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ABSTRACT 

HSP90 remains a valuable target for cancer therapy. Unfortunately, targeting intracellular HSP90 has 

proven not to be a viable chemotherapeutic approach. Compensatory HSR induction and HSP70 

overexpression are the main limitations of this approach. A growing body of evidence suggests that 

targeting the extracellular environment would be of advantage and devoid of the drawbacks observed 

with intracellular HSP90 inhibition. As a result, the development of extracellular HSP90 inhibitors 

represents a novel opportunity for cancer therapeutics. In view of this hypothesis, we aimed to design 

and synthesise extracellular inhibitors and to assay these compounds against HSP90. To develop 

extracellular HSP90 inhibitors, cell-impermeable analogues of the well-developed benzamide HSP90 

inhibitor (SNX 2112) were designed, synthesised and biologically evaluated. The desired target 

compounds were synthesized using developed methodology, as well as modified methodology. 

In Chapter 3 we compared and evaluated a variety of reported synthetic methods to deliver the 

analogues of SNX 2112. Interested in a general procedure for the synthesis of our analogues, we 

initially attempted to afford both the methyl and the trifluoromethyl containing analogues via a β-

triketone mediated procedure. Despite the success observed with the methyl analogues, the 

instability of a trifluoromethyl containing β-triketone, deemed this procedure not feasible for this class 

of compounds. Our continued effort towards a general procedure led to the investigation of a 

tosylhydrazone mediated tetrahydroindazolone condensation; unexpectedly attempts to synthesise 

the methyl containing analogues via this procedure led to a 1—5 nitrogen to carbon tosyl migration, 

which was further investigated for varying substrates, and these results are explained in detail in this 

thesis. It then became apparent that each of the reported methods had its merits and shortcomings, 

there was no one best method, rather the synthetic approach was mainly determined by the C-3 

substituent. 

The key intermediates were then converted into the desired targeted compounds by tethering the 

HSP90 pharmacophore to flexible alkyl groups, attached to polar sulfonate and phosphonate 
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functionalities. Hypothetically, introduction of polar alkyl groups, would inhibit cell penetration thus 

limiting them to the extracellular environment.  

Based on the goals of our study we were interested in three biological evaluations; to confirm that our 

modified compounds were still capable of inhibiting HSP90s ATPase activity, to evaluate if our 

modifications reduced intracellular HSP90 activity, whether they stimulated the pro-oncogenic HSR, 

and to evaluate their cytotoxicity. Preliminary biological assessment of our compounds was consistent 

with our hypothesis. Here we showed that our compounds did not inhibit intracellular HSP90, and did 

not stimulate HSP70 expression, a marker of induction of the compensatory HSR. Furthermore, our 

analogues displayed cytotoxicity in the nanomolar range against the HeLa cell line. These preliminary 

data support the feasibility of targeting extracellular HSP90 as a novel anticancer strategy.  
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1. CHAPTER 1: INTRODUCTION 

While the post-genome era has allowed for the identification and validation, of numerous new drug 

targets, this vastly expanded insight, has not translated into a steady pipeline of clinically efficacious 

drugs.1 This is in part due to the heterogeneity factors underpinning a disease, as well the as the 

limited druggable space explored through the current target-receptor model. 

 

The traditional model of drug discovery typically screens libraries of ‘drug-like’ molecules against 

intracellular biological targets, where compounds are optimised to access these targets. However, the 

intracellular space only account for a subsection of biologically relevant chemical space.  

The chaperone proteins represent a promising class of anti-cancer targets, essential for myriad intra- 

and extracellular functions, and are considered promising anti-cancer targets. However, their utility 

has mostly been confined to targeting the intracellular environment. 

 

Accordingly, this thesis will describe our efforts to expand the scope of chaperone inhibition, through 

the rational modification of HSP90 inhibitors into extracellular inhibitors.   

 

1.1. Cell stress and survival mechanisms: A brief introduction 

Cells grow and function optimally under ‘normal’ physiological conditions. However, stressful 

conditions such as heat shock, hypoxia and nutrient imbalance affect the distinct cell functions and 

there are various defence mechanisms through which cells respond to stress. One such method is the 

activation of survival pathways that assist the cell to defend against and recover from the stress 

induced damage. The heat shock response (HSR), also known as the cellular stress response, and the 

unfolded protein response (UPR) are the main pro-survival pathways of the cell.1-3 Notably, these 

pathways are specific to the subcellular localization. The UPR is activated by the environmental 
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stressors experienced in the endoplasmic reticulum (ER) and the mitochondria;4 while the HSR has 

overlapping roles in cytoplasmic and ER stress responses. 4-6 

The ER proteome consists of properly folded transmembrane proteins and ensures proper processing 

of proteins entering the secretory pathway.5 Hypoxic stress leads to energy deficiency which disturbs 

the ER homeostasis leading to the accumulation of misfolded and unfolded proteins.4, 5 Subsequent 

activation of the UPR signalling pathways restores the ER homeostasis, thus preventing stress-induced 

apoptosis.5 Hypoxia-induced ER stress is often implicated in diseases such as Alzheimer’s and 

diabetes.4, 5  

The mitochondrial proteome regulates the cell’s metabolic pathways essential for the synthesis of 

ATP, amino acids, lipids and nucleic acids.7, 8 Hypoxia-induced mitochondrial dysfunction leads to ATP 

deficiency, which could subsequently result in cell death. As a result, the cellular response to hypoxic 

conditions is the stimulation of the mitochondrial UPR (UPRmt), which activates multiple pathways 

required for adaptation and cell survival.6-9 Defective mitochondrial functions are implicated in  

diseases such as, schizophrenia, anxiety and bipolar disorders.10 

Similarly, cells subjected to elevated temperatures accumulate misfolded proteins, which in turn 

triggers the activation of the HSR for cell survival. The HSR is a physiological process characteristic of 

many organisms including animals, bacteria, fungi and plants. The HSR is a highly conserved survival 

pathway through which cells maintain homeostasis and protect themselves against various biological, 

chemical and physical environmental stressors.11, 12 The expression of genes by HSR is regulated by 

heat shock transcription factors (HSFs), with HSF1 being the most commonly investigated, which 

regulate the expression of heat shock proteins.2, 12, 13 

1.2. Heat shock proteins (HSPs): biological roles and functionality 

Heat shock proteins (HSPs) are cellular defence proteins that are expressed as part of the HSR as a 

result of cellular stress.12, 14 HSP27, HSP40, HSP70, HSP90, and HSP110 are some of the major cytosolic 

HSP families. These HSP families were named and classified according to their molecular weights; for 
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example, 90 kilo Dalton HSP is known as HSP90.1, 14, 15 Initially, HSPs were identified as overexpressed 

proteins in cells exposed to a variety of stressors most notably heat shock.1 There is, however, 

evidence that under normal physiological conditions HSPs also play significant housekeeping roles 

including, protein folding, stability and function of client proteins, and they play a significant role in 

maintaining cellular proteostasis by ensuring that client proteins are maintained in a functional 

conformation.1, 12, 14, 16 For example, HSP70 was reported to ensure the translocation of newly 

synthesised proteins from the cytoplasm to the mitochondria.17 Therefore, it is important to note that 

several members of HSPs are overexpressed and serve significant roles in unstressed cells. As 

previously mentioned, environmental stressors such as heat shock lead to the accumulation of 

misfolded proteins and ultimately the loss of their function.17, 18 This dysfunction activates the HSR, 

and consequently the expression of HSPs.19 The distinct HSP families then act in a complementary 

fashion to prevent aggregation of the misfolded proteins, refolding them, and consequently 

promoting cell survival.14, 18 Broadly speaking, HSPs mediate critical biological functions under disease, 

stressful and physiological conditions. 

Most HSPs are involved in various regulatory pathways and behave as molecular chaperones for other 

client proteins; they play a significant role in maintaining cellular proteostasis by integrating the 

fundamental processes of protein folding and degradation.14, 16 Interaction of HSPs with client proteins 

facilitates the proper folding of the target proteins, their assembly into protein complexes, and/or 

their translocation into organelles.14, 16 Some members of the HSP family, i.e. HSP40, act as co-

chaperones, which are required by chaperone proteins, for regulatory purposes. For example, over 20 

co-chaperones have been reported for the HSP90 family, the co-chaperones fine tune its function and 

adapt it to the different stages of the HSP90 molecular chaperone cycle.13, 14  

1.3. HSPs association with cancer 

The significant involvement of HSPs in the growth and progression of many tumour types has been 

extensively discussed in literature.20-22 It has been reported that various cancers constitutively express 
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high levels of HSPs. For example HSP27, HSP70 and HSP90 have been shown to be overexpressed in 

various cancer types such as breast, prostate, lung and melanoma.20-23 In addition, cancer cells have 

been shown to engage the HSR during their growth and reproduction; leading to the overexpression 

and constitutive activation of HSF1 in many cancers.11, 12, 15 The expression of HSF1 has been shown to 

be crucial in the oncogenic network for the growth and survival of cancer cells.15, 23-25 While gene knock 

out experiments have shown that its loss in normal healthy cells has a negligible effect,11 several 

studies have established that tumour cells become dependent on HSPs and their regulators such as 

HSF1 for their survival.11, 21  

Much of the research into the function of HSPs in cancer has focused on their intracellular roles.15, 23, 

24 HSPs are known to function intracellularly in an ATP dependant manner, where they operate in 

response to folding stresses that arise during the different stages of cancer proliferation.15, 23-25 Within 

cancer cells there is a substantially increased expression and accumulation of pro-oncogenic proteins, 

many of which are mutated.11, 13, 15 This necessitates increased intracellular concentrations of HSPs, to 

facilitate correct protein folding and cellular survival.15, 23-25 Accordingly, HSPs have been extensively 

investigated as potential molecular targets for cancer therapy, with HSP90 being the main focus of 

cancer therapeutics.12, 21, 24 

1.4. HSP90 classification, structure, and mode of action 

1.4.1. HSP90 classification and structure  

A mammalian cell consists of four major HSP90 homologs, HSP90α, HSP90β, 94-kDa glucose-regulated 

protein (Grp94) and tumour necrosis factor receptor-associated protein 1 (Trap1) which can be 

classified according to their subcellular localization and their regulation (Figure 1.1).26, 27 Additionally, 

various cellular stressors such as heat, irradiation, reactive oxygen species and hypoxia have been 

reported to lead to the secretion of HSP90α and HSP90β from the cell. Secreted HSP90α resides 

outside the cell and is generally known as extracellular HSP90 (eHSP90).27, 28  
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The stress-inducible HSP90α form and the constitutive HSP90β form are the two main mammalian 

isoforms.29 HSP90α and HSP90β are highly homologous, sharing 86% amino acid identity and are 

mostly located in the cytoplasm and the nucleus.27, 30 These two cytoplasmic forms are ubiquitously 

expressed in all nucleated cells and exist in a 2:1 ratio of HSP90α to HSP90β.31 Grp94 is located in the 

endoplasmic reticulum and Trap1 is found in the mitochondrial matrix.26, 27 

 

Figure 1.1:  A representation of organelle specific localization of each of the four HSP90 isoforms, including 
eHSP90.27 HSP90α and HSP90β are localized in the cytoplasm and nucleus. Grp94 resides in 
the endoplasmic reticulum, and Trap1 is found in the mitochondria. Secreted HSP90α is found 
outside the cell, and it is known as extracellular HSP90 (eHSP90). This diagram was redrawn 
based on that published by Seo et al..27 

 

As previously stated, HSP90α and HSP90β are the two main isoforms of mammalian HSP90; and very 

often HSP90 is used to refer to both of these cytoplasmic isoforms, unless stated otherwise.1, 29 HSP90 

is a highly conserved molecular chaperone that exists as a homodimer with each monomer consisting 

of three main domains; the N-terminal domain (N), the middle domain (M) and the C-terminal domain 

(C). In eukaryotes, the N-terminal and the middle domain are connected by a charged linker (Figure 

1.2).29, 32  
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Figure 1.2:  Schematic representation of the HSP90 chaperone cycle. Partially folded client proteins are 

loaded to the HSP90 chaperone cycle through the HSP70 chaperone complex via HOP. Upon 

ATP binding, AHA1 accelerates the ATPase activity of HSP90 bringing the two N-termini close 

to each other (ATP bound state). The ATP bound state “closed conformation” is then stabilized 

by p23, increasing the contact time between HSP90 and the client proteins, even after ATP 

hydrolysis. ATP hydrolysis leads to the ADP bound state, which upon the release of ADP, 

phosphate products and the mature client protein reforms the open conformation. This 

diagram was redrawn based on that published by Pearl et al..32 

 

The N-terminal, sometimes known as the nucleotide-binding site, contains an ATP binding site. Hence, 

it is responsible for HSP90 ATPase activity critical for chaperone function and client protein binding. 

Most notably, as will be discussed later, HSP90 targeted cancer therapeutics have mainly focussed on 

the development of ATP competitive inhibitors which bind in the N-terminal, thus disrupting HSP90 

chaperone activity.29, 33  
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The middle domain is reported to play a significant role in modulating ATP hydrolysis through binding 

the γ-phosphate of ATP bound in the N-terminal. Additionally, this domain is responsible for client 

protein binding and interaction.34, 35  

Lastly, the C-terminal is essential for HSP90 dimerization. Interestingly, the C-terminal contains a 

distinct ATP binding pocket which exhibits different ligand specificities from the N-terminal nucleotide 

binding site.14, 36 Unlike the N-terminal nucleotide which specifically binds adenosine nucleotides 

containing an intact adenine ring, the C-terminal nucleotide shows  less specificity with the ability to 

bind both purine and pyrimidine nucleotides.36 This variability suggests that the function of HSP90 can 

be disrupted through the development of different classes of HSP90 inhibitors, i.e., N-terminal and C-

terminal targeted drugs.24, 29 Another characteristic feature of the C-terminal is the presence of the 

highly conserved MEEVD motif which binds tetratricopeptide-containing repeats (TPR)-domain 

containing co-chaperones like the HSP70/HSP90 organizing protein (HOP).37   

The fundamental differences between intracellular and extracellular HSP90 are in their cellular 

locations and the structural domain used to perform various biological functions.16, 28 Firstly, as 

suggested by their names, one is located inside and the other is located outside the cell, respectively.16, 

27, 28 Secondly, the former has three essential domains for its effectiveness; the N-terminal for ATPase 

activity, the middle domain for client protein binding and the C-terminal for dimerization binding 

(Figure 1.2).16, 32 The latter uses a 115 amino acids peptide known as the fragment-5 (F-5) region, 

located between the charged linker and the middle domain (M) to promote cell motility.13, 16, 31 Thirdly, 

while intracellular HSP90 functions as a molecular chaperone, extracellular HSP90 functions as a pro-

motility factor.13, 16 

Extracellular HSP90 interacts with various cell surface receptors to mediate critical functions in wound 

healing and cancer progression.38, 39 In particular, Cheng et al. provided evidence that extracellular 

HSP90 plays an essential role in wound healing through the critical interaction of the F-5 fragment 

with the lipoprotein receptor-related protein 1 (LRP-1) receptor.39 During their studies, they 



8 
 

performed a parallel experiment where they treated acute and diabetic wounds on mice with F-5 and 

the FDA-approved growth factor therapy, becaplermin gel (PDGF-BB). The F-5 treated wounds healed 

much faster than the ones treated with PDGF-BB. The recruitment/migration of epidermal and dermal 

cells into the wound bed is an essential process for wound healing; and the three major skin cell types 

are HKs, HDFs, and HDMECs. The wound healing agents exert their activity through binding with 

receptors found in the three major cell types. Only HDFs expressed the PDGF-BB specific receptor, 

thus PDGF-BB wound healing activity was affected by the inability to migrate the other essential skin 

cells. In contrast, HKs, HDFs, and HDMECs all express LRP-1, which is a promotility receptor for 

extracellular HSP90. Consequently, the superior wound healing activity of the F-5 fragment was due 

to the ability to recruit the three major skin cells through an interaction with LRP-1. This study 

highlighted the importance of the interaction between extracellular HSP90, particularly the F-5 

fragment, and LRP-1 in wound healing.39 Important to note is that the F-5 fragment was found to be 

the optimum peptide length for this function, retaining the same activity as the 732-amino-acid full 

length extracellular HSP90, and superior to other peptide fragments.31, 39 Similarly, the same 

phenomenon was observed for cancer progression, the F-5 fragment was reported to play a critical 

role in breast cancer cell invasion.31, 38  

1.4.2. HSP90 mode of action  

As discussed above, HSP90 exists as a homodimer with each monomer consisting of the N-terminal, 

middle and C-terminal structural domains. The HSP90 homodimers can exist in the ADP-bound or the 

ATP-bound conformation (Figure 1.2). In the ADP-bound conformation the two N-termini are 

separated in what is referred to as the “open conformation” to capture client proteins. Client proteins 

are then delivered to HSP90 by the HSP70 chaperone complex through following the formation of a 

ternary complex with HOP.32, 37 ATP binding then results in the formation of the N-termini dimerized 

“closed” conformation.2, 32 A range of co-chaperones play an essential role in regulating the HSP90 

ATPase cycle; for example, the activator of HSP90 ATPase homologue 1 (AHA1), stimulates the 

formation of the closed conformation and accelerates the overall rate of the chaperone cycle.1, 14, 32 
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The “twisted” closed conformation is then stabilized by the p23 co-chaperone.2, 32 ATP hydrolysis leads 

to the formation of the ADP bound conformation, which subsequently releases ADP, phosphate 

products and the correctly folded client protein, reforming the open conformation ready to capture 

another partially folded client protein.2, 14, 32 As previously mentioned, intracellular N-terminal HSP90 

inhibitors exert their function by competitively occupying the ATP binding cleft, thus inhibiting the 

ATPase activity necessary for the HSP90 chaperone cycle.24, 40 The C-terminal inhibitors induce HSP90 

client protein degradation by interfering with the C-terminal dimerization domain, which in turn blocks 

ATP binding and hydrolysis necessary for HSP90 chaperone function, thus preventing proper folding 

and maturation of the substrates.40-42   

 

1.5. Intracellular HSP90 inhibition 

1.5.1. HSP90 inhibitors targeting the ATP binding site of the N-terminal 

The reduction of HSP90 function in cancer cells by inhibitory compounds prevents appropriate folding 

of proteins into their active conformations thus leading to the loss of activity of a wide array of pro-

oncogenic proteins. This inhibition results in decreased tumour cell growth and ultimately death, thus 

substantial research has focussed on HSP90 as a promising target for cancer treatment.15, 23, 24, 43 The 

initial strategy towards HSP90 inhibition was to design compounds that would bind in the N-terminal 

ATP binding site with higher affinity than the natural substrate, hence disrupting the chaperone cycle. 

The inhibition of  HSP90 ATPase activity, and therefore its ability to cycle between the ADP and ATP 

bound conformations disrupts the proper folding and stabilization of oncogenic client proteins.24, 43, 44 

The misfolded client proteins are then recruited by E3-ubiquitin ligases leading to their proteasome-

mediated degradation.24, 43, 44 

The benzoquinone ansamycin, resorcinol analogues and purine derivatives are some of the HSP90 

inhibitors that have been investigated.43, 44 The first class of HSP90 inhibitors, the benzoquinone 

ansamycins (Figure 1.3), was discovered in 1994 and is represented by geldanamycin (1.1). Compound 
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1.1 is a natural antibiotic that was first isolated from Streptomyces hygroscopicus, and was the first 

HSP90 inhibitor reported to have antitumour potential.24, 43-45 Compound 1.1 is an ATP competitive 

inhibitor; preventing ADP/ATP binding, and the subsequent ATP hydrolysis, essential for the HSP90 

chaperone cycle. Consequently, HSP90 is inhibited from carrying out its molecular chaperone 

function.12, 24, 46 This results in client protein degradation through the ubiquitin–proteasome 

pathway.24 Compound 1.1 was reported to have potent anti-cancer activities in preclinical in vivo 

studies, however, its poor solubility, partial in vivo instability and the high hepatotoxicity observed in 

animal models hindered its development.24, 43-45  Structural variations of 1.1 led to the development 

of 17-allylamino-17-desmethoxygeldanamycin (17-AAG) (1.2).24, 43-45 

 

 

Figure 1.3: Benzoquinone ansamycin class of HSP90 inhibitors.43 

 

Compound 1.2 maintained similar anti-cancer activity to 1.1 with improved toxicological properties 

and it was the first HSP90 inhibitor to enter clinical trials.24, 43-45 Compound 1.2 provided proof-of-

concept for HSP90 inhibition as a valid anti-cancer strategy in humans. Despite the observed cancer 

efficacy with 1.2 in phase I/II clinical trials, its development was discontinued; mainly due to poor 

hydrophilic solubility, instability in solution, low oral bioavailability and patent concerns.24, 43-45 Further 

structural variations were applied to circumvent these drawbacks leading to the development of 17-

dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) (1.3), however, hepatotoxicity 
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remained a limiting factor for this class of inhibitors.13-16 The hepatotoxicity was identified to be due 

to the quinone ring, with efforts to overcome this drawback leading to the development of 17-

allylamino-17-demethoxygeldanamycinhydroquinone hydrochloride (IPI-504) (1.4).24, 43-45, 47 

Compound 1.4 is an oral analogue of 1.2, which is a water-soluble hydroquinone hydrochloride salt 

formed by the reduction of 1.2 with sodium dithionite and the subsequent conversion to its 

hydrochloride salt.24, 48 Moreover, 1.4 (hydroquinone) and 1.2 (quinone) have been reported to exist 

in an oxidoreductase catalysed-redox equilibrium in vivo, and were further confirmed to have similar 

pharmacokinetic profiles,49 suggesting that both 1.2 and 1.4 collectively contribute to the observed 

antitumour activity.48, 49 Sydor et al. further reported that 1.4 was slightly more potent and thus more 

essential in vivo.49 Although 1.4 was the most promising HSP90 inhibitor from the ansamycin class, its 

development was halted during its phase III clinical trials.44 This was mainly due to safety concerns, 

observed mortality rates of patients and the interconversion of 1.4 with 1.2 in vivo.44 Overall, the 

ansamycin class provided proof-of-concept for inhibiting HSP90 in cancer; however, hepatotoxicity 

and other toxic effects limited their therapeutic benefit. 

An alternative class of ATP competitive HSP90 inhibitors studied were the resorcinol derivatives, 

represented by radicicol (1.5) (Figure 1.4).24, 43-45, 47  

 

Figure 1.4: Resorcinol class of HSP90 inhibitors.43 

 

Compound 1.5 is also a natural antibiotic that was initially isolated from the fungus Monocillium 

nordinii and Monosporium bonorden.43, 44, 50 Compound 1.5 was reported to demonstrate anticancer 

activity in vitro but not in vivo, its major obstacle was chemical and metabolic instability due to its 
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reactive epoxide and the 1,6-dienone moieties which are highly reactive towards nucleophiles in the 

body of the animal.24, 43, 44, 51 However, structure-activity relationship (SAR) studies revealed that its 

resorcinol core was crucial for binding; hence, it provided the chemical basis for the development of 

several derivatives, which overcame some liabilities associated with 1.5 including ganetespib (1.6). 

Poor activity during clinical trials stalled further development of this class.24, 43, 44 Neither compound 

class gave rise to any small molecules that were FDA-approved for patient use. These natural products 

have, however, played a significant role in the identification of lead compounds.  

Novel synthetic small molecules were then developed and investigated to overcome the limitations 

observed with the natural product classes discussed above. Purine based derivatives, designed to 

mimic the endogenous ATP ligand, was the first group to be explored; compounds such as PU-H71 

(1.7), BIIB021 (1.8), MPC-3100 (1.9) and CUDC-305 (1.10) were advanced to clinical evaluation (Figure 

1.5).24, 43-45 Major improvements such as overcoming multi-drug resistance, favourable hydrophilic 

solubility, oral bioavailability, and metabolic stability were observed with this class of HSP90 

inhibitors.43, 45 

 

Figure 1.5: Purine-based class of HSP90 inhibitors.43, 44 

 

Dihydroindazolone derivatives was another novel class of synthetic inhibitors developed (Figure 1.6). 

In a study done by Huang et al., SNX-2112 (1.11), SNX-5422 (1.12), compound 1.13 and 1.14 displayed 

potent anti-proliferative activity against various cancer cell lines.24, 43-45, 47, 52 Compounds 1.11 and 1.13 
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were equally potent, while substituting the indolone moiety of 1.13 with 3-methylindazolone afforded 

a less potent derivative (1.14, Figure 1.6).52 Compound 1.11 displayed excellent activity in vitro with 

greater potency than 1.2 and 1.3,52 however, oral bioavailability and solubility limited further 

evaluations of this compound.24 Its orally bioavailable pro-drug, SNX-5422 (1.12) was selected for 

clinical evaluation and it displayed in vivo potency; however, the development of both compounds 

was halted due to ocular toxicity and the potential of irreversible retinal damage observed in early 

clinical trials.24, 43, 44, 53 Most notably, these compounds had a strong binding affinity for HSP90 over its 

immediate family members, Grp94 and Trap1.52 Furthermore, the binding mode and structural 

information of selected analogues in the N-terminal were evaluated and provided a valuable basis for 

further developments.26, 52 

 

Figure 1.6: Dihydroindazolone class of HSP90 inhibitors.52 

 

Other N-terminal targeting HSP90 inhibitors developed were DS-2248 (1.15) and XL-888 (1.16).24, 44, 53 

The structure of 1.15 has not been disclosed and that of 1.16 is shown below (Figure 1.7).26, 53 
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Figure 1.7: The structure of an N-terminal HSP90 inhibitor XL-888 (1.16) 

 

To date, there are no FDA approved HSP90 inhibitors, despite their promising activities. The major 

drawback with HSP90 inhibitors targeting the N-terminal domain is that inhibition of ATP binding 

induces the pro-survival HSR leading to the transcriptional activation of HSP70 and its subsequent over 

expression.10,13-20 This up-regulation results in HSP70 facilitating the appropriate folding of HSP90 

client proteins thus compensating for HSP90 inhibition. Furthermore, HSP70 upregulation was 

reported to inhibit apoptosis signalling. Other challenges such as hepatotoxicity and ocular toxicity 

have dampened enthusiasm towards the development of these inhibitors.24, 43-45, 52-54 However, given 

the promise of wholesale shutdown of cellular chaperone function in  the treatment of cancer, several 

alternative strategies to inhibit HSP90 function through alternate means which do not induce the HSR 

have been investigated. 

1.5.2. HSP90 inhibitors targeting the C-terminal 

A distinct ATP binding pocket has been identified in the C-terminal of HSP90 (Figure 1.2). Importantly, 

some researchers have reported that inhibition of the C-terminal does not induce the HSR, 

hypothesising that inhibiting HSP function is still a viable cancer target.55 During recent years several 

promising lead molecules with potent antiproliferative activity against multiple cancer cell lines have 

been identified.  

Novobiocin (1.17), a natural antibiotic, was the first C-terminal HSP90 inhibitor identified (Figure 

1.8).43, 45, 56 Structurally, 1.17 can be separated into three components; the noviose sugar (blue), the 
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coumarin core (black) and the benzamide side chain (red). Originally known as a gyrase inhibitor, it 

was found to be a potential anticancer agent through binding in the region overlapping the C-terminal 

dimerization domain of HSP90, disrupting the HSP90-HSP70 and the HSP90-p23 client protein 

interaction, which consequently inhibits the ATP-mediated dimerization and ATP hydrolysis essential 

for the folding and maturation of client proteins.42, 56-58 Compound 1.17 was reported to interfere with 

the interaction between the HSP90 complex and its co-chaperones, p23 and HSP70. When evaluated 

against the SkBr3 cell lines, novobiocin resulted in the degradation of several HSP90 client proteins; 

however, it displayed poor antiproliferative activity.26, 56, 57 In an attempt to improve the poor HSP90 

inhibition activity a SAR investigation was carried out where the three separate domains of 1.17 were 

varied.  

 

Figure 1.8: C-terminal HSP90 inhibitors originating from Novobiocin.26, 57, 59 
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Structural modifications on the benzamide side chain revealed its importance for the inhibitory 

activity. The noviose sugar was identified as having a major contribution to solubility and efficacy, 

however, its substitution with ionizable amines led to the development of analogues with improved 

inhibitory activity.26, 57 As a result, compounds such as 1.18 and 1.19 were developed and displayed 

improved antiproliferative activity against various cancer cell lines.57 Initially, the coumarin moiety 

was thought to be a key structural element for HSP90 inhibition. However, a study performed by 

Donnelly et al. investigating the effect of different substitutions on the coumarin ring found that while 

the coumarin ring was not critical for antiproliferative activity, it was necessary for the correct 

orientation of the sugar moiety and the benzamide side chain in the ATP binding pocket.56 This 

prompted a search of optimal ring systems to bridge the noviose and benzamide functionalities.  

Provided with that information, Zhao et al. then designed and synthesized a small library of 

compounds where the coumarin ring was substituted with a biphenyl ring.59 These compounds were 

found to have improved anticancer activity when compared to their coumarin analogues. As a result 

of this investigation, compounds such as 1.20 and 1.21 were developed, which displayed activity in 

the mid nanomolar range against various cancer cell lines.59 Most importantly, the novobiocin 

analogues displayed improved antiproliferative activity which did not induce the HSR.53, 54, 57, 59  

Another class of C-terminal targeting HSP90 inhibitors originated from deguelin (1.22) (Figure 1.9).26, 

60 Compound 1.22, a natural rotenoid isolated from Mundulea sericei, was reported to be a C-terminal 

ATP-competitive compound disrupting the HSP90 chaperone cycle.26, 60 Its binding led to 

destabilization of HSP90 client proteins such as HIF-1 consequently reducing tumour growth in 

xenograft models of various human cancers.60  Subsequent SAR studies revealed the more flexible 

compounds such as 1.23 and 1.24 which exhibited potent cell growth inhibition and lower cytotoxicity 

against normal cells compared to 1.22.26, 60 Recently, a novel derivative of deguelin, SL-145 1.25 

displayed potent anti-tumour and anti-metastatic activity without inducing the pro-survival HSR.55  
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Figure 1.9: C-terminal HSP90 inhibitors originating from deguelin (1.22).26, 55 

 

A green tea extract, epigallocatechin-3-gallate (EGCG) (1.26), represents a different class of C-terminal 

HSP90 inhibitors (Figure 1.10).26, 45 Treatment of pancreatic cancer cells with 1.26 disrupted HSP90 

interaction with various client proteins such as Akt, HER-2, Raf-1, Cdk4, and pErk and decreased the 

levels of these clients, leading to reduced cell proliferation.26 Structural variations led to the 

development of compound 1.27 which displayed improved antiproliferative activity.26 

 

Figure 1.10: C-terminal HSP90 inhibitors originating from epigallocatechin-3-gallate (EGCG) (1.26).26 

 

Other identified inhibitors targeting the HSP90 C-terminal were derrubone (1.28)45 and silybin (1.29); 

and their respective analogues, 1.30 and 1.31 (Figure 1.11).26 To this end, inhibition of the ATP-binding 

site of the C-terminal remains a promising anti-cancer strategy. The developed compounds displayed 

antiproliferative activity without inducing HSR.45, 53, 57 Further developments of potent C-terminal 

inhibitors will require advanced structural information of its ATP binding site. Additionally, the binding 

mode of the inhibitors will have to be well-understood.  
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Figure 1.11: Derrubone (1.28) and silybin (1.29) derivatives of C-terminal HSP90 inhibitors.26 

 

1.5.3. HSP90 inhibitors targeting protein-protein interactions 

The HSP90 chaperone cycle is facilitated by a series of co-chaperones, including HOP, Cdc37, AHA1 

and p23 (Figure 1.2), and the disruption of protein-protein interactions (PPI) between HSP90 and 

these co-chaperones has emerged as an alternative therapeutic strategy towards HSP90 inhibition.26, 

61-63 The disruption of these PPIs results in an incomplete HSP90 chaperone cycle, which subsequently 

leads to premature oncogenic client protein degradation.61-63 

The first intermediate complex of the HSP90 chaperone cycle consists of HSP90 and HOP. HOP is a 

bridging co-chaperone that facilitates client protein folding and maturation through mediating the 

transfer of partially folded client proteins from HSP70 to HSP90. HOP consists of three TPR domains, 

TPR1, TPR2A and TPR2B; which are essential for organizing the HSP90-HOP-HSP70 ternary complex 

(Figure 1.12).32 TPR domains are helical coiled structures formed by loosely conserved 34 amino acids. 

Crystallographic and biochemical studies have revealed that both HSP70 and HSP90 bind to HOP in a 

similar nucleotide-dependent manner through the IEEVD and MEEVD motifs found in their C-terminal, 

respectively. The distinct upstream sequences of the EEVD motifs of the two chaperones allows the 

TPR domains to be selective; the TPR1 domain selectively binds to HSP70 through the GSGPTIEEVD 

motif, while the TPR2A domain selectively binds to HSP90 through the DDTSRMEEVD motif.32   
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Figure 1.12: The HSP90-HOP-HSP70 ternary complex. Partially folded client proteins are transferred from 
HSP70to HSP90 through the bridging co-chaperone, HOP. HOP’s TPR1 domain selectively binds 
the IEEVD region of HSP70’s C-terminal, while the TPR2A domain selectively binds the MEEVD 
region of HSP90’s C-terminal. This diagram was redrawn based on that published by Li et al..26 

 

Inhibiting the interaction between HSP90 and the TPR2A domain of HOP prevents the progression of 

the chaperone cycle, hence disrupting the HSP90-HOP-HSP70 client protein folding system, 

subsequently leading to client protein degradation. Various groups have reported designed TPR 

domains targeted against HSP90-HOP PPI. The first reported TPR domain mimic was CTPR390+.63 

CTPR390+ is a TPR mimic that was reported to have a high binding affinity for the MEEVD region on 

HSP90’s C-terminal in comparison to the native TPR2A domain of HOP. Moreover, CTPR390+ was 

found to be highly selective for HSP90’s MEEVD region over HSP70’s IEEVD region.45, 63 The effect of 

CTPR390+ was tested using BT474 breast cancer cells, where it disrupted the HSP90-HOP PPI, as a 

result the HSP90-HOP-HSP70 ternary complex did not form. CTPR390+ displayed antiproliferative 

activity against the breast cancer cells, correlated to the reduced levels of HSP90-depedent HER-2.45, 

63 
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In 2008 six compounds containing a pyrimidotriazinedione structural core were discovered (Figure 

1.13, 1.32 – 1.37) as potential HSP90-HOP PPI inhibitors.61, 62 These compounds competitively bind to 

the C-terminal of HSP90, thus inhibiting the interaction between the HSP90 and the TPR2A domain. 

The evaluation of these compounds in vitro against the BT474 and SKBR3 cell lines resulted in reduced 

levels of the oncogene HER2 in a HSP90-dependent manner.61, 62 The downregulation of oncogene 

HER2 is significant since it is involved in critical cellular functions that stimulate tumour cell growth, 

proliferation and survival.  

 

Figure 1.13: Inhibitors targeting HSP90-HOP protein-protein interactions (PPI).26, 62 

 

Subsequently, compound 1.33 displayed moderate antiproliferative activity against a series of breast 

cancer cell lines, including the MDA-MB-231 (IC50 = 2.00 μM) and MDA-MB-468 (IC50 = 1.75 μM) TNBC 

cell lines. The specificity of 1.33 was also determined using cell viability assays where it was confirmed 

that the disruption of HSP90-HOP PPI was at least partially responsible for the observed inhibitory 

effect of 1.33.61, 62 Most notably, these compounds did not induce the pro-survival HSR making them 

more desirable than the N-terminal inhibitors.26, 45 In 2016, a pyrimidine containing HSP90-HOP PPI 

inhibitor was discovered (1.38, Figure 1.13).26, 64 Rather than directly disrupting the HSP90-HOP 

interface, 1.38 exerts its inhibitory effects through thiol oxidation of HSP90’s cysteine residues using 

its α,β-unsaturated moiety, hence preventing the formation of the HSP90-HOP-HSP70 ternary 
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complex leading to client protein proteasomal degradation.26, 61, 64 Reduced levels of HSP90-dependent 

client proteins (Bcr-Ab1, Raf-1, Akt and Cdk6) and an increase in HSP70 expression were observed with 

SKBR3, A431, MCF-7 and SNU-5 cell lines.26, 45, 61  

Cdc37 is another HSP90 co-chaperone that is currently being targeted for cancer therapeutics. Cdc37 

recruits protein kinases to the HSP90 chaperone cycle.  Thus, inhibition of HSP90-Cdc37 PPI provides 

an alternative strategy for kinase driven cancer therapeutics.61, 62 Additionally, targeting HSP90-AHA1 

PPI has also emerged as a potential strategy to inhibit HSP90 activity.61, 62 Despite the complexity 

associated with this novel strategy, disrupting interactions between HSP90 and its co-chaperones 

represents a feasible way for HSP90 inhibition. 

1.5.4. Limitations of intracellular HSP90 inhibitors and future perspectives 

As discussed above, none of the developed intracellular HSP90 inhibitors have been FDA approved. 

Despite the promising preclinical results of the distinct classes of N-terminal targeted inhibitors, these 

compounds display various drawbacks during clinical trials, halting their further clinical advancement. 

In particular, the therapeutic window of N-terminal ATP-competitive inhibitors is limited by the 

activation of the compensatory HSR, triggering the over-expression of HSP70 and other HSPs which 

facilitate tumour cell rescue, desensitizing them to HSP90 inhibition.12, 65 Broadly, ocular toxicity, 

hepatotoxicity, activation of the pro-survival HSR at concentration levels required for client protein 

degradation and drug resistance are some of the observed limitations with this class of HSP90 

inhibitors.53, 66, 67 Hence, there are continued research efforts towards the development of alternative 

strategies towards HSP90 inhibition.  

Alternatively, researchers have reported that C-terminal targeted HSP90 inhibitors provide a potent 

alternative strategy for cancer therapeutics devoid of the major challenges observed with N-terminal 

inhibitors.57 As discussed in section 1.5.2, a variety of C-terminal HSP90 inhibitors have been 

investigated for cancer treatment and were reported to inhibit HSP90 molecular chaperone function 

without inducing the HSR.53, 65 This is a developing area of research with a promising therapeutic 
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potential for HSP90 inhibition in cancer treatment. Furthermore, the discussion in 1.5.3 highlights the 

potential of disrupting HSP90-co-chaperone interactions for effective client protein degradation. 

However, an in-depth understanding of the biology of HSP90 and its co-chaperones is crucial when it 

comes to novel approaches for targeting HSP90 for cancer therapeutics.30, 44  

Most notably, due to the lack of well-defined differences between the cytoplasmic HSP90 isoforms, 

contemporary hypothesis suggests that current HSP90 inhibitors exert their anticancer activity by 

multitargeting the intracellular and extracellular HSP90. Thus, phenotypic responses to HSP90 

inhibition, may be due to their extracellular HSP90 inhibitory function.30, 68, 69 This therefore suggests 

that extracellular HSP90 might be the effective target for the developed drugs.30, 69 Somewhat 

ironically, contemporary drug design seeks to optimise ‘drug-like’ properties which typically improve 

cell permeability, and as a result, restrict access to the extracellular space.  

1.6. Extracellular inhibition  

Cancer therapeutics have traditionally focused on directly targeting the tumour cell, however, it has 

become apparent that the tumour microenvironment (TME) is also a potential target.70, 71 The TME 

complex structure is made up of, blood vessels, cytokines, distinct cell types such as fibroblasts, 

immune cells, endothelial cells, adipocytes; and the extracellular matrix (ECM).71, 72  

1.6.1. The extracellular matrix (ECM) 

The ECM is a highly dynamic three-dimensional network, encompassing cells within tissues, composed 

of secreted proteins such as HSPs, proteoglycans, hyaluronans, collagens, elastins, laminins, 

fibronectin and matricellular proteins.71, 73 The ECM is not only structurally important for the TME 

complex, but it also regulates cellular events at a molecular level that in turn control cell behaviour.74 

Interactions between the ECM components with specific receptors leads to signal transduction into 

the intracellular environment, generating control of the cytoskeleton, survival, differentiation and 

gene expression. The three major ECM receptors are integrins, discoidin domain receptors (DDRs) and 
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CD44.71, 73 Interaction of the ECM with integrins triggers intracellular signalling which regulates various 

processes such cell proliferation, invasion, migration, and survival. The cell’s biological processes are 

influenced by both the chemical and physical properties of the ECM and these properties are altered 

in tumour cells.73, 74  

Interestingly, extensive alterations are observed in the ECM composition during wound healing and 

cancer progression.31, 39 This includes an upregulation of the secreted proteins, which ultimately leads 

to cancer development and promotes high metastatic ability of tumours. Moreover, ECM alterations 

are not only limited to cancer cells, with various diseases exhibiting the same phenomenon.75-81 As a 

result, ECM-targeted therapeutics provide a potential strategy for the treatment of a variety of human 

diseases such as asthma,82 arthritis,83 and hypertension.84 For drug development, a better 

understanding of disease associated ECM composition and related cellular responses is required.71 

Furthermore, differentiation between disease-causing ECM changes and disease-induced ECM 

changes is necessary for drug development.75  

Since ECM interactions play a significant role in cancer cell survival and behaviour, the development 

of ECM-targeted inhibitors presents a promising approach for cancer therapeutics. ECM inhibition can 

be achieved by either directly targeting the ECM components or by targeting the synthesis, 

degradation or signalling of the ECM.75 For example, various tumours have been shown to overexpress 

HSP90 contributing to a microenvironment that promotes the growth and metastasis of tumour 

cells.75 

1.6.2. Extracellular HSP90  

Various tumours such as breast, prostate and colon have been reported to constitutively secrete 

HSP90α.31, 85 Alternatively, the discovery of the role of extracellular HSP90 in cancer progression has 

offered an alternative strategy for cancer therapeutics.85 

Although HSP90 was originally reported to be exclusively intracellular to normal cells, cancer cells and 

other cells of the TME, it has become apparent that HSP90 also has biological properties in the ECM 
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which are independent of its chaperone functions.27, 53, 66 For example, in tumour cells secreted HSP90 

plays a significant role in tissue invasion and metastasis, whereas normal cells secrete HSP90 mainly 

for tissue repair.66, 85 The observation that HSP90 has multiple cellular locations and more than one 

cellular function led to its designation as a “moonlighting protein”. Moonlighting proteins are proteins 

capable of being secreted outside the cell and interact with different cell types to activate different 

signalling pathways that stimulate a range of biological effects.13  

Extracellular HSP90 has been reported to interact with multiple neighbouring cell-surface client 

proteins, such as matrix metalloproteinases (MMP-2 and MMP-9), the LDL receptor-related protein-1 

(LRP-1), HER-2 tyrosine kinase receptor, LOX1, SREC-I and FEEL-1.27, 85 Interaction of extracellular 

HSP90 with these surface receptors has been shown to play a critical role in cancer progression and 

ultimately metastasis.86 For example, several groups have reported that extracellular HSP90 binds and 

activates MMP-2, enhancing tumour cells migration and invasion of neighbouring tissues.27, 85 

Furthermore, extracellular HSP90 has been shown to promote cancer cell migration/motility through 

interaction with LRP-1.31, 67 

1.6.3. Extracellular HSP90 inhibition 

Traditionally, cancer therapeutics targeting HSP90 have focused on its intracellular functions as the 

centre of in vitro and in vivo investigations.27, 66 Despite early promise, intracellular HSP90-targeted 

cancer therapeutics have displayed various challenges, resulting in their limited progress through 

clinical trials. These include complexity associated with low selectivity between HSP90 isoforms i.e., 

HSP90α, HSP90β, and extracellular HSP90.26, 30, 86  

Similarly, to the intracellular environment, environmental stress signals such as hypoxia, heat, 

ultraviolet (UV) light, reactive oxygen species (ROS) and inflammatory cytokines, stimulate the HSR. 

This in turn results in the secretion of HSP90α and HSP90β.31, 67 Hypoxia-inducible factor-1alpha (HIF-

1α) has been identified as a key regulator of HSP90α secretion with HIF-1α overexpression observed 

in approximately 40% of human tumours.67 Environmental stresses induce HSP90α to migrate into the 
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intraluminal vesicles called exosomes and are subsequently released to the extracellular space via the 

exosome protein secretory pathway.31, 67 Following the open questions posed by Picard et al. 

highlighting the lack of intensive understanding as to why tumour cells are more sensitive to HSP90 

inhibitors and why these inhibitors are selective to certain cancers;87 Li et al. suggested that since the 

main difference between tumour and normal cells is HSP90 secretion, tumour cells are more sensitive 

to HSP90 inhibitors due to their interactions with extracellular HSP90, and thus HSP90 inhibitors are 

selectively targeted to cancer cells that constitutively secrete HSP90.30 This implied that directly 

targeting extracellular HSP90 presents a more selective cancer therapeutic strategy with fewer 

toxicities.30, 86 Furthermore, recent data suggest that the efficacy of HSP90 inhibitors is at least partially 

linked to inhibition of its extracellular roles, and has thus been identified as a potential target for novel 

cancer therapeutics.30, 69  

Different strategies have been developed for targeting extracellular HSP90, with monoclonal 

antibodies and small molecule inhibitors being the most documented.27  Monoclonal antibodies are 

commonly targeted at secreted proteins and cell-surface-bound proteins of the ECM, where they exert 

their therapeutic activity via different mechanisms. One such mechanism is the disruption of target-

ligand interactions thus impairing the signalling pathways required for tumour cell survival.88 As 

previously stated, MMP2 is an extracellular HSP90 client protein reported to be overexpressed and 

active in numerous human cancers; and the interaction of HSP90 with MMP2 is reported to promote 

cancer cell invasion and metastasis in MDAMB45 breast cancer cell lines.85 Stellas et al. provided 

evidence that disrupting the interaction between extracellular HSP90 and the MMP2 client protein 

inhibits the invasiveness of MDA-MB-45 breast cancer cells.89 The monoclonal antibody, 4C5 was 

found to inhibit tumour cell invasion in vitro by disrupting the interaction between extracellular HSP90 

and MMP2; thus inhibiting the maturation of MMP2, which is required for tumour cell invasion. 

Furthermore, mAb 4C5 was found to prevent the formation of metastatic tumour cell deposits in 

vivo.89  
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Dong et al.90 conducted a study where they reported that the triple negative breast cancer cell line, 

MDA-MB-231, secreted HSP90α to survive hypoxia-induced apoptosis, and its direct inhibition led to 

enhanced tumour cell death.90 During their investigation, increased levels of hypoxia-induced cell 

death was observed with HSP90α-knockout cells as compared to their native counterparts. 

Interestingly, they reported that the depletion of extracellular HSP90, and not intracellular HSP90, 

resulted in the increased hypoxia-triggered cell death. Furthermore, the direct inhibition of 

extracellular HSP90 using 1G6-D7, a cell-impermeable monoclonal antibody targeted at the F-5 

fragment, blocked tumour cell invasion.31, 90, 91 As previously mentioned, LRP-1 is a critical client 

protein for extracellular HSP90, promoting tumour cell survival under hypoxia.  1G6-D7 exerted its 

activity by downregulating LRP-1, thus, subsequently inhibiting the function of extracellular HSP90 on 

tumour formation and growth.31, 91 This data further suggests that extracellular HSP90 is critical for 

tumour cell survival, thus, it is a viable pharmacological target for cancer therapeutics. Hence, there 

is continued interest towards the development of cell-impermeable HSP90 inhibitors which should 

not affect the N-terminal ATPase chaperone functions which normally results in cytotoxicity.27, 86, 92  

Unlike monoclonal antibodies which are specific for the ECM, small molecule inhibitors can effectively 

target both extracellular and intracellular proteins. Classical medicinal chemistry optimisation 

strategies aim for physicochemical properties, which tend to enhance cellular penetration, which in 

this specific context would reduce efficacy of HSP90 inhibitors. Alteration of small molecule inhibitors 

to disproportionality remain in the extracellular environment, is commonly afforded through the 

introduction of polar moieties to the scaffold, with the aim of inhibiting cell-permeability, whilst 

retaining the functional groups essential for target binding at the active site. 

Eustace et al. performed a surface targeted proteomic screen to determine proteins implicated in 

tumour progression and this study identified extracellular HSP90 as an essential component for 

tumour invasion in fibrosarcoma and breast cancer cell lines.85 MMP2 is a cell-surface receptor 

characteristic of tumour invasion and metastasis.85, 93 Extracellular HSP90 regulates MMP2 pro-
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invasive activity, thus its inhibition directly affects MMP2 activity, resulting in the loss of 

invasiveness.85 Interestingly, inhibition of extracellular HSP90 using a cell-impermeable analogue of 

1.1 (solid-phase immobilized geldanamycin derivative), decreased tumour cell invasiveness without 

interfering with the intracellular HSP90 functions.85 This further validated the critical involvement of 

extracellular HSP90 in tumour progression, and further identified a new target for cancer treatment. 

Furthermore, selective inhibition of extracellular HSP90 presented a novel therapeutic strategy with 

the potential of overcoming challenges experienced with intracellular HSP90 inhibitors.85 

 Tsutsumi et al. modified the dimethyl amino group of the intracellular HSP90 inhibitor 1.3 to a polar 

N-oxide (coloured in red) to get the cell-impermeable HSP90 inhibitor DMAG-N-Oxide (1.39, Figure 

1.14).27, 30, 92 Compound 1.39 displayed potent anti-invasive activity in various cancer cells, inhibiting 

tumour cell migration and invasion in vitro. In vivo, 1.39 displayed anti-metastatic activity in the 

murine melanoma model, significantly suppressing lung colonization of the cells in mice.27, 67 

Compound 1.39 spared the intracellular functions of HSP90, i.e. the expression levels of HSP90 client 

proteins such as Akt and Raf-1 were not reduced.27, 30  

STA-12-7191 (1.40), a biotinylated analogue of 1.6, is another reported extracellular HSP90 inhibitor.27 

Similar to 1.39, 1.40 did not affect the intracellular functions of HSP90, as confirmed by the poor 

activity in HER-2 degradation. Compound 1.40 displayed anti-metastatic activity in MDA-MB-231 and 

A172 GBM cancer cell lines, inhibiting migration due to its ability to bind extracellular HSP90.27 Most 

interestingly this novel strategy has been reported to not induce the HSR. Moreover, inhibiting 

extracellular HSP90 could potentially overcome toxicities observed with intracellular HSP90 inhibitors, 

as they have been reported to be due to the disruption of normal, critical intracellular functions.94 
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Figure 1.14: Cell-impermeable HSP90 inhibitors. Compound 1.39 is a polar analogue of 
DMAG (1.3), while 1.40 is a biotinylated analogue of Ganetespib (1.6).27 

 

Further evidence for the involvement of extracellular HSP90 in metastatic progression, hence the 

significance of its inhibition for cancer therapeutics, was demonstrated by Hughes et al.54 and Barrott 

et al.95 in their related studies. A chemoproteomic profiling of HSP90 done by Hughes et al. focused 

on the development of a HSP90 selective affinity resin with a cleavable linker using a known potent 

and selective HSP90 inhibitor 1.14 discovered by Huang et al..52, 54 Significantly, this study revealed 

that tethering at position 3’ of 1.14 with a polyethylene glycol (PEG) related 19-atom linker (1.41, 

Figure 1.15) increased the binding specificity of the compound towards HSP90 over Grp94 and Trap-

1.54, 95 In their subsequent work, HSP90 inhibitors tethered at the same position to fluorophores 

selectively targeted and captured extracellular HSP90, and they were used to detect breast cancer 

malignancies through non-invasive imaging.54, 95 
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Figure 1.15: Structure of affinity resin 1.41 developed for the selective recovery of HSP90. Resin 1.41 

was prepared by tethering HSP90 inhibitor 1.14 at position 3’ with a polyethylene glycol 

related cleavable linker.  

 

Collectively, these studies highlighted the essential role extracellular HSP90 plays in cancer 

progression and the viability of its inhibition using cell-impermeable compounds, which would 

subsequently result in the degradation of its oncogenic client proteins. Ultimately, as will be discussed 

in the next section, this knowledge provided the critical basis of this project. As previously mentioned, 

unintentional inhibition of extracellular HSP90 has been hypothesised to be the main mode of action 

of the developed HSP90 inhibitors. Thus, the current hypothesis is that cancer patients could benefit 

from inhibitors which selectively target extracellular HSP90.95 Important to note is that this is still an 

unclear developing area of research, and intensive research is still required to fully understand the 

function and role of extracellular HSP90 in cancer progression.  
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1.7. Aims of the project 

While inhibition of the HSP90 has promise for the development of cancer therapies, the pro-survival 

HSR induction and various toxicities observed with intracellular N-terminal HSP90 inhibitors have 

greatly limited their clinical development. Extracellular inhibition has emerged as an alternative 

strategy for the expansion of druggable chemical space, devoid of many of the limitations associated 

with traditional drug discovery. It is believed that intracellular HSP90 inhibitors first encounter 

extracellular HSP90 prior to penetrating into the cell to perform their inhibitory functions. The 

introduction of polar alkyl chains has been shown to be a valid method preventing active compounds 

from penetrating the cell membrane, thus relegating them to the extracellular matrix.  

The study done by Hughes et al. provided the basis for this project, where it revealed that tethering 

at position 3’ of 1.14 with a polyethylene glycol (PEG) related 19-atom linker increased the binding 

specificity of the compound towards HSP90 over Grp94 and Trap-1.54 In addition, their compound 

libraries provide a position for chemical modification of compound 1.14, which does not disrupt HSP90 

binding. 

On that basis, it is proposed that the introduction of polar alkyl chains such as sulphonic acid (1.42 and 

1.43) and phosphonic acid (1.44 and 1.45) at the indicated positions of 1.11 and 1.14, respectively, 

would result in cell-impermeable HSP90 inhibitors (Figure 1.16).  

The aim of the work described in this thesis is to adapt well characterised HSP90 inhibitors 1.11 and 

1.14 in order to develop extracellular HSP90 inhibitors to exploit the therapeutic potential of HSP0 

inhibition, whilst circumventing the shortfalls discussed in the previous sections. This will provide an 

alternative strategy for novel HSP90-targeted cancer therapeutics, as well as provide new insight into 

changes to cellular processes as a result of extracellular HSP90 inhibition of intracellular degradation.  
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2.1.1.1. Indazolone ring synthesis  

Indazolones and related indazoles are considered privileged scaffolds in medicinal chemistry, and 

feature in several biologically active compounds.52, 97, 99, 100 As such, various procedures have been 

investigated for their synthesis.52, 54, 98-101 

In order to carry out their in-depth structural assessment study, Claramunt et al. required access to 

several tetrahydroindazolones (2.9 – 2.12, Scheme 2.2). Compounds 2.9 and 2.10, which did not 

feature a C-3 substituent, were generated in two steps from either 1,3-cyclohexanedione (2.13) or 

dimedone (2.14), via the dimethylaminomethylenes 2.15 and 2.16. The key cyclization step occurred 

with hydrazine hydrate in the presence of acetic acid in butanol.99   Alteration of the starting material 

to a 2-acetyldimedone derivative 2.17 and 2.18, facilitated the introduction of a methyl at the 

indazolone C-3 position, with the nitrogen atoms again being incorporated via hydrazine hydrate 

mediated cyclization to afford 2.11 and 2.12. While in this instance, the cyclization step occurred in 

tetrahydrofuran (THF), in the absence of additional acid, several other methods have reported the 

same transformation in ethanol.98, 102, 103 While 2-acetyldimedone derivatives, 2.17 and 2.18 are 

sporadically available from local vendors, there are several reported synthetic procedures for the 

selective acetylation of dimedone, which will be discussed later in this thesis.  

 

Scheme 2.2: Tetrahydroindazolone condensation as reported by Claramunt et al.99 

Reagents and conditions: a) HC(OCH3)2N(CH3)2, reflux, 1 h; b) H2NNH2, n-BuOH,  

AcOH, reflux, 4 h; c) H2NNH2, THF, reflux, 2 h 
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In a similar approach, compound 2.12 was generated as a by-product, from solid phase peptide 

synthesis, where 2-acetyldimedone 2.18 served as an amine protecting group (Scheme 2.3 step a), 

and could be removed with hydrazine in N,N-dimethylformamide (DMF) (step b).104 

 

Scheme 2.3: Bycroft et al.'s tetrahydroindazolone condensation during peptide synthesis104 

Reagents and conditions: b) 2.0% v/v hydrazine, DMF, 3 min. 

 

Anderson-McKay et al. reported a study aimed at synthesizing 2.19 via a molybdenum hexacarbonyl 

promoted ring opening of isoxazole 2.20 (Scheme 2.4).  Surprisingly, this reaction led to the formation 

of a mixture of unexpected products, which included our compound of interest 2.12. The reaction of 

2.18 with hydroxylamine over two steps afforded 2.20, Scheme 2.4(a), which was subsequently 

treated with molybdenum hexacarbonyl in the presence of water and acetonitrile to afford the 

corresponding intermediate 2.19.  

  

Scheme 2.4: Anderson-McKay et al.'s isoxazole mediated tetrahydroindazolone 

condensation105 

Reagents and conditions: a) NH2OH, Benzene; b) Mo(OC)6, MeCN/H2O, reflux, 2 h 

 

The proposed mechanism for formation of 2.12 involves the complexation of molybdenum 

hexacarbonyl with the oxime oxygen atom to promote the reductive N-O bond cleavage of 2.19, and 
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the intramolecular cyclisation via the nucleophilic attack of the oxime nitrogen atom by the imine 

nitrogen atom to yield 2.12.105  

Following a slight alteration of the approaches followed by Claramunt et al., N-phenyl substituted 

tetrahydroindazolones were synthesised by the cyclization of  dimethylaminomethylene (2.16)100 or 

2-acetyldimedone (2.18)101 with 1-phenylhydrazine under acidic conditions to afford the 

corresponding tetrahydroindazolones 2.21 and 2.22, respectively (Scheme 2.5).  

 

  

Scheme 2.5: Synthesis of N-phenyl substituted tetrahydroindazolones 

Reagents and conditions: a) BuOH, AcOH, reflux, 2h100; b) EtOH, conc. HCl, r.t., overnight101 

 

Due to the desire to install a trifluoromethyl moiety at the C-3 position of indazolone (2.23), as well as 

reported instability of the putative 2-trifluoroacetyl dimedone, Huang et al. developed a method, 

starting with unsubstituted dimedone 2.14, where the requisite nitrogen atoms were introduced in 

the form of a tosylhydrazide in refluxing toluene to give 2.24. This was followed by a one pot, two 

step, trifluoro acetylation, cyclisation and detosylation to generate the  desired trifluoromethylated 

tetrahydroindazolone (2.23, Scheme 2.6).52   
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Scheme 2.6: Tosyl hydrazone mediated tetrahydroindazolone condensation52 

Reagents and conditions: a) TsNH2NH2, cat. p-TsOH, toluene, reflux; b) (CF3CO)2O, THF, TEA, 

55 °C, 2 h; c) NaOH, MeOH, H2O, r.t., 3 h 

 

2.1.1.2. Synthesis of tetrahydroindazolone containing HSP90 inhibitors  

Access to the tetrahydroindazolone class of HSP90 inhibitors has seen several related but slightly 

divergent synthetic methodologies being employed. The following section will briefly describe them, 

and will be followed by a critical analysis. 

For their synthesis of compound 2.25 (Scheme 2.7), Huang et al. followed a method similar to that 

described in Scheme 2.5, which took advantage of orders of reactivity between aryl fluorine and 

bromine. Here the requisite 2-bromo-4-hydrazinylbenzonitrile (2.26) was synthesised via selective 

nucleophilic aromatic substitution of 2-bromo-4-fluorobenzonitrile (2.27) with hydrazine in anhydrous 

THF (step a) and subsequently cyclised with 2-acetyldimedone 2.18 in the presence of acetic acid in 

ethanol in a microwave reactor at 150 °C to yield phenyl tetrahydroindazolone 2.28 (step b).  Their 

last step was a one pot, two-step reaction where the amino cyclohexanol moiety was installed under 

modified Buchwald-Hartwig conditions (step c) followed by nitrile hydrolysis to generate the primary 

amide 2.25 (step d). 
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Scheme 2.7: Phenyl hydrazine mediated synthesis of 2.2552 

Reagents and conditions: a) NH2NH2, anhy. THF, r.t., 16 h; b) 2-acetyl dimedone 2.18, EtOH, AcOH, 150 °C, 

microwave, 15 min.; c) trans-4-aminocyclohexanol, Pd(OAc)2, DPPF, NaOtBu, toluene, 170 °C, microwave, 3 h; 

d) 30% H2O2, 1 M NaOH, EtOH, DMSO, r.t. 

 

Due to the reported poor stability of the trifluoromethyl analogue of 2.18 an alternative route was 

developed for the synthesis of SNX-2112, which again exploited orders of reactivity between aromatic 

fluorine and bromine (Scheme 2.8). Tetrahydroindazolone 2.23 was synthesized via the tosyl 

hydrazone mediated procedure (Scheme 2.6) and subsequently coupled with 2-bromo-4-

fluorobenzonitrile 2.27 in a suspension of sodium hydride in dimethyl sulfoxide (DMSO) (Scheme 

2.8(a)). The final coupling reaction of 2.29 and amino cyclohexanol, and the subsequent nitrile 

hydrolysis, was performed through similar reaction conditions as described above in Scheme 2.7 (c, 

d). 

 

Scheme 2.8: Phenyl hydrazine mediated synthesis of SNX-211252 

Reagents and conditions: a) NaH, anhy. DMSO, 45 °C, 23 h ; b) trans-4-aminocyclohexanol, Pd(OAc)2, 

DPPF, NaOtBu, toluene, 170 °C, microwave, 3 h; c) 30% H2O2, 1 M NaOH, EtOH, DMSO, r.t. 
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With the goal of developing a highly selective HSP90 affinity probe, which incorporated compound 

2.25 54 Hughes et al. deviated from the approach employed by Huang et al., where in order to access 

a highly reactive centre for the attachment of amino cyclohexanol and various other linkers, they 

synthesised the fluorine analogue (2.30, Scheme 2.9). Accordingly, 2,4-difluorobenzonitrile 2.31 was 

reacted with hydrazine hydrate in methanol (MeOH) to give the phenylhydrazine compounds, 2.32 

and 2.33, as a mixture of regioisomers (Scheme 2.9a). The subsequent condensation of the 

regioisomeric mixture with 2-acetyldimedone 2.18 in MeOH in the presence of acetic acid expectedly 

afforded a mixture of compounds 2.30 and 2.34, which were separated by column chromatography 

(step b). The amino cyclohexanol was easily introduced following a 30 minute procedure under basic 

conditions in DMSO at 90 °C and the subsequent nitrile hydrolysis was done using a procedure similar 

to the one described by Huang et al. (Scheme 2.9c, d). 

 

Scheme 2.9: Phenyl hydrazine mediated synthesis of 2.25 as reported by Hughes et al.54 

Reagents and conditions: a) H2O.NH2NH2, MeOH, r.t., 16 h; b) 2-acetyl dimedone 2.18, MeOH, AcOH, r.t., 3 d.; 

c) trans-4-aminocyclohexanol, DIPEA, DMSO, 90 °C, 30 min.; d) EtOH, NaOH, 30% H2O2, H2O, 90 °C - r.t., overnight 
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2.1.2. Critical analysis of the synthetic routes  

The related syntheses of tetrahydroindazolone HSP90 inhibitors, all attempt to balance reactivity (or 

simplicity of a reaction), with regioselectivity and reaction efficiency. In a broad sense, the synthesis 

of tetrahydroindazolone HSP90 inhibitors and by extension, our desired intermediates (2.5 and 2.6) 

requires either the formation of a tetrahydroindazolone ring, followed by functionalisation with a 

decorated phenyl ring (Scheme 2.10, Pathway A), or the generation of a suitably functionalised phenyl 

hydrazine, which can be cyclised with dimedone analogues 2.18 and 2.35 (Pathway B). While 

similarities between these pathways exist, they each have their own potential drawbacks, which will 

be discussed below. Furthermore, the point at which both of these pathways converge is during the 

coupling of the aminocyclohexane moiety, where the presence of a fluorine (2.30, 2.36), facilitates a 

facile substitution reaction, under basic conditions.54, 98 While nucleophilic aromatic substitution of a 

bromine (2.28 and 2.29), requires more complex reaction conditions, including the use of expensive 

and comparatively sensitive palladium catalysts.52, 96 While superficially, this would imply that 

synthesis of 2.30, 2.36 is desirable, the presence of the aromatic fluorine for the coupling reaction, 

requires sacrifice with respect to regioselectivity, and reaction efficiency in the preparation of either 

phenyl hydrazine 2.32, or the coupling of 2.31 with 2.12 and 2.23 respectively. Therefore, the key 

deviations in these reaction pathways, is linked to the reactivity surrounding the aromatic rings 2.27 

and 2.31.  

 





42 
 

  

Figure 2.2: Undesired N-2 arylated isomer  

 

In addition, generation of a fluorinated aryl tetrahydroindazolone analogue such as compound 2.30 

and 2.36, would require reaction with 2,4-difluorobenzonitrile 2.31. The relative positioning of the 

nitrile moiety provides no significant alteration to the electronic environment of each fluorine, 

rendering them reactively indistinguishable. Therefore, while this approach may provide downstream 

advantages with respect to amine coupling, as demonstrated by Hughes et al.54 it results in a mixture 

of regioisomers 2.30 and 2.34 (Scheme 2.11). In addition, the presence of two substitution susceptible 

groups opens the possibly of generating tetrahydroindazolone ‘dimers’ all of which negatively impact 

the efficiency of the reaction (2.37, Scheme 2.11). 

 

Scheme 2.11: Possible products from the N-arylation of 2.12 by 2,4-difluorobenzonitrile 2.31: 

Reagents and conditions: a) K2CO3, DMSO, r.t., overnight 

 

Pathway B 

Several of the shortcomings highlighted in Pathway A, could theoretically be overcome through the 

phenylhydrazine mediated procedure (Pathway B). However, the report of Huang et al. suggests that 

acyl dimedone (2.35, Scheme 2.10 step a), was not stable, which therefore precludes the formation 

of 2.29 and 2.36 via Pathway B.  
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Synthesis of bromine containing phenylhydrazine 2.26, could be generated following well established 

reaction conditions, however, it does require the addition of excess hydrazine to prevent the 

formation of significant quantities of dimer 2.38 (Figure 2.3). 

 

Figure 2.3: Possible dimer from Scheme 2.10g  

 

Similarly to the phenomena observed for Pathway A, the properties of 2,4-difluorobenzonitrile 2.31, 

can lead to the formation of undesired isomer 2.39, which could be challenging to distinguish by 

common NMR experiments, and possibly the dimer 2.40 (Figure 2.4),54 which would not be suitable 

for our reaction scheme.  

 

 

Figure 2.4: Possible side products from Scheme 2.10g  

 

2.1.3. Summary   

As highlighted in the beginning of this chapter, the synthesis of our novel target compounds 2.1 – 2.4 

required the synthesis of the HSP90 inhibitory core 2.5 and 2.6. Overall, the previously reported 

synthetic approaches towards the SNX class of HSP90 inhibitors revealed that our overall procedure 

could be distilled into two related pathways (Scheme 2.10). Our analysis of the reported methods, as 

discussed in Section 2.1.2, suggested that both would suffer from distinct strengths and pitfalls, 
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particularly regarding treatment of the halogenated benzonitrile rings. Accordingly, neither procedure 

offered an obvious advantage toward the synthesis of 2.1 – 2.4. In addition, the availability of starting 

materials for either pathway was sporadic, making neither option preferable from that point of view.  

Therefore, we opted to synthesise the core scaffolds by utilising elements of both pathways, from 

which we could evaluate the most convenient and efficient route.  
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3. CHAPTER 3: RESULTS AND DISCUSSION 

3.1. Synthesis of the HSP90 extracellular inhibitors 

3.1.1. Synthesis of tetrahydroindazolone via 2-ketodimedone 

The preparation of regioisomerically pure, and suitably functionalized building blocks prior to the 

synthesis of key precursors 2.28 – 2.30, 2.36 was critical in ensuring the efficient synthesis of 2.5 and 

2.6 (Scheme 2.10). As mentioned above, there was no obvious advantage following either pathway A 

or B, and as such we opted to investigate and analyse the steps in both pathways.  Given the pivotal 

role of the phenylhydrazines 2.26 and 2.32, including the potential for regioselective synthesis of 2.28 

– 2.30, 2.36 we begin here by discussing the synthesis of these phenylhydrazines, and their influence 

on Pathway B.  

3.1.1.1. Synthesis of phenylhydrazine 2.26 and 2.32  

Based on the availability of starting materials, our attempts with this approach began by preparing the 

desired phenylhydrazine as reported by Hughes et al. whereby a solution of 2.31 in MeOH was treated 

with hydrazine hydrate and stirred at room temperature for 16 hours (Scheme 3.1). 

 

Scheme 3.1: 2,4-Difluorobenzonitrile mediated phenylhydrazine synthesis:54 

Reagents and conditions: H2O.H2NNH2, MeOH, r.t., 16 h 

 

Expectedly, the reaction resulted in the formation of regioisomers 2.32, 2.39 and the dimeric product 

2.40. Initial TLC assessment of the crude reaction mixture indicated two distinct and separable 

chemical species. The least polar species was isolated as an off-white solid, which 1H NMR 
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spectroscopy revealed was a mixture of desired regioisomer 2.32, which co-eluted with dimer 2.40. 

Somewhat frustratingly, these two species were inseparable, even after repeated silica gel 

chromatography and recrystallization attempts. The more polar species was isolated as a suitably pure 

brown solid, which following NMR characterization (discussed below, Figure 3.1) was identified the 

undesired isomer 2.39.  
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Figure 3.1: Region (δC 169.0 – 92.0) of the 13C NMR spectrum (400 MHz, Acetone-d6) of the undesired 

isomer 2.39. This spectrum highlights the presence of two CH carbons with an ortho coupling 

to fluorine. 
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Both regioisomers 2.32 and 2.39, represent a common AMX coupling system, and would be difficult 

to differentiate using common proton-proton coupling alone.  However, in this instance, the NMR 

active fluorine nucleus imparts distinctive splitting patterns onto the 1H and 13C NMR spectra. The 

approximate values of carbon-fluorine (JC-F) and proton-fluorine (JH-F) coupling constants for aromatic 

compounds are documented in literature and are given in Table 3.1 and 3.2, respectively.108-111 In 

some instances, the homonuclear (1H-1H) and the heteronuclear (1H-19F) coupling constants are similar 

in magnitude, and difficult to distinguish unequivocally. The coupling constants seen in a typical 13C 

NMR spectrum are diagnostic, and when used in conjunction with two-dimensional experiments such 

as heteronuclear single quantum correlation (HSQC) and HMBC, facilitate unambiguous assignment. 

 Table 3.1: Approximate carbon-fluorine coupling constant values of fluorinated aromatic compound108, 109 

 

 

 

Table 3.2: Approximate proton-fluorine coupling constant values of fluorinated aromatic compound110, 111 

  

 

We therefore turned to the challenge of unambiguously identifying the isolated isomer, which would 

allow us to identify the isomer present in the mixture by inference. By way of comparison, both 

isomers 2.32 and 2.39 have three different proton environments designated here as H-3, H-5 and H-

6. Protons H-6 and H-3 from both isomers are in very similar chemical environments, including relative 

positions of the neighbouring protons, and their relative proximity to the nitrile and hydrazine 

Relative position Approximate J (Hz) 

C-F (1JC-F) 245.1 

Ortho (2JC-F) 21.0 

Meta (3JC-F) 7.7 

Para (4JC-F) 3.3 

Relative position Approximate J (Hz) 

Ortho (3JH-F) 9.4 

Meta (4JH-F) 5.8 

Para (5JH-F) ˂ 0.5 
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functionalities. Furthermore, the proximity of protons H-6 and H-3 to the fluorine atom (4JH-F) is 

identical in both isomers. The only substantially different chemical environment between the two 

isomers, is that experienced by proton H-5, particularly, its proximity to the fluorine atom, and the 

subsequent influence on its JH-F coupling constant.  

In addition to expected proton coupling constants and its associated splitting patterns, H-5 of isomer 

2.32 is positioned para to the fluorine atom, and as such would experience 5JH-F, coupling, whose 

corresponding coupling constant would be very small, or possibly unperceivable, under common NMR 

experimental set up. Conversely, isomer 2.39 proton H-5 is positioned ortho to the fluorine atom, 

whose 3JH-F coupling would result in a constant of substantially larger magnitude. Table 3.3 below 

outlines the preliminary 1H NMR analysis of the brown solid obtained from Figure 3.1.  Based on the 

likely coupling constants for 3JH-H and 4JH-F coupling (8.8, 5.2 Hz) and 4JH-H and 3JH-F coupling (2.2, 9.9Hz), 

we tentatively assigned δH 7.73 – 7.69 and δH 7.04 – 7.01 as H-6 and H-3, respectively. Unfortunately, 

the splitting patterns for diagnostic H-5, were not clear and was assigned as a multiplet.   

Table 3.3: 1H NMR analysis of isomeric product 2.39 eluted as a brown solid (400 MHz, acetone-d6) 

  

δH (ppm) integral multiplicity J (Hz) Preliminary Assignment 

11.00 1 s NAa NH 

7.73 – 7.69 1 dd 8.8, 5.2 H-6 

7.04 – 7.01 1 dd 9.9, 2.2 H-3 

6.79 – 6.74 1 m NA H-5 

5.07 2 s NA NH2 

a) Not Applicable. 
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As briefly discussed above, while indicative, the overlap between 1H-1H and 1H-19F coupling constants 

can be ambiguous. Consequently, 13C and HSQC NMR experiments were used to conclusively 

distinguish between the two isomers. Isomer 2.32 contains one aromatic CH ortho to the fluorine 

atom, and its signal would therefore be split by 2JC-F coupling, with a constant of approximately 21.0 

Hz. Alternatively, isomer 2.39 contains two non-equivalent aromatic CH moieties ortho to the fluorine 

atom, both of whose signals would be split into doublets of a similar magnitude (≈21 Hz).  A detailed 

inspection of the 13C NMR spectrum of the brown solid, revealed two carbon signals in the aromatic 

region were split into doublets with a J value of 26.2 Hz, indicating 2JC-F coupling, suggesting both were 

positioned ortho to the fluorine. Phase sensitive HSQC confirmed that both doublets correlated to 

individual aromatic protons. Hence, the brown solid was identified as the undesired isomer 2.39 and 

the desired isomer 2.32 as being part of the less polar off-white sample. The 1H NMR spectrum of the 

off-white sample is shown in Figure 3.2 below, analysis of the integral ratios indicated that it consisted 

of two compounds with a ratio of approximately 1:0.7. The overall number of protons of the main 

component of the mixture were seemingly in agreement with the structure of the desired product 

2.32. Specifically, the aromatic protons were accounted for by the doublet of doublets at δH 7.50 – 

7.46 integrating for one proton and the multiplet at δH 6.99 – 6.94 integrating for two protons. The 

hydrazine NH and NH2 were assigned to the signals at δH 9.00 and δH 4.24 – 4.15, respectively. The rest 

of the signals, making up the minor component, were broadly in agreement with the structure of the 

dimeric product 2.40. Unfortunately, due to significant signal overlap and the similarity of the coupling 

constants between the two compounds, we were unable to unambiguously determine the structures 

of the mixture components.  However, based on the outcome of subsequent reactions using the 

mixture, where reaction with acetylated dimedone (2.18), resulted in the isolation of 2.30 we were 

certain that the mixture contained desired product 2.32 (Section 3.1.1.3). 
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Figure 3.2: Region (δH 9.2 – 3.8) of the 1H NMR spectrum (400 MHz, Acetone-d6) of the sample containing 

a mixture of the desired isomer 2.32 and the dimeric product 2.40 (1:0.7). The region enclosed 

in red consists of aromatic signals from both 2.32 and 2.40. Particularly, the doublet of 

doublets at δH 7.50 – 7.46 (1H) and the multiplet at δH 6.99 – 6.94 (2H) were characteristic of 

the aromatic signals for 2.32, With the NH and NH2 signals at δH 9.00 and 4.24 – 4.15, 

respectively. 
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Disappointingly, subsequent attempts to synthesise and purify the isomers under the exact conditions 

as described in Scheme 3.1, consistently yielded an undesired product. Although the aromatic signals 

observed in the 1H NMR spectrum were in accordance with the expected ones, two singlets each 

integrating for three protons were observed at δH 1.98 and δH 1.92, respectively. Furthermore, no NH2 

signal was observed suggesting the probability of substitution on the primary amine (Figure 3.3). 

Through HSQC and HMBC experiments we determined that both methyl signals correlated to the same 

carbon signal at δC 150.8, which would be expected for a hydrazone carbon signal, thereby proposing 

the synthesis of the undesired compound 2.41. HRESMS confirmed the expected mass of the 

undesired compound.  Intuitively, our primary suspicion was acetone contamination leading to the 

formation of hydrazone 2.41 (Figure 3.3).  However, the use of high purity solvents, NMR 

analysis of solvents and vigorous drying of glassware, did not resolve this challenge, and the reason 

for the unexpected side reaction remains ambiguous.  

 

Figure 3.3: Region (δH 10.1 – 1.3) of the 1H NMR spectrum (400 MHz, DMSO-d6) of the undesired product 

2.41, showing the two methyl signals at 1.98 & 1.92 ppm each integrating for three protons.  
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In an attempt to circumvent the problem of regioisomers, we turned our attention to the alternative 

phenylhydrazine synthesis procedure as reported by Huang et al., which incorporated  2-bromo-4-

fluorobenzonitrile in an effort to take advantage of orders of reactivity between aromatic fluorine and 

bromine, and thus ensure regioselectivity.52 Aside from the starting material, the method of Huang et 

al. altered slightly from that of Hughes et al., in that it was conducted under anhydrous conditions, in 

THF to successfully give the desired phenylhydrazine intermediate in 87.2% yield (Scheme 2.10g). 

Accordingly, hydrazine hydrate was distilled from NaOH pellets, under N2(g), and immediately added 

dropwise, in excess to a stirring solution of 2-bromo-4-fluorobenzonitrile in anhydrous THF (Scheme 

3.2). Purification by silica gel chromatography afforded a cream white solid in good yields (71%).  

 

Scheme 3.2: 2-Bromo-4-fluorobenzonitrile mediated phenylhydrazine synthesis52 

Reagents and conditions: a) H2NNH2, anhy. THF, N2(g), r.t., 16 h, 71% yield 

 

A diagnostic absence of fluorine coupling in the 1H and 13C NMR spectra confirmed that substitution 

occurred at the expense of the fluorine atom. The other significant change in the 1H NMR spectrum 

was the presence of a singlet at δH 8.03 integrating for one proton and a broad singlet at δH 4.37 

integrating for two protons, which were characteristic of the hydrazine NH and NH2, respectively. 

Conclusive evidence of the synthesis of 2.26 was obtained from HRESMS results. In addition to 2.36, 

these reactions conditions yielded dimer 2.37, as well as dimethyl hydrazone 2.42 (Figure 3.4). Again, 

as discussed previously, 2.42 would appear to be a likely product of acetone contamination. However, 

this was particularly surprising, given that the reaction was conducted in freshly distilled anhydrous 

THF, using distilled hydrazine, in oven dried glassware. Given its low abundance, we did not look 

further into its formation, and continued with the synthesis.  
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Figure 3.4: Side products 2.37 and 2.42 obtained from the 2-bromo-4-fluorobenzonitrile mediated 

phenylhydrazine synthesis. 

 

3.1.1.2. Synthesis of functionalized β-triketones 2.18 and 2.23  

The subsequent step in our synthesis was the suitable functionalization of dimedone to yield 2.18 and 

2.35 (Scheme 2.10b). The synthesis of β-triketones has been extensively reported in literature, with 

the most common strategy involving the initial O-acylation of a 1,3-dione precursor using acyl donors 

such as acyl chlorides, anhydrides or carboxylic acids; and the subsequent O-C isomerisation to yield 

the desired compound. This rearrangement, known as the Fries rearrangement is commonly catalysed 

by  Lewis acids such as AlCl3, or bases such as imidazole and 4-dimethylamino-pyridine (DMAP).102, 106, 

112-115 Most notably, DMAP has been reported to be a particularly  efficient and useful catalyst for the 

desired O-C isomerization.112, 114 

Hughes et al. and Wu et al. both reported the successful preparation of 2-acetyldimedone 2.18 

(Scheme 3.3).54, 98 Hughes et al. prepared 2.18 from acetic anhydride and dimedone 2.14 in warm 

dichloromethane (DCM) with diisopropylethylamine (DIPEA) and catalytic DMAP.54 Interestingly, Wu 

et al. reported a slightly different procedure only using acetyl chloride and triethylamine (TEA) in warm 

acetonitrile to yield the desired product in 95% yield.98  

 

Scheme 3.3: Hughes et al.54 and Wu et al.’s98 synthesis of 2-acetyl dimedone 2.18: 

Reagents and conditions: a) (CH3CO)2O, DMAP, DIPEA, DCM, r.t., 24 h54 or CH3COCl, TEA, MeCN, 55 °C, 3 h, 95%98 
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Based on the availability of starting materials we followed the latter procedure where a solution of 

2.14 and TEA was treated with acetyl chloride at 0 °C and subsequently heated in acetonitrile to afford 

an orange-yellow oil in 74-77% yields. The obtained product was fully characterized using NMR 

spectroscopy and the presence of a carbonyl signal at δC 167.4 in the 13C NMR spectrum, characteristic 

of an ester, strongly suggested that under these conditions, we had produced 2.43 (Figure 3.5), which 

did not undergo subsequent Fries-rearrangement into the desired C-2 acylated product 2.18. 

 

Figure 3.5: 13C NMR spectrum (100 MHz, CDCl3) of the O-acylated dimedone 2.43, displaying the presence 
of the signal at 168.0 and 167.4 ppm characteristic of an ester and enol, respectively.  
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Scheme 3.4: Various conditions for dimedone acetylation: 

Reagents and conditions: a) CH3COCl, TEA, MeCN, 55 °C, 3 h; b) AlCl3, 128 °C, 16 h, 47%; c) (CH3CO)2O, DMAP, 

DIPEA, DCM, r.t., 24 h, 57% 

 

Thus, in continued efforts to synthesise 2.18 we then followed the same procedure described by Wu 

et al., however, the addition of catalytic amounts of DMAP to the reaction still afforded the enol ester 

2.43 in 62% yield. Deviation to a two-step procedure, where 2.43 was synthesised and purified 

(Scheme 3.4a), followed by heating at high temperatures in the presence of aluminium chloride 

afforded 2.18 in an overall 29% two-step yield (step a and b). The 1H NMR spectroscopic data of the 

product corresponded excellently with literature reports, confirming that the compound 

tautomerized mainly towards the enol form, hence the absence of a triplet at δH 5.83 characteristic of 

H-2 (Figure 3.6).116, 117 Unfortunately, the poor isolated yields were not desirable, especially for a step 

that was towards the beginning of our synthesis, and as result we sought to find alternative methods 

to afford 2.18.  
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Figure 3.6: 1H NMR spectrum (400 MHz, CDCl3) of the desired compound 2.18 in its enolized form, the 
absence of a signal characteristic of H-2 is in accordance with literature reports.117 

 

Alternatively, the desired C-2 acetylated isomer 2.18 could be synthesised in one pot by adapting the 

procedure reported by Hughes et al. (Scheme 3.4c).54 Here 2.14 was dissolved in DCM, treated with 

DIPEA and DMAP, followed by the slow addition of acetic anhydride. Indeed, we were able to obtain 

the desired compound 2.18 in 45% yield alongside the O-acylated compound 2.43 in 24% yield. 

Compound 2.43 was subsequently isomerized to give 2.18 in 51% yield. We obtained the desired 

product in an overall yield of 57%, which was suitably improved from that obtained via the two-step 

approach. In the interest of avoiding multistep reactions, all our subsequent acetylation reactions 

were done in DCM using DIPEA as the base in the presence of catalytic DMAP.  

Despite the reported instability of 2.35, Khlenbicova et al. reported a procedure where 2.35 was 

synthesised using N-trifluoroacetylimidazole as the electrophilic species.106 This could be 

accomplished by following one of three different synthetic routes (Scheme 3.5). The first route was a 

two-step method (a), whereby the N-trifluoroacetylimidazole was prepared from imidazole and 

trifluoroacetic anhydride and subsequently reacted with an equimolar solution of dimedone and 

imidazole in anhydrous chloroform to give 2.35 in 78% yield. 
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Scheme 3.5: Khlenbicova et al.'s synthesis of 2.35106 

Reagents and conditions: a) N-Trifluoroacetyl imidizole, Imidizole, CHCl3, r.t., 1 h, 78%; b) Trifluoroacetic 

anhydride, Imidizole, CHCl3, 0 °C - r.t, 45 min., 83%; c) TFA, 1,1-carbonyldiimidizole, Imidizole, CHCl3, r.t., 45 min., 

88% 

 

Alternatively, N-trifluoroacetylimidazole was prepared in situ either from the reaction of 

perfluorocarboxylic acid anhydrides with an imidazole (b) or perfluorocarboxylic acids with 1,1-

carbonyldiimidazole (c). Following that, inspired by this work, we then attempted the synthesis of 2.35 

following Scheme 3.5 (b).106 Unfortunately, the reaction did not result in the formation of 2.35 as 

reported. We, however, isolated the dimedone starting material.  

 As reported by Huang et al., it then became apparent that the β-triketone mediated procedure was 

not feasible for the synthesis of all our target compounds as it could not be extended to the 

polyfluorinated functionalities.52 In a subsequent attempt, which will be discussed later (Section 

3.1.2), we followed a tosyl hydrazone mediated procedure which was selectively designed for the 

synthesis of 2.23. Furthermore, we were interested in investigating whether this approach could be 

extended to other acyl functionalities.  

With the desired 2-acyldimedone 2.18 in hand, our next task was to perform the tetrahydroindazolone 

condensation by either following the hydrazine hydrate mediated route (Scheme 2.10a), or the 

phenylhydrazine route (Scheme 2.10h). Our initial attempts explored the phenylhydrazine mediated 

tetrahydroindazolone condensation. 
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3.1.1.3. Phenylhydrazine mediated tetrahydroindazolone condensation of 2.18  

As previously discussed, the phenylhydrazine mediated tetrahydroindazolone condensation presents 

a useful synthetic approach towards our desired scaffolds with the potential of eliminating the 

formation of the N-2 arylated isomer (Figure 2.2).  

Huang et al. reported a 15 minute phenylhydrazine mediated tetrahydroindazolone condensation 

procedure between 2.18 and 2.26 in EtOH using 4 equivalents of AcOH as a catalyst at 110 ˚C under 

microwave conditions (Scheme 2.10h).52 Similarly, Hughes et al. suspended 2.18 and the regioisomeric 

mixture (2.32 and 2.39) in MeOH and stirred the reaction mixture at room temperature over 3 days, 

still using AcOH as a catalyst.54 As discussed in Chapter 2, the use the brominated phenylhydrazine 

2.26 would require the use of expensive catalysts under complex reaction conditions for the 

subsequent amination reaction (Scheme 2.7). To preclude that challenge, we were interested in using 

the fluorinated phenylhydrazine 2.32 instead of its brominated analogue 2.26 for the 

tetrahydroindazolone condensation reaction. 

As described in Section 3.1.1.1, the isolation of 2.32 proved challenging. Accordingly, our initial 

cyclization reactions, which will be described below, were carried out using the mixture of 2.32 and 

the dimeric product 2.40. For subsequent reactions, we deemed the attempted purification as an 

unnecessary step, and this condensation was carried out using the crude mixture of 2.32, 2.39 and 

2.40. Accordingly, our initial attempts with the mixture of 2.32 and 2.40 following the procedure 

described by Hughes et al. at room temperature for 22 hours afforded an off-white solid upon 

purification, alongside unreacted 2.40 (Scheme 3.6). The obtained 1H NMR spectroscopic data was in 

excellent agreement with the data reported by Hughes et al. for the desired isomer 2.30.54 Notably, 

the phenylhydrazine amine protons were not observed, suggesting the substitution of both the 

primary and secondary amine protons. Furthermore, HRESMS data and X-ray crystallographic analysis 



60 
 

(Figure 3.7) conclusively confirmed the chemical structure of the desired product 2.30. 

 

Scheme 3.6: Phenylhydrazine mediated tetrahydroindazolone condensation to yield 2.30: 

Reagents and conditions: a) MeOH, AcOH, r.t., 3 d. 

 

 

Figure 3.7: [A] Partially labelled structure of a single molecule of 2.30 with thermal displacement ellipsoids 
rendered at the 50% probability level and H-atoms shown as spheres of arbitrary radius. The 
asymmetric unit comprises two independent molecules and Z = 4. [B] Dimeric structure of 2.30 
viewed down the c-axis. The dimer is stabilised by C–H···O interactions. The H···O distance is 
2.404 Å. This is 0.316 Å shorter than the sum of the van der Waals radii suggesting a 
moderately strong interaction.  

 

 Subsequent condensation reactions using the crude material expectedly resulted in the formation of 

regioisomers 2.30 and 2.44 (Scheme 3.7), which we could separate using silica gel column 

chromatography. 
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Scheme 3.7: Tetrahydroindazolone condensation to yield 2.30: 

Reagents and conditions: a) MeOH, AcOH, r.t., 3 d. 

 

The reaction was monitored using TLC, and having previously synthesised 2.30, we were able to 

instantly identify our desired product from the mixture. Upon column chromatographic purification, 

we, like Hughes et al., eluted the yellow isomeric product 2.44 prior to the desired off-white product 

2.30. Eventually, we found that under long reaction conditions the desired isomer could be obtained 

in higher yields. Whilst this approach was limited by regioselectivity, the presence of the reactive 

fluorine still deemed it superior for simple and efficient coupling of the cycloamine moiety. As 

previously stated in Section 3.1.1.1, all our successive syntheses of 2.30 followed the procedure 

described in Scheme 3.7 and the pure desired isomer was obtained after silica gel column 

chromatography using 70% hexane: ethyl acetate mixture as the eluent. 

 

3.1.1.4. Hydrazine hydrate mediated tetrahydroindazolone condensation of 2.18  

Alternatively, the desired tetrahydroindazolone core could be accessed via the hydrazine hydrate 

mediated procedure. In the interest of optimizing the synthesis of our desired target compounds, we 

were interested in exploring other reported procedure for the tetrahydroindazolone condensation.  
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Claramunt et al. reported a procedure where 2.12 could be accessed from the reaction of 2.18 and 

hydrazine hydrate in refluxing THF.99 Alternatively, Wu et al. reported a similar procedure where 2.18 

was reacted with hydrazine hydrate in ethanol at room temperature.98 Based on the ease of the 

reaction conditions we opted to follow Wu et al.’s procedure to afford the desired product as a pale 

yellow solid in 79% yield (Scheme 3.8). The obtained NMR spectroscopic data was in excellent 

agreement with that reported in literature.98, 99 Particularly, the 13C NMR spectrum of the starting 

material 2.18 had three signals characteristic of carbonyl carbons at δC 202.6, 198.0, 195.3, but only 

one carbonyl carbon signal was observed in the 13C NMR spectrum of the obtained product. Finally, 

HRESMS analysis gave conclusive confirmation of the synthesis 2.12.  

 

Scheme 3.8: Tetrahydroindazolone condensation as reported by Wu et al.98 

Reagents and conditions: a) H2O.H2NNH2, EtOH, r.t, 16 h, 79% yield 

 

3.1.2. Tosylhydrazone mediated tetrahydroindazolone condensation  

In view of the incompatibility of the β-triketone mediated tetrahydroindazolone condensation for the 

synthesis of 2.23, we decided to follow the procedure selectively reported for this scaffold as 

described in Scheme 2.6. To begin our synthesis, p-toluenesulfonyl hydrazide (2.45) was readily 

prepared from p-toluenesulfonyl chloride and hydrazine hydrate at 0 ˚C using a 30 minute procedure 

as reported by Liu et al..118 To continue the synthesis, the tosylhydrazone (2.24) was prepared from 

2.45 and dimedone 2.14 in warm toluene with catalytic p-TsOH (Scheme 3.9).52 1H NMR spectroscopic 

characterization in deuterated dimethyl sulfoxide (DMSO-d6) revealed that our product predominantly 

tautomerized towards the enol form instead of the reported ketone form. Overall, however, the 

spectroscopic data was in accordance with that reported in literature.52 
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Scheme 3.9: Synthesis of tosyl hydrazone intermediate 2.24 

Reagents and conditions: a) Hydrazine hydrate, 0 °C, 30 min., 45%118;  

b) 2.14, toluene, cat. p-TsOH, 95 °C, 23 h, 25%.52 

 

With intermediate 2.24 in hand, we then attempted the synthesis of the tetrahydroindazolone 2.23 

via a two-step, one pot reaction (Scheme 3.10). Accordingly, trifluoroacetic anhydride was added to a 

suspension of 2.24 and TEA in THF and stirred at 55 ˚C for 2 hours to form the presumed C-2 acylated 

intermediate.  

  

Scheme 3.10: Tosyl hydrazone mediated synthesis of 2.2352 

Reagents and conditions: a) (CF3CO)2O, THF, TEA, 55 °C, 2 h;  

b) NaOH, MeOH, H2O, r.t., 3 h, 15% 

 

Then, to facilitate the cyclisation and detosylation, MeOH, and a 1:1 solution of water and 1M NaOH 

were added to the cooled reaction mixture and stirred for another 3 h. To our delight, after silica gel 

purification the desired product 2.23 was obtained in 15% yield, which was lower than the reported 

30 – 35% yield.52, 107 Spectral data was in good agreement with the data reported in literature.52 Most 

notably, the singlet characteristic of H-2 was not observed indicating that the cyclisation had occurred; 

also, no signals were observed in the aromatic region confirming a successful detosylation.  

Similarly, still in search of one general route to access both our target compounds, we attempted the 

synthesis of 2.12 via the tosyl hydrazone mediated procedure using acetic anhydride for the acylation 



64 
 

step (Scheme 3.11). Unexpectedly, the 1H NMR spectrum of the obtained white solid was very similar 

to that of 2.24, the aromatic proton signals were still present suggesting an unsuccessful detosylation. 

Moreover, a singlet integrating for one proton was observed at δH 4.96. This signal was characteristic 

of H-2, thus depicting an unsuccessful cyclisation. Interesting, however, was the presence of a singlet 

at δH 2.05 integrating for three protons which suggested that the acetylation step was successful 

(Figure 3.8).  

 

Figure 3.8: 1H NMR spectrum of 2.47 obtained in DMSO-d6. The presence of a singlet characteristic of H-
10 at 2.05 ppm suggested the successful acylation, however, the presence of aromatic signals 
and the singlet characteristic of H-2 at 4.96 ppm, clearly implicated an unsuccessful cyclisation 
and detosylation.  

 

Initially, based on NMR spectroscopic data, we envisioned that we had formed 2.46 where only the C-

2 acylation reaction was successful and not the subsequent cyclization and detosylation. To our 

surprise, XRD data revealed that we had acylated at the hydrazone nitrogen to give intermediate 2.47 

as indicated in Scheme 3.11 and Figure 3.9.  
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give the desired 2.23.96, 107 In theory, however, 2.24 consists of at least two possible deprotonation 

sites, the sulphonamide proton and the H-2 proton. Furthermore, acylation of N-tosylhydrazide in the 

presence of TEA has previously been reported in literature.119 Thus, the formation of 2.47 was 

theoretically viable. What was surprising, however, was the stability of the tosyl protecting group 

under basic conditions.120  

Tosylhydrazone compounds have been extensively studied in relation to the Shapiro reaction, where 

ketones are converted to alkenes in the presence of a strong base via the tosylhydrazone 

intermediate.120-122 A schematic of the reaction is outlined below (Scheme 3.12). For straight chain 

ketones, strong bases such as sodium hydride and lithium aluminium hydride, are required for 

successful deprotonation of the α-protons (Scheme 3.12b) and consequently successful synthesis of 

the corresponding alkene.120, 122  

 

Scheme 3.12: Conversion of ketones to alkenes (Shapiro reaction)120, 122 

 

Interestingly, however, Hiegel et al. reported that α-protons of cyclic 1,3-diketone tosylhydrazone 

analogues had the same relative acidity as the sulphonamide protons, hence their deprotonation 

could occur even under mild basic conditions.120 In light of the above information, considering the 

nature of our tosylhydrazone 2.24 and the given reaction conditions, we envisioned that the reported 

synthesis of 2.23 (Scheme 3.10) could proceed through a tetrahedral intermediate either via Pathway 

A (Scheme 3.13) or Pathway B. For Pathway A the C-2 acylation of 2.24 would afford 2.48 which, upon 

deprotonation of the sulphonamide proton, would attack the acyl carbonyl to give the tetrahedral 

intermediate 2.49. Alternatively, 2.49 could form through Pathway B from anion 2.50. 
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Scheme 3.13: Proposed mechanism towards the synthesis of tetrahydroindazolone 2.23 and amide 2.47 

 

In the same manner, we envisioned that the isolated product 2.47 could be obtained either by direct 

acetylation of the hydrazone nitrogen or the two-step pathway initiated by C-2 acetylation to give the 

tetrahedron intermediate 2.51 which subsequently collapses to give the corresponding amide 

product. Figure 3.10 shows the calculated DFT relative energies of the possible structural 

intermediates for both pathways A and B. These results indicated that intermediates 2.47 and 2.50, 

in which the hydrazine nitrogen is acylated, were lower in energy relative to their corresponding 

ketones 2.49 and 2.51. Interesting, however, was the difference in predicted energy barriers between 

the conversion of 2.50 to the tetrahedral intermediates 2.49 (Δ 57.9 kJ.mol-1) in comparison to the 

conversion of the methyl analogue 2.47 to 2.51 (Δ 100.6 kJ.mol-1). Similarly, the conversion of the 

methyl ketone 2.46 to the corresponding tetrahedral intermediate 2.51 required twice as much 

energy (Δ 40.1 kJ.mol-1), when compared to the trifluoromethyl analogue (20.9 kJ.mol-1). These results 

clearly indicated that the formation of the tetrahedral intermediate via both pathways was a higher 

energy process for the methyl system than for the trifluoromethyl counterparts. Additionally, the 

significant energy difference between 2.47 and 2.51 suggests that the direct acylation of the 
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hydrazone nitrogen, Pathway A (Scheme 3.13), is the most plausible route for the formation of the 

amide intermediate 2.47. Consequently, very harsh reactions conditions would be required for the 

formation of the tetrahedral intermediate 2.51 from the amide 2.47. On the contrary, the similar 

energy differences for the trifluoromethyl analogue suggest that the tetrahedral intermediate 2.49 

could be formed via either pathway, with Pathway A being the most energetically favoured. 

 

Figure 3.10: Results of the DFT simulations showing the relative potential energies of the proposed 
tetrahedral intermediates 2.49 and 2.51, from either their corresponding triketones 2.48 and 
2.46, or amides 2.50 and 2.47; respectively. The relative energies of these intermediate 
structures indicate that in either pathway, the reaction of the methyl system to give the 
intermediate 2.51 is significantly higher in energy than that of the trifluoromethyl analogue 
2.49.  

 

Subsequently, we envisioned that various reaction conditions could be explored to facilitate the 

cyclisation of intermediate 2.47. Thus, we shifted from the one pot, two-step reaction and subjected 

the isolated 2.47 to various reaction conditions hoping to drive the reaction forward towards 

cyclisation (Scheme 3.14). We initiated this investigation by subjecting 2.47 to the exact cyclisation 

conditions as reported by Huang et al.,52 unfortunately, this resulted in amide hydrolysis to recover 
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2.24 (Table 3.4, entry 1). We then envisioned that the presence of water could be contributing to the 

hydrolysis reaction, and as a result we attempted the cyclisation in the absence of water (entry 2). 

Disappointingly, however, we still isolated the hydrolysed product. Furthermore, we investigated 

different bases such as TEA and sodium methoxide (entries 3 and 4). This attempt was also 

unsuccessful, resulting in the recovery of 2.24. Although the actual mechanism of this reaction was 

not fully elucidated, at this point we hypothesized that MeOH, as a nucleophilic solvent, played a role 

in the hydrolysis reaction.  

Thus, in our next modification we examined a polar aprotic solvent such as THF, still under basic 

conditions. No reaction was observed when we used TEA or pyridine (entries 5 and 6), however, an 

interesting product was obtained when NaOH was used (entry 7). NMR spectral analysis indicated that 

although the starting material 2.47 and the obtained product had the similar signals, the signals had 

shifted. Most interesting, was the observation that the signal at δH 4.96 in the 1H NMR spectrum of 

2.47 (red spectrum, Figure 3.11), characteristic of H-2, was no longer observed in the 1H NMR 

spectrum of 2.52 (blue). Furthermore, two singlets at δ 10.45 and δ 10.42 characteristic of NH protons 

were observed, probably suggesting that N-9 now had an exchangeable proton, and consequently 

must be free of one of its substituents (blue spectrum).  
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Figure 3.11: Downfield region of the 1H NMR spectra of the starting material 2.47 (red) (DMSO-d6, 400 

MHz) and the unexpected product 2.52 (blue) (DMSO-d6, 500 MHz) after an attempted 

cyclization using NaOH in THF. The presence of two NH signals in the blue spectrum highlighted 

an unsuccessful cyclisation, moreover, the detosylation attempts were also unsuccessful as 

evidenced by the presence of aromatic signals.  

 

Taken together, these NMR spectroscopic data suggested that all the functional groups from the 

starting material were still present, but a shift had occurred resulting in the signals appearing at 

different chemical shifts; and that shift included a group migrating from N-9 to substitute H-2. In 

addition, HRESMS results revealed that the obtained product had the same mass as the starting 

material. Conclusive confirmation of the structure was obtained from XRD analysis, which clearly 

indicated that the tosyl group had migrated from the hydrazone N-9 to the C-2 position to give 

compound 2.52 (Figure 3.12). A similar effect was observed with NaH, KOH and K2CO3 (entries 8 – 10), 

although in lower yields. However, when tosylhydrazone 2.24 was subjected to the same reaction 
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conditions, it was recovered unreacted (entry 11). It was thus concluded that the amide group was 

critical for the tosyl migration reaction.  

 

  

Scheme 3.14: Attempted cyclisation of 2.41 under various conditions: 

Reagents and conditions: a) Starting material 2.47 or 2.24 (0.185 mmol), base in 2 mL solvent, r.t.,  

16 h 

 

Table 3.4: Attempted cyclisation of 2.47 under various conditions.  

Entry no. Starting 

Material 

Solvent Base Conc. (M) Major Product Yield (%)a 

1 2.47 MeOH:H2O 1:1 NaOH 0.25 2.24 90 

2 2.47 MeOH NaOH 0.5 2.24 82 

3 2.47 MeOH TEA 0.25 2.24 62 

4 2.47 MeOH NaOMe 0.25 2.24 66 

5 2.47 THF TEA 0.25 NRb NAc 

6 2.47 THF Pyridine 0.25 NR NA 

7 2.47 THF NaOH 0.25 2.52 76 

8 2.47 THF NaH 0.25 2.52 17 

9 2.47 THF KOH 0.25 2.52 59 

10 2.47 THF K2CO3 0.25 2.52 39 

11 2.24 THF NaOH 0.25 NR NA 

a) Isolated yields after silica gel purification. b) No reaction. c) Not applicable. 
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Figure 3.12: [A] Partially labelled structure of a single molecule of 2.52 with thermal displacement ellipsoids 
rendered at the 50% probability level and H-atoms shown as spheres of arbitrary radius. The 
asymmetric unit comprises a single molecule and Z = 4. [B] Polymeric structure of 2.52 viewed 
down the b-axis. The one-dimensional supramolecular structure is stabilised by N–H···O and 
C–H···O interactions with an H···O distances of 1.909 and 1.943 Å, respectively. These distances 
are both substantially shorter than the sum of the van der Waals radii suggesting a moderately 
strong interaction. The structure also shows intramolecular N–H···O interactions between the 
amine NH and sulfonyl O atom. 

 

Intrigued by these results we sought to observe the effect of other acyl anhydrides on the tosyl 

migration, and hopefully be enlightened on the migration reaction mechanism (Scheme 3.15). We 

initiated this investigation by using butyric (Table 3.5, entry 2), isobutyric (entry 3) and isovaleric 

(entry 4) anhydrides and we indeed isolated the N-acylated compounds 2.53 – 2.55, respectively 

(Figure 3.13). To our surprise, using acryloyl containing anhydrides (entries 5 – 7), resulted in the 

formation of the highly substituted pyrazolidinone ring-containing compounds 2.56 – 2.58, Figure 3.13 

and 3.14. Probably, the first step of the reaction is the nucleophilic Michael addition of N-8 followed 

by the amide formation at N-9 as outlined in Scheme 3.16 below, but no further studies were done 

on this reaction. It should be mentioned that attempts to synthesise and isolate the trifluoracetic 

anhydride amide analogue under these conditions were unsuccessful, instead we obtained the 

cyclised and detosylated 2.23 in 15% yield. 
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Scheme 3.15: Synthesis of amide analogues: 

Reagents and conditions: a) THF, TEA, 55 °C, 2 h 

 

Table 3.5: Synthesis of various amide analogues  

Entry no. R = Product no. Yield (%)a 

1 
 

2.47 60 

2  2.53 51 

3 

 

2.54 35 

4 
 

2.55 35 

5 
 

2.56 17 

6 

 

2.57 45 

7 

 

2.58 36 

8 

 

2.23 15 

a) Isolated yields after silica gel purification. 
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Figure 3.13: Products isolated from Scheme 3.15 as described in Table 3.5 

 

 

Figure 3.14: [A] Partially labelled structure of a single molecule of 2.56 with thermal displacement ellipsoids 
rendered at the 50% probability level and H-atoms shown as spheres of arbitrary radius. The 
asymmetric unit comprises a single molecule with Z = 4 in the P21/n space group. [B] One-
dimensional supramolecular structure of 2.56 viewed down the c-axis. The structure is 
stabilised by C–H···O interactions. The H···O distance is 2.469 Å. This is 0.251 Å shorter than 
the sum of the van der Waals radii suggesting a moderately strong interaction. 
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Scheme 3.16: Proposed mechanism of the synthesis of 2.56 - 2.58 

 

The subsequent reactions of 2.53 – 2.55 with NaOH in THF gave the corresponding rearranged 

products 2.59 – 2.61 in which the tosyl group migrated from the N-9 hydrazone nitrogen atom to the 

C-2 carbon atom (Scheme 3.17, Table 3.6).  

 

 

  

Scheme 3.17: Evaluation of the tosyl migration reaction: 

Reagents and conditions: a) Starting material (0.185 mmol),  

NaOH (0.25 M), THF (2 mL), r.t., 16 h 
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   Table 3.6: Evaluation of the tosyl migration reaction  

Entry no. R = Product no. Yield (%)a 

1  2.59 77 

2 

 

2.60 35 

3 
 

2.61 73 

a) Isolated yields after silica gel purification. 

 

The proposed potential mechanism is outlined in Scheme 3.18. We postulate that the deprotonation 

of the hydrazone N-8 initiates a cascade of electron movement which results in the subsequent 

nucleophilic attack of the sulfur atom. This could potentially occur either through a stepwise reaction 

via intermediate 2.62 (Pathway A) or a concerted single step reaction (Pathway B); both pathways 

would proceed through the tetrahedral transition state 2.63. We further propose that the amide 

moiety acts as an electron carrier, facilitating the S-N bond cleavage to give 2.64. Subsequently, the 

enamine tautomerisation and amide rearrangement results in the tosyl migrated compounds 2.52, 

2.59 – 2.61. 

Notably, the significant involvement of the amide group in the proposed mechanism corresponds with 

the experimental results described in Table 3.4 Entry 11, where no reaction was observed when the 

un-acylated 2.24 was subjected to the “tosyl migration” reaction conditions.  
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Accordingly, the yellow solid was subjected into cyclisation and detosylation reaction conditions as 

described by Huang et al.52 and we unexpectedly obtained the deacetylated product 2.24. 

Alternatively, we attempted the cyclisation following a procedure described by Hughes et al. for 

phenylhydrazine mediated tetrahydroindazolone condensation, using acetic acid in MeOH, but 

unfortunately this reaction afforded an unidentified side product. 

At this point, frustrated by the consistent failed attempts at the cyclisation reactions using the 

obtained acylated product, we needed to confirm the product structure as either 2.46 or 2.66. 

Surprisingly, XRD analysis revealed that we were working with neither one of the expected products. 

Instead, the obtained product was an O-acylated hydrazone 2.67, Figure 3.15.  

 

Figure 3.15: Partially labelled low-resolution structure of 2.67 showing the unexpected formation of an O-
acetylated hydrazine. 

 

Overall, based on these results, we concluded that the tosylhydrazone mediated 

tetrahydroindazolone condensation was not valuable for the synthesis of 2.12. As a result, for all our 

subsequent reactions, 2.12 was synthesised following the procedure described in Section 3.1.1.4. 

While discouraging, the results obtained from this study represent a new opportunity in 

understanding the utility of sulfones in synthetic organic chemistry. In particular, the unexpected 1-5 

nitrogen to carbon tosyl migration could be used for further investigations on sulfonyl migrations.  
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3.1.3. Coupling of 2.23 with benzonitriles 

Despite the reported selectivity of the arylation of tetrahydroindazolones at the N-1 position,96 Duan 

et al. reported the formation of the undesired N-2 arylated isomer 2.68 during the synthesis of 2.69 

via the copper-mediated coupling of 2.23 and 2.70 (Scheme 3.22).107  

 

 

Scheme 3.22: Copper mediated Ullmann coupling of 2.23 and 2.70 as reported by Duan et al.:107 

Reagents and conditions: a) CuI, N,N-dimethyl ethylenediamine, L-Proline, Dioxane, 98 °C 

 

Moreover, during their study of the structure and tautomerism of tetrahydroindazolones, Claramunt 

et al. reported that 2.12 exists in two main tautomeric forms, the 1H tautomer and the 2H tautomer. 

Their tautomeric equilibrium studies by NMR revealed that the 2H tautomer was favoured compared 

to the 1H form in both DMSO-d6 and THF-d8, with the 1H tautomer being slightly more favoured in the 

polar solvent (Figure 3.16). Furthermore, only the 2H tautomer was observed during XRD analysis of 

2.12.99 Based on this study, one would postulate that the N-arylation of 2.12 would result in a mixture 

of regioisomers, with the N-2 arylated isomer as the major product. It is worth noting that this study 

investigated 2.12 as an example, without varying the C-3 substituent, thus the possibility of these 

results varying with a CF3 substituent cannot be ruled out. Nevertheless, considering the above 

information, the possibility of the synthesis of regioisomers during the N-arylation of compound 2.23 

continued to be a challenge.  
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Figure 3.16: Tautomerisation of 2.12 THF-d8
a and DMSO-d6

b, as reported by Claramunt et al.:99 

a) Keq = [1H]/[2H] = 0.72 at 207 K 

b) Keq = [1H]/[2H] = 0.79 at 300 K 

 

To limit the number of possible undesirable reactions we opted to use 2-bromo-4-fluorobenzonitrile 

2.27 instead of 2,4-difluorobenzonitrile 2.31. The use of 2.27 allowed us to explore the orders of 

reactivity of the halogen substituents, hence we first selectively substituted fluorine under basic 

conditions. Accordingly, we followed the procedure described by Huang et al., where a solution of 

2.23 in anhydrous DMSO was treated with NaH and stirred for 15 minutes. Thereafter, 2.27 was added 

and the reaction mixture was stirred at 45 °C for 23 hours. Using TLC analysis, we noted that the crude 

mixture consisted of three major compounds, starting materials 2.27 and 2.23, and a prominent new 

spot. To our delight, after workup and silica gel purification, the desired isomer 2.29 was isolated in 

as an orange-yellow solid in 57% yield (Scheme 3.23). In accordance with the observation of Huang et 

al.52 and Taldone et al.96, the other two potential products resulting from either the N-2 arylation or 

bromine displacement were not isolated. The obtained NMR spectroscopic data excellently 

corresponded with the data reported in literature, most prominently, the absence of either fluorine-

hydrogen or fluorine-carbon coupling in the aromatic region was indicative of the synthesis of the 

desired isomer.  
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Scheme 3.23: N-arylation of tetrahydroindazolone 2.23:52 

Reagents and conditions: a) NaH, anhy. DMSO, 45 °C, 23 h, 57% 

 

Despite the desirable selectivity afforded using 2.27, issues observed with the subsequent N-arylation 

of 2.29 (as later discussed in Section 3.1.4) led us to also investigate the use of the less appealing 2,4-

difluorobenzonitrile 2.31. Wu et al. reported a procedure where 2.12 was coupled with 2.31 to give 

the desired isomer in 50% yield.98 Unfortunately, our attempts with the procedure favoured the 

formation of the dimeric product 2.71 with a 13:1 ratio in relation to the mixture of regioisomers 2.36 

and 2.72 (Scheme 3.24). Furthermore, the separation of the regioisomers by repeated silica gel 

chromatography was unsuccessful as the two compounds eluted very closely. Attempts to minimize 

the formation of the dimer by either significantly decreasing the reaction time or increasing the 

equivalents of 2.31 proved ineffective.  

 

Scheme 3.24: Attempted N-arylation of tetrahydroindazolone 2.23:54 

Reagents and conditions: a) K2CO3, DMSO, r.t, 16 h 
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Subsequently, we envisioned that having 2.31 in excess to 2.23 would slow down the dimerization. 

Accordingly, we altered the reagent addition, a suspension of 2.23 and K2CO3 in anhydrous DMSO was 

stirred for 15 minutes; thereafter, a solution of 2.31 in anhydrous DMSO was cannulated into the 

reaction mixture. The reaction was stopped after 20 minutes, as soon as the dimeric product started 

forming, as observed by TLC analysis. Expectedly, the reaction now favoured the formation of the 

regioisomers compared to the dimeric compound (3:1). However, the recovery of about 50% of the 

unreacted starting materials implied that the reaction had to be repeated multiple times prior to 

getting a reasonable amount of the desired regioisomeric mixture for subsequent steps. It then 

became apparent that the bottleneck of this approach was the formation of the dimer even after short 

reaction times, and the inability to separate the two regioisomers using the available silica gel column 

chromatography, thus it was considered impractical and all our subsequent N-arylation reactions were 

done as described in Scheme 3.23. 

3.1.4. Amine coupling, nitrile hydrolysis and deprotection 

 

3.1.4.1. Synthesis of 2.5 via the palladium catalyzed amine coupling  

The main methods reported for the formation of the aromatic carbon-nitrogen bond largely depend 

on the aryl substituent being displaced. Amination of aryl bromides is normally mediated by metal 

catalysts, such as palladium or copper, in the presence of suitable ligands.107, 123 Palladium-mediated 

cross-coupling of aryl halides and amines, commonly known as the Buchwald-Hartwig reaction, 

encompasses a diverse range of catalysts and ligands.124, 125 For instance, Huang et al. successfully 

demonstrated the coupling of 2.29 with aminocyclohexanol using Pd(OAc)2 and DPPF as the ligand in 

the presence of NaOtBu at 170 °C in a microwave reactor to afford the benzonitrile which was 

subsequently hydrated to give the corresponding benzamide in 84% yield (Scheme 3.25).52  
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Scheme 3.25: Palladium catalysed amine coupling:52 

Reagents and conditions: a) trans-4-aminocyclohexanol, Pd(OAc)2, DPPF, NaOtBu,  

toluene, 170 °C, microwave, 3 h; b) 30% H2O2, 1 M NaOH, EtOH, DMSO, r.t, 84% 

 

Sadly, Taldone et al. reported that they were unable to reproduce the results, only detecting the 

desired product in trace amounts.96 In their continued efforts to synthesise 2.69, they screened 

different palladium catalysts such as PdCl2, Pd2(dba)3 or Pd(PPh3), different solvents such as 

dimethoxyethane (DME) or DMF, and they also changed the base to K3PO4; however, with no success. 

Their best approach was using Pd2(dba)3 and DavePhos as the ligand at 50 °C overnight to afford the 

desired product in a low 45% yield (Scheme 3.26). To our great interest, was their coupling of 2.29 

with trans-4-diaminocyclohexane to give the desired product 2.73 in 41% yield.96 Despite the success 

of the coupling under the reported conditions, we were keen on investigating facile conventional 

reaction conditions to afford the desired product in higher yields.  

 

Scheme 3.26: Palladium catalysed amine coupling as reported by Taldone et al.:96 

Reagents and conditions: a) trans-4-aminocyclohexanol/ trans-4-diaminocyclohexane,  

Pd2(dba)3, DavePhos, NaOtBu, DME, 50 °C, overnight 
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Our initial assessment of the approach reported by Taldone et al. revealed one major issue, the use of 

an unprotected diamine, which may have dimerised, thus decreasing the yield of the desired product. 

To eliminate the possibility of dimerisation, we protected one amino moiety of 2.74 following a 

modified version of the procedure described by Masci et al. (Scheme 3.27).126 After workup, various 

purification attempts were unsuccessful, thus the crude material containing 2.75 was used without 

further purification.  

 

Scheme 3.27: N-Boc protection of trans-1,4-cyclohexanediamine:126 

Reagents and conditions: a) Boc2O, THF, 0 °C, 2 h 

 

Another problem observed with the approach reported by Taldone et al. was the use of a catalyst and 

ligand that were not readily available to us, and thus we sought to investigate methods using the 

reagents that we already had in hand. Fortunately, there are various literature reports of palladium 

catalysed coupling of aryl halides with amines.123, 125 At this point, the work done by Driver et al. caught 

our attention where they discovered the air-stable DPPF-ligated palladium complex (DPPF)PdCl2, 

which successfully catalysed the coupling of aryl halides and primary amines in THF at 100 °C to give 

secondary arylamines in high yields (80-96%).123 Accordingly, the (DPPF)PdCl2 complex was prepared 

following a slightly modified procedure described by Davies et al. (Scheme 3.28).127 Palladium(II) 

chloride (PdCl2) was dissolved in refluxing acetonitrile and stirred for 4 hours under an inert 

atmosphere of nitrogen to yield the palladium(II)chloride diacetonitrile complex 2.76. Thereafter, 

DPPF was added in a 1:1 mole ratio to the metal ion, and the reaction mixture was further stirred for 

1 hour. Subsequent filtration and recrystallisation in DMF resulted in 2.77 as an orange-red solid, 

which was dried in vacuum and used without any further purification. 
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Scheme 3.28: Preparation of DPPF(PdCl2):127 

Reagents and conditions: a) CH3CN, reflux, 4 h, N2(g); b) DPPF, reflux, 1h 

 

Subsequently, complex 2.77 and DPPF were added to a suspension of 2.29 and NaOtBu, followed by 

the addition of the Boc-protected amine 2.75 and reacted between 60 – 65 °C for 4 hours (Scheme 

3.29a). Purification by silica gel chromatography afforded a yellow solid. 1H NMR analysis of the 

obtained product indicated that the coupling was successful, however, some minor impurities were 

observed. Successive attempts to purify the compound using silica gel chromatography were 

inefficient. This was particularly challenging since only one spot was observed during TLC analysis 

irrespective of the solvent system used. Thus, we reasoned that the impurities were due to the amine 

starting material and different purification methods had to be explored. Unfortunately, attempts to 

recrystallise the product from several hot solvents were unsuccessful.  

 

Scheme 3.29: Palladium catalysed amine coupling and subsequent nitrile hydyrolysis of 2.29: 

Reagents and conditions: a) 2.75, 2.77, DPPF, NatOBu, THF, 60-65 °C, 4 h, 65%; b) K2CO3, 30% H2O2, DMSO, r.t., 

2 - 3 h, 73% 

 

The subsequent nitrile hydrolysis of 2.78 was catalysed by 30% H2O2 in DMSO following a procedure 

described by Wu et al.98, the suspension was stirred at room temperature and the reaction was 

monitored by TLC (Scheme 3.29b). The starting material would typically be depleted after 2-3 hours, 

and upon purification the product 2.79 was obtained as an off-white solid. Gratifyingly, based on the 
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1H NMR spectrum, we no longer observed the impurity observed for the synthesis 2.78. The presence 

of a signal at δC 170.7, characteristic of an amide functional group, in the 13C NMR spectrum of 2.79 

was evidence of a successful hydrolysis.  

 Boc deprotection using TFA in DCM yielded the desired core intermediate 2.5 (Scheme 3.30). The 

product was either obtained as a free amine or TFA salt, however, in both cases full NMR spectroscopic 

analysis was indicative of the synthesis of the desired product.  

 

Scheme 3.30: Boc deprotection to yield the core intermediate 2.5: 

Reagents and conditions: a) TFA, DCM, r.t, 5 - 7 h, 35 - 41% 

 

3.1.4.2. Synthesis of 2.6 via the base catalysed amine coupling  

As previously stated, contrary to the palladium catalysed substitution of bromine described in the 

previous section, the displacement of the more reactive fluorine was a more simple and efficient 

approach, which made it an appealing route. This method enabled aryl amination using readily 

available and inexpensive reagents such as DIPEA. Additionally, fluorine displacement is typically 

caried out under conventional reaction conditions; eluding the complexity observed with metal 

catalysed coupling reactions.  Evidently, we successfully synthesised 2.80 by subjecting 2.30 to 

reaction conditions reported by Hughes et al. (Scheme 3.31a), the subsequent hydrolysis was 

performed as described above to afford the corresponding benzamide 2.81 as a pale-yellow solid (step 

b).  
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Scheme 3.31: Base catalysed amine coupling and subsequent nitrile hydrolysis of 2.30: 

Reagents and conditions: a) 2.75, DIPEA, DMSO, 90 °C, 30 - 60 min., 74%; b) K2CO3, 30% H2O2,  

DMSO, r.t., 2 - 3 h, 73% 

 

Consequent Boc deprotection following the general procedure in Scheme 3.30 yielded the core 

intermediate either as a free amine or a TFA salt (Scheme 3.32). 

 

Scheme 3.32: Boc deprotection to yield the core intermediate 2.6: 

Reagents and conditions: a) TFA, DCM, r.t, 5 - 7 h, 64 - 79% 

3.1.5. Completing the scaffolds 

As previously discussed, the main aim of this project was to synthesize extracellular HSP90 inhibitors 

by tethering the already known active HSP90 inhibitor with polar N-alkyl chains. Upon successful 

synthesis we then explored the effect of these extracellular inhibitors on cancer cells and their specific 

mechanism of action. 

 We identified the sulfonic and phosphonic acid functionalities as consisting of desirable 

hydrophobicity required for the design of the cell-impermeable inhibitors. Compounds 2.1 and 2.2 
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were designed to incorporate the sulfonic acid moiety. Compounds 2.3 and 2.4 were designed to 

incorporate the phosphonic acid moiety. 

 

3.1.5.1. Synthesis of sulfonate-containing extracellular inhibitors   

Nucleophilic substitution of the alkyl halide afforded the sulfonate-containing extracellular inhibitors. 

Direct N-alkylation of primary amines with alkyl halides is one of the traditional methods for the 

preparation of secondary amines. Theoretically, the reaction yield could be improved by using a large 

excess of the amine 2.5; however, this would be a wasteful process in our case given that the amine 

was synthesized in our laboratory.   

Our initial attempts began with the synthesis of 2.2, where the reactants were suspended in DMF in 

the presence of DIPEA and heated to 50 °C (Scheme 3.33). After stirring for 18 hours the reaction 

mixture was concentrated and purified by silica gel chromatography using DCM:MeOH as the mobile 

phase, to yield the desired product 2.2 as a white fluffy solid.  

 

 

 

 

Scheme 3.33: Synthesis of the sulfonate containing extracellular HSP90 inhibitors: 

Reagents and conditions: a) DIPEA, DMF, 50 °C, 18 h 
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The significant difference between the 1H NMR spectra of the starting material 2.6 and the obtained 

product was the presence of signals characteristic of four additional methylene groups. Conclusive 

evidence of the synthesis of the desired product was obtained from HRESMS. Extracellular inhibitor 

2.1 was prepared in an analogues fashion from amine 2.5, and the synthesis of the desired product 

was confirmed by full NMR spectroscopic characterization and HRESMS. 

3.1.5.2. Synthesis of phosphonate-containing extracellular inhibitors  

The synthesis of the phosphonate-containing extracellular inhibitors 2.3 and 2.4 incorporated the 

formation of an amide linkage from the amines 2.5 and 2.6 with the acid 2.8, which is a common 

feature in various biologically relevant molecules. One traditional method for amide synthesis is the 

condensation of a carboxylic acid functionality with an amine group in the presence of a carboxyl 

activating agent such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI).128 Mechanistically, 

the carboxylic acid is activated by EDCI, generating an intermediate which then directs reacts with the 

amine to yield the desired amide. To preclude formation of side products, nucleophiles such as 

hydroxybenzotriazole (HOBt), N-hydroxysuccinimide (NHS) and DMAP can be added to the reaction 

mixture.128   

 To our delight, during their study of the synthesis and evaluation of HSP90 probes, Taldone et al. 

reported a similar reaction where the desired amide 2.82 was synthesised from the coupling of 2.5 

and carboxylic acid 2.83 in the presence of EDCI and DMAP in DCM (Scheme 3.34). Unfortunately, our 

attempt following this procedure was unsuccessful. We reasoned that the poor solubility of the acid 

2.8 in DCM was the main obstacle towards the successful synthesis of our desired compound.  
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Scheme 3.34: Amide formation from 2.5 as reported by Taldone et al.:96 

Reagents and conditions: a) DMAP, EDCI, DCM, r.t., 2 h, 91% 

 

Alternatively, Dang et al. reported the coupling of monoprotected amine 2.74 and with 6-

phenylhexanoic acid 2.84 in DMF with HOBt and EDCI in the presence of DIPEA to yield 2.85 (Scheme 

3.35). The use of DMF was an advantage to us since it was a more polar solvent which could potentially 

dissolve the carboxylic acid 2.8. 

 

Scheme 3.35: Amide formation from 2.74 as reported by Dang et al.:129 

Reagents and conditions: a) DIPEA, EDCI, HOBt, DMF, r.t., 12 - 16 h 

 

Accordingly, following a slight modification, extracellular inhibitors 2.3 and 2.4 were prepared by 

coupling amine 2.5 and 2.6 with carboxylic acid 2.8 under the conditions described in Scheme 3.36. 

The reactions were monitored by TLC, no starting material could be visualized on the TLC plate. 

Worryingly, however, was the visualization of multiple spots on the TLC plate. The crude reaction 

mixture was purified by silica gel chromatography and only one spot could be isolated and 

characterised. Gratifyingly, this compound was characterised to be the desired product 2.4, albeit in 
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poor yields. Similarly, 2.3 was synthesized following the same procedure. The structure of 2.3 was 

confirmed using NMR spectroscopy and HRESMS. Unfortunately, sufficient purification of these 

compounds proved to be challenging, with minor impurities observed in the upfield region of their 1H 

NMR spectra. Delightfully, however, high resolution mass spectroscopic data was in agreement with 

the expected masses of products 2.3 and 2.4 with 98.3% and 97.3% purity, respectively.  

 

Scheme 3.36: Synthesis of the phosphonate containing extracellular HSP90 inhibitors: 

Reagents and conditions: a) DIPEA, EDCI, NHS, DMF, r.t., 42 - 72 h 
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4. CHAPTER 4: BIOLOGICAL EVALUATION 

Having synthesised our desired analogues, we submitted them for biological assessment with our 

collaborator Prof. Adrienne Edkins from Rhodes University. As stated in Chapter 1, the clinical 

development of intracellular HSP90 inhibitors is limited by the induction of the compensatory HSR, 

which triggers the overexpression of HSP70, which compensates for the depleted function of HSP90. 

A growing body of evidence suggests that targeting the extracellular environment would be of 

advantage and devoid of the drawbacks observed with intracellular HSP90 inhibition. As described 

previously, in order to target extracellular HSP90, we hypothesized that tethering a disordered polar 

substituent to a known HSP90 inhibitor, in a manner that would not disrupt the pharmacophore, we 

could prevent cellular penetration, and selectively inhibit extracellular HSP90 (Figure 4.1).  

 

 

Figure 4.1: Chemical structures of target compounds synthesised in this project 

 

As a means of assessing the success of our design hypothesis we were interested in two preliminary 

biological evaluations; 1. To evaluate if our modifications reduced intracellular HSP90 activity and 

whether they stimulated the pro-oncogenic HSR, and 2. Whether they still possessed potent 

cytotoxicity. 
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4.1. Intracellular HSP90 inhibition and HSR stimulation  

CDK4 is an intercellular client of HSP90, which is degraded upon HSP90 inhibition, and is used as an 

indirect measure of HSP90 inhibition. Similarly, inhibition of intracellular HSP90 stimulates the HSR 

which results in increased expression of HSP70. Accordingly, intracellular HSP90 inhibition was 

determined by treatment of HeLa cells with our inhibitors, followed by quantitative Western blot 

analysis of cell lysates. These data were collected using a previously reported method,130 alongside a 

blank (DMSO) control and a parent HSP90 inhibitor SNX2112. 

From the Western blot analysis, Figure 4.2, we observed that in comparison to the DMSO control 

SNX2112 completely depleted CDK4, whilst simultaneously increasing HSP70 levels, thus indicating 

inhibition of intracellular HSP90 and stimulation of the HSR, at both tested concentrations (25 and 50 

nM). By comparison, folded CDK4 was still detected following treatment with the modified HSP90 

inhibitors at the same concentrations, while HSP70 was present at levels comparable to the DMSO 

control.  

 

Figure 4.2:  Western blot for CDK4 and HSP70 levels. HSP90 inhibition should reduce CDK4 levels and 

increase HSP70. This is what is observed for SNX2112, and the inverse effect is observed for 

our synthesised compounds, thus indicating reduced intracellular HSP90 inhibition. This is an 

example of one of five replicate blots showing the same result 
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Quantification of these data was achieved through densitometry readings (Figure 4.3 and 4.4) This 

analysis conformed that SNX2112 resulted in a statistically significant reduction in CDK4 abundance, 

whilst having the converse effect on HSP70 and CDK4 concentration. At both concentrations, 

compounds 2.1, 2.2 and 2.4 did not deplete CDK4 abundance below the threshold determined in the 

DMSO control. These data indicate a small yet significant increase in CDK4 in the presence of 2.1 and 

2.2. However, this is more likely an artefact of the experiment. While compound 2.3 seemingly 

depleted CDK4 at 25 nM, this effect was absent at 50 nM, and was more in line with the trend observed 

for 2.1, 2.2 and 2.4. HSP70 levels in the presence of all four compounds was consistent, and statistically 

not significantly different to those observed in the DMSO control.   

Together these data suggest that our modified HSP90 inhibitors compounds were not inhibiting 

intracellular HSP90 nor were they stimulating the complementary HSR. While promising, this does not 

necessarily classify them as extracellular inhibitors.  

 

 

Figure 4.3: Average densitometry for the levels of CDK4 relative to Histone loading control. Data are 

averages of two independent replicates but show a trend consistent across five independent 

replicates. Statistical analysis is by two-way ANOVA comparing all to the DMSO treated 

control. 
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Figure 4.4:  Average densitometry for the levels of HSP70 relative to Histone loading control. Data are 

averages of two independent replicates but show a trend consistent across five independent 

replicates. Statistical analysis is by two-way ANOVA comparing all to the DMSO treated control 

 

4.2. Cytotoxicity evaluation  

Finally, we evaluated the cytotoxicity activity of the synthesised compounds against a HeLa cell line 

(Figure 4.5). Data are reported as pIC50 (M), which is a negative algorithm of IC50 in molar 

concentration.131 Higher pIC50 depicts greater potency; i.e., pIC50 of six is a micromolar compound, 

while that of nine represents a millimolar compound. 

These data show that compared to SNX2112, the modifications resulted in an order of magnitude 

reduction in cytotoxicity. The reasons for this are not clear, however the inability to disrupt 

intracellular HSP90, due to their cell-impermeability, is likely a factor. As mentioned in this thesis, our 

novel compounds were designed to target extracellular HSP90, but, the data we currently have on 

hand is not sufficient to confirm their mechanism of action and whether these compounds exert their 

activity through HSP90 binding; more assays are underway. Importantly, however, all four analogues 

still retained potent cytotoxic activity in the nanomolar range. Overall, there was no substantial 

difference in activity between the four compounds, and thus no real preferences for any of the 
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structural difference can be inferred. However, given the small number of compounds a structure 

activity relationship analysis would be premature.  

 

 

Figure 4.5: Cytotoxicity data: Average pIC50 values of the synthesised compounds against a HeLa cell line 

 

4.3. Conclusion  

Biological results reported in this chapter displayed the potential therapeutic value of cell-

impermeable compounds as extracellular HSP90 inhibitors; furthermore, a structure-activity 

investigation of these compounds presents a valuable research probe for future studies.  

Our modification impeded intracellular HSP90 activity and did not induce the compensatory HSR. We 

further confirmed that our novel synthesised compounds, 2.1 – 2.4, displayed potent cytotoxicity in 

the nanomolar range against a HeLa cell line; however, with an order of magnitude less potent than 

the parent compound, SNX2112. Presumably, to some extent, the reduced cytotoxicity was due to the 

reduced HSP90 inhibition. Furthermore, the inhibition of extracellular activity, will have additional 

features beyond cytotoxicity such as inhibition of metastasis. If these compounds are not found to 

disrupt extracellular or intracellular HSP90, then they represent an exciting new class of inhibitors, 

which act via a currently unknown cytotoxicity pathway. Ongoing biological assessments include 
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confirmation of ATPase activity in an HSP90 enzyme-based assay, as well as longer terms evidence of 

metastasis inhibition through wound healing assays 

In addition to cytotoxicity, such extracellular targeted inhibitors, could further be useful in treatment 

of cancers with an extracellular HSP90 dependant metastasis. These data support the feasibility of 

targeting extracellular HSP90 as a novel anticancer strategy. Conclusively, compounds synthesised 

during this project present a good starting point for the development of extracellular HSP90 inhibitors.  
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5. CHAPTER 5: CONCLUSION AND FUTURE WORK 

With the intention of introducing hydrophobicity for the development of extracellular HSP90 

inhibitors, we envisioned that the desired compounds could be afforded through the introduction of 

polar alkyl chains containing sulfonic acid and phosphonic acid moieties, onto a well-characterized and 

potent intracellular HSP90 inhibitor. Based on the results reported by Hughes et al., this was to be 

achieved by linking the polar alkyl functionalities on the C-2’ position of the HSP90 inhibitors.54 

The HSP90 inhibitor was synthesized using developed methodology, as well as modified methodology, 

there was no obviously superior method, rather the synthetic approach was mainly determined by the 

C-3 substituent. As previously mentioned, given the key role of the benzonitrile 2.27 and 2.31, and the 

interest in synthesising regioisomerically pure precursors prior to the condensation to yield 2.28 - 2.30 

and 2.36, we were initially interested in investigating Pathway B, which eliminated the potential of 

forming the N-2 arylated intermediates (Scheme 2.10).   

Key intermediate 2.30 was efficiently afforded from the condensation of 2.18 and phenylhydrazine 

2.32 (Scheme 5.1). The major challenge with this method was the purification of the phenylhydrazine 

2.32. This challenge could be overcome by using the brominated phenylhydrazine. However, with our 

great interest in a simple and efficient subsequent amination, we opted to proceed with the procedure 

originating from 2,4-difluorobenzonitrile. The subsequent amination of 2.30 was performed using 

cost-effective and simple procedures under basic conditions (step d) to yield the desired intermediate 

in 74% yield. Subsequent nitrile hydrolysis (step e) and Boc deprotection afforded the amine 

intermediate 2.6 in good yields (79%).  
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Scheme 5.1: Synthesis of intermediate 2.30 via Pathway B: 

Reagents and conditions: a) (CH3CO)2O, DMAP, DIPEA, DCM, r.t., 24 h, 57% yield; b) H2O.NH2NH2, MeOH, r.t., 16 

h; c) MeOH, AcOH, r.t., 3 d., 30% yield over step b and c; d) DIPEA, DMSO, 90 °C, 30 - 60 min., 74% yield; e) K2CO3, 

30% H2O2, DMSO, r.t., 2 – 3 h, 60% yield.; f) TFA, DCM, r.t., 5 -7 h, 79% yield. 

 

The instability of the trifluoromethyl β-triketone analogue of 2.18 precluded the synthesis of the key 

intermediates 2.29 via Pathway B. Alternatively, tetrahydroindazolone 2.23 was obtained following 

the tosylhydrazone mediated procedure (Scheme 5.2a, b). Unfortunately, attempts to expand the 

tosylhydrazone mediated procedure for the synthesis of the methyl-containing tetrahydroindazolone 

were unsuccessful (Section 3.1.2). The subsequent N-arylation of 2.23 could be done using 2-bromo-

4-fluorobenzonitrile or 2,4-difluorobenzonitrile. Interested in an efficient late-stage amination, we 

initially attempted the N-arylation using 2,4-difluorobenzonitrile. However, we formed the dimeric 

compound as the major product; furthermore, the two regioisomers could not be separated using 

conventional separation techniques such as silica gel chromatography and recrystallization (Section 

3.1.3). Alternatively, the reaction of 2.23 and 2-bromo-4-fluorobenzonitrile 2.27 gave the desired 

product 2.29 which was subsequently aminated under complex and expensive Buchwald conditions 

(step d) to yield the desired compound in 65% yield. Similarly, the subsequent nitrile hydrolysis (step 

e) and Boc deprotection afforded the amine intermediate 2.5 in 41% yields. Given that the key 

intermediates 2.29 and 2.30 were synthesised using different pathways, the obtained overall yields of 

the two precursors could not be directly compared.   
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Scheme 5.2: Synthesis of intermediate 2.29 via Pathway A: 

Reagents and conditions: a) (CF3CO)2O, THF, TEA, 55 °C, 2 h; b) NaOH, MeOH, H2O, r.t., 3 h, 15% yield; c) NaH, 

anhy. DMSO, 45 °C, 23 h, 57% yield; d) DPPF[PdCl2], DPPF, NatOBu, THF, 60-65 °C, 4 h, 65% yield; e) K2CO3, 30% 

H2O2, DMSO, r.t., 2 – 3 h, 73% yield.; f) TFA, DCM, r.t., 5 -7 h, 41% yield. 

 

The use of base-catalysed reactions for the nucleophilic displacement of the bromine in 2.7, 

successfully afforded us with our desired sulfonic acid containing target compounds in moderate 

yields (Scheme 5.3a). The extracellular inhibitors containing the phosphonic acid moiety were 

afforded in moderate yields through the coupling of the amine intermediates with the carboxylic acid 

moiety of 2.8 (Scheme 5.3b). In conclusion, we were successful in developing and synthesizing 

potential extracellular HSP90 inhibitors.  
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Scheme 5.3: Synthesis of the desired extracellular HSP90 inhibitors: 

Reagents and conditions: a) DIPEA, DMF, 50 °C, 18 h; b) DIPEA, EDCI, NHS, DMF, r.t., 42 - 72 h 

 

Upon successful synthesis, the analogues were sent for biological evaluation. Consistent with our 

hypothesis, we demonstrated that our compounds did not disrupt intracellular HSP90 activity. An 

important observation from this study is that our novel compounds displayed potent cytotoxicity in 

the nanomolar range, without induction of the HSR. While encouraging, these data do not confirm 

extracellular activity. These compounds are still undergoing a suite of additional biological 

assessments including, screening for HSP90 ATPase activity, wound healing assays and refolding assays 

using extracellular HSP90 clients, which will be reported in due course. Membrane permeability assays 

and stability studies would also be necessary for future work. 



103 
 

Given the potential of these analogues, an extensive SAR investigation is required. The ongoing 

biological assessments and SAR are needed to drive future design. An advancement towards the 

synthesis and biological evaluation of a library of these analogues, with varying polar alkyl chain 

lengths and polar moieties, would offer valuable insights on how successful these cell impermeable 

SNX analogues would be as potential extracellular HSP90 inhibitors.  

Having done an extensive investigation on the synthetic procedures, the methodology followed in this 

project will be used for future target synthesis. We propose that the methyl containing analogues be 

synthesised following the procedure described in Scheme 5.1, where the key intermediate results 

from the condensation of a β-triketone and 2,4-difluorobenzonitrile. Two alternatives would be 

available for this synthesis: the condensation of a β-triketone with 2-bromo-4-fluorobenzonitrile, or 

the N-arylation of a methyl containing tetrahydroindazolone. However, drawbacks such as the 

synthesis of inseparable N-arylated isomers and the use expensive palladium catalysts under complex 

reaction conditions for the amination reaction would greatly limit their use. However, limited by the 

instability of the corresponding β-triketone, the synthesis of the trifluoromethyl analogues would 

follow the tosylhydrazone mediated procedure as described in Scheme 5.2.   
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6. CHAPTER 6: EXPERIMENTAL DATA 

6.1. General Experimental Procedures 

6.1.1. Solvents and reagents  

Solvents and commercially available reagents used for this project were purchased from Honeywell 

or Sigma-Aldrich and used without further purification. All reactions that included the use of air and/or 

moisture sensitive reagents were carried out under an inert atmosphere of nitrogen using oven-dried 

glassware and anhydrous solvents.  

6.1.2. Chromatographic Separations  

Thin layer chromatography (TLC) analysis was performed on aluminium supported silica gel 60 TLC 

plates, coated with fluorescent indicator F254 and visualized by an ultraviolet (UV) light.  

6.1.3. Spectroscopic Techniques  

All nuclear magnetic resonance (NMR) spectra were recorded either on a Bruker 400 MHz or 500 MHz 

UltraShield NMR spectrometer. Proton chemical shifts are listed in ppm referenced against the NMR 

solvent as the internal standard (CDCl3: δ 7.26; CD3OD: δ 3.31; (CD3)2SO: δ 2.50; (CD3)2CO: δ 2.05). 

Carbon chemical shifts are listed in ppm relative to the NMR solvent peak (CDCl3: δ 77.16; CD3OD: δ 

49.00; (CD3)2SO: δ 39.52; (CD3)2CO: δ 29.84). NMR spectral data is reported as: chemical shift, 

integration, multiplicity (b = broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet) and 

coupling constants (J) in Hertz (Hz). 

High resolution mass spectrometric (HRMS) data was obtained using a Waters Synapt G2 TOF 

instrument with an ESI source. All data were reported in m/z values. 

Infrared (IR) spectral data was obtained using an Alpha II FTIR spectrometer and the IR data is reported 

as absorption frequency (cm-1). 
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Important to note that full spectral assignment of the synthesised compounds depended on the 

complexity of the obtained NMR spectra, interchangeable signals and signals under the solvent/water 

signal were denoted using * and # symbols, respectively. MS and IR spectra were obtained only when 

necessary and for final compounds.   

6.1.4. X-ray crystallography 

The X-ray data were recorded on a Bruker Apex Duo equipped with an Oxford Instruments Cryojet 

operating at 100(2) K and an Incoatec microsource operating at 30 W power. Crystal and structure 

refinement data are given in Table 6.1. The data were collected with CuKα (λ = 1.54178 Å) radiation 

at a crystal-to-detector distance of 50 mm. The following conditions were used for the data collection: 

omega and phi scans with exposures taken at 30 W X-ray power and 0.50° frame widths using 

APEX2.132 The data were reduced with the programme SAINT132 using outlier rejection, scan speed 

scaling, as well as standard Lorentz and polarisation correction factors. A SADABS semi-empirical 

multi-scan absorption correction132 was applied to the data. Direct methods, SHELX-2014133 and 

WinGX134 were used to solve all three structures. All non-hydrogen atoms were located in the 

difference density map and refined anisotropically with SHELX-2014133. All hydrogen atoms were 

included as idealised contributors in the least squares process. Their positions were calculated using 

a standard riding model with C-Haromatic distances of 0.93 Å and Uiso = 1.2 Ueq, C-Hmethylene distances of 

0.99 Å and Uiso = 1.2 Ueq and C–Hmethyl distances of 0.98 Å and Uiso = 1.5 Ueq.   
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6.1.6. Cytotoxicity 

The HeLa cervical carcinoma cell line was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) pencillin-streptomycin-amphotericin 

(PSA) and 1% (v/v) GlutaMAX. Cytotoxicity of the compounds was tested using the previously 

described resazurin viability assay.137 SNX2112 was used as the positive control to compare the 

cytotoxicity of analogues.  

6.1.7. Western Blot Analysis 

HeLa cells were treated overnight with compounds and lysates prepared in RIPA buffer. Proteins in 

the lysates were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

followed by transfer to nitrocellulose membranes for western blot analysis using the accepted 

modifications of the original protocols.138, 139 SNX2112 was used as the positive control for loss of CDK4 

and upregulation of HSP70 in response to HSP90 inhibition. Detection of the levels of HSP70 (stress-

inducible isoform), CDK4 (obligate HSP90 client protein) and histone H3 (loading control) in untreated 

and treated HeLa cell lysates were determined using specific antibodies against the target proteins 

coupled to chemiluminescent detection via a species-specific secondary antibody, as per our 

previously published protocol.140 

6.1.8. Other general procedures 

The numbering on compounds does not follow the official IUPAC rules. The atoms were numbered 

to allow for simpler characterisation assignments. 
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6.2. Experimental data: Synthesis of the HSP90 extracellular inhibitors 

6.2.1. Dimedone acetylation 

6.2.1.1. Triethylamine mediated dimedone acetylation  

 

Dimedone (150 mg, 1.07 mmol, 1.00 eq.) and triethylamine (0.160 mL, 1.12 mmol, 1.10 eq.) were 

dissolved in acetonitrile (1.30 mL) and cooled to 0 °C in an ice bath. Acetyl chloride (800 μL, 1.12 mmol, 

1.10 eq.) was added dropwise and the reaction mixture was heated to 55 ˚C. Following 3 hours of 

stirring, the observed white solid was filtered off and the resultant filtrate was concentrated in vacuo 

to yield a dark brown oil which was purified using silica gel column chromatography (hexane: EtOAc, 

8:2) yielding enol-ester 2.43 as a yellow oil (146 mg, 0.801 mmol, 75% yield).  

3-Acetoxy-5,5-dimethyl-2-cyclohexenone (2.43): yellow oil (75% yield); IR (νmax cm-1) 2959, 1769, 

1666, 1359;  1H NMR (CDCl3, 400 MHz): δH 5.83 (1H, t, J = 1.2 Hz, H-2), 2.35 (2H, d, J = 1.2 Hz, H-4), 2.19 

(2H, s, H-6), 2.14 (3H, s, H-9), 1.04 (6H, s, H-7); 13C NMR (CDCl3, 100 MHz): δC 199.4 (CO, C-1), 168.0 

(qC, C-3), 167.4 (CO, C-8), 116.5 (CH, C-2), 50.8 (CH2, C-6), 42.2 (CH2, C-4), 33.1 (qC, C-5), 28.1 (2 x CH3, 

C-7), 21.2 (CH3, C-9) ppm.  

6.2.1.2. Fries rearrangement of 3-acetoxy-5,5-dimethyl-2-cyclohexenone 2.43  
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Enol-ester 2.43 (146 mg, 0.801 mmol, 1.00 eq.) was treated with anhydrous AlCl3 (214 mg, 1.60 mmol, 

2.00 eq.) and heated to 120 °C for 16 hours to yield a black sticky crude material. The crude material 

was quenched with ice, extracted twice with EtOAc, the combined organic layers were washed with 

brine, dried over MgSO4 and concentrated in vacuo to yield a dark brown oil which was purified using 

silica gel column chromatography to yield the product as an orange-yellow oil (69.0 mg, 0.379 mmol, 

47% yield).  

2-Acetyldimedone (2.18, isolated in enol form): Orange-yellow oil (47% yield); IR (νmax cm-1) 2953, 

2498, 1575, 1513, 1463; 1H NMR (CDCl3, 400 MHz): δH 2.59 (3H, s, H-9), 2.52 (2H, s, H-4), 2.35 (2H, s, 

H-6), 1.07 (6H, s, H-7); 13C NMR (CDCl3, 100 MHz): δC 202.6 (CO, C-8), 198.0 (CO, C-1), 195.3 (CO, C-3),  

112.5 (qC, C-2), 52.6 (CH2, C-6), 47.1 (CH2, C-4), 30.8 (qC, C-5), 28.6 (2 x CH3, C-7), 28.3 (CH3, C-9) ppm. 

ESI-MS m/z 179.1182 (calculated for [M+H]+ C10H15N2O 179.1184). Spectral data was in accordance 

with that previously reported.116, 117 

6.2.1.3. DIPEA mediated dimedone acetylation  

 

Acetic anhydride (710 μL, 7.49 mmol, 1.05 eq.) was added dropwise to a solution of dimedone (1.00 

g, 7.13 mmol, 1.00 eq.), DIPEA (1.30 mL, 7.49 mmol, 1.05 eq.) and DMAP (440 mg, 0.357 mmol, 0.05 

eq.) in DCM (20 mL), and the pale-yellow reaction mixture was stirred at room temperature. After 24 

hours the mixture was concentrated in vacuo and partitioned between 1 M HCl and EtOAc. The organic 

layer was collected and washed with brine, dried over MgSO4, filtered, and concentrated in vacuo to 

yield a crude yellow oil which was purified by silica gel chromatography (hexane: EtOAc, 7:3) to yield 

2.18 as an orange-yellow oil (586 mg, 45% yield) alongside the O-acylated compound 2.43 in 24% yield. 
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Subsequent Fries rearrangement of 2.43 gave 2.18 in 57% overall yield (741 mg, 0.407 mmol, 57% 

yield). Spectral data was in accordance with the one reported for 2.18 in Section 6.2.1.2. 

6.2.2. Phenylhydrazine synthesis 

6.2.2.1. 2,4-Difluorobenzonitrile mediated phenyl hydrazine synthesis  

 

Hydrazine hydrate (180 mg, 3.59 mmol, 5.00 eq.) was added dropwise to a solution of 2,4-

difluorobenzonitrile (100 mg, 0.719 mmol, 1.00 eq.) in MeOH (1.00 mL). The clear reaction mixture 

was stirred at room temperature for 16 hours. MeOH was then removed in vacuo and the crude 

material was partitioned between EtOAc (1 mL), water (0.7 mL) and 1M NaOH (0.3 mL). The organic 

layer was washed with sat. brine (0.5 mL), dried over anhydrous MgSO4 and concentrated in vacuo to 

yield a cream white solid.  The crude solid was purified by silica gel chromatography (hexane: EtOAc, 

7:3) to first elute a mixture of the desired isomer 2.32 and the dimeric product 2.40 (61.0 mg) as an 

off-white solid and the polar isomeric product 2.39 as a brown solid (28.0 mg, 0.185 mmol, 26% yield).   

4’-Fluoro-2’-hydrazinylbenzonitrile (2.39): brown solid (26% yield); 1H NMR ((CD3)2CO, 400 MHz): δH 

11.00 (1H, s, NH-1), 7.73 – 7.69 (1H, dd, J = 8.8, 5.2 Hz, H-6’), 7.04 – 7.01 (1H, dd, J = 9.9, 2.2 Hz, H-3’), 

6.79 – 6.74 (1H, ddd, J = 9.4, 8.9, 2.3 Hz, H-5’), 5.07 (2H, s, NH2-2); 13C NMR ((CD3)2CO, 100 MHz): δC 

163.2 (CF, d, J = 243.2 Hz, C-4’), 150.0 (CN, C-7’), 143.0 (qC, d, J = 13.1 Hz, C-2’), 122.1 (CH, d, J = 11.4 

Hz, C-6’), 112.3 (qC, C-1’), 107.8 (CH, d, J = 26.7 Hz, C-5’), 95.5 (CH, d, J = 26.2 Hz, C-3’) ppm. 
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6.2.2.2. 2-Bromo-4-fluorobenzonitrile mediated phenylhydrazine synthesis 

 

Anhydrous hydrazine (1.92 g, 59.9 mmol, 12.0 eq.) was added dropwise to a clear solution of 2-bromo-

4-fluorobenzonitrile (1.00 g, 4.99 mmol, 1.00 eq.) in anhydrous THF (25.0 mL). The pale-yellow 

reaction mixture was stirred at room temperature under an inert atmosphere of nitrogen for 16 hours. 

A white precipitate formed. More THF was added to dissolve the observed solids and washed with sat. 

NaHCO3 until the pH of the solution was approximately 8.5. The organic layer was dried over 

anhydrous MgSO4 and concentrated in vacuo to yield 2.26 as an off-white solid (752 mg, 3.55 mmol, 

71% yield).  

2’-Bromo-4’-hydrazinylbenzonitrile (2.26): off-white solid (71% yield); 1H NMR (DMSO, 400 MHz): 

δH 8.03 (1H, s, NH-1), 7.47 (1H, d, J = 8.8 Hz, H-6’), 7.07 (1H, d, J = 2.0 Hz, H-3’), 6.75 – 6.72 (1H, dd, 

J = 8.8, 2.0 Hz, H-5’), 4.37 (2H, s, NH2-2); 13C NMR (DMSO, 100 MHz): δC 156.2 (qC, C-4’), 134.9 (CH, C-

6’), 125.5 (qC, C-2’), 119.0 (CN, C-7’), 113.1 (CH, C-3’), 109.9 (CH, C-5’), 98.1 (qC, C-1’) ppm. ESI-MS m/z 

211.9820 (calculated for [M+H]+ C7H7
79BrN3 211.9823). 

6.2.3. Tetrahydroindazolone condensation 

6.2.3.1. Hydrazine hydrate mediated tetrahydroindazolone condensation 
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Hydrazine hydrate (10.0 mg, 0.206 mmol, 1.50 eq.) was added dropwise to a solution of 2.18 (25.0 

mg, 0.137mmol, 1.00 eq.) in EtOH (1 mL). The reaction mixture was stirred at room temperature for 

16 hours, thereafter, concentrated in vacuo to give a brownish-black crude reaction mixture which 

was subjected to silica gel column chromatography (hexane: EtOAc, 1:1) yielding 2.12 as a pale-yellow 

solid (19.0 mg, 0.107 mmol, 79% yield). 

3,6,6-Trimethyl-1,5,6,7-tetrahydro-4H-indazol-4-one (2.12): pale yellow powdery solid (79% yield); IR 

(νmax cm-1) 3410, 3194, 2956, 2925, 1642, 1593; 1H NMR (CDCl3, 400 MHz): δH 2.68 (2H, s, H-7), 2.53 

(3H, s, H-11), 2.34 (2H, s, H-4), 1.08 (6H, s, H-10); 13C NMR (CDCl3, 100 MHz): δC 194.8 (CO, C-4), 154.3 

(qC, C-9), 145.1 (qC, C-3), 114.7 (qC, C-8), 53.1 (CH2, C-5), 36.5 (qC, C-6), 35.7 (CH2, C-7), 28.5 (2 x CH3, C-

10), 12.1 (CH3, C-11) ppm. ESI-MS m/z 179.1182 (calculated for [M+H]+ C10H15N2O 179.1184). Spectral 

data was in accordance with that previously reported.98, 99 

6.2.3.2. Tosyl hydrazine mediated tetrahydroindazolone condensation  

 

Trifluoroacetic anhydride (0.220 mL, 1.59 mmol, 1.00 eq.) was added to a suspension of 2.24 (500 mg, 

1.59 mmol, 1 eq.), TEA (2.88 mL, 20.7 mmol, 13 eq.) and THF (9 mL). The reaction mixture was heated 

to 55 ˚C to give an orange solution which was stirred for 2 hours. After cooling to room temperature, 

the mixture was quenched with sat. NH4Cl (20 mL) and extracted with EtOAc (3 x 20 mL). The combined 

organic fractions were washed with sat. brine (20 mL), dried over anhydrous MgSO4, concentrated in 

vacuo to yield an orange-brown oil which was purified with silica gel chromatography to yield 2.23 as 

an orange-yellow solid (55.0 mg, 0.237 mmol, 15% yield).  
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6,6-Dimethyl-3-(trifluoromethyl)-1,5,6,7-tetrahydro-4H-indazol-4-one (2.23): orange-yellow solid 

(15% yield); IR (νmax cm-1) 3230, 3124, 2961, 1665, 1511, 1482; 1H NMR (DMSO, 500 MHz): δH 13.86 

(1H, s, NH-8), 2.80 (2H, s, H-6), 2.37 (2H, s, H-4), 1.04 (6H, s, H-7); 13C NMR (DMSO, 125 MHz): δC 190.0 

(CO, C-3), 152.0 (qc, C-1), 138.9 (qc, q, J = 38.7 Hz, C-10), 120.9 (CF3, q, J = 269.5 Hz, C-11), 113.5 (qc, C-

2), 52.1 (CH2, C-4), 35.3 (qc, C-5), 33.7 (CH2, C-6), 27.6 (CH3, C-7) ppm. HRESMS m/z 233.0901 

(calculated for C10H12F3N2O [M+H]+ 233.0902). 

6.2.3.3. Phenyl hydrazine mediated tetrahydroindazolone condensation 

 

An orange solution of 2.18 (503 mg, 2.76 mmol, 1.00 eq.) and the crude material from an upscale (x 

10) of Section 6.2.2.1 (417 mg, 2.76 mmol, 1.00 eq.) in MeOH (1.70 mL) was treated with acetic acid 

(40.0 μL, 0.690 mmol, 0.25 eq.) and stirred at room temperature for 5 days. Thereafter, the reaction 

mixture was concentrated in vacuo and purified using silica gel chromatography to first elute the 

undesired isomeric product 2.44 (449 mg, 1.51 mmol, 21% yield over two-steps) as a yellow powder 

and the desired product 2.30 as an off-white solid (647 mg, 2.18 mmol, 30% yield over two-steps). 

2’-Fluoro-4’-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)-benzonitrile (2.30): off-

white solid (30% yield over two-steps); IR (νmax cm-1) 2962, 2937, 2873, 2229, 1669, 1617; 1H NMR 

(CDCl3, 400 MHz): δH 7.76 – 7.73 (1H, dd, J = 8.5, 7.0 Hz, H-6’), 7.52 – 7.45 (2H, m, H-3’ and H-5’), 2.87 

(2H, s, H-7), 2.53 (3H, s, H-11), 2.42 (2H, s, H-5), 1.13 (6H, s, H-10); 13C NMR (CDCl3, 100 MHz): δC  193.2 
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(CO, C-4), 163.6 (CF, d, J = 260.7 Hz, C-2’), 151.5 (CH, C-3), 149.4 (qC, C-9), 144.1 (qC, d, J = 10.6 Hz, C-

4’), 134.4 (CH, d, J = 1.6 Hz, C-6’), 118.6 (qc, C-8), 118.5 (CH, C-5’), 113.3 (CN, C-7’), 111.1 (CH, d, J = 23.7 

Hz, C-3’), 100.1 (qC, d, J = 15.7 Hz, C-1’), 52.3 (CH2, C-5), 38.0 (CH2, C-7), 36.1 (qC, C-6), 28.5 (2 x CH3, C-

10), 13.5 (CH3, C-11) ppm. 

4’-Fluoro-2’-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)-benzonitrile (2.44): yellow 

powder (21% yield over two-steps); 1H NMR (CDCl3, 400 MHz): δH 8.25 – 8.22 (1H, dd, J = 9.0, 5.4 Hz, 

H-6’), 7.38 – 7.35 (1H, dd, J = 9.9, 2.1 Hz, H-3’), 7.06 – 7.03 (1H, td, J = 9.1, 2.2 Hz, H-5’), 3.55 (2H, s, H-

7), 3.02 (3H, s, H-11), 2.67 (2H, s, H-5), 1.25 (6H, s, H-10); 13C NMR (CDCl3, 100 MHz): δC  196.2 (CO, C-

4), 164.8 (CF, d, J = 249.1 Hz, C-4’), 156.9 (qC, C-3), 153.6 (qC, d, J = 14.2 Hz, C-2’), 151.2 (qC, C-9), 143.1 

(CN, C-7’), 123.5 (CH, d, J = 11.2 Hz, C-6’), 115.7 (qC, C-8), 112.8 (CH, d, J = 28.2 Hz, C-5’), 110.6 (qC, C-

1’), 100.1 (CH, d, J = 23.8 Hz, C-3’), 53.1 (CH2, C-5), 39.0 (CH2, C-7), 32.4 (qC, C-6), 28.6 (2 x CH3, C-10), 

26.4 (CH3, C-11) ppm.  

6.2.4. N-arylation of tetrahydroindazolone 2.23  

 

A solution of 2.23 (349 mg, 1.50 mmol, 1.00 eq.) in anhydrous DMSO (7 mL) was treated with NaH 

(60.0 mg, 1.50 mmol, 1.00 eq.) and stirred for 15 minutes. Thereafter, 2-bromo-4-fluorobenzonitrile 

(480 mg, 2.40 mmol, 1.60 eq.) was added and the reaction mixture was stirred at 45 °C for 23 hours. 

Thereafter, the reaction mixture was cooled to room temperature, quenched with sat. NH4Cl, diluted 

with water and washed with EtOAc (x 3). The combined organic layers were washed with sat. brine, 

dried over anhydrous MgSO4, filtered and concentrated in vacuo to give a brown crude material which 
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was purified using silica gel chromatography to give 2.29 as an orange-yellow solid (353 mg, 0.856 

mmol, 57% yield). 

2’-Bromo-4’-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-yl) 

benzonitrile (2.29): orange-yellow solid (57% yield); IR (νmax cm-1) 2963, 2951, 2925, 2870, 2854, 2233, 

1682, 1593; 1H NMR (DMSO, 400 MHz): δH 8.21 – 8.18 (2H, m, H-6’, H-3’), 7.92 – 7.89 (1H, dd, J = 8.5, 

2.1 Hz, H-5’), 3.05 (2H, s, H-7), 2.45 (2H, s, H-5), 1.05 (6H, s, 2 x CH3); 13C NMR (DMSO, 100 MHz): δC 

190.1 (qC, C-4) , 152.9 (qC, C-9), 141.4 (qC, C-4’), 139.4 (qC, q, J = 39.1 Hz, C-3) , 136.0 (CH, C-6’), 128.3 

(CH, C-3’), 125.5 (qC, C-2’), 123.8 (CH, C-5’), 120.4 (qC, q, J = 270.7 Hz, C-11) , 116.6 (qC, C-8), 115.9 (CN, 

C-7’), 114.8 (qC, C-1’), 51.6 (CH2, C-5), 35.5 (qC, C-6), 35.3 (CH2, C-7), 27.5 (2 x CH3, C-10).        

6.2.5. Amination of benzonitriles 2.29 and 2.30  

6.2.5.1. Palladium catalysed amination of 2.29  

 

DPPF[PdCl2] (5 mol%) and DPPF (10 mol%) were consecutively added to a solution of 2.29 (333 mg, 

0.809 mmol, 1.00 eq.) and NatOBu (155 mg, 1.62 mmol, 2.00 eq.) in anhydrous THF (4.5 mL) to give a 

reddish-brown suspension. Thereafter, tert-butyl-(4-aminocyclohexyl)carbamate (520 mg, 2.43 mmol, 

3.00 eq.) was added and the reaction mixture was stirred between 60 – 65 °C. After 30 min TLC analysis 

indicated only the presence of a spot with an Rf value similar to the starting material, however, it was 

fluorescent purple spot under UV. The reaction was stopped, filtered through a flash silica plug, 
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concentrated in vacuo. The resulting suspension was purified using silica gel chromatography to obtain 

2.78 as an off-white solid (287 mg, 0.526 mmol, 65% yield).  

tert-butyl(4-((2-cyano-5-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)carbamate (2.78): off-white solid (65% yield); 1H NMR (CDCl3, 400 MHz): 

δH 7.51 (1H, d, J = 8.3 Hz, H-6’), 6.81 (1H, d, J = 1.8 Hz, H-3’), 6.70-6.67 (1H, dd, J = 8.3, 1.9 Hz, H-5’), 

4.66 (1H, d, J = 7.7 Hz, NH), 4.43 – 4.39 (2H, m, NH), 3.54 – 3.46 (1H, 3, H-11’), 3.40 – 3.32 (2H, m, H-

8’), 2.83 (2H, s, H-7), 2.47 (2H, s, H-5), 2.17 – 2.10 (4H, m), 2.00 – 1.99 (2H, m), 1.43 (18H, 2 x s, H-16’), 

1.38 – 1.15 (6H, m), 1.13 (6H, s, H-10); 13C NMR (CDCl3, 100 MHz): δC 189.8 (CO, C-4), 155.4 (CO, C-14’), 

150.7 (qC, C-8), 150.3 (qC, C-2’), 142.6 (qC, C-4’), 141.1 (qc, q, J = 39.3 Hz, C-3), 134.3 (CH, C-6’), 120.4 

(CF3, q, J = 270.1 Hz, C-11), 116.8 (qC, C-9), 116.7 (CN, C-7’), 111.1 (CH, C-5’), 106.6 (CH, C-3’), 96.5 (qC, 

C-1’), 79.3 (qC, C-15’), 52.4 (CH2, C-5), 51.4 (CH, C-8’), 49.1 (CH, C-11’), 37.5 (CH2, C-7), 35.8 (qC, C-6), 

32.2 (2 x CH2), 31.6 (2 x CH2), 28.5 (3 x CH3, C-16’), 28.4 (2 x CH3, C-10) ppm.   

6.2.5.2. Base catalysed amination of 2.30 

 

2.30 (79.0 mg, 0.225 mmol, 1.00 eq.) and tert-butyl-(4-aminocyclohexyl)carbamate (193 mg, 0.900 

mmol, 4.00 eq.) were dissolved in DMSO (1 mL) and treated with DIPEA (120 μL, 0.675 mmol, 3.00 

eq.). The reaction mixture was heated to 90 °C and stirred for 1 hour to give a black reaction mixture. 

The crude reaction mixture was purified using silica gel chromatography to obtain 2.80 as an off-white 

solid (82.0 mg, 0.167 mmol, 74% yield).  
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tert-butyl(4-((2-cyano-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)carbamate (2.80): Off-white solid (74% yield); IR (νmax cm-1) 3399, 3296, 

2933, 2861, 2206, 1707, 1661;  1H NMR (CDCl3, 400 MHz): δH 7.47 (1H, d, J = 8.4 Hz, H-6’), 6.84 (1H, d, 

J = 1.8 Hz, H-3’), 6.69-6.69 – 6.66 (1H, dd, J = 8.3, 1.8 Hz, H-5’), 4.57 (1H, d, J = 7.7 Hz, NH), 4.40 (1H, 

bs, NH), 3.48 (1H, bs, H-8’), 3.43 – 3.34 (1H, m, H-11’), 2.80 (2H, s, H-7), 2.54 (3H, s, H-11), 2.40 (2H, s, 

H-5), 2.18 – 2.11 (4H, m, H-10’, H-12’), 1.45 (9H, s, H-16’), 1.40-1.23 (4H, m, H-9’, H-13’), 1.11 (6H, s, 

H-10); 13C NMR (CDCl3, 100 MHz): δC 193.4 (CO, C-4), 155.3 (CO, C-14’), 150.6 (qC, C-3), 150.3 (qC, C-

4’), 149.2 (qC, C-9), 143.7 (qC, C-2’), 134.1 (CH, C-6’), 117.8 (qC, C-8), 117.3 (CN, C-7’), 110.7 (CH, C-5’), 

105.8 (CH, C-3’), 95.1 (qC, C-1’), 79.7 (qC, C-15’), 52.5 (CH2, C-5), 51.3 (CH, C-11’), 49.2 (CH, C-8’), 37.9 

(CH2, C-7), 36.0 (qC, C-6), 32.0 (2 x CH2, C-9’, C-13’), 31.7 (2 x CH2, C-10’, C-12’), 28.6 (5 x CH3, C-10, C-

16’), 13.5 (CH3, C-11) ppm.  

6.2.6. Nitrile hydrolysis of benzonitriles 2.78 and 2.80  

General procedure for the nitrile hydrolysis of 2.78 and 2.80: The nitrile (1.0 eq.) and K2CO3 (2.2 eq.) 

were suspended in DMSO. The reaction mixture was then treated with 30% H2O2 and stirred at room 

temperature. After 2 – 3 hours the crude reaction mixture was poured into ice-water and filtered; the 

precipitate was recrystallized from ethyl acetate to obtain the desired products.  
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2.79 was synthesised following the general procedure using 2.78 (506 mg, 0.927 mmol, 1.00 eq.), 

K2CO3 (282 mg, 2.04 mmol, 2.20 eq.) and 30% H2O2 (150 μL) in DMSO (3 mL) to obtain 2.79 as a white 

solid (381 mg, 0.677 mmol, 73% yield).  

tert-butyl(4-((2-carbamoyl-5-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-

indazol-1-yl)phenyl)amino)cyclohexyl)carbamate (2.79): White solid (73% yield); IR (νmax cm-1) 3336, 

2933, 1677, 1586, 1511, 1451; 13C NMR (DMSO, 125 MHz): δC 190.1 (CO, C-4), 170.7 (CO, C-7’), 154.8 

(qC, C-14’), 151.9 (qc, C-9), 149.5 (qc, C-4’), 140.6 (qc, C-2’), 130.6 (CH, C-6’), 120.6 (CF3, q, J = 274.8 Hz, 

C-11), 115.3 (qc, C-8), 114.0 (qc, C-1’), 108.9 (CH, C-5’), 106.9 (CH, C-3’), 51.7 (CH2, C-5), 49.6 (CH, C-8’), 

40.4 (CH, C-11’), 36.0 (CH2, C-7), 35.1 (qc, C-6), 31.3 (2 x CH2, C-10’, C-12’ ), 31.1 (2 x CH2, C-9’, C-13’ ), 

28.2 (3 x CH3, C-16’), 27.5 (2 x CH3, C-10) ppm.  

 

2.81 was synthesised following the general procedure using 2.80 (80.0 mg, 0.163 mmol, 1.00 eq.), 

K2CO3 (49.0 mg, 0.358 mmol, 2.20 eq.) and 30% H2O2 (25.0 μL) in DMSO (0.5 mL) to obtain the product 

as a white fluffy solid (50.0 mg, 0.098 mmol, 60% yield). 

tert-butyl(4-((2-carbamoyl-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)carbamate (2.81): White fluffy solid (60% yield); IR (νmax cm-1) 3358, 3174, 

2922, 1698, 1675, 1649, 1626;  1H NMR (CDCl3, 500 MHz): δH 8.05 (1H, d, J = 7.5 Hz, NH), 7.46 (1H, d, 

J = 8.4 Hz, H-6’), 6.76 (1H, d, J = 1.9 Hz, H-3’), 6.60-6.58 (1H, dd, J = 8.4, 2.0 Hz, H-5’), 5.77 (2H, bs, NH2), 

4.42 (1H, s, NH), 3.48 (1H, s, H-8’), 3.34-3.26 (1H, m, H-11’), 2.80 (2H, s, H-7), 2.54 (3H, s, H-11), 2.39 

(2H, s, H-5), 2.15-2.03 (4H, m, H-10’, H-12’), 1.44 (9H, s, H-16’), 1.41-1.21 (4H, m, H-9’, H-13’), 1.10 
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(6H, s, H-10); 13C NMR (CDCl3, 125 MHz): δC 193.5 (CO, C-4), 171.1 (CO, C-7’), 155.4 (CO, C-14’), 151.2 

(qC, C-3), 150.3 (qC, C-4’), 149.3 (qC, C-9), 142.9 (qC, C-2’), 129.9 (CH, C-6’), 117.5 (qC, C-8), 113.8 (qC, C-

1’), 110.5 (CH, C-5’), 108.2 (CH, C-3’), 79.5 (qC, C-15’), 52.5 (CH2, C-5), 52.0 (CH, C-11’), 49.2 (CH, C-8’), 

37.9 (CH2, C-7), 36.0 (qC, C-6), 31.9 (2 x CH2, C-9’, C-13’), 31.1 (2 x CH2, C-10’, C-12’), 28.6 (5 x CH3, C-

10, C-16’), 13.6 (CH3, C-11) ppm. 

6.2.7. Removal of the Boc protecting group to yield 2.5 and 2.6  

General procedure for the removal of the Boc protecting group: The Boc protected compounds were 

dissolved in a 4:1 DCM: TFA solution and stirred at room temperature. After 5 – 7 hours, the reaction 

mixture was concentrated in vacuo and the crude material was purified by silica gel chromatography 

(DCM: MeOH: NH3, 20:1:0.1-5:1:0.1) to afford the desired product either as a TFA salt or free amine.  

 

2.5 was synthesised following the general procedure using 2.79 (500 mg, 0.887 mmol, 1.00 eq.) in a 

15.0 mL solution of DCM: TFA (4:1) to afford 2.5 as an off-white solid (170 mg, 41% yield);  

2-((4-aminocyclohexyl)amino)-4-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-

indazol-1-yl)benzamide (2.5, isolated as a free amine): Off-white solid (41% yield); IR (νmax cm-1) 3421, 

2931, 2865, 1654, 1620, 1579, 1507;  1H NMR (DMSO, 400 MHz): δH  8.35 (1H, d, J = 7.6 Hz, NH), 7.96 

(1H, bs, NH2), 7.78 (1H, d, J = 8.4 Hz, H-6’), 7.30 (1H, bs, NH2), 6.87 (1H, d, J = 2.0 Hz, H-3’), 6.72-6.70 

(1H, dd, J = 8.4, 2.1 Hz, H-5’), 3.31 (1H, bs, H-8’), 2.97 (2H, s, H-7), 2.66 (1H, bs, H-11’), 2.45 (2H, s, H-

5), *2.05-1.97 (2H, m, H-9’), *1.84-1.75 (2H, m, H-10’), *1.21 (4H, quin., J = 11.5, 9.7 Hz, H-12’, H-13’), 
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1.04 (6H, s, H-10); 13C NMR (DMSO, 100 MHz): δC 190.1 (CO, C-4), 170.7 (CO, C-7’), 151.9 (qc, C-9), 

149.5 (qc, C-4’), 140.6 (qc, C-2’), 138.3 (qc, q, J = 39.1 Hz, C-3), 130.6 (CH, C-6’), 120.6 (CF3, q, J = 270.1 

Hz, C-11), 115.3 (qc, C-8), 113.9 (qc, C-1’), 108.8 (CH, C-5’), 106.8 (CH, C-3’), 51.7 (CH2, C-5), 49.8 (CH, 

C-8’), 49.5 (CH, C-11’), 36.0 (CH2, C-7), 35.1 (qc, C-6), 33.9 (2 x CH2, C-10’, C-12’ ), 31.0 (2 x CH2, C-9’, C-

13’ ), 27.5 (2 x CH3, C-10) ppm. 

*Signals interchangeable.  

 

2.6 was synthesised following the general procedure using 2.81 (218 mg, 0.428 mmol, 1.00 eq.) in a 

7.5 mL solution of DCM: TFA (4:1) to afford 2.6 as an off-white solid (139 mg, 79% yield). 

2-((4-aminocyclohexyl)amino)-4-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)benzamide (2.6, isolated as a TFA salt): off-white solid (79% yield); 1H NMR (DMSO, 400 MHz): δH 

8.36 (1H, s, NH), 8.02 – 7.93 (4H, 2 x s, 2 x NH2), 7.75 (1H, d, J = 8.5 Hz, H-6’), 6.82 (1H, d, J = 2.0 Hz, H-

3’), 6.69 – 6.67 (1H, dd, J = 8.5, 2.0 Hz, H-5’), 3.35 (1H, bs, H-8’), 3.07 (1H, bs, H-11’), 2.93 (2H, s, H-7), 

2.40 (3H, s, H-11), 2.33 (2H, s, H-5), 2.09 – 2.07 (2H, m, H-9’, H-13’), 2.00 – 1.96 (2H, m, H-10’, H-12’), 

1.55 – 1.45 (2H, m, H-10’, H-12’), 1.33 – 1.23 (2H, m, H-9’, H-13’), 1.02 (6H, s, H-10); 13C NMR (DMSO, 

100 MHz): δC 192.8 (CO, C-4), 170.9 (CO, C-7’), 158.1 (CO, q, J = 31.3 Hz, C-14’), 149.5 (qc, C-9), 149.4 

(qc, C-4’), 148.2 (qc, C-3), 141.6 (qc, C-2’), 130.5 (CH, C-6’), 117.2 (CF3, q, J = 301.1 Hz, C-15’), 116.4 (qc, 

C-8), 112.8 (qc, C-1’), 108.4 (CH, C-5’), 105.7 (CH, C-3’), 51.8 (CH2, C-5), 49.1 (CH, C-8’), 48.7 (CH, C-11’), 

36.6 (CH2, C-7), 35.3 (qc, C-6), 30.2 (2 x CH2, C-9’, C-13’), 29.0 (2 x CH2, C-10’, C-12’), 27.7 (2 x CH3, C-

10), 13.1 (CH3, C-11) ppm.  
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2-((4-aminocyclohexyl)amino)-4-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)benzamide (2.6,isolated as a free amine): off-white solid (64% yield); IR (νmax cm-1) 3300, 2926, 

2864, 1653, 1617; 1H NMR (DMSO, 400 MHz): δH 8.34 (1H, d, J = 7.7 Hz, NH), 7.88 (1H, bs, NH2), 7.73 

(1H, d, J = 8.5 Hz, H-6’), 7.20 (1H, bs, NH2),  6.77 (1H, d, J = 1.8 Hz, H-3’), 6.68 – 6.66 (1H, dd, J = 8.4, 

1.8 Hz, H-5’), 3.29 (1H, bs, H-8’), 2.93 (2H, s, H-7), 2.69 – 2.60 (1H, m, H-11’), 2.40 (3H, s, H-11), 2.33 

(2H, s, H-5), 2.05 – 1.97 (2H, m, H-9’, H-13’), 1.84 – 1.74 (2H, m, H-10’), 1.26 – 1.15 (4H, m,H-12’, H-

13’),1.02 (6H, s, H-10); 13C NMR (DMSO, 100 MHz): δC 192.8 (CO, C-4), 170.9 (CO, C-7’), 149.5 (qc, C-9), 

149.4 (qc, C-4’), 148.2 (qc, C-3), 141.6 (qc, C-2’), 130.5 (CH, C-6’), 116.3 (qc, C-8), 112.6 (qc, C-1’), 108.0 

(CH, C-5’), 105.5 (CH, C-3’), 51.7 (CH2, C-5), 49.8 (CH, C-8’), 49.6 (CH, C-11’), 36.6 (CH2, C-7), 35.2 (qc, 

C-6), 34.1 (2 x CH2, C-9’, C-13’), 31.1 (2 x CH2, C-10’, C-12’), 27.7 (2 x CH3, C-10), 13.1 (CH3, C-11) ppm. 

6.2.8. Synthesis of sulfonic acid containing extracellular inhibitors 2.1 and 2.2 

General procedure for bromine displacement to yield 2.1 and 2.2: The reactants were suspended in 

DMF and stirred 50 °C. After 18 hours the reaction mixture was concentrated in vacuo and purified 

using silica gel chromatography with an appropriate eluent. The structures were confirmed by full 

NMR spectroscopy, IR and HRESMS. 

 

2.1 was synthesised following the general procedure using 2.5 (100 mg, 0.216 mmol, 1.00 eq.), 4-

bromo-1-butanesulfonic acid (52.0 mg, 0.216 mmol, 1.00 eq.), DIPEA (120 μL, 0.647 mmol, 3.00 eq.) 

in DMF (1.00 mL) to afford the desired product as a white powder (71.0 mg, 0.114 mmol, 53% yield).  
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4-((4-((2-carbamoyl-5-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)amino)butane-1-sulfonic acid (2.1): White powder (53% yield); IR (νmax 

cm-1) 3410, 3349, 3215, 2950, 2857, 1660, 1627, 1579, 1509;  1H NMR (DMSO, 400 MHz): δH 8.37 (1H, 

d, J = 7.7 Hz, NH), 7.99 (1H, bs, NH), 7.79 (1H, d, J = 8.5 Hz, H-6’), 7.76 – 7.41 (3H, m), 7.33 (1H, bs, NH), 

6.93 (1H, d, J = 1.9 Hz, H-3’), 6.74 – 6.71 (1H, dd, J = 8.4, 1.9 Hz, H-5’), #3.37 – 3.29 (H-8’), 3.10 – 2.98 

(1H, m, H-11’), 2.97 (2H, s, H-7), 2.93 (2H, t, J = 7.0 Hz, H-17’), #2.50 – 2.38 (4H, m, H-5, H-14’), 2.18 – 

2.03 (4H, m, H-9’, H-10’), 1.76 – 1.62 (4H, m, H-15’, H-16’), 1.56 – 1.41 (2H, m, H-12’), 1.32 – 1.18 (2H, 

m, H-13’), 1.04 (6H, s, H-10); 13C NMR (DMSO, 100 MHz): δC 190.2 (CO, C-4), 170.7 (CO, C-7’), 152.0 

(qC, C-9), 149.4 (qC, C-4’), 140.6 (qC, C-2’), 138.4 (qC, q, J = 39.0 Hz,  C-3), 130.7 (CH, C-6’), 120.6 (qC, q, 

J = 270.5 Hz,  C-11), 115.3 (qC, C-8), 114.1 (qC, C-1’), 109.2 (CH, C-5’), 107.0 (CH, C-3’), 55.3 (CH, C-11’), 

51.7 (CH2, C-5), 50.5 (CH2, C-14’), 49.2 (CH, C-8’), 44.1 (CH2, C-17’), 36.0 (CH2, C-7), 35.1 (qC, C-6), 30.2 

(2 x CH2), 27.5 (2 x CH3, C-10), 27.2 (2 x CH2), 25.0 (CH2), 22.3 (CH2) ppm. ESI-MS m/z 600.2469 

(calculated for [M+H]+ C27H37N5O5SF3 600.2467). 

 

2.2 was synthesised following the general procedure using 2.6 (110 mg, 0.269 mmol, 1.00 eq.), 4-

bromobutane-1-sulfonic acid (64.0 mg, 0.269 mmol, 1.00 eq.) and DIPEA (140 μL, 0.806 mmol, 3.00 

eq.) in DMF (1.00 mL) to afford the desired product as a white fluffy solid (94.0 mg, 0.166 mmol, 62% 

yield).  

4-((4-((2-carbamoyl-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)amino)butane-1-sulfonic acid (2.2): White fluffy solid (62% yield); IR 
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(νmax cm-1) 3358, 2938, 1651, 1621, 1581, 1551;  1H NMR (DMSO, 500 MHz): δH  8.36 (1H, d, J = 7.7 Hz, 

NH), 7.93 (1H, bs, NH), 7.75 (1H, d, J = 8.6 Hz, H-6’), 7.71 – 7.44 (6H, m), 7.23 (1H, bs, NH), 6.83 (1H, d, 

J = 1.91 Hz, H-3’), 6.69 – 6.67 (1H, dd, J = 8.4, 1.9 Hz, H-5’), #3.36 (bs, H-8’), 3.06 – 3.02 (1H, m, H-11’), 

2.92 – 2.89 (4H, m, H-7), #2.50 – 2.46 (2H, m), 2.40 (3H, s, H-11), 2.33 (2H, s, H-5), 2.11 (4H, d, J = 10.6 

Hz), 1.76 – 1.62 (4H, m), 1.59 – 1.45 (2H, m), 1.28 – 1.21 (2H, m), 1.02 (6H, s, H-10); 13C NMR (DMSO, 

125 MHz): δC 192.8 (CO, C-4), 170.9 (CO, C-7’), *149.5 (qC, C-9), *149.4 (qC, C-4’),  148.2 (qC, C-3), 141.6 

(qC, C-2’), 130.5 (CH, C-6’), 116.3 (qC, C-8), 112.8 (qC, C-1’), 108.4 (CH, C-5’), 105.7 (CH, C-3’), 55.2 (CH, 

C-11’), 51.8 (CH2, C-5), 50.6 (CH2), 49.2 (CH, C-8’), 44.0 (CH2), 36.6 (CH2, C-7), 35.3 (qC, C-6), 30.3 (2 x 

CH2), 27.8 (2 x CH3, C-10), 27.1 (2 x CH2), 25.0 (CH2), 22.4 (CH2), 13.1 (CH3, C-11) ppm. ESI-MS m/z 

546.2756 (calculated for [M+H]+ C27H40N5O5S 546.2750). 

6.2.9. Synthesis of phosphonic acid containing extracellular inhibitors 2.3 and 2.4   

General procedure for the amide formation to yield 2.3 and 2.4: The amine was added to a round 

bottomed flask containing a solution of DIPEA in DMF, the resulting mixture was stirred at room 

temperature for 1 hour. Thereafter, a solution of carboxylic acid, EDCI and NHS in DMF was added to 

the reaction mixture and continued stirring at room temperature for 3 days. Multiple new spots were 

observed in the TLC of the crude material. Only one spot was successfully isolated during silica gel 

chromatography and fully characterised using NMR spectroscopy, HRESMS and IR.   

 

2.3: The general procedure was followed using 2.5 (55 mg, 1.0 eq., 0.12 mmol), DIPEA (0.28 mL, 13 

eq., 1.5 mmol) in DMF (0.50 mL); and carboxylic acid (35 mg, 1.5 eq., 0.18 mmol), EDCI (34 mg, 1.5 eq., 
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0.18 mmol), NHS (16 mg, 1.2 eq., 0.14 mmol) in DMF (0.50 mL) to yield 2.3 as an off-white solid (40 

mg, 0.062 mmol, 52% yield).  

(6-((4-((2-carbamoyl-5-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)amino)-6-oxohexyl)phosphonic acid (2.3): Off-white solid (52% yield); IR 

(νmax cm-1) 3232, 3125, 2936, 2873, 1665, 1576, 1509, 1482;  1H NMR (DMSO, 400 MHz): δH 8.36 (1H, 

d, J = 7.6 Hz, NH), 7.96 (1H, s, NH), 7.78 (1H, d, J = 8.5 Hz, H-6’), 7.72 (1H, d, J = 7.6 Hz, NH), 7.30 (1H, 

bs, NH), 6.89 (1H, d, J = 1.7 Hz, H-3’), 6.72-6.70 (1H, dd, J = 8.4, 1.7 Hz, H-5’), 3.60 – 3.51 (m, H-11’), 

3.38 – 3.28 (m, H-8’), 2.97 (2H, s, H-5), 2.44 (2H, s, H-7), 2.29 – 2.16 (1H, m), *2.05-1.97 (4H, m), *1.82 

– 1.79 (2H, m), *1.52 – 1.19 (17H, m), 1.04 (6H, s, H-10); 13C NMR (DMSO, 100 MHz): δC 190.2 (CO, C-

4), 171.4 (CO, C-14’), 170.7 (CO, C-7’), 151.9 (qC, C-9), 149.5 (qC, C-4’), 140.6 (qC, C-2’), 138.3 (qC, q, J = 

39.0 Hz,  C-3), 130.7 (CH, C-6’), 120.6 (qC, q, J = 270.5 Hz,  C-11), 115.3 (qC, C-8), 113.9 (qC, C-1’), 108.9 

(CH, C-5’), 106.8 (CH, C-3’), 51.7 (CH2, C-5), 49.6 (CH, C-8’), 47.0 (CH, C-11’), 36.0 (CH2, C-7), 35.4 (CH2, 

C-15’), 35.1 (qC, C-6), 31.1 (2 x CH2), 30.7 (2 x CH2), 29.5 (? X CH2), 28.1 (CH2), 27.5 (2 x CH3, C-10), 25.2 

(CH2), 23.3 (2 x CH2) ppm. ESI-MS m/z 642.2668 (calculated for [M+H]+ C29H40N5O6PF3 642.2668). 

 

2.4: The general procedure was followed using 2.6 (68 mg, 1.0 eq., 0.17 mmol), DIPEA (0.38 mL, 13 

eq., 2.2 mmol) in DMF (0.60 mL); and carboxylic acid (49 mg, 1.5 eq., 0.25 mmol), EDCI (48 mg, 1.5 eq., 

0.25 mmol), NHS (23 mg, 1.2 eq., 0.20 mmol) in DMF (0.60 mL) to yield 2.4 as an off-white solid (38 

mg, 0.065 mmol, 39% yield).  
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(6-((4-((2-carbamoyl-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)amino)-6-oxohexyl)phosphonic acid (2.4): Off-white solid (39% yield); 1H 

NMR (DMSO, 500 MHz): δH  8.34 (1H, d, J = 7.9 Hz, NH), 7.89 (1H, bs, NH), 7.75 – 7.71 (2H, m, H-6’), 

7.21 (1H, bs), 6.79 (1H, d, J = 1.9 Hz, H-3’), 6.68 – 6.66 (1H, dd, J = 8.5, 1.9 Hz, H-5’), 6.63 (1H, bs), 3.60 

– 3.50 (2 x CH, m, H-11’), #3.37 – 3.28 (1H, m, H-8’), 2.93 (2H, m, H-7), 2.40 (3H, s, H-11), 2.33 (2H, s, 

H-5), 2.06 – 1.99 (6H, m), 1.85 – 1.78 (2H, m), 1.53 – 1.18 (24H, m), 1.01 (6H, s, H-10); 13C NMR (DMSO, 

125 MHz): δC 192.8 (CO, C-4), 171.4 (CO, C-14’), 170.9 (CO, C-7’), *149.49 (qC, C-9), *149.47 (qC, C-4’), 

148.2 (qC, C-3), 141.6 (qC, C-2’), 130.5 (CH, C-6’), 116.4 (qC, C-8), 112.7 (qC, C-1’), 108.1 (CH, C-5’), 105.6 

(CH, C-3’), 51.7 (CH2, C-5), 49.6 (CH, C-8’), 47.1 (CH, C-11’), 36.7 (CH2, C-7), 35.4 (qC, C-6), 35.2 (2 x CH2), 

34.2 (2 x CH2), 31.1 (2 x CH2), 30.7 (2 x CH2), 27.7 (2 x CH3, C-10), 25.3 (CH2), 23.4 (CH2), 13.1 (CH3, C-

11) ppm. ESI-MS m/z 588.2947 (calculated for [M+H]+ C29H43N5O6P 588.2951). 

6.3. Experimental data: Investigation of an unexpected 1-5 nitrogen to carbon tosyl migration 

(compounds described in Section 3.1.2.)141 

6.3.1. N-acylation of 2.24 

General procedure for the preparation of compounds 2.47, 2.53 – 2.58: Acid anhydride 1 eq. was 

added to a suspension of 2.24 (500 mg, 1.62 mmol, 1.00 eq.), in TEA (13.0 eq.) and THF (9.00 mL). The 

reaction mixture was heated to 55 ˚C, forming an orange solution, which was stirred for 2 hours. After 

cooling to room temperature, the mixture was quenched with sat. NH4Cl (20 mL) and extracted with 

EtOAc (3 x 20 mL). The combined organic fractions were washed with sat. brine (20 mL), dried over 

anhydrous MgSO4, concentrated in vacuo to yield an orange-brown oil and purified with silica gel 

chromatography to yield compounds 2.47, 2.53 – 2.58.141 
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2.47 was synthesised following the general procedure using acetic anhydride (150 μL, 1.62 mmol, 

1.00 eq.) and TEA (2.94 mL, 21.1 mmol, 13.0 eq.) to obtain 2.47 as a white solid (341 mg, 0.974 

mmol, 60% yield). 

N-acetyl-N'-(5,5-dimethyl-3-oxocyclohex-1-en-1-yl)-4-methylbenzenesulfonohydrazide (2.47): 

White solid (60% yield); 1H NMR (DMSO, 400 MHz): δH 9.84 (1H, s, NH-8), 7.87 (2H, d, J = 8.5 Hz, H-14, 

H-19), 7.46 (2H, d, J = 8.5 Hz, H-15, H-18), 4.96 (1H, s, H-2), 2.42 (3H, s, H-17), 2.30 (2H, s, H-4), 2.10 

(2H, s, H-6), 2.05 (3H, s, H-11), 1.04 (3H, s, H-7), 1.02 (3H, s, H-7); 13C NMR (DMSO, 100 MHz): δC 195.6 

(CO, C-1), 170.5 (CO, C-10), 162.0 (qc, C-3), 145.3 (qc, C-16), 135.0 (qc, C-13), 129.5 (CH, C-15, C-18), 

128.7 (CH, C-14, C-19), 97.4 (CH, C-2), 50.3 (CH2, C-6), 38.7 (CH2, C-4), 32.7 (qc, C-5), 27.6 (CH3, C-7), 

27.6 (CH3, C-7), 21.9 (CH3, C-11), 21.1 (CH3, C-17) ppm. ESI-MS m/z 351.1377 (calculated for 

C17H23N2O4S [M+H]+ 351.1379).  

 

2.53 was synthesised following the general procedure using butyric anhydride (270 μL, 1.62 mmol, 

1.00 eq.) and TEA (2.94 mL, 21.1 mmol, 13.0 eq.) to obtain 2.53 as a yellow solid (313 mg, 0.826 mmol, 

51% yield). 

N-butyryl-N'-(5,5-dimethyl-3-oxocyclohex-1-en-1-yl)-4-methylbenzenesulfonohydrazide (2.53): 

Yellow solid (51% yield); 1H NMR (DMSO, 400 MHz): δH 9.83 (1H, s, NH-8), 7.87 (2H, d,  J = 8.3 Hz, H-
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16, H-21), 7.46 (2H, d,  J = 8.3 Hz, H-17, H-20), 4.94 (1H, s, H-2), 2.48-2.14 (1H, m, H-11), 2.42 (3H, H-

19), 2.31 (2H, s, H-4), 2.26-2.14 (1H, m, H-11), 2.10 (2H, s, H-6), 1.42 (2H, sex,  J = 7.4 Hz, H-12), 1.05 

(3H, s, H-7), 1.02 (3H, s, H-7), 0.76 (3H, t,  J = 7.4 Hz, H-13); 13C NMR (DMSO, 100 MHz): δC 195.6 (CO, 

C-1), 172.8 (CO, C-10), 162.2 (qC, C-3), 145.3 (qC, C-18), 135.2 (qC, C-15), 129.5 (CH, C-17, C-20), 128.7 

(CH, C-16, C-21), 97.4 (CH, C-2), 50.3 (CH2, C-6), 38.8 (CH2, C-4), 35.0 (CH2, C-11), 32.8 (qC, C-5), 27.6 (2 

x CH3, C-7), 21.1 (CH3, C-19), 16.8 (CH2, C-12), 13.2 (CH3, C-13) ppm. ESI-MS m/z 379.1689 (calculated 

for C19H27N2O4S [M+H]+ 379.1692). 

 

2.54 was synthesised following the general procedure using isobutyric anhydride (270 μL, 1.62 mmol, 

1.00 eq.) and TEA (2.94 mL, 21.1 mmol, 13.0 eq.) to obtain 2.54 as a yellow solid (214 mg, 0.567 mmol, 

35% yield). 

N'-(5,5-dimethyl-3-oxocyclohex-1-en-1-yl)-N-isobutyryl-4-methylbenzenesulfonohydrazide (2.54): 

Yellow solid (35% yield); 1H NMR (DMSO, 400 MHz): δH 9.91 (1H, s, NH-8), 7.87 (2H, d, J = 8.4 Hz, H-16, 

H-21), 7.46 (2H, d, J = 8.4 Hz, H-17, H-20), 4.93 (1H, s, H-2), 2.73-2.66 (1H, m, H-11), 2.42 (3H, s, H-19), 

2.33 (2H, s, H-4), 2.10 (2H, d, J = 1.4 Hz, H-6), 1.05 (3H, s, H-7), 1.02 (3H, s, H-7), 0.97 (3H, d, J = 6.9 Hz, 

H-12), 0.91 (3H, d, J = 6.9 Hz, H-13); 13C NMR (DMSO, 100 MHz): δC 195.7 (CO, C-1), 176.9 (CO, C-10), 

162.6 (qC, C-3), 145.3 (qC, C-18), 135.3 (qC, C-15), 129.5 (CH, C-17, C-20), 128.6 (CH, C-16, C-21), 97.6 

(CH, C-2), 50.3 (CH2, C-6), 38.9 (CH2, C-4), 32.8 (qC, C-5), 31.7 (CH, C-11), 27.7 (CH3, C-7), 27.6 (CH3, C-

7), 21.1 (CH3, C-19), 18.8 (CH3, C-12), 18.1 (CH3, C-13) ppm. ESI-MS m/z 379.1693 (calculated for 

C19H27N2O4S [M+H]+ 379.1692). 
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2.55 was synthesised following the general procedure using isovaleric anhydride (320 μL, 1.62 mmol, 

1.00 eq.) and TEA (2.94 mL, 21.1 mmol, 13.0 eq.) to obtain 2.55 as a yellow solid (223 mg, 0.567 mmol, 

35% yield). 

N'-(5,5-dimethyl-3-oxocyclohex-1-en-1-yl)-4-methyl-N-(3-methylbutanoyl)benzenesulfonohydra-

zide  (2.55): Yellow solid (35% yield); 1H NMR (DMSO, 400 MHz): δH 9.84 (1H, s, NH), 7.88 (2H, d, J = 

8.4 Hz, H-17, H-22), 7.46 (2H, d, J = 8.3 Hz, H-18, H-21), 4.94 (1H, s, H-2), 2.42 (3H, s, H-20), 2.37-2.32 

(3H, m, H-4, H-11), 2.15-2.04 (3H, m, H-6, H-11), 1.96-1.86 (1H, m, H-12), 1.05 (3H, s, H-7), 1.02 (3H, s, 

H-7b, 0.79 (3H, d, J = 6.6 Hz, H-13), 0.76 (3H, d, J = 6.6 Hz, H-14); 13C NMR (DMSO, 100 MHz): δC 195.6 

(CO, C-1), 172.3 (CO, C-10), 162.2 (qC, C-3), 145.2 (qC, C-19), 135.3 (qC, C-16), 129.4 (CH, C-18, C-21), 

128.6 (CH, C-17, C-22), 97.5 (CH, C-2), 50.3 (CH2, C-6), 41.9 (CH2, C-11), 38.8 (CH2, C-4), 32.8 (qC, C-5), 

27.7 (CH3, C-7), 24.1 (CH, C-12), 22.1 (CH3, C-14), 21.8 (CH3, C-13), 21.1 (CH3, C-20) ppm. ESI-MS m/z 

393.1842 (calculated for C20H29N2O4S [M+H]+ 393.1848). 

 

2.56 was synthesised following the general procedure using crotonic anhydride (240 μL, 1.62 mmol, 

1.00 eq.) and TEA (2.94 mL, 21.1 mmol, 13.0 eq.) to obtain 2.56 as a yellow solid (104 mg, 0.275 mmol, 

17% yield). 
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2-(5,5-dimethyl-3-oxocyclohex-1-en-1-yl)-5-methyl-1-tosylpyrazolidin-3-one (2.56): Yellow solid 

(17% yield); 1H NMR (DMSO, 500 MHz): δH 7.75 (2H, d, J = 8.3 Hz, H-16, H-21), 7.55 (2H, d, J = 8.3 Hz, 

H-17, H-20), 6.23 (1H, s, H-2), 4.47 (1H, quin, J = 7.5 Hz, H-11), 2.87 (1H, d, J = 17.7 Hz, H-4), 2.45 (3H, 

s, H-19), 2.36 (1H, d, J = 17.7 Hz, H-4), 2.21 (2H, s, H-6), 1.98 (1H, d, J = 17.9 Hz, H-10), 1.53 (1H, dd, J 

= 17.9, 7.5 Hz, H-10), 1.23 (3H, d, J = 7.5 Hz, H-13), 1.06 (3H, s, H-7), 1.04 (3H, s, H-7); 13C NMR (DMSO, 

100 MHz): δC 198.3 (CO, C-1), 171.6 (CO, C-9), 153.9 (qC, C-3), 146.5 (qC, C-18), 130.8 (CH, C-17, C-20), 

129.9 (qC, C-15), 128.9 (CH, C-16, C-21), 114.1 (CH, C-2), 54.0 (CH, C-11), 50.2 (CH2, C-6), 39.0 (CH2, C-

4), 36.1 (CH2, C-10), 32.8 (qC, C-5), 27.9 (CH3, C-7), 27.6 (CH3, C-7), 21.2 (CH3, C-19), 20.5 (CH3, C-13) 

ppm. ESI-MS m/z 377.1534 (calculated for C19H25N2O4S [M+H]+ 377.1535).  

 

2.57 was synthesised following the general procedure using methacrylic anhydride (240 μL, 1.62 

mmol, 1.00 eq.) and TEA (2.94 mL, 21.1 mmol, 13.0 eq.) to obtain 2.57 as a yellow solid (274 mg, 0.729 

mmol, 45% yield). 

2-(5,5-dimethyl-3-oxocyclohex-1-en-1-yl)-4-methyl-1-tosylpyrazolidin-3-one (2.57): Yellow solid 

(45% yield); 1H NMR (DMSO, 400 MHz): δH 7.76 (2H, d, J = 8.2 Hz, H-16, H-21), 7.54 (2H, d, J = 8.3 Hz, 

H-17, H-20), 6.21 (1H, s, H-2), 4.36 (1H, dd, J = 13.5, 8.4 Hz, H-11), 3.56 (1H,t, J = 13.5 Hz, H-11), 2.88 

(1H, d, J = 17.8 Hz, H-4), 2.45 (3H, s, H-19), 2.42-2.35 (1H, m, H-4), 2.20 (2H, s, H-6), 1.54 (1H, bs, H-

10), 1.05 (6H, 2 x s, H-7), 0.83 (3H, d, J = 6.7 Hz, H-13) ); 13C NMR (DMSO, 100 MHz): δC 198.2 (CO, C-

1), 174.4 (CO, C-9), 153.8 (qC, C-3), 146.4 (qC, C-18), 130.7 (CH, C-17, C-20), 130.2 (qC, C-15), 128.8 (CH, 

C-16, C-21), 114.2 (CH, C-2), 53.4 (CH2, C-11), 50.3 (CH2, C-6), 39.0 (CH2, C-4), 34.3 (CH, C-10), 32.6 (qC, 
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C-5), 28.0 (CH3, C-7a), 27.6 (CH3, C-7b), 21.2 (CH3, C-19), 13.2 (CH3, C-13) ppm. ESI-MS m/z 377.1534 

(calculated for C19H25N2O4S [M+H]+ 377.1535).  

 

2.58 was synthesised following the general procedure using acrylic anhydride (190 μL, 1.62 mmol, 1.00 

eq.) and TEA (2.94 mL, 21.1 mmol, 13.0 eq.) to obtain 2.58 as a yellow solid (211 mg, 0.583 mmol, 36% 

yield). 

2-(5,5-dimethyl-3-oxocyclohex-1-en-1-yl)-1-tosylpyrazolidin-3-one (2.58) Yellow solid (36% yield); 1H 

NMR (DMSO, 400 MHz): δH 7.76 (2H, d, J = 8.3 Hz, H-15, H-20), 7.56 (2H, d, J = 8.2 Hz, H-16, H-19), 6.24 

(1H, s, H-2), 4.04 (2H, br d, J = 0.12 Hz, H-11), 2.86 (1H, s, H-4), 2.46 (3H, s, H-18), 2.39 (1H, s, H-4), 

2.19 (2H, s, H-6), 1.49-1.16 (2H, m, H-10), 1.05 (6H, s, H-7);  13C NMR (DMSO, 100 MHz): δC 198.2 (CO, 

C-1), 172.0 (CO, C-9), 153.8 (qC, C-3), 146.4 (qC, C-18), 130.8 (CH, C-17, C-20), 130.0 (qC, C-14), 128.5 

(CH, C-15, C-20), 113.7 (CH, C-2), 50.2 (CH2, C-6), 46.4 (CH2, C-11), 39.4 (CH2, C-4), 32.7 (qC, C-5), 29.6 

(CH2, C-10), 27.8 (CH3, C-7), 21.2 (CH3, C-18) ppm. ESI-MS m/z 363.1375 (calculated for C18H23N2O4S 

[M+H]+ 363.1379).  

6.3.2. 1-5 Nitrogen to carbon tosyl migration 

General procedure for the preparation of compounds 2.52, 2.59 – 2.61: NaOH (5.3 eq.) was added to 

a suspension of the N-acylated starting material (1.0 eq.) in THF (6.0 mL), and stirred at room 

temperature for 16 hours. Thereafter, the mixture was quenched with sat. NH4Cl (15 mL) and 

extracted with EtOAc (3 x 15 mL). The combined organic fractions were washed with sat. brine (15 
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mL), dried over anhydrous MgSO4, concentrated in vacuo and purified with silica gel chromatography 

to yield compounds 2.52, 2.59 – 2.61.141  

 

2.52 was synthesised following the general procedure using 2.47 (64.8 mg, 0.185 mmol, 1.00 eq.) to 

obtain 2.52 as a pale yellow solid (49.3 mg, 0.141 mmol, 76% yield). 

N'-(5,5-dimethyl-3-oxo-2-tosylcyclohex-1-en-1-yl)acetohydrazide (2.52): Pale yellow solid (76% 

yield); 1H NMR (DMSO, 500 MHz): δH 10.45 (1H, s, NH-8), 10.42 (1H, s, NH-9), 7.76 (2H, d, J = 8.2 Hz, 

H-14, H-19), 7.34 (2H, d, J = 8.2 Hz, H-15, H-18), 2.53 (2H, s, H-4), 2.37 (3H, s, H-17), 2.05 (2H, s, H-6), 

1.96 (3H, s, H-11), 0.90 (6H, s, H-7); 13C NMR (DMSO, 125 MHz): δC 189.2 (CO, C-1), 169.0 (CO, C-10), 

167.7 (qc, C-3), 142.8 (qc, C-16), 140.6 (qc, C-13), 128.8 (CH, C-15, C-18), 126.8 (CH, C-14, C-19), 105.1 

(qC, C-2), 50.0 (CH2, C-6), 38.3 (CH2, C-4), 30.5 (qC, C-5), 27.3 (CH3, C-7), 20.9 (CH3, C-17), 20.4 (CH3, C-

11) ppm. ESI-MS m/z 351.1378 (calculated for C17H23N2O4S [M+H]+ 351.1379). 

 

2.59 was synthesised following the general procedure using 2.53 (70.0 mg, 0.185 mmol, 1.00 eq.) to 

obtain 2.59 as an orange solid (53.9 mg, 0.142 mmol, 77% yield). 
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N'-(5,5-dimethyl-3-oxo-2-tosylcyclohex-1-en-1-yl)butyrohydrazide (2.59):  Orange solid (77% yield);  

1H NMR (DMSO, 400 MHz): δH 10.45 (2H, bs, NH-8, NH-9), 7.76 (2H, d, J = 8.2 Hz, H-16, H-21), 7.34 (2H, 

d,  J = 8.2 Hz, H-17, H-20), 2.51 (2H, s, H-4), 2.37 (3H, s, H-19), 2.20 (2H, t,  J = 7.3 Hz, H-11), 2.05 (2H, 

s, H-6), 1.61 (2H, sex,  J = 7.3 Hz, H-12), 0.92 (3H, t,  J = 7.3 Hz, H-13), 0.89 (6H, s, H-7); 13C NMR (DMSO, 

100 MHz): δC 189.3 (CO, C-1), 171.8 (CO, C-10), 167.8 (qc, C-3), 142.9 (qc, C-18), 140.6 (qc, C-15), 128.9 

(CH, C-17, C-20), 126.9 (CH, C-16, C-21), 105.2 (qC, C-2), 50.0 (CH2, C-6), 38.4 (CH2, C-4), 35.0 (CH2, C-

11), 30.5 (qC, C-5), 27.4 (CH3, C-7), 21.0 (CH3, C-20), 18.2 (CH2, C-12), 13.6 (CH3, C-13) ppm. ESI-MS m/z 

379.1689 (calculated for C19H27N2O4S [M+H]+ 379.1692).  

 

2.60 was synthesised following the general procedure using 2.54 (70.0 mg, 0.185 mmol, 1.00 eq.) to 

obtain 2.60 as an orange solid (24.5 mg, 0.065 mmol, 35% yield). 

N'-(5,5-dimethyl-3-oxo-2-tosylcyclohex-1-en-1-yl)isobutyrohydrazide (2.60): Orange solid (35% 

yield); 1H NMR (DMSO, 500 MHz): δH 10.43 (2H, bs, NH-8, NH-9), 7.77 (2H, d,  J = 8.3 Hz, H-16, H-21), 

7.35 (2H, d,  J = 8.3 Hz, H-17, H-20), 2.52-2.47 (4H, m, H-4, H-11), 2.37 (3H, s, H-19), 2.05 (2H, s, H-6), 

1.12 (3H, s, H-12), 1.10 (3H, s, H-13), 0.89 (6H, s, H-7); 13C NMR (DMSO, 125 MHz): δC 189.3 (CO, C-1), 

175.7 (CO, C-10), 168.0 (qc, C-3), 142.9 (qc, C-18), 140.6 (qc, C-15), 128.9 (CH, C-17, C-20), 126.9 (CH, 

C-16, C-21), 105.2 (qC, C-2), 50.0 (CH2, C-6), 38.2 (CH2, C-4), 32.3 (CH, C-11), 30.5 (qC, C-5), 27.4 (CH3, 

C-7), 21.0 (CH3, C-19), 19.1 (2 x CH3, C-12, C-13) ppm. ESI-MS m/z 379.1693 (calculated for C19H27N2O4S 

[M+H]+ 379.1692).  
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2.61 was synthesised following the general procedure using 2.55 (72.6 mg, 0.185 mmol, 1.00 eq.) to 

obtain 2.61 as an orange solid (53.0 mg, 0.135 mmol, 73% yield). 

N'-(5,5-dimethyl-3-oxo-2-tosylcyclohex-1-en-1-yl)-3-methylbutanehydrazide (2.61): Orange solid 

(73% yield); 1H NMR (DMSO, 400 MHz): δH 10.44 (2H, bs, NH-8, NH-9), 7.77 (2H, d, J = 8.3 Hz, H-17, H-

22), 7.34 (2H, d, J = 8.3 Hz, H-18, H-21), 2.51 – 2.50 (2H, m, H-4), 2.36(3H, s, H-20), 2.12-2.02 (5H, m, 

H-6, H-11, H-12), 0.95 (3H, s, H-13), 0.93 (3H, s, H-14), 0.88 (6H, s, H-7); 13C NMR (DMSO, 100 MHz): δC 

189.3 (CO, C-1), 171.3 (CO, C-10), 167.8 (qc, C-3), 142.9 (qc, C-19), 140.6 (qc, C-16), 128.9 (CH, C-18, C-

21), 126.9 (CH, C-17, C-22), 105.2 (qC, C-2), 50.0 (CH2, C-6), 42.2 (CH2, C-11), 38.5 (CH2, C-4), 30.5 (qC, 

C-5), 27.4 (CH3, C-7), 25.3 (CH, C-12), 22.3 (2 x CH3, C-13, C-14), 21.0 (CH3, C-20) ppm. ESI-MS m/z 

393.1844 (calculated for C20H29N2O4S [M+H]+ 393.1848).  
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APPENDIX A: SELECTED 1H and 13C NMR SPECTRA 

APPENDIX A1: 1H and 13C NMR SPECTRA FOR COMPOUNDS DESCRIBED IN SECTION 6.2 

Appendix A1.1: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 4-((4-((2-carbamoyl-5-(6,6-

dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-

1-yl)phenyl)amino)cyclohexyl)amino)butane-1-sulfonic acid (2.1) in DMSO 
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Appendix A1.2: 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra of 4-((4-((2-carbamoyl-5-(3,6,6-

trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)phenyl)amino)cyclohexyl)amino)butane-1-

sulfonic acid (2.2) in DMSO 
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Appendix A1.3: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of (6-((4-((2-carbamoyl-5-(6,6-

dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)amino)-6-oxohexyl)phosphonic acid (2.3) in DMSO 
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Appendix A1.4: 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra of (6-((4-((2-carbamoyl-5-(3,6,6-

trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)phenyl)amino)cyclohexyl)amino)-6-

oxohexyl)phosphonic acid (2.4) in DMSO 
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Appendix A1.5: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2-((4-

aminocyclohexyl)amino)-4-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-

yl)benzamide (2.5, isolated as a free amine) in DMSO 
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Appendix A1.6: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2-((4-

aminocyclohexyl)amino)-4-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)benzamide 

(2.6, isolated as a TFA salt) in DMSO 
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Appendix A1.7: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3,6,6-trimethyl-1,5,6,7-

tetrahydro-4H-indazol-4-one (2.12) in CDCl3 
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Appendix A1.8: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2-acetyldimedone (2.18) in 

CDCl3 
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Appendix A1.9: 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra of 6,6-dimethyl-3-

(trifluoromethyl)-1,5,6,7-tetrahydro-4H-indazol-4-one (2.23) in DMSO 
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Appendix A1.10: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2’-bromo-4’-

hydrazinylbenzonitrile (2.26) in DMSO 
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Appendix A1.11: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2’-bromo-4’-(6,6-dimethyl-4-

oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-yl) benzonitrile (2.29) in DMSO 
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Appendix A1.12: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2’-fluoro-4’-(3,6,6-trimethyl-

4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)-benzonitrile (2.30) in CDCl3 
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Appendix A1.13: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 4’-fluoro-2’-

hydrazinylbenzonitrile (2.39) in ((CD3)2CO 
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Appendix A1.14: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3-acetoxy-5,5-dimethyl-2-

cyclohexenone (2.43) in CDCl3 
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Appendix A1.15: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 4’-fluoro-2’-(3,6,6-trimethyl-

4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)-benzonitrile (2.44) in CDCl3 

 

 



172 
 

 

  



173 
 

Appendix A1.16: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of tert-butyl-(4-((2-cyano-5-

(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl)carbamate (2.78) in CDCl3 
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Appendix A1.17: 13C NMR (125 MHz) spectra of tert-butyl(4-((2-carbamoyl-5-(6,6-dimethyl-4-oxo-3-

(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-yl)phenyl)amino)cyclohexyl)carbamate (2.79) in 

DMSO  
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Appendix A1.18: 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of tert-butyl(4-((2-cyano-5-

(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)phenyl)amino)cyclohexyl)carbamate (2.80) 

in CDCl3 
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Appendix A1.19: 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra of tert-butyl(4-((2-carbamoyl-5-

(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)phenyl)amino)cyclohexyl)carbamate (2.81) 

in CDCl3 
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