of this reaction currently renders the rearranged novel route an unviable alternative to both previous 

syntheses. 
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1 Introduction 

1.1 Background 

1.1.1 Cancer 

The human genome is a complex and finely tuned collection of nucleic acid sequences that comprises 

the biological information relevant to maintaining life on a cellular level. However, instability and 

dynamic alterations within the genome encoding for the various cellular growth and repair mechanisms 

can lead to the development of unregulated, abnormal and invasive cellular growth; cancer.1 

Cancer results in a mass of abnormal cells that grow uncontrollably, possess the ability to avoid 

programmed cell death (apoptosis)1 and have the potential to spread locally and/or to distant sites in the 

body via the bloodstream or lymphatic system; in oncology this is known as a malignant tumour.2 

If left untreated the malignant tumour will invariably disrupt local and/or distant functioning normal 

cells within tissues and organ systems posing various deleterious health effects to the organism and an 

increased likelihood of death as the disease progresses with time.3 

In the year 2021, the governing healthcare body of New Zealand, Te Whatu Ora, reported 27,869 

registrations of individuals newly diagnosed with cancer and 10,488 registered deaths resulting from 

cancer.4 These are significant statistics when under the consideration that New Zealand is a country that 

has a population of approximately 5.3 million. Cancer remains as of today a disease of large focus 

within the medical field with primary themes surrounding the advancement of existing treatments and 

the development of novel treatments. 

 

1.1.2 Radiotherapy 

Radiotherapy is currently one of the main tools utilized in the treatment of cancer. Radiotherapy 

involves the use of radioactive compounds or sources of high energy ionising radiation to induce cellular 

damage at targeted tumour sites in order to irreparably damage the tumour cells and prevent further 

cellular growth and division. There are two main categories of radiation that can be administered 

depending on the type of cancer, anatomical location and treatment required; electromagnetic radiation 

or particulate radiation. The former refers to high-energy photon rays (i.e. X-rays or Gamma-rays) and 

the latter refers to high-energy particle beams (i.e. proton, electron and neutron beams). However, 

regardless of which radiation modality is chosen, the irreparable damage to the tumour cells is achieved 
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via direct damage to cellular DNA or indirect cellular damage sustained by the production of free 

radicals as a consequence of the high energy radiation administered.5 

As a treatment radiotherapy is generally considered non-selective due to the lack of absolute 

discrimination between cancerous cells and healthy cells (resulting in unavoidable side-effects), 

however, technological advancements allow for administration of radiotherapy into regions of 

cancerous cells to be done with relatively high precision, allowing for radiotherapy to be efficacious in 

the treatment of localized squamous cell carcinomas.5 The efficacy and commonality of radiotherapy 

treatment is reflected by the 50% proportion of cancer patients whom receive it throughout the course 

of the illness, with it contributing towards 40% of curative treatment.6 

 

1.1.3 Head & Neck Squamous Cell Carcinoma 

HNSCCs are a set of squamous cell carcinomas that form within squamous cells that comprise epithelial 

tissue located on and within the head and neck.7 In New Zealand approximately 500-550 new cases of 

head and neck cancers are diagnosed each year8, with 90% of those comprising of squamous cell 

carcinomas. The 5-year survival rate for this carcinoma type across all age-ranges and anatomical sites 

was calculated to be 66% during the period of 2002 to 2006 (increasing from 55% between 1992 to 

1996).9 

Radiotherapy for the treatment of HNSCCs is considered to be the primary treatment modality due to 

the localized nature of the tumour which allows for the precise administration of the radiation into the 

tumour site.10 However despite the efficacy of radiotherapy in the treatment of these carcinomas, DNA 

damage response mechanisms are a vital line of defence for the irradiated and damaged cells promoting 

two outcomes: cellular survival and the maintenance of the genome.11 Thus providing a means for the 

cancer cells to survive the damage induced by the radiotherapy.  

Additionally, it is well documented that solid tumours including HNSCCs are typically less oxygenated 

than regular tissue, and this hypoxic environment presents a complementary limitation toward 

radiotherapy treatment in where the hypoxic environment and oxygen depleting effects of radiotherapy 

hinder the damage fixation of free-radical induced DNA damage by oxygen.12 

These limitations result in radiotherapy not being as effective as it has the potential to be. The latter 

limitation has been partially addressed by the introduction of fractionated dosages of radiotherapy, 

either hyperfractionated which consists of several small doses delivered frequently (e.g. 60 × 1.2 Gy 

doses over 5 weeks) or hypofractionated which is a smaller number of larger doses delivered less 

frequently (e.g. 12 × 4 Gy doses over 4 weeks). Hyperfractionation aims to reduce toxicity toward 

normal tissue by allowing greater time for repair processes to take place between fractions. This also 

allows for reoxygenation of hypoxic tumour regions, improving the efficacy of the next fraction. In 
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contrast, hypofractionation takes advantage of newer technologies to deliver higher doses more 

accurately, sparing normal tissues while being more lethal to tumour tissues and making the repair 

processes less critical (as normal tissue within the radiation field will die). Both modalities receive 

clinical application however due to the accelerated hypoxia-mediated radioresistance characteristic of 

HNSCCs, modern accelerated-hyperfractionated dosage schemes are employed allowing for greater 

reoxygenation of irradiated tissue (compared to hypofractionation or other dosage schemes), thus 

discouraging the aggressive formation of the hypoxic environment that these tumours typically reside 

in.13  Despite this, the limitations mediated by DNA damage response mechanisms remain a significant 

challenge in promoting effective radiotherapy outcomes with efforts to overcome this through the 

development of inhibitors targeting various proteins. 

 

1.1.4 Radiotherapy Induced DNA Damage Response Pathways 

The ionizing radiation administered to cancerous tissue during radiotherapy is capable of inducing DNA 

SSBs and DNA DSBs. These strand breaks result in disruption to the base ordering, structural integrity 

of the double helical shape and the encoded genomic information of the DNA. Both types of these 

strand breaks are damaging to the genome of the cell, however with specific regards to radiotherapy, 

inducing DSBs is one of the primary mechanisms that cancerous cell damage and subsequent cancerous 

cell death is achieved.14  

This is the result of DSBs being one of the most severe types of DNA damage that can be sustained due 

to the potential loss of large chromosomal regions which can cause cellular death. The DSB in contrast 

to the SSB possesses a greater potential for cellular lethality. There are classically two well-established 

pathways for the repair of DNA DSBs; homologous recombination and NHEJ.15  

Homologous recombination is a multi-step repair pathway that involves recombination between sister 

chromatids during the S-phase of the cell cycle to repair the broken strands, however specific conditions 

are required for this mechanism to occur including matching sequence identities, alignment in space, 

physical compatibility and the presence of a sister chromatid.15 This results in the regeneration of the 

original DNA sequence.16 

This is contrasted to NHEJ which acts upon the broken DNA strands and ligates them together, resulting 

in the generation of an altered DNA sequence lacking homology and containing insertions or deletions.16 

The NHEJ repair pathway begins with the DSB being recognized by the Ku heterodimer, which is then 

bound by the DNA-PKcs forming the DNA-PK enzyme complex. This DNA-PK complex then allows 

for the canonical binding of further enzymes and proteins to enact the process of NHEJ. The initial Ku-

DNA-PKcs complex is critical regarding this DNA damage repair pathway, and without it NHEJ does 

not occur.17 Currently, there is extensive ongoing research into developing compounds to inhibit this 
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repair mechanism most of which is aimed at inhibiting the functionality of the DNA-PKcs and hence 

the Ku-DNA-PKcs halting the NHEJ process at a critical early step. 

Hence, the NHEJ DSB repair pathway which includes the DNA-PK enzyme actively works against the 

desired outcome of the radiotherapy; to induce cellular damage to the cancerous cells for the purpose 

of promoting complete cell death. This provides critical insight into a key DNA damage response 

mechanism that poses a significant challenge in promoting effective radiotherapy outcomes for the 

treatment of HNSCCs. 

 

1.1.5 DNA-PK Inhibition 

Inhibition of the DNA-PK enzyme serves as a means to radiosensitize cancerous cells through 

interruption of NHEJ mediated repair and promote the desired outcomes from radiotherapy via cellular 

sensitization to DNA DSBs.18  

The DNA-PK enzyme is classified as a nuclear serine/threonine protein kinase that serves as a signalling 

enzyme within the NHEJ pathway via functionality alterations made to the NHEJ machinery through 

autophosphorylation and phosphorylation of serine and threonine residues.14 DNA-PK belongs to the 

PIKK family.19 The PIKKs are related to the PI3Ks which in humans consists of five other members; 

ataxia-telangiectasia mutated, ataxia- and Rad3-related protein, suppressor of morphogenesis in 

genitalia, transformation/transcription domain-associated protein and mTOR. Until recently, there was 

a lack of high-resolution data regarding the exact structure of DNA-PK; other members of the PIKK 

family provided valuable structural insights and were used as proxies for the structure of DNA-PK.20 

Although not all members within the PIKK family share functionality, there are common structural 

motifs between them leading to a range of potential inhibition strategies however most relevant in the 

case of DNA-PK is the ATP binding region which is highly conserved across members of the PIKK 

family (and kinases generally). Generally, the ATP binding region of kinases consists of two 

independent lobes; a smaller N-lobe which is comprised of a five-stranded β sheet that facilitates 

nucleotide binding and a larger highly conserved αC helix which includes the catalytic residues and the 

substrate-binding site. ATP binding connects the two lobes allowing for successful phosphorylation of 

the catalytic substrate. Competitive inhibition of this ATP binding site leads to a blocking and disruption 

of the catalytic activity of the enzyme. These principles have been applied to DNA-PK.21 

The ACSRC employed the use of mTOR as a scaffold and studied the binding interactions of the known 

PI3K and PIKK multi-kinase inhibitor 1 (Dactolisib)22 (Figure 1), which exhibits inhibitory action via 

the aforementioned ATP-competitive inhibition of the ATP binding site.23 Both the DNA-PK and mTOR 

kinases are within the same PIKK kinase family and share structurally related ATP binding regions and 

motifs hence this methodology was used to adapt the imidazo[4,5-c]quinoline of inhibitor 1 into the 
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relatively unexplored imidazo[4,5-c]pyridine-2-one core. The latter core has since been explored and 

optimized through structure-activity relationship studies resulting in the development of the lead 

compound imidazopyridinone 2 (SN39536)22 (Figure 1). 

 

 

Figure 1: Contrast between the imidazo[4,5-c]quinoline core of the PIKK multi-kinase inhibitor 

1 and the imidazo[4,5-c]pyridine-2-one core of imidazopyridinone 2 

 

Table 1: Relevant IC50 data (nm) of compounds 1 and 2, demonstrating PIKK selectivity
22–24

 

Compound DNA-PK PI3Kα PI3Kβ PI3Kγ PI3Kδ mTOR 

1 7.5 4 75 5 7 20.7 

2 7.95 1840 8830 10700 6820 31300 

 

Compound 2 demonstrates potent inhibition of DNA-PK and acceptable selectivity when screened 

against mTOR and members of the related PI3K family (Table 1). Additionally, inhibitor 2 has been 

shown to be an effective radiosensitizer of human tumour cells in vitro, achieving effective tumour drug 

concentrations for a minimum of 3 hours post administration providing further evidence that compound 

2 is a great inhibitor choice.22 When contrasted to compound 1, a lack of selectivity is apparent despite 

similar levels of DNA-PK inhibition (Table 1). This lack of selectivity would provide a significant level 

of off target activity rendering it a poor compound to progress with.   

In parallel to the ACSRC’s development of inhibitor 2, AZ developed and validated the DNA-PK 

inhibitor imidazopyrimidinone 3 (AZD7648)25 (Figure 2). 
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Figure 2: The AZ DNA-PK inhibitor imidazopyrimidinone 3 

 

Inhibitor 3 was developed utilizing an alternative methodology to inhibitor 2 via a high throughput 

screen of the AZ library to search for compounds that showed inhibition toward a selection of kinases. 

These were then further optimized with the goal of enhancing the DNA-PK inhibition, selectivity and 

potency, leading to compound 3.25 Inhibitors 2 and 3 are markedly similar structures aside from two 

explicit differences; variation in the nitrogenous heterocycle on the core skeleton and the different 

aniline substituents. Information gathered regarding the substitutions and binding modes of both 

inhibitors are hence partially complementary. 

Comparing the investigations of inhibitors 2 and 3, there is agreement that the best substituents for the 

imidazo-nitrogens are a methyl group and THP ring. The ACSRC identified the THP substitution to be 

critical in retaining potency as any substitution other than a five- or six membered hetero- or carbo-

cycle resulted in a loss of potency and selectivity, indicating that this substituent plays a specific binding 

role within DNA-PK contrasted to other PIKK members.22 AZ did not investigate this substitution 

within the same context however they established that when compared to 1,4 substituted cyclohexanes, 

biochemical potency remains unchanged however cell potency increases suggesting a positive influence 

upon cell permeability.25 The N-methyl group was determined by the ACSRC to be the largest tolerated 

substituent with anything larger providing too great of a steric burden resulting in a loss of potency.22 

As for the aniline substitution the ACSRC determined by screening multiple aniline derivatives that 

compounds containing the 2-Me and 4-H bond acceptor motif showed a 40-364 fold sensitivity increase 

against PI3Kα and a 270-3440 fold sensitivity increase against mTOR. The informally dubbed aniline 

“magic-methyl” group has been deduced to promote potency and activity by increasing lipophilic 

bonding interactions and potentially creating an induced rotation of the ring system compared to the 

core.22 This is also hypothesized by AZ who suggested that the methyl group increases potency by 

promoting lipophilic interactions within the hydrophobic pocket consisting of Tyr3791, Leu3806 and 

Ile3940.25 However, the choice of 4-methoxy is contested. AZ’s investigations begun with the exact 

aniline substructure of inhibitor 2 however there was concern that this labile methoxy group poses a 

potential reactive metabolite liability, so investigations were focused on deriving a group to mimic the 
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methoxy which they predicted with their DNA-PK homology model to bind near multiple polar groups 

within hydrogen bonding distance. They deduced the triazole moiety to be an appropriate substitution 

for the methoxy group.25  

 

1.2 Synthetic Strategies 

1.2.1 The Published ACSRC Synthetic Route to Inhibitor 2 

The procedure utilized by the ACSRC to synthesize inhibitor 2 is a six-step synthetic route.22  

 

 

Scheme 1: The ACSRC synthetic route to inhibitor 2
22

 

 

1.2.1.1 Brief Analysis of the ACSRC Route 

To begin commercially available pyridinol 4 (Scheme 1) is treated with POCl3 and Me4N
+Cl- at 120 °C. 

This undergoes chlorination via substitution of an aryl phosphate ester intermediate by Cl- yielding 

dichloride 5 (Scheme 1). with a reported yield of 91%. Despite the high yield of this reaction, this is a 

relatively harsh process to begin the synthesis with, requiring the use of POCl3 which is toxic and 

corrosive alongside high temperature; this may prove challenging and hazardous at an industrial scale. 
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Following isolation of dichloride 5 an SNAr reaction is performed to regioselectively install the THP-

NH side chain at the 4-position using amine 6 (Scheme 1) and a molar excess of iPr2NEt in DCM, 

producing chloride 7 (Scheme 1) in an 84% yield. The electronics of the ring structure are tailored to 

favour selectivity toward the 4-position chloride with the electron withdrawing pyridine nitrogen and 

the nitro group residing ortho and para respective to the leaving group giving a more stable 

Meisenheimer complex versus if substitution happened at the 2-chloride position. This results in the 

critical regioselectivity of the reaction. This reaction is run under relatively standard conditions for an 

SNAr reaction and should not have any major issues on an increased scale. 

Subsequent treatment of nitropyridine 7 with an excess of SnCl2 in EtOAc at 50 °C provides diamine 8 

(Scheme 1). The use of SnCl2 as a reductant provides a notable advantage over other reduction 

mechanisms in that the 2-chloride is preserved. The use of catalytic hydrogenation with a platinum 

group catalyst such as Pd/C carries the risk of chloride reduction alongside the nitro group and in the 

final step of the route the halide is a necessary handle for sidechain installation. 

To form the substituted 2-imidazolidinone ring, diamine 8 is treated with a molar equivalent amount of 

CDI in MeCN at 20 °C. Initial nucleophilic acyl substitution occurs between the primary aniline group 

and the CDI, then subsequent attack by the secondary aniline ejects the remaining imidazole forming 

imidazopyridinone 9 (Scheme 1) in an 84% yield (across two steps including the SnCl2 reduction). The 

utilization of CDI and the reaction conditions that are employed allows for a one-pot synthesis of the 

bicyclic compound as opposed to having to undertake separate reactions, this provides great utility in 

shortening the route and improving efficiency. 

N-methylation is then carried out on imidazopyridinone 9 utilizing an excess of NaH as the base and 

MeI as the alkylating agent. This produced intermediate 10 (Scheme 1) with a reported yield of 47%. 

This is a relatively standard methylation procedure employing commonly used reagents however there 

remains notable safety concerns with regards to the hazards imposed by NaH and MeI. 

The final step within the synthetic procedure involves performing a Buchwald-Hartwig cross-coupling 

reaction between chloride 10 and an appropriate aniline. Amination within this reaction occurs via a 

palladium mediated catalytic cycle. Chloride 10 was treated with a slight molar excess of aniline 11 

(Scheme 1), Pd2(dba)3, XPhos and Cs2CO3 in MeCN at 120 °C, forming inhibitor 2 in a 70% yield. 

 

1.2.1.2 Efficiency of the ACSRC Route 

This synthetic route (Scheme 1) is designed to allow for structural diversity as this was the route 

employed to produce the analogues that led to the discovery of inhibitor 2. The route introduces two of 

the three critical N-substituted components in the final steps of the route allowing for differing moieties 

to be installed. However, this is contrasted to the early THP-NH installation which requires entirely new 
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scaffolds to alter the substitution of this position. The overall yield is 21%, and this leaves ample 

opportunity to explore alternative synthetic strategies in order to improve the efficiency or substitute 

the reactions to increase the overall synthetic yield. 

 

1.2.2 The Published AZ Synthetic Route to Inhibitor 3 

In looking critically at the reported synthesis of AZ’s inhibitor 3, there is similarity but the key 

differences provide insight into an alternative approach towards the synthesis of the ACSRC’s inhibitor 

2. 

 

 

Scheme 2: The AZ synthetic route to inhibitor 3
25

 

 

1.2.2.1 Brief Analysis of the AZ Route 

Analogous to the second step within the ASCRC route, this route begins with the substitution of the 

chloride ortho to the ester group on dichloride 12 (Scheme 2) with amine 6 via the SNAr reaction 

mechanism, producing chloride 13 (Scheme 2) in a 73% yield. 

Ethyl ester 13 in the subsequent step is treated with a molar excess of LiOH in an H2O/THF mixture. 

This facilitates the base-catalyzed hydrolysis of the ester producing a carboxylate. This is then acidified 

with aqueous 2M HCl, precipitating out the product as carboxylic acid 14 (Scheme 2) with a 92% yield. 

In contrast to the ACSRC route, the THP-NH substituted 2-imidazolidinone ring is generated via 

intramolecular nucleophilic attack following a Curtius rearrangement of an intermediary acyl azide. 

The acyl azide is produced by the addition of DPPA to carboxylic acid 14 in the presence of NEt3. After 

stirring at room temperature for 1 hour the acyl azide is thermally decomposed to an isocyanate with 

the introduction of heating (120 °C). This allows for the intramolecular rearrangement via nucleophilic 
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attack from the NH group on the isocyanate, forming imidazopyrimidinone 15 (Scheme 2) at a yield of 

70%. 

From this point onwards there is a convergence with the ACSRC route, with the final two steps being 

identical in reaction mechanism to the ACSRC route only differing by the conditions and substrates; an 

N-methylation is conducted on imidazopyrimidinone 15 generating intermediate 16 (Scheme 2) 

followed by a subsequent Buchwald-Hartwig amination producing inhibitor 3 (Scheme 2). It is through 

the structural similarities between inhibitors 2 and 3 that there is a potential to apply the AZ synthetic 

strategy the synthesis of inhibitor 2. 

 

1.2.3 A Novel Alternative Route to Inhibitor 2 

The synthetic route published by AZ to synthesize inhibitor 3 has been adjusted to generate inhibitor 2 

to explore if the route is viable and any potential differences in synthetic efficiency contrasted to the 

ACSRC route. The first key difference from the ASCRC route lies within the substitution of the first 

three reactions with the described AZ reactions (Scheme 3). Of note this alternative route converges 

with the ACSRC route at reaction four (N-methylation). 

 

 

Scheme 3: The AZ route with substrate adjustment to generate inhibitor 2 

 

The second key difference is the starting material alteration from nitropyridine 4 to ethyl nicotinate 17 

(Scheme 3, Figure 3) to allow for these reactions (Scheme 3). 
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Figure 3: Comparison of the starting substrates between the ACSRC and novel route 

 

1.2.3.1 Proposed Synthetic Efficiency of the Novel Route 

The proposed route is exploratory in nature to determine primarily if the different electronics of the 

pyridine core can be accommodated (contrasted to AZ’s pyrimidine core) across a number of steps. 

These altered reactions may provide an advantage over the ACSRC route in terms of synthetic efficiency 

and simplicity. Additionally, this feasibility study may be useful in providing options for scale up 

syntheses in the future. From the perspective of efficiency, the dichloride motif on ethyl nicotinate 17 

bypasses the need for the initial POCl3 reaction in the ACSRC route shortening the proposed route and 

avoiding the use of hazardous reagents. Another synthetic advantage within the proposed route is that 

the final two reaction substrates and conditions (that is the methylation and Buchwald-Hartwig 

amination) are identical to those used by the ACSRC which have already been explored and optimized. 

 

1.2.3.2 The Curtius Rearrangement to Form a Substituted 2-Imidazolidinone Ring 

This reaction provides an alternative mechanism to the ACSRC’s CDI coupling to form the substituted 

2-imidazolidinone ring. This is allowed by the presence and transformations of the ester group 

throughout the novel route. The transformations begin with an ester hydrolysis which is advantageous 

as it avoids the requirement of the SnCl2 reduction, replacing it with a typically high yielding reaction 

while simultaneously minimizing exposure of the substrate to carcinogenic inorganic material. This 

minimization provides an advantage as it lessens any potential inorganic residue contamination of the 

drug, which if sufficient could hinder the advancement of the drug with potential toxicity and safety 

concerns.26 Additionally the replacement of the nitro-group with the ethyl ester alleviates safety 

concerns from a synthesis standpoint as the mutagenicity and genotoxicity of nitroaromatic compounds 

is well documented27 and the reactions in the novel route avoid the presence of this functional group 

entirely. 

Post hydrolysis, the resultant carboxylic acid is converted to an acyl azide with DPPA, followed by the 

heat induced Curtius Rearrangement of the acyl azide to an isocyanate. Subsequent intramolecular 

rearrangement then forms the substituted 2-imidazolidinone ring. The rearrangement discovered by 
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Theodore Curtius28,29 has always been of mainstream significance due to the versatility of the isocyanate 

group. However, traditional acyl azide synthesis has always been of a laborious nature (Scheme 4). 

 

 

Scheme 4: Traditional routes to generating acyl azides
30

 

 

Traditional routes involve the use of extremely hazardous reagents30 (Scheme 4), with notable mentions 

of NH2NH2 and NaN3 both of which are acutely toxic31,32 and explosive.32,33 This changed when Shioiri 

et al published a paper disclosing the use of DPPA in the streamlined conversion of a carboxylic acid 

to an acyl azide.34 This holds great importance in organic synthesis as it allows for the more accessible 

generation of isocyanates through the Curtius rearrangement. This is how the isocyanate intermediate 

is generated on the way to the substituted 2-imidazolidinone ring. This isocyanate then goes on to react 

with the amine of the installed THP-NH group forming the urea bond giving the substituted 2-

imidazolidinone ring. The reaction proceeding from the carboxylic acid to the 2-imidazolidinone ring 

has been demonstrated as a feasible one-pot procedure by AZ. It is proposed that this reaction alongside 

the ester hydrolysis may be synthetically more efficient and scalable than the ACSRC’s reduction and 

CDI coupling regarding the synthesis of inhibitor 2. 

 

1.2.3.3 Rearranged Positioning of the Buchwald-Hartwig Coupling 

The final key advantage of the proposed route is the opportunity to overhaul the route by adjusting the 

sequence of reactions, we propose placing the Buchwald-Hartwig amination toward the beginning of 

the route at the second step (Scheme 5), where it is expected to alter the electronics of the synthetic 

intermediates. This allows for investigation as to whether these altered electronics aid or diminish the 

synthetic yields. 
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Scheme 5: Proposed rearrangement of the novel route 

 

This was predicted not to be a viable option in the ACSRC route due to the perception that the nitro 

group on nitropyridine 7 would deactivate the chloride. The ester group of the proposed substrate ethyl 

nicotinate 17 should not be as deactivating and we anticipated this could make cross-coupling more 

facile. There is also advantage in putting the palladium mediated step early to minimize potential 

palladium residue in the end product (more purifications post exposure). Similarly to the removal of the 

SnCl2 reduction this provides advantages from the perspective of minimizing inorganic contamination 

of the drug which could hinder its clinical progression.26 However due to this cross-coupling occurring 

through a sensitive palladium mediated cycle (Scheme 6) substrate functionality and overall 

compatibilities needs to be considered. 

 

 

Scheme 6: General catalytic cycle for Buchwald-Hartwig couplings
35
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There are a variety of confounding variables to consider when investigating optimal Buchwald-Hartwig 

amination conditions notably including but not limited to the choice of phosphine ligand, palladium 

source, base and solvent. All factors need to be compatible with the nature and functional groups of the 

substrate. However, if sufficiently optimized a high yielding reaction can be achieved. 

 

1.3 Overview 

Radiotherapy is a critical component for the treatment of various forms of cancer, including HNSCC. 

As DNA-PK is a significant component in regulating the NHEJ DNA damage response mechanism, 

inhibition of this enzyme serves as a means to radiosensitize cancerous cells. Inhibitor 2 has been 

developed as a preclinical compound to radiosensitize HNSCC cells. This thesis will examine a novel 

route to synthesize this compound to determine whether the proposed route (Scheme 3) is viable and 

provides any advantages to synthetic efficiency over the published ACSRC route (Scheme 1). The 

optimizations of each reaction and the underpinning rationale behind them will be examined alongside 

comparisons to the analogous AZ and ACSRC reactions. Our attempted rearrangement of the proposed 

novel route will then be explored (Scheme 5) in order to determine whether any synthetic advantage 

can be derived over the initial arrangement. Performance of a novel Buchwald-Hartwig cross-coupling 

is anticipated to be a key factor in the investigation of the rearrangement. 
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2 Discussion 

2.1 Novel Synthesis of an Imidazopyridinone via a Curtius 

Rearrangement 

2.1.1 Nucleophilic Aromatic Substitution 

The first reaction attempted was a substitution reaction combining dichloride 17 and amine 6 (Scheme 

7). This reaction proceeds through the SNAr mechanism where an electron-deficient aromatic ring is 

attacked by a base-activated nucleophile displacing the halide resulting in the substituted product. 

 

 

Scheme 7: SNAr reaction mechanism on dichloride 17 

 

The initial attempt established a baseline yield following the AZ conditions (1:1:2.5 molar ratio of 17:6: 

K2CO3). The reaction was initially run at room temperature for 16 hours however TLC analysis of the 

reaction mixture indicated significant portions of unreacted dichloride 17, so the reaction was left for 

an additional 24 hours. TLC analysis after the additional time indicated that the majority of dichloride 

17 had been consumed. The precipitate from the reaction was discarded and without further workup the 

organic layer was dried under reduced pressure. The crude product was purified by column 

chromatography producing chloride 18 (Scheme 7) in a 67.4% yield. This was comparable to the AZ 

yield of 73.0% using the pyrimidine equivalent 12 (Scheme 2). While the yields were similar between 

these processes it is notable that the reaction with dichloride 17 required 24 additional hours revealing 

a significant disadvantage. 

The extended reaction time indicated lower susceptibility of the pyridine starting material to substitution 

compared to the pyrimidine equivalent. In light of this, we attempted to reduce the reaction time by 

increasing the temperature of the reaction. The reaction was heated at 75 °C for 16 hours, then worked-

up in an identical manner generating chloride 18 in a 55.9% yield. This yield indicated that heating the 
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reaction for 16 hours provides some improvement over the 16-hour room temperature conditions (which 

only gave a small amount of product). Despite this, the yield remained substantially lower than the 40-

hour reaction. Considering these points, we anticipated that benefit could be derived from heating for 

40 hours. The reaction was hence heated at 75 °C for 40 hours producing chloride 18 in a 70.4% yield, 

this represented a modest improvement over the room-temperature reaction while matching the AZ 

equivalent albeit with a longer reaction time. These were adopted as our standard conditions, as at a 

larger scale even a modest improvement is significant. 

Due to the reaction requiring 40 hours alongside the addition of heat in order to match the AZ yield 

inferences can be made regarding the differing electronics of the starting materials; 

 

 

Figure 4: Comparison of the SNAr substrates for the novel route and the AZ route 

 

By inspection of the starting materials, it would be reasonable to speculate that they are electronically 

quite similar (Figure 4), however based on the findings of these reactions, the pyridine ring of dichloride 

17 is less suited towards accommodating the SNAr mechanism compared to the pyrimidine of dichloride 

12. We can rationalize this by observing the ring of dichloride 17 containing one less nitrogen compared 

to dichloride 12 resulting in a decreased ring electrophilicity making the carbon less susceptible to 

nucleophilic attack. Further evidence towards our findings can be found when the predicted stabilities 

of the Meisenheimer complexes are compared (Figure 5). 

 

 

Figure 5: Example intermediate structures of the SNAr reaction; a key intermediate for the 

pyridine substrate 17 (17i); a key intermediate for the pyrimidine substrate 12 (12i) 
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The resonance structures of the intermediates suggests that the extra pyrimidine nitrogen on the 

intermediate 12i (Figure 5) should provide additional stabilisation of the carbanion intermediate when 

compared to the pyridine equivalent 17i (Figure 5). We propose the discussed factors lead to a less 

favoured SNAr reaction. 

The final change was the screening of differing bases. The base is involved in the critical step of 

nucleophile generation (in this case deprotonation of the amine) so the potential for alternative bases to 

promote the reaction and further increase the yield was investigated. Using our standardized conditions 

we employed NEt3 as the base. After the general work-up, chloride 18 was generated in a yield of 63.0%. 

The next base to be trialled was iPr2NEt which produced chloride 18 in a 65.8% yield. The diminished 

yields provided by the amine bases suggests they deprotonate amine 6 less efficiently than the carbonate 

bases despite the relative increased pKa of the tertiary amine bases (10.75 for NEt3 and 10.98 for 

iPr2NEt) over carbonates (10.25 for K2CO3). This was investigated further by trialling a final base of 

Cs2CO3. Improved yields with Cs2CO3 as opposed to K2CO3 despite identical reaction conditions is a 

well observed phenomenon in organic synthesis in reactions where anionic nucleophiles are generated 

in situ. This is due to the much less pronounced ion-pairing of Cs2+ to CO3
2- when contrasted to the ion 

pairing of K2CO3. This results in more efficient release CO3
2-. This effect is pronounced by the relatively 

large dielectric constant of the reaction solvent; MeCN.36 Until this point a recurring theme throughout 

all reactions was the lingering presence of unreacted dichloride 17 and the absence of unreacted amine 

6. So, alongside the trialling of Cs2CO3, the amount of amine 6 was increased to a molar ratio of 1.5 in 

an attempt to push the reaction further to completion. These two adjustments produced the greatest yield 

of chloride 18 at 85.3% (Table 2). The increased quantity of amine 6 somewhat confounds interpretation 

of this result, but nonetheless the combination of these changes provided improved reaction conditions. 

These were the only bases screened as we were conscious of a need to balance basicity to prevent ester 

hydrolysis. 

 

Table 2: Highest yield achieved (%) for the bases trialled in the novel SNAr reaction 

Base Highest Yield Achieved 

K2CO3 70.4 

NEt3 63.0 

iPr2NEt 65.8 

Cs2CO3* 85.3 

* This yield includes the adjustment of the THP to a molar ratio of 1.5 
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2.1.1.1 Characterization of Chloride 18 

Initial identification of the compound was achieved with MS, observing an [M+H]+ peak at 285.1 m/z. 

The 1H-NMR and the 13C-APT spectra were then acquired to support the proposed structure. The 13C-

APT experiment was chosen as it provides additional information alongside the peak shifts regarding 

the nature of the carbon peak; with CH2/C being phased inversely to CH3/CH. This gives the information 

of the three standard DEPT (45, 90 and 135) variants in one experiment with only a minor penalty to 

sensitivity. 

A quartet at 4.33 ppm and a triplet at 1.38 ppm indicated the presence of the retained ethyl ester 

consistent with the structure of the starting material dichloride 17. In addition, there were two well 

resolved aromatic protons aligning with the two aromatic protons expected on chloride 18. The APT 

experiment revealed that the structure contained one non-aromatic quaternary, three aromatic 

quaternaries, three CH2 environments and four CH/CH3 environments which aligned with the structure 

of chloride 18 (Figure 6). 

 

 

Figure 6: Numbered structure of chloride 18 

 

As installation of the THP sidechain was the key structural change in this reaction sequence, the 

observation of nine protons through integration in the aliphatic region was encouraging. Regarding the 

THP methylene protons we anticipated to observe distinct chemical shifts for the geminal protons 

forming each methylene unit at 2′/6′-CH2 and 3′/5′-CH2 alongside the lone 4′-CH proton giving three 

unique proton environments (Ha and Hb at 6′-CH2 labelled for illustration in Figure 7). Aligning with 

this would be only three distinct carbon environments representing the symmetry in the ring. The 

experimental carbon signals matched this expectation, however the 1H-NMR data showed four proton 

environments; three 2H multiplets and one 3H multiplet. Additionally, HSQC revealed that differing 

2H multiplets correlated to identical carbons. These observations suggested diasterotopicity of the 

geminal protons giving the equivalencies coloured in Figure 7. 
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Figure 7: Chair diagram of THP-R; example of expected geminal equivalency labelled; 

observed equivalent protons coloured 

 

Through analysis of the peak shapes evident despite the overlap, we were able to assign the downfield 

area of the 3H multiplet as corresponding to the methine signal and the upfield portion corresponding 

to a pair of diasterotopic protons (Figure 8). 

 

Figure 8: The 3H multiplet of chloride 18; representative protons coloured 

 

HSQC provided further evidence of this overlap where the multiplet correlated to two different carbons 

(Figure 9) contrasted to the expected one if the peak did not include the methine proton.  
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Figure 9: HSQC correlations of the 3H multiplet for chloride 18; equivalent environments and 

correlations coloured 

 

The two farthest downfield of the THP protons were assigned to be the H-6′ and H-2′ protons due to the 

deshielding effect of the neighbouring oxygen within the ring. One of these signals was also the 3H 

multiplet (Figure 8) hence this signal was also assigned to be the methine proton H-4′. The remaining 

two 2H multiplets were assigned to the remaining THP protons; H-5′ and H-3′. Post proton assignment, 

HSQC and the APT allowed for the assignments of the related carbons. 

The aromatic protons were identified by the proton integration values of two singlets within the aromatic 

shift region of the 1H-NMR spectrum. HSQC and the APT revealed that these peaks at 8.67 ppm and 

6.54 ppm both correlated to CH carbons which confirmed their identity. The positioning of either 

aromatic proton and associated carbon was indistinguishable with standard 1D and 2D experiments due 

to the proton deficiency of the ring which rendered HMBC ineffective for this purpose. However, the 

aromatic protons had distinctive shifts with one being notably further upfield than the other (6.54 ppm 

vs 8.67 ppm) which was consistent with the literature and the ACSRC’s characterisation of structurally 

similar compounds.37 Hence, they were assigned based upon this literature with H-5 being the upfield 

of the two leaving H-2 being the downfield alternative. Non-standard NMR experiments would be 

required to decipher these experimentally and this was deemed unnecessary in light of the other 

evidence allowing assignment. 
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The remaining positions to be assigned were the quaternary carbons of the ring and the carbonyl which 

aligned with the remaining signals of the APT. HMBC analysis was ineffective due to both aromatic 

protons showing long range coupling to every quaternary carbon despite adjustment of the long-range 

J value. Out of the remaining four carbons signals the one notably downfield to the rest (167.8 vs 155.9, 

154.9 and 107.1 ppm) was assigned to be the carbonyl quaternary due to its extremely deshielding 

environment, and presence in the characteristic range for ester carbonyl signals.  

Of the remaining three peaks, the signal at 107.1 ppm was noticeably upfield to the rest. Inspection of 

the ring revealed that two carbons (3-C, 5-CH) were distinct from the remainder as they did not have 

any direct bonding to ring or exocyclic nitrogens which would be expected to cause a downfield shift. 

A carbon of this type had been assigned (5-CH) and hence by this reasoning and the similarity in shift 

values (107.1 ppm vs 104.8 ppm) 107.1 ppm was likely 3-C. Additionally, this reasoning was supported 

by the similarity in the shift values of the remaining quaternaries (155.9 and 154.9 ppm) to 2-CH (153.5 

ppm); all of which were adjacent to a ring or exocyclic nitrogen. These final two quaternaries were 

unable to be distinguished so they were not specifically assigned. Advanced NMR methodology such 

as the 1,1 ADEQUATE experiment38 could allow for the assignment of these however the NMR 

instrument was not configured to this, and this study would have been outside the scope of the project.  

 

2.1.2 Ester Hydrolysis 

In the next step of the novel route, the base-catalyzed hydrolysis of ethyl ester 18 was carried out 

(Scheme 8).  

 

 

Scheme 8: Hydrolysis mechanism of ethyl ester 18 
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As with the previous step, our initial conditions were chosen to match the AZ work. This involved 

stirring ethyl ester 18 and LiOH at a molar ratio of 1:2 at room temperature for 3 hours in THF/H2O. 

Subsequent removal of THF in vacuo, followed by acidification with 2M HCl produced the crude 

product as a precipitate. Isolation of the precipitate by filtration furnished carboxylic acid 19 (Scheme 

8) in an 81.5% yield. This was lower than the yield AZ achieved of 92.0% with their pyrimidine 

analogue 13 (Scheme 2). The reaction was reattempted under identical conditions, but with more careful 

assessment of reaction progression with TLC analysis. After 3 hours, it was evident that an amount of 

ethyl ester 18 remained, so the reaction was then left for a further 16 hours at which point ethyl ester 

18 was no longer detected by TLC. Following work-up, carboxylic acid 19 was isolated in a yield of 

89.9% which marked a slight increase and highlighted that the additional reaction time was required to 

drive the reaction forward. The slightly diminished yield compared to AZ alongside the longer reaction 

time is consistent with the findings of the SNAr reaction where an exact replication of the AZ conditions 

with a pyridine analogue produces a less efficient reaction. For this reaction it is expected that the 

pyridine of ethyl ester 18 be less electron withdrawing than the pyrimidine of ethyl ester 13, resulting 

in a less δ+ carbonyl carbon that is less susceptible to hydrolysis. 

 

2.1.2.1 Characterization of Carboxylic Acid 19 

MS initially identified the compound ([M+H]+ of 257.1 m/z) and standard 1D and 2D NMR experiments 

were employed to characterize carboxylic acid 19. Regarding the NMR, retention of the THP group was 

suggested by the presence of three 2H multipets and a 3H multiplet. Additionally, the 1H-NMR and 

HSQC experiments confirmed the diasterotopic nature of these protons.  The retention of the carbonyl 

was indicated by a downfield quaternary carbon with a near identical shift to what was seen in the 

characterization of ethyl ester 18 (169.0 ppm vs 167.8 ppm). This evidence was consistent with the 

structure of the starting material 18 which verified the presence of the THP group and carbonyl. 

The key transformation of this reaction was the hydrolysis of ethyl ester 18. The well-resolved triplet 

and quartet signal that defined the ethyl ester in the starting material 18 being absent in the 1H-NMR 

spectrum confirmed its hydrolysis. The remaining assignments were the two aromatic protons and the 

three quaternary carbons of the ring. The magnitudes of these remaining shifts matched the pattern 

present in ethyl ester 18 and were hence assigned with the same reasoning.  This gives H-5 as the most 

upfield aromatic signal and 3-C as the most upfield of the remaining quaternary signals. The 

quaternaries 4-C and 6-C remained indistinguishable. 
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2.1.3 Curtius Rearrangement 

To form the substituted 2-imidazolidinone ring we used a one-pot procedure telescoping two reactions. 

The first step of this process converts the carboxylic acid into an acyl azide using DPPA and NEt3 

(Scheme 9). 

 

 

Scheme 9: Conversion of carboxylic acid 19 to an acyl azide via DPPA and NEt3 

 

In the second step heat promotes a Curtius rearrangement converting the newly formed acyl azide group 

into an isocyanate. Subsequent intramolecular nucleophilic attack by the amine onto the carbonyl with 

concurrent proton transfer generates the new ring system forming imidazopyridinone 9 (Scheme 10). 

 

 

Scheme 10: Curtius rearrangement and ring formation generating imidazopyridinone 9 
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As with previous steps, the initial conditions trialled followed the AZ procedure. Due to this procedure 

utilizing DPPA and generating an intermediate structure containing a highly energetic and reactive azide 

moiety we had concern regarding the safety profile of this reaction as introducing this group onto an 

organic compound can introduce explosive properties.32 The reaction set-up was aimed to mitigate any 

potential explosive hazard by using a blast shield, precise temperature control alongside reagent 

amounts and ensuring reaction-ware was free from any contamination pre and post reaction (rigorous 

NaHCO3 and H2O washing for everything exposed to any aspect of the reaction). 

In the first attempt carboxylic acid 19, DPPA and NEt3 (molar ratio of 1:1:1) in DMA was stirred at 

room temperature for 1 hour, then heated at 120 °C for 16 hours. The reaction was quenched by pouring 

onto ice and isolation of the product was attempted by filtration of the precipitate. This was dried in 

vacuo giving imidazopyridinone 9 in a 18.3% yield. 

Confirming the structure of the product produced from this reaction and the following attempts was 

achieved by analysis of the melting point and 1H-NMR. The melting point (278-281 °C) was found to 

sufficiently match the reported literature value (281-283 °C).22 The 1H-NMR spectrum for the product 

also matched the literature reporting on imidazopyridinone 9 by the ACSRC.22 Analysis of the 1H-NMR 

spectrum was straightforward as between compounds 19 and 9, the number of protons in each 

environment and the general nature of those environments remained unchanged. The chemical shifts 

values of the respective peaks however did change, notably with one aromatic peak experiencing an 

upfield shift and the other a downfield shift which was likely caused by the altered electronics of the 

pyridine ring due to the formation of the adjacent substituted 2-imidazolidinone ring. 

This initial yield was significantly lower than the reported AZ yield of 70.0% with their pyrimidine 

equivalent 14 (Scheme 2). While the previous steps indicated that we should expect a different reactivity 

from the pyridine system of carboxylic acid 19, such a significant difference seemed unlikely. TLC 

analysis of the remaining post-work up aqueous residues indicated the presence of product that had 

been left behind. Further imidazopyridinone 9 was extracted from this phase with EtOAc, followed by 

judicious backwashing with H2O to remove DMA whilst retaining the recovered product. This yielded 

an additional 12.9% of imidazopyridinone 9 giving an overall yield of 31.4%. This was still well-below 

the AZ yield. In addition to the low yield, NMR analysis indicated lingering DMA contamination 

despite multiple H2O washes of the organic phase and heating under strong vacuum; so the already low 

yield was an over-estimate. 

In the next attempt, the reaction conditions were repeated as prior but the work-up was modified 

proceeding directly to the liquid-liquid extraction post ice quench. This was then purified by column 

chromatography giving imidazopyridinone 9 in a 62.8% yield, however, despite the altered purification 

procedure NMR analysis revealed a lingering quantity of DMA. Regardless, this was a notable increase 

in yield over the previous attempt indicating that a significant cause for the low yield was an ineffective 
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isolation procedure. This required difference in isolation is likely due to the solubility differences 

between AZ’s imidazopyrimidinone 15 and imidazopyridinone 9 where the pyridine ring of 9 provides 

more Lewis basicity allowing for more pronounced hydrogen bonding. The greater polarity of 

imidazopyridinone 9 over imidazopyrimidinone 15 would lead to an increased predicted solubility in 

H2O. 

Due to TLC analysis of previous attempts revealing an amount of unreacted carboxylic acid 19 and the 

acyl azide formation being the limiting factor preceding the Curtius rearrangement, the next variation 

investigated whether the initial conversion of the carboxylic acid to the acyl azide was given enough 

time to take place sufficiently hence the acyl azide formation was increased to 6 hours. Additionally, 

since we had noted the impact the electronic difference of the pyridine compared to the pyrimidine had 

on the other reactions this seemed like a sensible adjustment. In all other regards, the procedure was 

kept the same. After isolation and purification, the product was triturated with an EtOAc/hexanes 

mixture (1:1) in an attempt to remove residual DMA, furnishing imidazopyridinone 9 in a 69.5% yield, 

marking significant improvement to our prior results and giving a comparable result to the AZ process 

albeit after an increased reaction time. While NMR analysis still indicated DMA contamination, this 

was minor indicating that the trituration is effective in removing residual DMA from the product. We 

deemed these conditions suitable and did not further optimize the reaction as AZ had already published 

an extensive investigation of this reaction on their pyrimidine substrate 14, employing a continuous 

flow set-up which we could not match. Additionally, these investigations discovered the generation of 

potentially explosive azide impurities and byproducts when the optimizations were scaled.39 These two 

factors rendered further optimization of the reaction outside the scope of the project.   

Nonetheless, we did consider what changes could be feasibly made. Due to the one-pot nature of the 

reaction the conditions must accommodate both the acyl azide generation and the Curtius 

rearrangement. Alterations to reaction solvent would have proven advantageous in a purification context 

however the choices are limited due to the solubility challenges associated with the carboxylic acid 

substrate and the 120 °C temperature requirement for the Curtius rearrangement. Additionally, base 

choice is limited for the reaction where a non-nucleophilic base is required due to the presence of the 

cleavable phosphate ester bond during the acyl azide generation (Scheme 9) and the electrophilic 

isocyanate carbonyl being susceptible to nucleophilic attack. As for investigation into the quantity of 

reagents these quantities should remain unchanged from the AZ reaction due to the mentioned safety 

concerns. 

 

 

 



26 
 

2.1.4 N-Methylation 

The penultimate reaction was the N-methylation of imidazopyridinone 9 forming intermediate 10 

(Scheme 11). 

 

 

Scheme 11: N-methylation mechanism on imidazopyridinone 9 

 

This is the point in the route where it converges with the optimized ACSRC route and hence we chose 

reagents and conditions to mirror the ACSRC procedure with DMF, NaH and MeI rather than the AZ 

procedure. The best yield achieved for this reaction was 66.4% which is a significant increase over the 

reported ACSRC yield of 47% (Scheme 1). In comparison to the equivalent N-methylation of the AZ 

pyrimidine equivalent 15, differing conditions were used for the methylation procedure however the 

yield is directly comparable to the 69% AZ achieved (Scheme 2). The observed melting point (190-192 

°C) alongside the 1H-NMR analysis of the produced product matched the ACSRC’s literature reporting 

of chloride 10.22  Due to the methylation resulting in the addition of three equivalent protons the critical 

1H-NMR observation to be made when the synthesized compound was assessed was the added methyl 

signal in the spectrum as a clear 3H singlet.  

 

2.1.5 Buchwald-Hartwig Coupling 

 

 

Scheme 12: Buchwald-Hartwig coupling reaction of chloride 10 and aniline 11 
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The cross-coupling was well interrogated by the ACSRC team, as evident in the large number of 

analogues made.37 They reported coupling aniline 11 to chloride 10 (Scheme 12) achieving a yield of 

70% (Scheme 1). In our attempts at this coupling we substituted the use of dioxane with MeCN 

following advice from Dr Lydia Liew (ACSRC) as it had been proven to be a suitable alternative with 

easier processing due to the lower boiling point. The initial attempt at this reaction in a sealed pressure 

vessel (due to the reaction temperature exceeding the boiling point of MeCN) generated inhibitor 2 in 

a 27.8% yield, indicating an issue with either our reagent or substrate quality, or reaction set-up. 

However, as we had succeeded in producing inhibitor 2, putting effort into re-optimizing a known 

reaction was not a priority. 

During subsequent novel Buchwald-Hartwig couplings, we became suspicious of the quality of the 

Pd2(dba)3 in use and attempts to recrystallize the existing catalyst had poor returns. This prompted 

synthesis of fresh Pd2(dba)3 following the procedure outlined by Ananikov et al. Pd(OAc)2, NaOAc and 

dba (molar ratio of 1:10:2) were stirred in MeOH at 40 °C for 3 hours. The solid was then collected via 

vacuum filtration and washed (MeOH and H2O). The solid was dissolved in CHCl3 and dried in vacuo. 

The crude product was recrystallized from minimal CHCl3 in an excess of acetone overnight under 

refrigeration.40 Post isolation, Pd2(dba)3·CHCl3 was afforded in a 41.7% yield. An attempted purity 

investigation was undertaken using the 1H-NMR methodology outlined in the same paper. This method 

utilizes integration in the assessment of free dba in solution as a proxy measurement for complex purity, 

however, insufficient resolution of the required peaks in our spectrum did not allow for an empirical 

assessment of the purity. While the purity of the catalyst couldn’t be determined by this method, 

successful catalysis of a Buchwald-Hartwig coupling provides a pragmatic solution to this question, so 

the Buchwald-Hartwig coupling between chloride 10 and aniline 11 was reattempted. The reaction 

conditions and work-up were kept the same as prior however the newly synthesized catalyst was used. 

This attempt yielded inhibitor 2 in a greatly increased 86.4% yield confirming the newly synthesized 

catalyst was sufficiently active while also verifying the poor catalytic quality of the one used prior. This 

highlights the significance of catalyst quality which will be covered in Section 2.2.2. 

Structural confirmation of these Buchwald products was achieved by 1H-NMR and analysis of the 

melting point. The 1H-NMR  data was found to match the ACSRC’s literature data for inhibitor 2.22 

Critical to this was the new addition of three aromatic signals from the aniline with distinct splitting 

patterns (two doublets and a doublet of doublets) and the addition of two new 3H singlets. The 1H-NMR 

signal pattern of the attached aniline is discussed in further detail in Section 2.2.1.1. However, it is 

noteworthy that the observed melting point at 169-171 °C did not completely align with the reported 

literature value (176-178 °C).22 We suspect that this was due to a slight contamination of the product 

not seen on TLC nor NMR analysis. This would be consistent with the brown colouring of the 

compound compared to the cream colouring reported by the ACSRC.22 
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2.1.6 Comparison to the AZ Route 

The individual reaction outcomes from the novel route have already been compared to the equivalent 

steps in the AZ route however in terms of a route comparison; the overall yield of the optimized novel 

route up to imidazopyridinone 9 is 53.3% directly comparing to the 47.0% overall yield that AZ 

achieved with their pyrimidine substrate to generate imidazopyrimidinone 15 (Table 3). 

 

Table 3: Yield comparison (%) between the pyridine and pyrimidine analogues for equivalent 

reactions 

Reactions Novel Pyridine Substrates AZ’s Pyrimidine Substrates25 

SNAr 85.3 73.0 

Hydrolysis 89.9 92.0 

Curtius Rearrangement 69.5 70.0 

Overall 53.3 47.0 

 

The recurring requirements of either an extended reaction time or the addition of heat when a pyridine 

analogue is deployed highlights that pyridine isn’t as activated for these reactions. However, alternative 

reaction conditions have been found that provide equivalent efficiency (Table 3) to the pyrimidine 

analogues, exemplifying that this route is viable for the synthesis of imidazopyridinones. 

From a safety perspective both routes employ similar reagents and generate identical substrates aside 

from the pyridine vs pyrimidine motif and can be considered to have equivalent safety profiles. 

Considering the safety of the individual reactions the SNAr and hydrolysis reactions are relatively 

benign procedures with unremarkable conditions and reagents. However, the acyl azide generation and 

Curtius rearrangement procedure employs the use of DPPA and generates an acyl azide intermediate, 

both of which introduce new hazards that need to be managed with additional lab safety procedures. 
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2.1.7 Comparison to the ACSRC Route 

Although the route has been shown to be a viable alternative for synthesis of imidazopyridines, another 

key purpose of this study was to determine the viability compared to the established ACSRC route for 

the synthesis of inhibitor 2. 

 

2.1.7.1 Phosphoryl Chloride Mediated Nucleophilic Aromatic Substitution 

The ACSRC route begins with a chlorination reaction to prepare the substrate for THP installation on 

the next step.  

 

 

Scheme 13: The ACSRC’s chlorination of pyridinol 4 

 

The pyridinol group is substituted for a chloride yielding dichloride 5 (Scheme 1, Scheme 13). This step 

has no direct comparison in the novel route which already begins with a dichloride substrate; dichloride 

17. Despite the chlorination generating dichloride 5 in a 91% yield (Scheme 1, Scheme 13), having a 

shortened route is advantageous regarding synthetic efficiency. Additionally, to see if there was any 

cost-benefit difference we sought prices for the relevant starting materials from suppliers used by the 

groups at the ACSRC and/or the University of Waikato. 

 

Table 4: Price per gram of starting material (USD, ≥ 95 % purity) by chemical supplier* 

Suppliers** Dichloride 17 Pyridinol 4 Dichloride 5*** 

BLDPharm $0.95 $10.00 $6.24 

Fluorochem $1.31 $9.98 $8.43 

AK Scientific $1.25 $10.88 $6.30 

Combiblocks $0.95 $7.50 $6.24 

* Calculated from the largest amount of compound offered to account for bulk-buying discounts 

** bldpharm.com, fluorochem.co.uk, aksci.com, combi-blocks.com 

*** This would be the ACSRC’s starting material if they omitted the chlorination and started from an 

equivalent point to the novel route (pre-THP installation) 
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It is evident that the novel route possesses the cheaper starting material (Table 4) and hence has a 

significant advantage from this perspective. It is also observable that based on pricing there is little 

justification for the ACSRC route to start from pyridinol 4, however there must have been alternative 

justification for starting with this compound.  

From the standpoint of safety, the absence of this reaction enhances the overall safety profile of the 

novel route by eliminating the use of POCl3 and Me4N
+Cl- (which serves as a counter-ion) both of which 

are corrosive and toxic. 

 

2.1.7.2 THP Installation 

In both routes installation of the THP is done using comparable conditions. The ACSRC report a yield 

of 84% using iPr2NEt and DCM as the solvent to produce chloride 7 (Scheme 1, Scheme 14). 

 

 

Scheme 14: The ACSRC’s SNAr reaction on dichloride 5 

 

This is compared to the 85.3% yield achieved in the novel route equivalent on dichloride 17 using 

Cs2CO3 and MeCN for the solvent. Initially the reactions seem equivalent with regards to synthetic 

efficiency however the novel route requires an additional 24 hours and heating indicating that the 

reaction is not as efficient. This is expected if you evaluate the substituents of the two starting materials 

with the ethyl ester of dichloride 17 having an inferior electron withdrawing effect compared to the 

nitro group on the ACSRC’s dichloride 5, leading to dichloride 17 being less activated for SNAr 

compared to dichloride 5. From a product isolation perspective, the use of Cs2CO3 in the novel 

procedure allows for easy removal of the base from the mother liquor by filtration. This is due to the 

poor solubility of Cs2CO3 in MeCN. This is contrasted to the miscibility of iPr2NEt in DCM leaving it 

solvated in the organic fraction during the work-up. 

In terms of safety both bases have similar safety profiles. However, the nitro group on the ACSRC’s 

substrates does pose an additional safety concern when compared to the relatively unreactive ethyl ester 

equivalent on the novel route’s substrates. This is due to the toxic, unstable and reactive nature of 

aromatic nitro compounds if handled incorrectly.41 Despite the reactions being of the same kind and 

possessing similar product isolation procedures, the nitro group present on both the ACSRC’s substrate 
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(5) and product (7) implies that in a scale-up context the reactions will need to be handled differently 

to the novel route equivalent. This is primarily due to the runaway reaction hazards associated with 

scaling and processing organic nitro compounds. This additional hazard results from potential 

processing contaminants decreasing the expected thermal stability of the compound.41 

 

2.1.7.3  Hydrolysis vs Reduction 

The hydrolysis of the novel route and the reduction of the ACSRC route (Scheme 15) are preparatory 

conversions for the formation of the 2-imidazolidinone ring.  

 

 

Scheme 15: The ACSRC’s SnCl2 reduction on nitropyridine 7 

 

The highest achieved yield for the hydrolysis reaction is 89.9% however the yield for the ACSRC’s 

reduction was reported across two steps (Scheme 1), so a direct comparison of synthetic efficiencies is 

only fair if the hydrolysis yield is considered along with the following Curtius rearrangement yield. 

Despite this, other aspects of the reactions can be analysed. Both reactions require the use of corrosive 

and toxic substances however the hydrolysis possesses the advantage of minimizing exposure of the 

substrate to inorganic material while achieving the same purpose of the ASCRC reduction; preparing 

the substrate for cyclisation.  

From a safety and reaction processing point of view the hydrolysis poses much less hazard when 

compared to the reduction. This is due to the already mentioned risks associated in scaling reactions 

involving organic nitro compounds.41 Additionally, these risks are amplified by the precise temperature 

requirement of the reaction (held between 50 °C and 60 °C) where processing contaminants may reduce 

the thermal stability of nitropyridine 7. 
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2.1.7.4 Formation of the THP-NH substituted 2-imidazolidinone ring 

For the formation of the THP-NH substituted 2-imidazolidinone ring the ACSRC employed the use of 

the peptide coupling reagent CDI (Scheme 16). 

 

 

Scheme 16: The ACSRC’s CDI coupling on diamine 8 

 

The resultant product, imidazopyridinone 9, marks where the routes converge, however the reactions to 

form this product differ. The ACSRC’s SnCl2 reduction and CDI coupling generates imidazopyridinone 

9 in an 84% yield (Scheme 1, Scheme 16) compared to the novel route’s hydrolysis and Curtius 

rearrangement which produces 9 in a 62.5% yield. The CDI reaction requires minimal reagents only 

requiring MeCN, CDI and the substrate in comparison to the novel equivalent requiring NEt3, DPPA, 

DMA and the substrate. From a reaction efficiency and atom economy perspective the CDI coupling is 

the superior reaction. This is also the case from a safety perspective where DPPA is acutely toxic, NEt3 

is corrosive and the acyl azide intermediate poses explosive risks which is enhanced by the 120 °C 

temperature requirement, although the one-pot nature of this reaction does attempt to minimize this (due 

to isolation of the azide not being required). From a reaction processing perspective, the large amount 

of safety concerns associated with this reaction would likely make it an extremely difficult reaction to 

scale compared to the relatively benign nature of the CDI coupling. These reasonings indicate that the 

CDI reaction is superior in most aspects however the one significant disadvantage of this reaction is the 

96-hour time requirement. This is notably longer than the optimized DPPA reaction where two of these 

reactions can be completed and worked up in the time of one CDI coupling. Whether the higher 

throughput reaction is worth the trade-off for safety, poorer atom economy and greater waste generation 

is a matter of preference. The comparison of the overall yields between the ACSRC route and the novel 

route will be discussed in Section 2.3.1. 
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2.2 Rearrangement of the Novel Route 

To investigate whether rearranging the steps of the novel route provided any synthetic advantage, the 

Buchwald-Hartwig coupling to install aniline 11 was pursued as the second reaction in the route after 

installation of the THP-NH (Scheme 5). 

 

2.2.1 Initial Attempts at the Buchwald-Hartwig Coupling 

The same conditions as the prior Buchwald-Hartwig coupling were trialled initially (Scheme 17). 

 

 

Scheme 17: Novel Buchwald-Hartwig coupling of chloride 18 and aniline 11 

 

This involved stirring chloride 18, aniline 11, Cs2CO3, XPhos and Pd2(dba)3 in a degassed solution of 

MeCN at 120 °C overnight. The molar ratio of components was 1 mol of substrate:1.2 mol of aniline:2.2 

mol of base:0.2 mol of XPhos and 5 mol% of Pd2(dba)3. These reaction conditions and ratios were 

adopted as the standard Buchwald-Hartwig conditions for all couplings with Pd2(dba)3. Post reaction, 

the mixture was cooled to room temperature, filtered through diatomaceous earth and concentrated in 

vacuo. TLC analysis of this concentrate revealed a crowded TLC plate suggesting more compounds 

than expected. Column chromatography was employed for purification however the TLC plate mobile 

phase did not translate well to the silica column giving significant coelution. Despite this, analysis of 

the eluents by MS revealed the presence of two distinctive ions at 386.2 m/z and 634.3 m/z. The peak at 

386.2 m/z was consistent with the expected [M+H]+ of the desired coupling product aniline 20 (Scheme 

17) however the peak at 634.3 m/z was unexpected. This initial attempt afforded no appreciable amount 

of clean material hence the reaction was reattempted. 

The conditions above were repeated albeit with a more careful column procedure. This produced aniline 

20 in a 10.2% yield. This was a very low yield with little synthetic viability however this aspect was 

ignored as this reaction was still in the early stages of optimization. The spot representing the 634.3 m/z 
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peak was tentatively assigned to be a dimerised structure as it aligned with the expected [M+H]+ of 

such. However, the presence of two amine groups on the starting substrate gave us the possibility of 

two constitutional isomers 21a and 21b (Figure 10). 

 

 

Figure 10: Possible dimerized structures 21a and 21b; R = ethyl ester 

 

A pure sample of this structure was unable to be isolated however analysis of the crude 1H-NMR 

spectrum of the semi-pure fraction suggested it be the dimerized structure 21b (see Section 2.2.1.2). 

Due to the exceptionally low yields and the lack of any appreciable side-products contributing to the 

expected mass balance we considered whether any product or related structures were being lost during 

the isolation procedure. The diatomaceous earth used for filtering was washed further with solvents of 

increasing polarity; TLC analysis of these extracts revealed nothing of significance. Additionally, the 

column was flushed with solvents of increasing polarity up to 10% MeOH:DCM, to confirm there was 

nothing notable trapped on the silica. This was of concern due to the likely palladium content of the 

loaded mixture which may have been coordinating itself to the product or related structures trapping it 

on the silica. TLC and MS analysis of the flushed extract returned no indication of this. This confirmed 

nothing was recoverable from the work-up and isolation procedures and it was estimated that 

approximately (due to the impure nature of the eluent) 0.08 mmol of dimer 21b was generated. When 

compared to the small quantity of aniline 20 afforded, the higher quantity of dimer (0.08 mmol vs 0.07 

mmol) suggested it to be the main product of the reaction. 

In order to generate the dimerized structure a total of two new C-N bonds need to be successfully formed 

which implies that the dimer had gone through the catalytic cycle twice; once to generate the desired 

product aniline 20 (with the NH2 of aniline 11 acting as the nucleophile) then again to form dimer 21b 

(with the aniline NH of the product 20 acting as the nucleophile) (Scheme 18). 
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Scheme 18: Proposed formation of dimer 21b; a) NH2 of aniline 11 acting as the nucleophile; b) 

aniline NH of the coupling product 20 acting as the nucleophile 

 

Given the results of this reaction suggesting that a greater amount of dimer 21b is generated compared 

to aniline 20, inferences were made regarding the nucleophilicity of the NH2 on aniline 11 compared to 

the aniline NH of the expected coupling product 20. The initial logic suggested that surprisingly the 

aniline NH of the desired product 20 must be a better nucleophile compared to the primary amine of 

aniline 11 to allow the product 20 to enter the catalytic cycle again. However, both this coupling and 

the ASCRC’s coupling are with aryl chlorides and the same aniline (11) hence this conclusion did not 

align with the 70% product yield of the ACSRC’s Buchwald-Hartwig coupling, as the mono-aryl aniline 

is the predominant compound produced (Scheme 1). 

This disagreement led to the decision to repeat the reaction with a lower temperature to the standard 

conditions. The 120 °C temperature that had been used is considered a typical temperature to run a 

Buchwald-Hartwig coupling at when an inorganic carbonate base is used and the substrate is moderately 

complex. The higher temperature is meant to allow the catalyst to be sufficiently active in the presence 

of potentially coordinating functional groups (with pyridine’s nitrogen being a relevant example).35 

However, it was thought that the 120 °C temperature may be allowing the aniline NH on aniline 20 to 

function as a more effective nucleophile leading to the generation of dimer 21b. If this is the case, it’s 

implied that aniline 20 is the kinetically favoured product and dimer 21b is the thermodynamically 

favoured product. 

The adjusted reaction was stirred at 90 °C as opposed to 120 °C. After the standard work-up, aniline 20 

was isolated in a 17.1% yield (0.1 mmol) alongside a crude 0.03 mmol of dimer 21b. The ratio of dimer 

21b produced to the desired coupling product 20 had decreased with the drop in temperature as was 

proposed. Although this was a success, the yield of aniline 20 is still not suitable for a viable synthesis 

suggesting that the temperature was not the issue and a deeper mechanistic issue with the reaction is 

present. 
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Further evidence toward this was present when an investigation into the mass balance of this reaction 

was undertaken concerning the amount of starting material consumed. The ratio of chloride 18 

consumed to aniline 20 formed is 1:1. Only 0.1 mmol of aniline 20 was afforded accounting for 0.1 

mmol of the chloride 18. Considering dimer 21b the ratio of starting material consumed to dimer 

produced is increased to 2:1 and since 0.06 mmol of dimer 21b was estimated to have formed this 

accounts for a further 0.12 mmol of chloride 18. The formation of aniline 20 and dimer 21b equates to 

only 0.22 mmol of starting material represented in the products, in contrast to the 0.7 mmol input. These 

were the only two compounds identified and since aniline coupling partners do not allow for β-hydride 

elimination (which is the competing pathway at the reductive elimination step of the catalytic cycle)35 

this suggests that either the majority of chloride 18 (0.48 mmol out of the input 0.7 mmol) does not 

engage with the catalytic cycle at all or that the mechanism is inhibited at a certain point preventing 

further reaction. The low yields from these initial attempts at the novel cross-coupling were considered 

insufficient to continue with the rearranged synthesis, so our attention was placed into optimizing this 

this reaction. 

 

2.2.1.1 Characterization of Aniline 20 

Standard 1H and 13C NMR experiments were employed to confirm the structure of aniline 20. The 

existence of the ethyl ester was confirmed by the presence of a well-resolved quartet (4.29 ppm) and a 

triplet (1.37 ppm). Additionally, retention of the THP-NH group was suggested by five aliphatic 

multiplets; four 2H multiplets and a single 1H multiplet. HSQC correlations from these signals 

confirmed the diastereotopicity of the protons which aligned with the stereochemistry of the THP ring. 

Furthermore, the presence of two well-resolved aromatic singlets with one being notably upfield to the 

other (5.39 ppm vs 8.61 ppm) implied the correct substitution pattern of the pyridine ring. This set of 

evidence suggested the retention of the desired starting material substituents from chloride 18. The 

structural change that defined the reaction was the coupling of aniline 11 to C-6 (Figure 11). 

 

 

Figure 11: Numbered structure of aniline 20 
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This change was indicated by the additional signals within the aromatic region of the 1H-NMR spectrum 

and two 3H singlets when compared to the proton spectrum of chloride 18. The non-aromatic singlets 

represented the two methyl groups, with the downfield (3.82 ppm) of the two being assigned as O-CH3 

due to the deshielding of the oxygen which left 2.24 ppm with the CCH3-2′′ assignment. The aromatic 

signals displayed distinct splitting patterns due to the π system of the aromatic ring promoting the 

transmission of spin information. All three of the aromatic signals integrated to 1H however two of 

them were doublets (7.20, 6.83 ppm) whereas the other was a doublet of doublets (6.77 ppm). Upon 

examining the J values (all coupling constants presented throughout this thesis have been calculated 

from the 8.d.p chemical shift measurements) of the 6.77 ppm signal, two constants of differing 

magnitudes were revealed; 8.6 and 2.9 Hz. In aromatic systems 8.6 Hz is consistent with an ortho 

coupling (~ 7-9 Hz) and 2.9 Hz aligns as a meta coupling (~ 2-3 Hz).42 Based on this coupling pattern 

the peak at 6.77 ppm was assigned as H-5′′. The doublet at 7.20 ppm possessed the same ortho J value 

allowing its assignment as H-6′′, and the doublet at 6.83 ppm displayed the meta J value and was 

assigned as H-3′′ (Figure 12). HSQC correlations enabled assignment of the associated carbons. 

 

Figure 12: Aromatic 
1
H coupling of the installed aniline on aniline 20 

 

Interrogation of the HMBC experiment allowed for the assignment of the aniline quaternary signals 

with the 2′′-CCH3 protons showing correlations to two unassigned carbon signals at 136.0 ppm and 

130.4 ppm which suggested that these represent 1′′-C and 2′′-C (green/red colouring in Figure 13). H-

6′′ displayed correlations to the mentioned carbon signal at 136.0 ppm and an additional unassigned 

signal at 157.9 ppm. This provided evidence that the 136.0 ppm signal was likely 1′′-C (blue/red 

colouring in Figure 13). 
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Figure 13: HMBC correlations of H-6′′ and 2′′-Me to quaternary carbons on aniline 20 

 

This left 130.4 ppm the assignment as 2′′-C (green colouring in Figure 13) and the remaining 157.9 

ppm signal as the final quaternary 4′′-C. Assignment of the 4′′-C signal was supported by a singular 

HMBC correlation between the O-CH3 protons and the 157.9 ppm signal (Figure 14). 

 

Figure 14: HMBC correlation of O-CH3 and 4′′-C on aniline 20 
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The remaining three quaternary signals displayed the same shift pattern as the quaternaries for the 

analogous 3,4,6-trisubstituted pyridine structures. As such these were assigned by the logic presented 

during the characterisation of chloride 18. This gave the two downfield signals (160.8 ppm, 155.0 ppm) 

as 4-C and 6-C (indistinguishable) and the notably upfield signal (101.2 ppm) as 3-C.  

 

2.2.1.2 Crude Characterization of Dimer 21b 

Analysis of the 1H-NMR of the crude isolate was used to distinguish which of the isomers (Figure 10) 

our dimer was. All the present peaks were consistent with the findings of aniline 20 however when the 

integrations were normalized (to the O-CH3 signal of 3H as that is a consistency between the isomers) 

it was confirmed that the integrations for all the proton signals had doubled except for the signals that 

we knew to be from the aniline (Figure 15).  

 

Figure 15: Aromatic 
1
H region of dimer 21b 

 

This was evidence that the structure of our dimer was isomer 21b. If it were hypothetically isomer 21a 

there would be more signals than what was observed due to the asymmetry of this isomer. Throughout 

our studies we were unable to gather a pure enough sample (with the aromatic region being the most 

resolved of the acquired 1H-NMR data) to fully characterize this compound however our knowledge of 

the catalytic cycle, the notably distinct ion mass and the crude 1H-NMR analysis made it highly likely 

that the dimer was isomer 21b. 
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2.2.2 Catalytic Optimization 

The ACSRC’s optimized coupling system shows that aniline 11 is a suitable coupling partner and 

nucleophile. The key difference lies in the pyridine substrate, so we thought there was a possibility that 

the problem lay with palladium insertion into chloride 18 which is the first step of the cycle (Scheme 

18). It is often the case in many palladium mediated cross-coupling reactions that the oxidative addition 

of the substrate onto the metal center is the rate limiting step, and historically with the early generation 

ligands, palladium sources and in unoptimized systems the aryl chlorides posed the greatest challenge 

due to the strength of the C-Cl bond.43 The substrate 18 is an aryl chloride that is seemingly not-engaging 

with the catalytic cycle; aligning with what has historically been encountered for the Buchwald-Hartwig 

coupling of aryl chlorides. These challenges have for the most part been overcome by the discovery of 

new palladium(0) sources, highly optimized phosphine ligands, and a better mechanistic insight into 

how the catalytic cycle operates.44 

Key to the cycle is the palladium(0)-phosphine ligand complex which is contingent upon a sufficiently 

pure catalyst with the capability of forming the active palladium(0) species in solution; so an 

investigation into the catalytic quality of the Pd2(dba)3 in use was undertaken. Pd2(dba)3 is a commonly 

employed palladium source in cross-coupling reactions due to the efficient exchange of the dba ligand 

with phosphine ligands in solution generating the active palladium(0) complex, however it is known to 

begin noticeable decomposition after a period of about six months into elemental palladium and dba.40 

The exact age and storage history of the Pd2(dba)3 in use was unknown so the repurification procedure 

outlined in Ananikov et al was done as this has been shown to produce a refurnished Pd2(dba)3.CHCl3 

of high purity.40 Pd2(dba)3 (0.5 g) was dissolved in the minimum amount of CHCl3 required precipitating 

out a visually significant amount elemental palladium. This was filtered out and the CHCl3 extract was 

dried in vacuo. This was redissolved with a minimum amount of CHCl3 and an excess of acetone was 

added. This was left overnight under refrigeration. The crystals were collected, washed (cold acetone) 

and dried in vacuo. This gave Pd2(dba)3·CHCl3 in a 34.7% yield (0.198 g). Confirmation of purity was 

unable to empirically assessed by the method given by Ananikov et al due to insufficient resolution of 

the required 1H-NMR peaks to be analysed. However, at the minimum an increased purity was assumed 

due to the precipitated removal of elemental palladium during the procedure. The significant loss of 

mass due to the removal of the elemental palladium demonstrates that the Pd2(dba)3 in use was of a poor 

quality and was likely forming significant amounts of inactive elemental palladium in situ opposed to 

the active palladium(0) species. This likely would have been resulting in a significant underdosing of 

catalyst within the reactions; giving a potential reason as to why a significant amount of material in the 

prior reactions was not engaging in the catalytic cycle. 

After repurification of the catalyst, the coupling of aniline 11 to chloride 18 was reattempted twice with 

the defined standard conditions. Despite expecting some increase in yield due to using a catalyst of 
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higher purity the reattempts generated aniline 20 in diminished yields of 8.6% and 5.6%. The previous 

findings of the reactions suggested that the formation of dimer 21b is produced in a similar magnitude 

to the product hence the dimer was not specifically isolated although TLC and MS analysis suggested 

its presence. The poor yields of these reactions despite the assumed increase in catalytic purity signified 

that there is an alternative or additional factor within the catalytic cycle that needs to be adjusted. 

The investigation into catalytic adjustment was concluded by the trialling of a newly purchased 

BrettPhos-PdG3 precatalyst. BrettPhos-PdG3 is comprised of a pre-configured palladium-BrettPhos 

complex and are designed to autoactivate to the active LnPd0 complex in situ in the presence of the 

reaction base via deprotonation and reductive elimination of a carbazole (Scheme 19).35 

 

 

Scheme 19: Activation of the BrettPhos-PdG3 precatalyst; L = BrettPhos ligand
35

 

 

This avoids the need for traditional catalyst pre-activation before entrance into the catalytic cycle of the 

reaction as many common sources of palladium such as Pd(OAc)2 exist in the +2 oxidation state as 

opposed to the required 0. This is not a specific advantage when compared to the use of Pd2(dba)3 as 

this exists as a palladium(0) complex and the simple exchange of dba ligands for the phosphine retains 

the 0 oxidation state.45 However, this is a double edged sword as there exists conditions where the 

equilibrium of this ligand exchange can be unfavourable leading to a lack of dba dissociation or possible 

dba reassociation and hence suboptimal concentrations of the active LnPd0
 complex.46 Hence a distinct 

advantage the precatalyst has over the Pd2(dba)3/XPhos catalyst is the absence of the potentially 

problematic dba. Additionally, the precatalyst would ensure the quality of catalyst in situ was of high 

purity, allowing for proper dosing while also providing a different phosphine ligand to trial. 

The vast array of potential amine coupling partners is unlimited and the correct choice of phosphine 

ligand can determine the success or failure of a reaction in some circumstances. A commonly adopted 

type of phosphine ligand for this type of coupling is the biaryl monophosphine ligand. Differing ligand 

architectures of this type influence the reactivity of the catalyst.35 Until this point the only phosphine 

ligand that had been trialled was XPhos as this was the ligand employed by the ACSRC for the coupling 

of aniline 11. However they have also demonstrated the viability of the BrettPhos ligand (through the 

use of BrettPhos-PdG3) for the coupling of alternative anilines to varying imidazopyridinones.37 Both 
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BrettPhos and XPhos are commonly employed ligands of the biaryl monophosphine type and differ 

only by substituents present on the ‘top ring’ (Figure 16). 

 

 

Figure 16: Structural comparison of XPhos and BrettPhos 

 

The substituents on the top ring are typically selected to fix the conformation of the bound ligand in 

order to enhance the rate of reductive elimination of the product as the catalytic complex aims to relieve 

the heavy steric strain.35 The addition of the methoxy on the top ring of BrettPhos (Figure 16) typically 

results in an enhanced rate of reductive elimination over unsubstituted alternatives such as XPhos.35 

Additionally, the methoxy substituents allow for an alternative palladium binding mode that increases 

both the reactivity and stability of the resultant LnPd0
 complex.47 Furthermore, BrettPhos has been 

demonstrated within the literature to be a viable option for the coupling of primary anilines and aryl 

chlorides with a selectivity for monoarylation47 which was relevant to our coupling due to the recurring 

formation of dimer 21b. We expected to observe an increase in the yield of aniline 20 if the catalytic 

system used prior was not reactive enough or did not sufficiently encourage the reductive elimination 

of the product.  

 

 

Scheme 20: Buchwald-Hartwig coupling of chloride 18 and aniline 11 using BrettPhos-PdG3 
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The reaction was reattempted with the standard conditions however with the BrettPhos-PdG3 catalyst 

(5 mol%) (Scheme 20). After the standard work-up aniline 20 was given in an 11.4% yield. Similar to 

the prior reaction, MS and TLC indicated the formation of dimer 21b within the reaction. Additionally, 

due to the ejected carbazole as a biproduct from the precatalyst activation (Scheme 19) it was critical 

to consider whether this was acting as a possible nucleophile within the catalytic cycle as resultant 

reaction poisonings via aryl halide depletion have been reported in the literature.48 However, MS 

analysis provided assurance that this was not occurring. The result of this reaction and those post 

recrystallisation of the Pd2(dba)3 suggested that both the source of palladium and the phosphine ligand 

were not the reasons behind a lack of chloride 18 engaging with the catalytic cycle. At this point in the 

optimization, we were confident that the catalytic adjustments could be concluded for the time being 

allowing for other factors of the reaction to be investigated.  

 

2.2.3 Solvent and Base Investigations 

Within the Buchwald-Hartwig coupling the reaction solvent can have a critical influence on the rate and 

selectivity of the reaction due to factors such as coordination capability, polarity and whether the active 

catalyst species is stable. MeCN was the solvent of choice in the standard conditions for the couplings 

attempted due to its inert nature and solvation capability of the reactants and reagents excluding Cs2CO3. 

Additionally, due to the moderate dielectric constant of the solvent it should be expected to provide 

extra stability to any charged intermediates and structures present during the reaction.49 However, this 

added stability comes at the cost of the MeCN being known to coordinate to palladium as a ligand. It is 

critical to recognize that the active catalytic complex, LnPd0, is an under ligated palladium center with 

a deficient coordination number (allowing oxidative addition of the substrate).49 Thus it remained a 

possibility that MeCN was acting as a coordinating ligand disrupting the active catalytic complex which 

may have been hindering the oxidative addition of the substrate.50 

The ACSRC originally employed the use of dioxane as their reaction solvent hence it seemed logical to 

investigate whether this alteration could provide utility to our reaction. The standard conditions were 

mirrored from the trial with the BrettPhos-PdG3 precatalyst except dioxane was used as the solvent. An 

increased amount of degassing by nitrogen sparging with a needle was employed during this trial to 

further promote catalytic stability as the LnPd0 complex is air-sensitive and is prone to degradation by 

atmospheric oxygen.35 After the standard work-up aniline 20 was afforded in a markedly low 5.6% 

yield. This confirmed that the choice of solvent likely wasn’t the factor giving the exceedingly low 

reaction yields. 

The only remaining component outside of the coupling partners within the reaction to investigate was 

the implications of base choice and whether competing side-reactions facilitated by the base were 
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occurring. If competing reactions were taking place this would result in the consumption of reaction 

feedstock and altered electronics of the substrate; changing the fundamental conditions of the desired 

reaction. The first side-reaction considered was the base-catalyzed hydrolysis of the ethyl ester on 

chloride 18. The findings of the THP installation of the novel route show that the use of Cs2CO3 

preserves the ester functionality in those conditions. However, there was concern that the 120 °C 

temperature of the Buchwald-Hartwig coupling was facilitating a possible hydrolysis. Additionally, 

despite alkali carbonates not being typical bases employed for the hydrolysis of esters there are some 

literature examples documenting that is a possibility to be considered.51 This was of concern due to the 

basic reaction medium allowing the carboxylate of the acid 19 to be in solution which are known to be 

highly coordinating towards palladium centers. They have great importance as palladium catalysis 

ligands used for selective C-H bond activations.52 Thus an in situ hydrolysis provides opportunity for 

coordinative deactivation of the palladium(0)-phosphine ligand complex (Scheme 21). 

 

 

Scheme 21: Proposed generation of acid 19’s carboxylate via in situ hydrolysis and 

deprotonation 

 

The second side-reaction to be considered was whether an SNAr was occurring. We considered this due 

to the continued presence of electron withdrawing substituents on the ring and the presence of another 

C-Cl group. The electronics of the C-Cl bond is a critical determinant in whether an SNAr is possible, 

and it was thought that the ester and NH may possess enough electron withdrawing ability to activate 

the bond. We speculated the possibility of this reaction to be contingent upon whether aniline 11 was a 

strong enough nucleophile as the attached aromatic ring would reduce the nucleophilicity of the amine 

(due to resonance delocalisation of the nitrogen’s lone pair of electrons) when compared to amine 6. If 

an SNAr reaction were to be occurring in situ this provides an alternative mechanism for the formation 

of the dimer 21b in where aniline 20 is generated through an SNAr which then proceeds to act as the 

nucleophile in the catalytic cycle generating the dimerized structure 21b (Scheme 22). 
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Scheme 22: Proposed alternative mechanism for the formation of dimer 21b 

 

The possibility of these two reactions was investigated by testing with conditions mirroring the coupling 

however without the presence of palladium or phosphine ligand. Initially chloride 18 was stirred in a 

degassed mixture of MeCN and Cs2CO3 at 120 °C overnight. TLC and MS analysis revealed no polarity 

or mass change consistent with hydrolysis to carboxylic acid 19 indicating that the substrate is stable 

under these conditions. Aniline 11 was added to reaction mixture and stirred at 120 °C for an additional 

16 hours to investigate whether an SNAr reaction would take place. Further TLC and MS analysis 

showed no polarity or mass change consistent with the transformation to aniline 20, confirming that 

neither of the proposed reactions were occurring. These studies into the base and solvent implied that it 

was unlikely to be these components rendering an unsuccessful cross-coupling reaction. The conclusion 

of these studies marked the end of investigation into the easily altered conditions of the coupling; this 

suggested that the unsuccessful reaction was due to the nature and structure of the substrates. 
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2.2.4 Substrate Studies 

2.2.4.1 Quantum Chemical Calculations 

Due to the experimental investigations not providing any clear indication as to why the reaction was 

consistently unsuccessful, we sought to explore computationally the seemingly stark difference in 

reactivity between our novel substrate chloride 18 and the ACSRC’s substrate chloride 10. The 

electronic structures of chlorides 18 and 10 were hence investigated by theoretical DFT calculations 

using Q-Chem 6.0.53 To begin, an optimized model of the molecular geometries was generated by the 

iterative determination and optimization of stationary points. That is the minima and transition states 

on the potential energy surfaces of the molecules. The geometrical models were iteratively optimized 

until true energy minima were reached by repeated refinement cycling each time an imaginary 

frequency was calculated. Once only real frequencies were present the single point energies were 

calculated giving the solutions to the electronic Schrödinger equation for the fixed nuclear positions of 

the molecules. The resulting wave functions were analysed using the open-source program ‘Multiwfn 

3.8’; where the electron density and electrostatic potential were mapped across the volume of the 

molecule. A surface analysis was carried out to determine the electronic maxima and minima of the 0.01 

isosurface (i.e. the surface of a volume representing 99% of the electron density).54–57 The ‘Visual 

Molecular Dynamics’58 software was used to visualize these results; extrema are marked and colour 

scales are matched to facilitate visual comparison on Figures 17 and 18. Calculations and figure 

generation were carried out by Dr. Ben Dickson (project supervisor), interpretation of data was 

conducted by the author. 

 

 

Figure 17: Electrostatic potential map of chloride 18 
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Figure 18: Electrostatic potential map of chloride 10 

 

On comparison of the electrostatic potential maps for chlorides 18 (Figure 17) and 10 (Figure 18) we 

observed a lack of significant difference in the electron density of the aromatic rings. The electronics 

of this region would determine the activation of the C-Cl bond for oxidative addition to the LnPd0 

complex and these calculations suggested the electronics of these bonds are more similar than the 

reactivity of chloride 18 led us to believe. We had anticipated there may be a notable difference between 

the electronics of chlorides 18 and 10, however there were no obvious features of their electronic 

structures that explain the difference in reactivities we had observed. It is critical to maintain we 

considered our analysis of these calculations with caution. Although there did not appear to be any 

obvious difference in electronics, we were hesitant to over-interpret the calculations due to the team’s 

lack of specific expertise in interpreting DFT calculations. 

 

2.2.4.2 Model Study 

Due to the uncertainty associated with our computational analysis of the electronics of chloride 18, we 

decided to experimentally explore whether there was a relationship between its substituents and our 

poor coupling yields. This was undertaken by attempting the coupling of aniline 11 to an 

unfunctionalized substrate; chloride 22 (Scheme 23). This mimics the 2-chloropyridine functionality of 

chloride 18 without any further substituent effects. 
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Scheme 23: Model Buchwald-Hartwig coupling on chloride 22 and aniline 11 

 

The standard Buchwald-Hartwig conditions (Pd2(dba)3·CHCl3/XPhos) were employed for this coupling 

(Scheme 23). This was chosen over BrettPhos-PdG3 as this combination provided the highest yields 

across all other coupling attempts. Initial MS analysis of the crude reaction mixture indicated distinct 

ions at 215.1 m/z and 292.3 m/z. 215.1 m/z aligns with the expected [M+H]+ of aniline 23 (Scheme 23). 

However, 292.3 m/z would be the approximate expected [M+H]+ for the dimerized structure 24 (Figure 

19). This structure was not successfully isolated due to significant co-elution during the attempted 

purification of the crude material.  

 

 

Figure 19: Proposed dimerization of pyridine 23 and aniline 11 

 

Post purification, aniline 23 was isolated as a brown viscous gum in a 1.1% yield. This was suspected 

to be slightly contaminated, so a melting point was not sought however an NMR and MS 

characterisation was accomplished. Even considering that the yield is an overrepresentation, this is the 

lowest yield achieved throughout all cross-couplings attempted. The poor yields of this model reaction 

and the other couplings implied that there is an issue when coupling aniline 11 to 2-chloropyridines (the 

common functionality between chlorides 10, 18 and 22) that are not also imidazopyridinones (additional 

functionality of the ACSRC’s chloride 10). However, the literature contradicted this as there is a 
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precedent for the Buchwald-Hartwig coupling of aniline 11 to 2-chloropyridines that are not 

imidazopyridinones (Figure 20).59,60 

  

 

Figure 20: Alternative 2-chloropyridines that aniline 11 has been coupled to
59,60

 

 

The ACSRC’s successful coupling of aniline 11 to chloride 10 and our issue in coupling aniline 11 to 

2-chloropyridines disagreeing with the literature precedent suggested that there is a balance to the 

functionality required when coupling aniline 11 to 2-chloropyridines (i.e. a balance to the contribution 

of functional groups to electronic and steric effects). We were unable to discern this from our 

computational work, however the unsuccessful couplings with our novel substrate chloride 18 implied 

that this balance is seemingly absent from its structure. This potentially implicates it as being the 

problematic reaction component within our coupling. 

 

2.2.4.2.1 Characterization of Aniline 23 

Due to the identical substructure of the aniline component to the novel Buchwald-Hartwig coupling 

product 20 this area of the molecule was assigned first. As with aniline 20 the protons H-3′, H-5′ and 

H-6′ (Figure 11) were assigned based on the distinct splitting (a doublet, doublet of doublets and a 

doublet respectively) and coupling constants of the 1H-NMR aromatic peaks (2.9 Hz, 8.6 + 2.9 Hz and 

8.6 Hz respectively). The O-CH3 and methyl components of the ring were confirmed by the presence 

of two 3H singlets with the O-CH3 assignment being distinctly downfield to the other. Analogous 

HMBC evidence to the assignment of the quaternary carbons for aniline 20 was present and hence the 

equivalent system for this compound was assigned with this reasoning. The coupling constants and 

magnitudes of the chemical shifts were consistent with what was assigned for aniline 20 confirming the 
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installation of aniline 11 onto chloride 22. The remaining protons to be assigned were the aromatic 

protons on the pyridine ring (Figure 21). 

 

 

Figure 21: Numbered structure of aniline 23 

 

These assignments presented a unique challenge due to the higher order splitting across the ring. The 

higher order splitting made the exact peak shapes difficult to discern. Key assignments were hence made 

with chemical reasoning and the few coupling constants that were resolved. H-6 was assigned to the 

most downfield of the aromatic signals (8.13 ppm) due to the expected deshielding effect of the adjacent 

nitrogen. A coupling constant of 1.9 Hz was resolved from this peak and matched to the signal at 7.37-

7.42 ppm. This was near the typical constant range for a meta coupling (~ 2-3 Hz)42, this would typically 

be too large for a para coupling and too small for an ortho coupling so it was assigned as H-4 (Figure 

22). 

 

Figure 22: Shared 1.9 Hz coupling between H-6 and H-4 on aniline 23; example peak shifts 

accented red 
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Another coupling constant from the 8.13 ppm signal that was identified was 0.9 Hz. This constant was 

consistent with a para coupling, which are typically not visible or are at values lower than 1 Hz.42 This 

was matched to the signal at 6.36-6.39 ppm, giving it the assignment of H-3 (Figure 23).  

 

Figure 23: Shared 0.9 Hz coupling between H-6 and H-3 on aniline 23; example peak shifts 

accented red 

 

This left the remaining aromatic proton signal at 6.64 ppm with the assignment H-5. The associated 

carbons were assigned with HSQC. However, the H-4 signal showed correlations to two distinct carbons 

(Figure 24). 

 

Figure 24: HSQC of the H-4 signal on aniline 23 
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Due to a low signal-noise ratio observed in the APT experiment the position of this peak was inferred 

from the HMBC where it was revealed that the upfield correlation (top correlation on Figure 24) of the 

two correlated to what was perceived as slight contamination. This left the assignment of 138.0 ppm 

(bottom correlation on Figure 24) as 4-CH.  

The last assignment to be made was the pyridine quaternary carbon. Again, due to a low signal-noise 

ratio on the APT this was investigated through HMBC. A long-range J of 8 Hz on the HMBC pyridine 

spin system showed distinct 3J C-H correlations. This gave a correlation between 7.38-7.42 ppm and 

the final unassigned carbon signal at 158.0 ppm which was assigned as the pyridine quaternary signal 

2-C (Figure 25). 

 

Figure 25: HMBC revealing the shift of the final unassigned quaternary carbon on aniline 23 

 

This was the most downfield of the assigned carbons aligning with the expected electronics of the 

pyridine system where this carbon was in the most deshielded environment of this compound; between 

both nitrogens. 

 

2.2.4.3 Protection of Aniline 11 

Another piece of experimental evidence we possessed, consistent with a malfunctioning reaction, was 

the recurrent observation of byproducts consistent with dimer formation. We decided to prevent their 

formation via protection of the aniline, in order to establish if this improved the yield of the expected 

coupling product. The protecting group when incorporated into the product should hinder the amine 
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from being a nucleophile in subsequent catalytic cycles. Additionally, protection of the aniline NH 

would have been a requirement of the rearranged route eventually to prevent the presence of two 

possible N-methylation sites (Figure 26) hence this provided opportunity to investigate whether 

protection of the aniline NH pre-installation was viable. Protection was proposed by installation of a 

Boc group onto aniline 11 (Scheme 24). 

 

 

Figure 26: Presence of two possible N-methylation sites within the rearranged novel route 

 

 

Scheme 24: Boc protection of aniline 11 
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Protection of aniline 11 was attempted by stirring with Boc2O in THF at reflux for 2 hours following 

literature precedent.61 The reaction was cooled to room temperature and the solvent was removed in 

vacuo. Carbamate 25 (Scheme 24) was isolated with column chromatography in a 6.6% yield. 

Confirmation of the structural identity was done by MS and 1H-NMR where the two 3H methyl singlets 

of the ring and the 9H Boc group singlet were strong indicators of the successful synthesis of carbamate 

25. Additionally, the 1H-NMR data matched the literature values.61 In the next attempt the reaction was 

stirred at reflux overnight in an attempt to improve the yield. The same work-up procedure was used 

after cooling the reaction and carbamate 25 was isolated in a quantitative yield. 

The coupling of the carbamate 25 was first attempted on the model substrate chloride 22 to provide a 

simple coupling partner, establish the competence of carbamate 25 to participate in a Buchwald-Hartwig 

coupling and to determine if it improved the outcome. 

 

 

Scheme 25: Buchwald-Hartwig coupling of chloride 22 and carbamate 25 

 

The standard conditions were employed with chloride 22, carbamate 25 and Pd2(dba)3·CHCl3/XPhos 

(Scheme 25). During the standard work-up, MS analysis of the reaction after filtration through 

diatomaceous earth revealed a distinctive ion at 215.1 m/z aligning with what was expected to be the 

product mass minus the Boc group due to its facile cleavage during ionization. The standard work-up 

was attempted however carbamate 26 (Scheme 25) was unable to be isolated despite multiple attempts 

with column chromatography. What appeared to be clean fractions by TLC were revealed to be impure 

by MS and NMR (where nothing was distinguishable within the 1H-NMR spectrum). Analysis of the 

fraction expected to contain carbamate 26 reported both the expected ion of 26 and an intense ion at 

493.3 m/z. The exact structure of the 493.3 m/z peak remained a mystery however the only 

distinguishable feature was that the peak showed a complex abundance pattern that was not consistent 

with the typical organic elements. This was plausibly derived from palladium contamination as that was 

the only possible source of inorganic material. This would be consistent with the uninterpretable 1H-

NMR spectrum where coordination of the palladium contamination to the organic components would 

be expected to drastically alter the expected environments present, however this was not investigated 

further. We considered if the inability to isolate anything was due to a lack of appreciable product and 
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whether this could be due to an incorrect choice of phosphine ligand as the nucleophile identity should 

typically relate to the choice of ligand. Hence the reaction was reattempted with the only other 

phosphine available; BrettPhos (through the use of the PdG3 catalyst). This gave identical isolation 

issues and no appreciable amount of clean product despite MS implying its presence. The literature 

suggested that a specialized ligand such as JackiePhos would be required for a coupling of this nature 

due to the steric hinderance of the carbamate62 group on 25 however this was unavailable to us. Despite 

these unsuccessful couplings the reaction was attempted with the intended substrate chloride 18 

(Scheme 26). 

 

 

Scheme 26: Buchwald-Hartwig coupling of chloride 18 and carbamate 25 

 

The standard conditions and work-up were used and as with the other attempts at coupling carbamate 

25 isolation challenges ensued. MS of the reaction mixture showed an ion at 485.6 m/z consistent with 

the expected [M+H]+ of carbamate 27 (Scheme 26) albeit with the absence of any ion signifying Boc 

cleavage during ionisation. Despite observation of this ion, after the standard work-up, no product could 

be isolated. Fractions thought to contain carbamate 27, had similar complex isotope patterns to those 

seen in the model coupling, tentatively attributed to the presence of palladium.  

Throughout all attempted couplings with carbamate 25 we were unable to successfully isolate any of 

the expected Boc-protected coupling products despite MS implying their existence. We considered 

whether this was due to instability of the product on the silica. We had no evidence of this occurring for 

the unprotected variants however there is literature on the deprotection of N-Boc groups occurring on 

silica.63 Further investigation of this is warranted. Regardless, we could not accurately judge if these 

couplings were successful or whether suppression of the dimerized structures had any improvement to 

the yield of the expected coupling product rendering the protected aniline studies inconclusive. 
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2.2.5 Reaction Feasibility 

As a concluding effort the initially proposed novel coupling between chloride 18 and aniline 11 (Scheme 

17) was attempted a final time. This exploration was done concurrently with the work described in 

Section 2.1.5, and so freshly prepared Pd2(dba)3·CHCl3 was available. The standard conditions and 

work-up were employed however aniline 20 was isolated with minor contamination. The 1H-NMR data 

from this crude isolation was consistent with the fully characterized clean material however additional 

signals in the aliphatic region verified its impurity. The crude yield was calculated to be 19.0% and the 

consideration that this is an overrepresentation likely placed the hypothetical pure yield in line with the 

other attempts. This represented the final variation we could test with the available resources. A 

successful coupling eluded us despite investigating the alternative catalytic options that were available 

to us (both palladium source and phosphine ligand), the choice of solvent and verifying that the base 

was an appropriate choice for the substrate. This leaves the findings from the substrate studies the only 

feasible possibilities as to why the reaction is consistently unsuccessful. The analysis of the quantum 

chemical calculations revealed a similarity between our substrate chloride 18 and the ACSRC’s chloride 

10 regarding the electronics of the aromatic ring and C-Cl bond. This renders the possibility of an 

unfavourable oxidative addition environment unlikely. We then endeavoured to explore if there was a 

relationship between chloride 18’s substituents and the consistently low coupling yields. Our findings 

from the resultant model study in conjunction with literature consultation suggests that chloride 18 lacks 

a balance to its functionality that allows aniline 11 to be coupled to functionalized 2-chloropyridines. 

Additionally, we attempted to establish whether the formation of the dimerized structure had any 

relationship to the reaction yield through our studies of the coupling using carbamate 25. However, due 

to the challenge we experienced in isolating any pure material containing a Boc group we were unable 

to make any conclusions. 

The only viable suggestion from the limited perspective of our substrate studies is that chloride 18 lacks 

the required balance in functionality to undergo a successful coupling with aniline 11. Therefore, it is 

logical to compare the functionality of chloride 18 to chloride 10 (Figure 27). 

 

 

Figure 27: Key functional difference between chloride 18 and chloride 10 
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There are two notable differences in functionality that chloride 18 possesses. The ethyl ester and the 

NH of the THP (Figure 27). The ester is not typically considered a problematic functional group in 

Buchwald-Hartwig couplings outside of the restriction it places onto base selection. The literature 

suggests that if a base that is unable to facilitate a hydrolysis is used, this group is tolerated and 

compatible within a variety of coupling systems.64,65 This leaves the THP-NH group as being the 

potentially problematic structural group. There are a variety of situations where the presence of this free 

amine may be negatively impacting the reaction system due to its probable basic and nucleophilic 

properties. We considered it a possibility that this amine could be competing with the aniline amine of 

11 for nucleophilic addition onto the catalytic intermediate, however we saw no evidence of the products 

consistent with this. An alternative possibility is inhibition of the catalyst outside of the mechanism by 

coordinative means. It could be the case that the amine is sufficiently nucleophilic to occupy 

coordination sites around the palladium necessary for the coupling. This seems plausible when it is 

recognized that the substrate, chloride 18, is present in a large excess compared to the 5 mol% of input 

catalyst; even if this coordination proceeds through an unfavourable equilibrium a small percentage of 

the substrate undesirably coordinating to the catalyst could significantly impact reaction performance. 

This coordination would be expected to inhibit the reaction even if all other aspects of the conditions 

were investigated which is consistent with the observations of our studies. However, this remains a 

theory and further evidence would be required to support this.  

This could be investigated via protection of the THP-NH (e.g. as a Boc carbamate) on chloride 18 and 

whether there is an increase in yield of the expected coupling product. An additional investigation could 

be conducted by trialling LiHMDS as the base and establishing whether an increased yield of aniline 

20 is observed. Literature examples suggest that Buchwald-Hartwig couplings using LiHMDS will 

typically allow for the tolerance of hydroxyl groups on the substrate.66 This is not an exact match to the 

amine of chloride 18, however there is a specific literature reporting concerning the coupling of 

unprotected benzyl-fused aminocyclic halides with a variety of primary amine coupling partners using 

LiHMDS as the base.67 

Regarding the feasibility of the reaction, it is difficult to judge definitively whether it is possible to 

optimize the conditions further as our findings implicate the structure of the substrate itself to be the 

issue. However, due to the vast array of alternative reaction conditions, catalyst variants and phosphine 

ligands available to trial it is highly likely that there exist conditions to allow for the successful coupling, 

but it is rather a matter of tenacious trialling beyond what was investigated here to find the viable 

reaction conditions.  
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2.3 Evaluation 

2.3.1 The Novel Route 

In order to evaluate whether the novel route is superior to the ACSRC route for the synthesis of inhibitor 

2 it is critical to consider the steps up to the convergence of the routes. The overall synthetic yield for 

the novel route to generate imidazopyridinone 9 is 53.3%. This is contrasted to the ACSRC’s overall 

yield of 70.6% (not including the initial chlorination as Table 4 suggests it is more economical to avoid 

this reaction and start their route with dichloride 5) to produce the same compound (Figure 28). This 

highlights that from a synthetic efficiency perspective the ACSRC’s route is superior. The primary 

reason behind this is the diminished yield of the Curtius rearrangement compared to ACSRC’s CDI 

coupling. 

 

 

Figure 28: Overall yield of the novel route versus the ACSRC route to produce 

imidazopyridinone 9 

 

Currently, we propose that the ACSRC route remains the superior option however this may be subject 

to change. Consideration should be given to the possibility of further Curtius rearrangement 

optimization and the cheaper starting material of the novel route. Further optimization of the Curtius 

rearrangement was unfeasible for us due to resource limitations however if accomplished this may align 

the yield with the CDI coupling rendering the novel route a competitive alternative with a lower-cost 

starting material for the synthesis of inhibitor 2. 
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2.3.2 Attempted Rearrangement of the Novel Route 

Due to the challenge in finding viable reaction conditions for the first novel step of the rearranged novel 

route we were unable to establish further whether this rearrangement was of any advantage. We had 

considered scaling up the Buchwald-Hartwig coupling despite the low yields to continue our 

investigation of the rearrangement however we thought this fruitless as the primary objective was to 

assess any differences in synthetic efficiency. Even if the remaining steps to produce inhibitor 2 were 

more efficient than the ACSRC route or trialled route an unviable Buchwald-Harwig coupling would 

automatically render the rearrangement an inferior alternative. 

Additionally, through our studies of the coupling involving carbamate 25 we discovered future synthetic 

challenges relating to the rearrangement. Due to the unsuccessful isolation of any coupling product 

containing a Boc group we were unable to establish if protection of the aniline NH with a Boc group 

pre-installation was viable. The condemns the route to require even further study to determine a viable 

protection strategy for the aniline NH on chloride 20. This may also be amplified if in future the THP-

NH was confirmed to be the cause of the inhibited cross-coupling. This would require additional 

protection with an alternative protecting group. The prospective protection strategies that may be 

required greatly complicates this proposed rearrangement and is expected to certainly dimmish the 

synthetic efficiency of the route. This consideration in conjunction with the currently unviable 

Buchwald-Hartwig coupling is why we propose the rearranged novel route is unlikely to be useful as 

an alternative to the novel route or the ACSRC route for the synthesis of imidazopyridinones and hence 

inhibitor 2. 

 

2.3.3 Future Work 

If the rearranged novel route becomes desirable for alternative reasons it would be reasonable that future 

work investigate potential alternative strategies to install aniline 11 onto chloride 18. A commonly 

employed alternative to the Buchwald-Hartwig amination is the Goldberg reaction. This reaction is an 

Ullmann-type coupling which involves the coupling of an aniline to an aryl halide in the presence of a 

copper(I) catalyst and base.68  

Another plausible alternative could be a Chan-Lam coupling where an aryl boronic acid can be coupled 

with an amine using a copper catalyst in the presence of base.69,70 However, this would require substrate 

alteration and the efficiency of doing such would need to be evaluated. Both alternative couplings are 

through the use of a copper catalyst however it is difficult to predict whether either of them are likely 

to be high-yielding due to the less consistent nature of copper-mediated couplings compared to 

palladium-mediated couplings due to limitations in substrate scope and the requirement of more forcing 

reaction conditions. Additionally, it is critical to note that if the THP-NH of chloride 18 was 
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coordinatively deactivating the palladium catalyst (which could be discerned through the investigations 

proposed in Section 2.2.5), it remains a possibility that this may occur with a copper catalyst.  

Although investigation into these alternative couplings would not address the required protection 

strategy for the rearranged route it may bring the rearrangement into the realm of plausibility. Once a 

viable strategy to install aniline 11 onto chloride 18 is established it would then be realistic to devise a 

suitable protection strategy ideally by the simple adjustment of substrates using the established cross-

coupling conditions. 
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3 Experimental 

3.1 General Details 

All NMR spectra were acquired using a JEOL ECZR 600 MHz spectrometer equipped with a Royal 

HFX probe. NMR data was processed using Delta 6.0.0 software. MS was carried out using a Bruker 

micrOTOF instrument, using ESI and a TOF analyser (positive ion mode). The micrOTOF instrument 

was not calibrated during much of the course of this work and reached end-of-life prior to thesis writing. 

While nominally this instrument would produce high-resolution data it is being treated as low-resolution 

in this thesis aside from the data in relation to ethyl ester 18 and carboxylic acid 19 which were 

characterized early in the project. The MS data was analysed using Bruker’s DataAnalysis software. 

Melting points were established using the Cole-Palmer MP-400D Digital Melting Point Apparatus (0.1 

°C resolution). 

 

3.2 Quantum Chemical Calculations 

Geometry optimisation and single point calculations were conducted using the ‘Q-Chem 6.0’ 

software at the ωB97XD level of theory using the cc-pVTZ basis set.53 Frequency calculations were 

used to confirm that a global minimum was found. The wavefunctions derived from single point 

calculations were used with ‘Multiwfn 3.8’ to calculate electron density maps at the 0.01 isolevel.54–57 

Electrostatic potential was mapped on to the electron density map. Images were produced in ‘Visual 

Molecular Dynamics’58 and colour scaling was conserved between images allowing direct comparison. 

 

3.3 Catalytic Material 

Recrystallisation of Pd2(dba)3 

Pd2(dba)3 (0.50 g, 0.55 mmol) was dissolved in an excess of CHCl3, and the precipitate was removed 

without further work-up. The remaining solution was dried under reduced pressure. The solid that 

remained was redissolved in a minimum amount of CHCl3 (5 mL), to which a 4-fold excess of acetone 

(40 mL) was added. This was left to recrystallize under refrigeration overnight. The crystals were 

filtered off and washed with cold acetone (5 °C, 2 × 5 mL). This was dried in vacuo furnishing 

Pd2(dba)3·CHCl3 as purple crystals (0.198 g, 34.7%). 
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Synthesis of Pd2(dba)3 

To a flask of MeOH (10 mL), Pd(OAc)2 (0.1 g, 0.45 mmol) and NaOAc (0.365 g, 4.45 mmol) dba 

(0.209 g, 0.89 mmol) was added. This was stirred at 40 °C for 3 hours. The solid formed was collected 

by filtration and washed (2 × 3 mL MeOH, 3 × 3 mL of H2O). The solid was redissolved in CHCl3 and 

dried in vacuo then redissolved in a minimum amount of CHCl3 (5 mL). A 4-fold excess of acetone (20 

mL) was added and the solution was left overnight under refrigeration. The crystals were collected by 

filtration and washed with cold acetone (5 °C, 2 × 5 mL). Drying under reduced pressure afforded 

Pd2(dba)3·CHCl3 as purple crystals (0.096 g, 41.7%). 
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3.4 Synthetic Compounds 

Ethyl 6-chloro-4-((tetrahydro-2H-pyran-4-yl)amino)nicotinate (18) 

 

To a solution of dichloride 17 (1.00 g, 4.54 mmol) in MeCN (20 mL), was added amine 6 (0.69 g, 6.8 

mmol) and Cs2CO3 (3.7 g, 11 mmol). The reaction mixture was stirred for 40 hours with heating (75 

°C), then cooled to room temperature and filtered. The precipitate was discarded, and the mother liquor 

was concentrated in vacuo to yield the crude product. Column chromatography (10-20% EtOAc in 

hexanes) gave the purified product chloride 18 as a colourless crystalline solid (1.10 g, 85.3%): mp 72-

74 °C; 1H NMR (600 MHz, CDCl3) δ 8.69 (s, 1H, H-2), 8.28 (br d, J = 7.1 Hz, 1H, 4-NH), 6.55 (s, 1H, 

H-5), 4.34 (q, J = 7.1 Hz, 2H, H-1′′), 3.98-4.03 (m, 2H, H-2′a, H-6′a), 3.53-3.63 (m, 3H, H-2′b, H-4′, 

H-6′b), 1.98-2.04 (m, 2H, H-3′a, H-5′a), 1.60-1.67 (m, 2H, H-3′b, H-5′b), 1.39 (t, J = 7.1 Hz, 3H, H-

2′′); 13C NMR (150 MHz, CDCl3) δ 167.8 (C=O), 155.9 (4-C, 6-C), 154.9 (4-C, 6-C), 153.5 (2-CH), 

107.1 (3-C), 104.8 (5-CH), 66.3 (2′-CH2, 6′-CH2), 61.2 (1′′-CH2), 48.1 (4′-CH), 32.5 (3′-CH2, 5′-CH2), 

14.4 (2′′-CH3); HRMS calculated for C13H18
35ClN2O3 [M+H]+ m/z  285.10005, found 285.10005 (0.0 

ppm).  
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6-Chloro-4-((tetrahydro-2H-pyran-4-yl)amino)nicotinic acid (19) 

 

To a solution of ethyl ester 18 (0.908 g, 3.19 mmol) in THF (12 mL), LiOH (0.15 g, 6.4 mmol) solvated 

in 12 mL of H2O was added. The reaction mixture was stirred for 16 hours at room temperature. The 

THF was subsequently removed from the mother liquor in vacuo, and the remaining mixture was 

acidified (pH = 3) with 2M HCl. This gave the product as a white solid which was collected via 

filtration. Drying yielded carboxylic acid 19 as a white powder (0.737 g, 89.9%): mp 256-258 °C; 1H 

NMR (600 MHz, CDCl3) δ 8.51 (s, 1H, H-2), 8.31 (br d, J = 7.8 Hz, 1H, 4-NH), 6.94 (s, 1H, H-5), 3.74-

3.89 (m, 3H, H-2′a, H-4′, H-6′a), 3.43-3.52 (m, 2H, H-2′b, H-6′b), 1.86-1.94 (m, 2H, H-3′a, H-5′a), 

1.38-1.49 (m, 2H, H-3′b, H-5′b); 13C NMR (150 MHz, CDCl3) δ 169.0 (C=O), 154.8 (4-C, 6-C), 154.7 

(4-C, 6-C), 152.9 (2-CH), 107.1 (3-C), 105.0 (5-CH), 65.5 (2′-CH2, 6′-CH2), 47.1 (4′-CH), 32.2 (3′-

CH2, 5′-CH2); HRMS calculated for C11H14
35ClN2O3 [M+H]+ m/z  257.06875, found 257.06875 (0.0 

ppm). 
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6-Chloro-1-(tetrahydro-2H-pyran-4-yl)-1,3-dihydro-2H-imidazo[4,5-c]pyridin-

2-one (9) 

 

To a solution of carboxylic acid 19 (0.400 g, 1.55 mmol) in DMA (6 mL), was added NEt3 (0.22 mL, 

1.6 mmol) and DPPA (0.33 mL, 1.6 mmol). Under N2 the reaction was left to stir at room temperature 

for 6 hours then at 120 °C for 16 hours. The reaction was quenched with ice, and the product was 

extracted with EtOAc (3 × 12 mL). The organic layers were washed with H2O (2 × 40 mL), brine (1 × 

40 mL) and dried with NaSO4. The solvent was removed in vacuo, giving the crude product. This was 

purified with column chromatography (50-100% EtOAc in hexanes) followed by trituration with 1:1 

EtOAc/hexanes affording imidazopyridinone 9 as a white powder (0.271 g, 69.5%): mp 278-281 °C 

(lit.22 mp 281-283 °C); 1H NMR (600 MHz, CDCl3) δH 9.35 (br s, 1H), 8.13 (s, 1H), 7.19 (s, 1H), 4.54 

(tt, J = 12.5, 4.4 Hz, 1H), 4.17 (dd, J = 11.8, 4.6 Hz, 2H), 3.53-3.60 (m, 2H), 2.36-2.46 (m, 2H), 1.78-

1.83 (m, 2H).  
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6-Chloro-3-methyl-1-(tetrahydro-2H-pyran-4-yl)-1,3-dihydro-2H-imidazo[4,5-

c]pyridin-2-one (10) 

 

Imidazopyridinone 9 (0.785 g, 3.09 mmol) was added to 5 mL of DMF with subsequent addition of 

NaH (0.082 g, 3.4 mmol). This was stirred at 5 °C for 3 minutes after which MeI (0.25 mL, 4.0 mmol) 

was added. The mixture was left for a further 5 minutes at 5 °C, then stirred at room temperature for 16 

hours. The reaction was quenched with ice and the product extracted with EtOAc (3 × 10 mL). The 

organic phases were washed with H2O (2 × 30 mL) and dried with NaSO4. The remaining solvent was 

removed in vacuo yielding the crude product. This was purified using column chromatography (80% 

EtOAc in hexanes) affording chloride 10 as white crystals (0.551 g, 66.4%): mp 190-192 °C (lit.22 mp 

190-192 °C); 1H NMR (600 MHz, CDCl3) δH 7.99 (s, 1H), 7.15 (d, J = 0.6 Hz, 1H), 4.55 (tt, J = 12.5, 

4.4 Hz, 1H), 4.15 (dd, J = 11.8, 4.7 Hz, 2H), 3.51-3.58 (m, 2 H), 3.45 (s, 3H), 2.33-2.43 (m, 2H), 1.74-

1.80 (m, 2H). 
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6-((4-Methoxy-2-methylphenyl)amino)-3-methyl-1-(tetrahydro-2H-pyran-4-yl)-

1,3-dihydro-2H-imidazo[4,5-c]pyridin-2-one (2) 

 

To a degassed mixture of chloride 10 (0.200 g, 0.750 mmol), aniline 11 (0.123 g, 0.900 mmol), Cs2CO3 

(0.54 g, 1.7 mmol) and XPhos (0.07 g, 0.2 mmol) in MeCN (10 mL), Pd2(dba)3·CHCl3 (0.04 g, 0.04 

mmol) was added. This was stirred at 120 °C for 16 hours under N2. The mixture was cooled to room 

temperature, diluted with EtOAc and filtered through diatomaceous earth. The solvent from the filtrate 

was removed in vacuo yielding the crude product. Subsequent purification with column 

chromatography (80-100% EtOAc in hexanes) yielded inhibitor 2 as a brown amorphous solid (0.242 

g, 86.4%): mp 169-171 °C (lit.22 mp 176-178 °C); 1H NMR (600 MHz, CDCl3) δH 7.69 (s, 1H), 7.21 (d, 

J = 8.7 Hz, 1H), 6.84 (d, J = 2.9 Hz, 1H), 6.77 (dd, J = 8.6, 2.9 Hz, 1H), 6.20 (d, J = 0.6 Hz, 1H), 4.37 

(tt, J = 12.5, 4.2 Hz, 1H), 4.06 (dd, J = 11.6, 4.5 Hz, 2H), 3.83 (s, 3H), 3.44-3.52 (m, 2H), 3.37 (s, 3H), 

2.19-2.30 (m, 5H), 1.65-1.71 (m, 2H). 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

Ethyl 6-((4-methoxy-2-methylphenyl)amino)-4-((tetrahydro-2H-pyran-4-

yl)amino)nicotinate (20) 

 

To a degassed mixture of chloride 18 (0.200 g, 0.700 mmol), aniline 11 (0.115 g, 0.840 mmol), Cs2CO3 

(0.50 g, 1.5 mmol) and XPhos (0.07 g, 0.1 mmol) in MeCN (10 mL), Pd2(dba)3·CHCl3 (0.04 g, 0.04 

mmol) was added. After stirring at 90 °C for 16 hours under N2, the mixture was cooled to room 

temperature, diluted with EtOAc and filtered through diatomaceous earth. The filtrate was dried in 

vacuo and purified with column chromatography (20-40% EtOAc in hexanes) giving aniline 20 as a 

brown powder (0.0514 g, 19.0%): mp 187-189 °C; 1H NMR (600 MHz, CDCl3) δ 8.62 (s, 1H, H-2), 

8.08 (br d, 1H, J = 7.1 Hz, 4-NH), 7.20 (d, 1H, J = 8.7 Hz, H-6′′), 6.83 (d, J = 2.8 Hz, 1H, H-3′′), 6.77 

(dd, J = 8.6, 2.9 Hz, 1H, H-5′′), 6.28 (br s, 1H, 6-NH)  5.40 (s, 1H, H-5), 4.29 (q, J = 7.1 Hz, 2H, H-

1′′′), 3.88-3.94 (m, 2H, H-2′a, H-6′a), 3.82 (s, 3H, O-CH3), 3.41-3.48 (m, 2H, H-2′b, H-6′b), 3.31-3.38 

(m, 1H, H-4’), 2.24 (s, 3H, CCH3-2′′), 1.84-1.91 (m, 2H, H-3′a, H-5′a), 1.50-1.59 (m, 2H, H-3′b, H-

5′b), 1.37 (t, J = 7.1 Hz, 3H, H-2′′′); 13C NMR (150 MHz, CDCl3) δ 168.4 (C=O), 160.9 (4-C, 6-C), 

157.9 (4′′-C), 155.0 (4-C, 6-C), 154.1 (2-CH), 136.0 (1′′-C), 130.4 (2′′-C), 127.6 (6′′-CH), 116.3 (3′′-

CH), 112.2 (5′′-CH), 101.2 (3-C), 84.2 (5-CH), 66.1 (2′-CH2, 6′-CH2), 60.1 (1′′′-CH2), 55.6 (O-CH3), 

47.3 (4′-CH), 32.5 (3′-CH2, 5′-CH2), 18.4 (2′′-CH3), 14.6 (2′′′-CH3); MS calculated for C21H27N3O4 

[M+H]+ m/z 386.2, found 386.2. 
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N-(4-Methoxy-2-methylphenyl)pyridin-2-amine (23) 

 

To a degassed mixture of chloride 22 (0.200 g, 1.76 mmol), aniline 11 (0.290 g, 2.11 mol), Cs2CO3 (1.3 

g, 3.9 mol) and XPhos (0.17 g, 0.35 mmol) in MeCN (10 mL), Pd2(dba)3·CHCl3 (0.09 g, 0.09 mmol) 

was added. This was stirred at 120 °C for 16 hours under N2. The mixture was then cooled to room 

temperature, diluted with EtOAc and filtered through diatomaceous earth. The solvent was removed in 

vacuo and column chromatography (50% EtOAc in hexanes) afforded aniline 23 as a brown viscous 

gum (0.0041 g, 1.1%): 1H NMR (600 MHz, CDCl3) δ 8.13 (ddd, J =  5.0, 1.9, 0.9 Hz, 1H, H-6), 7.38-

7.42 (m, 1H, H-4), 7.22 (d, J = 8.6 Hz, 1H, H-6′), 6.81 (d, J = 2.9 Hz, 1H, H-3′), 6.76 (dd, J = 8.6, 2.9 

Hz, 1H, H-5′), 6.64 (ddd, J = 7.41, 5.0, 1.0 Hz, 1H, H-5), 6.36-6.39 (m, 1H, H-3), 3.80 (s, 3H, O-CH3), 

2.22 (s, 3H, CCH3-2′); 13C NMR (150 MHz, CDCl3) δ 158.0 (2-C), 157.6 (4-C′), 147.8 (6-CH), 138.0 

(4-CH), 135.9 (1′-C), 130.6 (2′-C), 127.3 (6′-CH), 116.4 (3′-CH), 113.9 (5-CH), 112.2 (5′-CH), 106.9 

(3-CH), 55.6 (O-CH3), 18.4 (2′-CH3); MS calculated for C13H14N2O [M+H]+ m/z  215.1, found 215.1. 
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1,1-Dimethylethyl N-(4-methoxy-2-methylphenyl)carbamate (25) 

 

To a flask containing THF (25 mL) and aniline 11 (0.60 g, 4.4 mmol), Boc2O (1.14 g, 5.24 mmol) was 

added. This was heated at reflux for 16 hours under N2. Solvent was then removed in vacuo followed 

by purification via column chromatography (15% EtOAc in hexanes) yielding carbamate 25 as an 

orange crystalline solid (1.12 g, quant.): mp 79-81 °C; 1H NMR (600 MHz, CDCl3) δH 7.50 (br s, 1H), 

6.70-6.74 (m ,2H), 6.05 (br s, 1H), 3.77 (s, 3H), 2.23 (s, 3H), 1.51 (s, 9H). 
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