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Abstract 

Protein kinases are essential for signal transduction and regulate most cellular 
processes, such as metabolism, membrane transport, motility, and cell cycle. 
Although they play a critical role in cells and have a strong association with 
diseases, details of their physiologic and pathologic mechanisms remain at least 
partially unclear, especially the spatiotemporal dynamics of the signalling. 
Reversible photo-regulation of kinase inhibitors could be an approach to gain 
spatiotemporal control, thereby resolving the above-mentioned issues.  

This thesis comprises the synthesis and characterisation of novel 
azoheteroarenes photoswitches and their use in the development of 
photoswitchable kinase inhibitors. REarranged during Transfection (RET) is a 
kinase belonging to the receptor tyrosine kinase family. RET was used as a 
model target in the development of photoswitchable DFG-out kinase inhibitors.   

A methodology was initially developed to synthesize aromatic N-heterocycle 
derived azoheteroarenes, using Buchwald-Hartwig coupling and microwave-
assisted dehydrogenation as the keys steps. With this methodology as the main 
strategy, a series of azoheteroarenes was prepared and their photophysical 
properties were based on UV-vis absorption spectroscopy and 1H-NMR. 
Among them, quinoline and 7-azaindole based azoheteroarenes showed the 
efficiency of synthesis and outstanding photophysical properties in all aspects.  

By integrating the quinoline-based azoheteroarene into the pharmacophore of a 
reported DFG-out kinase inhibitor, the first photoswitchable DFG-out RET 
kinase inhibitor was synthesized and evaluated with respect to the 
photophysical properties and bioactivity. Four different strategies were 
explored in order to enlarge the difference of biological activity between the E-
isomer and light enriched Z-isomer, using a quinolone-based azoheteroarene as 
a model system: (i) installing substituents on the quinoline ring; (ii) introducing 
the second azo unit; (iii) introducing fluorine atoms on the ortho-position of the 
azoheteroarene phenyl ring; and (iv) changing the heterocyclic moiety. In 
addition, the corresponding stilbene compounds were prepared as more 
thermally stable model compounds of the azo-based kinase inhibitors. This 
provided detailed data on the structure-physical properties relationship, as well 
as structure activity relationship. As a result, the 7-azaindole-derived azo type 
inhibitor showed excellent thermal stability and resistance to photo-fatigue. 
Moreover, it displayed a significant difference of inhibition activity between 
the E-isomer and the light-enriched Z-isomer sample in both enzymatic and 
living cell assays. 
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1 Aim of the thesis 

The overall aim of the work presented in this thesis is to design and develop 
photoswitchable DFG-out RET kinase inhibitors. Aromatic N-heterocycles are 
ubiquitous in the chemical structure of kinase inhibitors and play key roles for 
their bioactivity, which together with their unique electrostatic properties make 
the aromatic N-heterocycle derived azoheteroarenes interesting starting points 
for developing photoswitchable kinase inhibitors.  

The specific objectives of the thesis were: 

• Investigate a methodology to synthesize the N-heterocycle derived    
azoheteroarenes and characterize their photophysical properties, and 
select the optimal azoheteroarenes for the following work; 
 

• Design, synthesis and evaluation of the optimal azoheteroarene based 
photoswitchable DFG-out RET kinase inhibitors; 
 

• Optimize the above developed kinase inhibitors by adjusting the 
photophysical properties, as well as modifying the geometry of the 
heterocyclic “head”. 
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2 Background 

2.1 Protein Kinase 

2.1.1 Concept, classification and function of protein kinase 

Kinases constitute a large family of enzymes widely existing in eukaryotic and 
prokaryotic cells. They mediate most of the signal transductions in cells by 
catalysing the transfer of phosphate groups from high-energy, phosphate-
donating molecules (e.g. ATP) to specific substrates.1  

Ever since the report of the first kinase about 70 years ago, there has been 
intense interest in the discovery of new kinases. With the assistance of DNA 
cloning and sequencing in the mid-1970s, it rapidly became clear that the 
human genome sequence allows for the identification of 518 kinases which 
constitute approximately 1.7% of all human genes.2 

Kinases can be classified into broad groups by the substrate they act upon: 
protein kinases, lipid kinases, and carbohydrate kinases. In this thesis, I only 
focus on the protein kinases. Protein kinases can be divided into five categories 
according to the amino acid residues that are phosphorylated: Serine/threonine 
protein kinases, tyrosine-specific protein kinases, histidine-specific protein 
kinases, tryptophan protein kinases, and aspartyl/glutamyl protein kinases. 
Based on sequence comparisons of their catalytic domains, aided by knowledge 
of sequence similarity and the structure outside the catalytic domains, known 
biological functions, and a similar classification of the yeast, worm, and fly 
kinomes, human protein kinases also can be classified into 11 families: Protein 
A, G, and C kinase family (AGC), Ca2+/calmodulin-dependent kinase family 
(CAMK), proline-directed serine/threonine kinases (CMGC), receptor 
guanylate cyclase family (RGC), tyrosine kinase family (TK), tyrosine kinase-
like family (TKL), Sterile 20 serine/threonine kinase family (STE), casein 
kinase 1 family (CK1), protein kinase-like family (PKL), and atypical kinase 
family. Among all of them, TK is the largest group, consisting of 90 members.2 

By phosphorylating certain residues, protein kinases can modify the function of 
a substrate protein in numerous ways (Figure 1). For example, phosphorylation 
can increase or decrease a protein's activity, stabilize it or mark it for 
destruction, localize it within a specific cellular compartment, and initiate or 
disrupt its interaction with other proteins.3 Therefore, protein kinases are critical 
for metabolism, cell signalling, protein regulation, cellular transport, secretory 
processes and many other cellular pathways, which makes them very important 
to human physiology. 
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Figure 1. Kinases mediate protein phosphorylation.  

2.1.2 Structure of protein kinases 

Although protein kinases are classified into different families based on their 
amino acid sequence, their three-dimensional structures share some common 
features.4 The conserved catalytic domain consists of two lobes: an N-terminal 
lobe (N-lobe), containing five beta-stranded sheets and one conserved alpha 
helix (αC-helix), and a C-terminal lobe (C-lobe) comprising six alpha helixes, 
and an activation loop (A-loop) which is located next to the αC-helix of the N-
lobe. The two lobes are connected by a flexible hinge region (Figure 2),5 while 
the ATP-Mg2+ complex is situated in a deep cleft located between the lobes. 

 

Figure 2. Kinase structure with conserved motifs (3DKC) in complex with ATP and 
Mg2+; ATP (extra bold molecule in orange and red ); Hinge (green); Gatekeeper (cyan); 
DFG motif (magenta); HRD motif (yellow); Roof lysine (blue); αC-helix Glutamic acid 
(red); Back hydrophobic pocket (pink circle).  

Several conserved motifs in the area between the lobes are the main features of 
kinases and contribute to the catalysis of the ATP involved phosphorylation.6 
The hinge consists of approximately five amino acids, and usually forms two  
hydrogen-bonds with the adenine ring of ATP, which contribute to a significant 
part of the ATP binding affinity. The “gatekeeper” residue (cyan in Figure 2) is 
located adjacent to a hinge region on one of the β-sheets of the N-lobe. The 
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gatekeeper separates the adenine binding site from an adjacent back 
hydrophobic pocket (pink circle in Figure 2) and controls access to this 
hydrophobic pocket. This position is prone to mutation, and if it was replaced 
by a larger size amino acid, the increased steric hindrance of the “gatekeeper” 
may obstruct the inhibitor’s binding to the hinge or back hydrophobic pocket, 
which could result in drug resistance.7,8 Additionally, a notably conserved 
amino acid sequence located in the activation loop is Asp-Phe-Gly (DFG). The 
Asp residue, together with an extra Asn residue (white in Figure 2) and β, γ-
phosphoryl groups of ATP, chelate Mg2+ to activate the γ-phosphoryl group of 
ATP. The active kinase conformation is termed as “DFG-in” (Figure 3A). 
However, this motif can adopt another conformation by flipping, which results 
in Asp and Phe residues swapping their positions. The flipped DFG motif 
moves the aspartate away from the ATP binding site, leading to a catalytically 
incompetent state termed the “DFG-out” state. Importantly, the “DFG-out” 
state opens a new allosteric pocket directly adjacent to the ATP binding pocket 
(Figure 3B).9 

 

Figure 3. The relative position of the DFG motif, αC-helix Glu residue and part of the 
flipping activation loop (cyan) in different conformers: (A) DFG-in conformer of RET 
kinase (PDB ID 6NEC); (B) DFG-out conformer of KDR kinase (PDB ID 3WZE). 

Another well conserved motif is the His-Arg-Asp (HRD) triad that precedes the 
activation loop, and which plays a major role in catalysis. This motif can 
deprotonate the residue of the substrate to be phosphorylated which then attacks 
the activated γ-phosphoryl groups of ATP. The “DFG” and “HRD” motifs 
constitute the key structures and function of the activation loop.10,11 

Two additional important motifs for kinase activity include the “roof-lysine” 
and αC-helix. This lysine is located on the β3 sheet of the N-lobe and stretches 
the side chain down to the cleft. When the αC-helix adopts an inward 
conformation (αC-in conformation) the conserved glutamic acid residue in the 
helix forms a salt bridge with the “roof lysine”. Then, the lysine side chain 
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establishes hydrogen bonds with oxygen atoms of α and β phosphates of ATP 
that together with Mg2+ ions allow the phosphate transfer. While the αC-helix 
turns to a αC-out conformation, the salt bridge disrupts which breaks the 
coordination of the phosphate groups, resulting in loss of catalytic function. 12,13 

The P-loop joins two anti-parallel beta-strands that are a part of the N-lobe 
beta-sheet structure of the kinase domain. This loop has considerable 
conformational flexibility. In the inactive conformation, the P-loop may be 
largely disordered. In the active kinase conformation, the P-loop may resemble 
something more akin to a classic beta-turn and can interact with the 
triphosphate group of bound ATP.14  

2.1.3 Tyrosine kinases and the mechanisms of dysregulation 

Tyrosine kinases (TKs) can be sub-classified as receptor and non-receptor 
proteins. Receptor TKs (RTKs) transduce extracellular signals to the cytoplasm, 
whereas non-receptor TKs are intracellular proteins that relay intracellular 
signals. RTKs contain a ligand-binding extracellular domain, an intracellular 
catalytic domain, a transmembrane (TM) domain and juxtamembrane (JM) 
domain. The TM domain may contain a disulphide bond that connects the 
extracellular and intracellular regions of the receptor.15 The highly conserved 
catalytic domain is responsible for TK activity and several regulatory functions.  

 

Figure 4. Mechanisms of RTK hyperactivation and dysregulation.16 (A) Overexpression 
due to gene amplification or altered transcription; (B) Activating mutations in the 
extracellular or kinase domains resulting in ligand-independent constitutive activation of 
the receptor; (C) Oncogenic fusions may cause oligomerization (left) or alter subcellular 
localization (right); (D) Ligand dysregulation: either autocrine or paracrine resulting in 
receptor activation and various cellular responses. Redraw based on the reference. 
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RTKs can be abnormally activated via mechanisms, such as overexpression, 
mutation/translocation and atypical ligand induction,16,17 as shown in Figure 4.  

Overexpression of RTKs is the mechanism that most commonly leads to cancer. 
For example, FGFR1 amplifications can result in breast cancer (19% of ER-
positive breast cancer), prostate cancer (16%), bladder cancer (9%), lung cancer 
(6%) and 17% of squamous cell carcinoma.18 Overexpression is mainly caused 
by focal duplications of RTK-containing genomic regions or polysomy but also 
results from altered transcription and epigenetic aberrations (Figure 4A).   

Non-synonymous mutation can lead to changes in protein structure and 
function, and then result in pathogenic activation of RTKs in different manners 
(Figure 4B).19 Mutations may also weaken autoinhibitory interactions which are 
important for maintaining the inactive state of RTKs, thus causing aberrant 
kinase activation. When the mutations interfere with the external 
downregulation of RTKs, it can also result in abnormal kinase activity. 

Another oncogenic mechanism is RTK fusion generated by chromosomal 
rearrangements (Figure 4C). Usually, the RTK kinase domain is fused to 
different partner proteins. They can drive oligomerisation or alter the 
subcellular localisation, expression and/or stability of associated RTKs, and 
then result in ligand-independent kinase activity.20,21 

Except the aspect of RTK, dysregulation of RTK ligands (usually 
overexpression of growth factors) can also contribute to tumorigenesis. Ligand 
dysregulation can be drive by autocrine or paracrine mechanisms.22,23 The 
former is expressed by the cell where the RTK is located, while the latter 
depends on the tumour cell microenvironment (Figure 4D). 

2.1.4 Dysfunction of protein kinase and disease 

Kinases transiently phosphorylate specific amino acids on ~30% of all human 
proteins, including molecules that govern complex cellular processes, such as 
growth, differentiation, proliferation and apoptosis.24 Given the importance of 
these cellular activities, it is unsurprising that abnormal phosphorylation should 
transpire to be a cause or consequence of human disease, particularly 
developmental and metabolic disorders and cancers.25 

A survey showed that approximately half of these disease-associated kinases 
were TKs.19 Among the 915 curated disease-associated mutations, over 80% of 
mutations directly affected or encompassed the catalytic domain of the 
respective kinase gene. Cancer is the most common disease resulting from the 
mutation of TK.26-28 Some representative TK mutation-associated diseases are 
listed in Table 1.   



8 
 

Table 1. Diseases caused by mutations in specific protein kinases. 

Tyrosine kinase Diseases 

RET 
Lung, ovarian, bladder, large intestinal carcinomas; 

pheochromocytoma; thyroid tumours and glioblastomas; 
Hirschsprung's disease 

BTK X-linked agammaglobulinaemia; lung carcinoma 

MET 
Papillary renal cancer; sporadic renal cell carcinoma; childhood 

hepatocellular carcinoma 

ALK 
Non-Hodgkins lymphoma; ovary, breast and lung cancers; 

neuroblastomas; glioblastomas 
ROS2 Renal cell and colorectal carcinoma 
ABL Chronic myelogenous leukaemia 

JAK3 
X-linked SCID; acute megakaryoblastic leukaemia; gastric 

adenocarcinoma 
KIT Testicular and ovarian tumours 

FGFR1 
Stem cell leukaemia lymphoma (FGFR1–ZNF198 chimerism); 
pancreatic adenocarcinomas; glioblastoma; breast carcinomas; 

lung cancers 

FGFR2 
Glioblastoma, breast, gastric, lung, ovarian, cervical 

and endometrial cancers 

FGFR3 
Prostrate and cervical cancer, lung, bladder, upper 

digestive tract and intestinal carcinomas and plasma 
cell myeloma 

FLT4 
Increase in metastasis in adenocarcinoma and lymph 

node cancer, glioblastoma, kidney and ovary carcinomas 
and melanoma 

PDGFRα Gastrointestinal stromal tumours 
TRKC Breast, colon, lung and pancreatic tumours 

VEGFR2 Capillary infantile hemangioma; colon cancers 
 

Except for mutation, abnormal expression is another frequent kinase associated 
pathogenic factor. For example, overexpression of PDGFRβ is usually observed 
in metastatic medulloblastoma,29 and increased expression of PYK2 may lead 
to renal cell carcinoma and breast cancer.30,31  

In addition to the TK family, the dysregulation of other kinases may be 
responsible for some human malignant diseases. Hyperactive GSK3β may lead 
to Alzheimer’s disease.32 GSK3 generally opposes the action of insulin and 
GSK3 hyperactivity may contribute to insulin resistant (type II) diabetes.33  
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2.2 Kinase inhibitors 

2.2.1 FDA approved kinase inhibitors 

Considering the prevalent role of kinases in pathological conditions and their 
potential commercial value, the development of kinase-targeted drugs has 
attracted tremendous attention from both large and small pharmaceutical 
companies over the past 30 years. Kinase is currently one of the most important 
drug targets (groups) in the drug industry and academia.34,35 By the end of June 
2021, there were 72 small molecule kinase inhibitors (SMKIs) approved by the 
FDA (Table 2). It should be noted that 35 of them target the RTKs. Some other 
SMKIs have been approved for use in other countries or regions. For example, 
fasudil was approved as a ROCK1/2 inhibitor for cerebral vasospasm and 
pulmonary arterial hypertension in China and Japan in 1995. Filgotinib (JAK1 
inhibitor) was rejected by the FDA due to toxicity concerns, e.g. testicular 
toxicity in males, but approved for rheumatoid arthritis in both the European 
Union and Japan in September 2020.  

Table 2. FDA-approved small molecule kinase inhibitors, and their kinase targets, and 
therapeutic indications. 

Year 
Generic 

name 
Presumed target(s) 

Originally approved 
indications 

1999 Sirolimus mTOR kidney transplantation 

2001 Imatinib 
Bcr-Abl, c-KIT, 

PDGFR 
CML 

2003 Gefitinib EGFR NSCLC 
2004 Erlotinib EGFR NSCLC 

2005 Sorafenib 
VEGFR, PDGFR, 

BRAF, FTL3, RET, c-
KIT 

HCC, RCC 

2006 
Dasatinib 

Bcr-ABL, SRC, KIT, 
EPHA2, PDGFRβ 

Ph+ CML, Ph+ ALL 

Sunitinib 
VEGFR, PDGFR, 

FLT3R, c-KIT, RET 
RCC, Imatinib resistant GIST 

2007 
Temsirolimus mTOR RCC 

Lapatinib EGFR, HER2 HER+ breast cancer 
Nilotinib BCR-ABL Ph+ CML 

2009 
Everolimus mTOR RCC 

Pazopanib 
VEGFR2, PDGFR, c-

KIT 
RCC 

2011 

Ruxolitinib JAK1/2 Myelofibrosis 
Crizotinib ALK, ROS1 ALK or ROS1-postive NSCLC 

Vemurafenib BRAF BRAFV600E melanomas 
Vandetanib EGFR, VEFGR, RET Medullary thyroid cancers 

2012 

Ponatinib BCR-ABL, SRC Ph+ CML, Ph+ ALL 

Cabozantinib 
RET, VEGFR2, 
PDGFR, c-KIT 

Medullary thyroid cancer 

Tofacitinib JAK3 Rheumatoid arthritis 
Regorafenib VEGFR2, TIE2 Colorectal cancer, GIST, HCC 
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Bosutinib Bcr-Abl CML 

Axitinib 
VEGFR, PDGFR, c-

KIT 
Ph+ CML 

2013 

Dabrafenib BRAF BRAFV600E melanomas 
Trametinib MEK1/2 BRAFV600E melanomas 
Ibrutinib BTK MCL, CLL/SLL 
Afatinib EGFR, HER2 NSCLC with EGFR mutation 

2014 
Nindetanib 

VEGFR, PDGFR, 
FGFR 

Idiopathic pulmonary fibrosis 

Idelalisib PI3Kδ CLL, follicular B-cell NHL, SLL 
Ceritinib ALK NSCLC with ALK translocation 

2015 

Alectinib ALK, RET NSCLC with ALK translocation 
Palbociclib CDK4/6 HER2 positive breast cancer 
Lenvatinib VEGFR, RET,  Differentiated thyroid cancers 
Osimertinib EGFR NSCLC with EGFR mutation 
Cobimetinib MEK1/2 BRAFV600E melanomas 

2017 

Ribociclib CDK4/6 HER2 negetive breast cancer 
Brigatinib ALK, EGFR ALK positive NSCLC 

Midostaurin FLT3, c-KIT AML, mastocytosis 
Nerotinib EGFR, HER2, ErbB2 HER2 overexpressed breast cancer 
Baricitinib JAK1/2 Rheumatoid arthritis 

Abemaciclib CDK4/6 HER2 negtive breast cancer 
Copanlisib PI3Kα/δ Follicular B-cell NHL 
Netarsudil ROCK Glaucoma 

Acalabrutinib BTK MCL, CLL 

2018 

Encorafenib BRAF BRAFV600E melanomas 
Binimetinib MEK1/2 BRAFV600E melanomas 
Duvelisib PI3Kγ/δ CLL, SLL 

Dacomitinib EGFR NSCLC with EGFR mutation 
Gilteritinib FLT3, AXL AML with FLT3 mutation 

Larotrectinib Trk Solid tumors with NTRK fusion 
Lorlatinib ALK, ROS ALK-positive NSCLC 

Fostamatinib Syk Chronic immune thrombocytopenia 

2019 

Erdafitinib FGFR Urothelial cancer 
Alpelisib PI3Kα Breast cancer 

Pexidartinib CSF1R, c-KIT Tenosynovial giant cell tumor 
Entrectinib Trk, ROS, ALK ALK-positive NSCLC 

Upadacitinib JAK Rheumatoid arthritis 
Fedratinib JAK2 Myeloproliferative diseases 
Umbralisib PI3Kδ Marginal zone lymphoma 

Zanubrutinib BTK MCL 

2020 

Avapritinib PDGFRα GIST 
Tucatinib HER2 HER2-positive breast cancer 

Pemigatinib FGFR2 
Cholangiocarcinoma with FGFR2 

fusion 
Tabrecta MET NSCLC with ex14 mutation 

Selpercatinib RET NSCLC, MTC 
Selumetinib MEK1/2 Neurofibromatosis type I 
Ripretinib KIT GIST, Mastocytosis 
Pasalisib PI3K Glioblastoma 

Pralsetinib RET RET fusion-positive NSCLC 

2021 

Tivozanib VEGFR RCC 
Tepotinib c-MET NSCLC 
Trilaciclib CDK4/6 SCLC 
Infigratinib FGFR1/2/3 Cholangiocarcinoma 
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Furthermore, 63 of the approved kinase targeting drugs are active against more 
than one type of cancer, and only a few have been approved for non-
oncological indications. For example, the JAK3 inhibitor tofacitinib is used for 
rheumatoid arthritis, the mTOR inhibitor sirolimus was applied to decrease the 
risk of rejection after organ transplantation; and the PDGFR/VEGFR/FGFR 
inhibitor nintedanib was approved for idiopathic pulmonary fibrosis. 

2.2.2 The outlook and challenge of developing kinase inhibitors 

The majority of clinical trials target only 43 protein kinases and approximately 
50% of these inhibitors target kinases for which there are already existing 
approved drugs.36 The full potential of the human kinome as a source of new 
drugs has not been fully explored since more than 100 kinases have unknown 
functions and 50% of all kinases are largely uncharacterized. Thus, attempts to 
identify the functions of those kinases, develop modulators to control their 
activities and improve human health are ongoing.37 

Although kinase inhibitors have successful applications in oncology and 
inflammatory disease and other areas, there remain some challenges in kinase-
related medicinal chemistry. Clinic acquired resistance is a major barrier to 
successful long-term cancer therapy. The development of resistance-mutant 
specific inhibitors can prolong patient survival, however, sequential resistance 
inevitably occurs.38,39 For example, the third-generation EGFR T790M inhibitor, 
osimertinib, is rendered ineffective by an EGFR C797S mutation.40 
Additionally, achieving selectivity over homologous proteins remains one of 
the most significant challenges in early-stage kinase inhibitor projects, which is 
essential for understanding the target biology and avoiding off-target 
toxicity.41,42 Medicinal chemistry researchers have attempted to resolve this by 
developing small molecules with novel mechanisms of action, such as induced 
degradation,43 reversible covalent inhibition44,45 and targeting remote cysteine.46 

Additional approaches have been explored to address the selectivity issue, such 
as utilising type III binding modes, obligate-covalent targeting and targeting P-
loop conformations.47 Moreover, modern techniques for profiling kinase 
inhibitors have been developed and wide range kinome profiling of compound 
libraries has been employed as an efficient approach for the discovery and 
optimization of lead compounds.48-50 

2.2.3 Classification of kinase inhibitors 

Based upon the binding mode of the molecules over their kinase targets, the 
small molecule protein kinase inhibitors are divided into seven main groups, 
including reversible (Groups I, I½, II, III, IV and V) and irreversible inhibitors 
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(VI), as described in Table 3.51 It should be noted that the classification of one 
inhibitor can be different when it binds to a different target kinase. For example, 
crizotinib is a type I kinase inhibitor when it targets ROS1 (PDB ID: 3ZBF), 
whereas the binding models fit the feature of type I½B kinase inhibitor when it 
binds to ALK (PDB ID: 2XP2). Another example is bosutinib, which is either a 
type I or type IIB inhibitor when bound to different targets (Table 3). 

Table 3.  Classification of small molecule protein kinase inhibitors.51 

Inhibitor 
type 

Features 
Inhibitor- 

Target 
PDB ID 

I 
Binds in and around the ATP-binding 

pocket of an active enzyme 

Gefitinib-
EGFR 

2ITY 

Bosutinib-Src 4MXO 
Dasatinib-Abl 2GQG 

I½ A/B 
Binds in and around the ATP-binding 
pocket of an inactive DFG-in enzyme 

- - 

I½ A Extends into the back cleft 
Dasatinib-Lyn 2ZVA 

Lapatinib-
EGFR 

1XKK 

I½ B Does not extend into the back cleft 

Crizotinib-
Met 

2WGJ 

Erlotinib-
EGFR 

4HJO 

II A/B 
Binds in and around the ATP-binding 
site of an inactive DFG-out enzyme 

- - 

II A 
Extends into the new hydrophobic 

pocket  resulted from activation loop 
flipping 

Axitinib-
VEGFR 

4AG8 

Ponatinib-Abl 3OXZ 

II B 
Does not extend into the new 

hydrophobic pocket 
Bosutinib-Abl 3UE4 
Sunitinib-Kit 3G0E 

III 
The allosteric inhibitor bound next to 

the ATP-binding site 
Trametinib-

MEK1 
7JUR 

IV 
The allosteric inhibitor bound away 

from the ATP-binding site 
GNF-2-Abl 3K5V 

V 
Bivalent inhibitor spanning two kinase 

domain regions 
- - 

VI Covalent inhibitor Ibrutinib-BTK 5P9J 
 

Protein kinase type I inhibitors have been shown to bind to the active form of 
their protein kinase targets. Type I½ inhibitors reversibly bind within the ATP-
binding pocket of an inactive DFG-Asp-in conformation of their target protein 
kinases. Most of these inhibitors have the αC-helix out-conformation with a 
distorted R-spine (Table 3). The type I½A subgroup occupies the front cleft and 
gate area and extends into the back cleft of the protein kinase, whereas type 
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I½B inhibitors occur in the front cleft and gate area but do not extend into the 
back cleft of protein kinases.52 

Type II inhibitors bind to the DFG-Asp-out conformation protein kinase and 
type IIB drugs are restricted to the front cleft and gate area, while type IIA 
drugs occupy the front cleft and gate area and extend into the back cleft.53 

Type III inhibitors occupy a site next to the ATP-binding pocket so that both 
ATP and the allosteric inhibitor can bind simultaneously to the protein. These 
compounds are steady-state non-competitive or uncompetitive inhibitors with 
respect to ATP as ATP cannot prevent their interaction with the enzyme.54  

Type IV allosteric inhibitors bind to sites distant from the substrate binding 
sites. One example of a type IV inhibitor is GNF-2, an antagonist of BCR-ABL, 
which binds to the myristoyl binding site and stabilises the inactive enzyme 
form.55 

Type V inhibitors are bivalent inhibitors that span two kinase domain regions; 
usually, one of the regions is the ATP binding cleft.56 This type of kinase 
inhibitor tends to have higher selectivity compared to single-site inhibitors 
since they generate more interactions with target enzymes; however, they have 
lower efficacy in vivo due to low bioavailability with the large structure.57 The 
research and development of type V kinase inhibitors are currently at the 
preclinical stage.  

Type VI inhibitors are those drugs that bind covalently to their protein kinase 
target. Ibrutinib is the first FDA-approved drug that forms a covalent bond with 
its target, a ‘blockbuster drug’ in hematologic tumour therapy.58 
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2.3 RET kinase and inhibitors  

2.3.1 Structure and physiology of RET kinase 

 

Figure 5. Schematic representation of structure of the RET protein.59 Left: The 
simplified structural modules of RET kinase; Right: Structural details of the RET kinase 
domain (RET-51 isoform). Redraw based on the reference. 

RET is the abbreviation of ‘rearranged during transfection’, a proto-oncogene 
discovered in 1985 when Takahashi et al. exogenously transfected a DNA 
sequence of human lymphoma cells into mouse-derived NIH3T3 cells and 
found that the gene had rearranged. This gene encoded the RET kinase, which 
is an RTK.60 RET kinase consists of 1114 amino acids and has four domains 
(Figure 5): the extracellular domain, a single-pass TM domain, a JM domain 
and an intracellular TK domain. The intracellular TK domain regulates cell 
differentiation and proliferation through extracellular signalling. Depending on 
the number of amino acids contained in the C-terminal tails at the TK domain, 
three protein subtypes (RET9, RET51 and RET43) may be identified: RET9 
and RET51 are ubiquitous, while RET43 is present only in primates and some 
lower species.61 The RET extracellular domain consists of four cadherins (Ca2+-
dependent adhesion molecules) repeats (CLD1-4), one Ca2+ binding site and 
one cysteine-rich domain (CRD) (Figure 5). The ligands for RET protein kinase 
are soluble dimeric growth factors of the glial cell line-derived neurotrophic 
growth factor (GDNF) family (GFL), including GDNF, neurturin, persephin 
and artemin.62 GFLs bind to glycosylphosphatidylinositol-linked co-receptors, 
named GFRα1-4, thus forming a binary complex which aggregates the other 
RET proteins in the extracellular domain. Such aggregation results in the trans-
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autophosphorylation of specific tyrosine residues (Y900, Y905, Y1062, Y1096) 
within the TK domain of each RET receptor. The downstream signalling 
pathways are activated via connexin and signalling proteins, which further 
regulate cell growth and differentiation (Figure 6).63 

 

Figure 6. Schematic representation of RET kinase signalling.63 Redraw based on the 
reference. 

2.3.2 RET kinase associated diseases 

The aberrant expression of RET protein kinase has correlations with a variety 
of diseases, such as non-small-cell lung cancer (NSCLC), multiple endocrine 
neoplasia type 2 (MEN2) and medullary thyroid carcinoma (MTC).64 The 
mechanism of the aberrant expression of RET kinase includes RET gene 
mutation, fusion and alteration and high levels of RET expression. RET 
mutations cause the autosomal dominant inheritance of MEN2 syndromes, 
which are prone to MTC, pheochromocytoma, parathyroid hyperplasia, 
intestinal ganglioneuromatosis, corneal nerve thickening and marfanoid 
habitus.65 More specifically, MEN2 results from RET missense mutations that 
typically target cysteines of the RET CRD domain (leading to RET 
dimerization) and methionine 918 (M918T) immediately downstream the 
activation loop (increasing the affinity of ATP).66 In addition to MEN2, 
mutations are also found in more than 50% of sporadic MTC cases.65 RET 
fusions are found in approximately 2% of NSCLC67 and 7% of sporadic 
papillary thyroid carcinomas (PTC),68 more commonly in radiation-associated 
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(approximately 60%)69 and young PTC patients (approximately 30%).70 The 
fusion is usually connected with chromosomal rearrangements which cause 
fusion of the RET intracellular domain and lead to aberrant expression and 
ligand-independent activation. Additionally, the structural RET gene alterations 
are also associated with multiple cancer types, for example, RET M918T 
alteration is normally observed in paraganglioma and atypical lung carcinoid, 
while RET V804M alteration is common in colorectal adenocarcinoma, 
meningioma, gastrointestinal stromal tumour and hepatocellular carcinoma.71 

Moreover, RET overexpression (in the absence of structural alterations) have 
been reported in breast carcinoma and pancreatic adenocarcinoma.72,73 

2.3.3 RET kinase inhibitors 

Due to its key role in previously mentioned diseases, RET kinase has been an 
attractive therapeutic target, particularly for various cancers. Numerous efforts 
have been made to develop small-molecule RET kinase inhibitors.74 It should 
be noted that two specific RET kinase inhibitors, selpercatinib and pralsetinib, 
were approved for thyroid cancer and/or lung cancer in 2020 (Figure 7). Multi-
kinase inhibitors with potent activity over RET have been approved by FDA for 
the treatment of thyroid and other types of cancer.71,75 These include vandetanib 
(for MTC),76 cabozantinib (for MTC and renal cell carcinoma),77 lenvatinib (for 
differentiated thyroid carcinoma and renal cell carcinoma),78 ponatinib (for 
chronic myeloid leukaemia and Philadelphia chromosome-positive acute 
lymphoblastic leukaemia),79 sunitinib (for renal cell carcinoma and imatinib-
resistant gastrointestinal stromal tumour),80 regorafenib (for colorectal cancer 
and gastrointestinal stromal tumour)81 and sorafenib (for differentiated thyroid 
carcinoma, renal cell carcinoma and hepatocellular carcinoma).82 These FDA-
approved kinase inhibitors can be divided into two classes: type I, which 
includes selpercatinib, pralsetinib, lenvatinib and vandetanib; and type II, 
which includes cabozantinib, ponatinib, sorafenib, regorafenib and sunitinib. 
All type II inhibitors are multi-targeted and able to inhibit VEGFR2 and KIT 
(except for RET), and sometimes target other RTKs of the split kinase domain 
family (FGFR1, MET, PDGFR, VEGFR1/3), other TK/TKL families or STE 
kinases. This can confound the contribution of RET inhibition to the antitumour 
effect of the drug. Moreover, the off-target inhibition can generate adverse 
events and toxicity through targeting non-RET kinases such as VEGFR2.83,84 

Additionally, although some of them, such as cabozantinib, are specifically 
approved for MTC, which has a higher proportion of RET oncogenic mutations. 
However, response rates in RET-driven cancers are not as high as the ones 
observed in other fully explored therapeutic targets, such as EGFR, ALK or 
ROS1. To solve these problems, significant efforts have been made to generate 
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highly potent and selective RET inhibitors and two type I inhibitors, 
selpercatinib and pralsetinib, have been recently approved. As for type II RET 
inhibitors, some highly specific lead compounds have been developed as 
potential clinical candidates, such as Hu1-117,85 HSN60886 and GSK317910687 
(Figure 7). However, as RET is constitutively expressed throughout different 
organs in both healthy and diseased tissues, it still inevitably affects the non-
disease tissue during RET-targeted therapy and results in side effects.88,89 
Therefore, strategies that allow externally controlled activation of drugs at the 
site of action at a chosen time will be useful and practical, without concerning 
the target distribution. 

 

Figure 7. Representative RET kinase inhibitors 
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2.4 Photopharmacology 

2.4.1 The concepts of photopharmacology 

Due to the advantages of noninvasive and remote action and the reversibility, 
speed and facile modulation of the energies involved, light can be an efficient 
and powerful factor for controlling biological processes.90 Optogenetics, an 
experimental method involving the combination of optics and genetics to 
control well-defined events in cells of living animal tissue, is an example of 
this.91 Light can also regulate the biological activity of synthetic molecules by 
changing their pharmacokinetic or pharmacodynamic properties. Such 
combinations of photochemistry and pharmacology are known as 
“photopharmacology”.92,93 

Photopharmacology aims to address the challenges of off-target activity and 
tissue selectivity by introducing a light-responsive unit to regulate the action of 
the drug. Such regulation can be conducted qualitatively or quantitatively by 
adjusting wavelength and intensity, and performed with high spatial and 
temporal precision, avoiding contamination of the studied object. To achieve 
this, photopharmacology relies on chemical modification of bioactive 
molecules in a manner aimed at enabling it with light-controlled function. 

 

Figure 8. Two approaches in photopharmacology: (A) An irreversible approach with 
photolabile caging groups; (B) A reversible approach with photoswitches that can 
interconvert between two isomers by two different wavelength exposures. Orange: 
bioactive molecule; Grey: caging group.  

One of the most widely used approaches is the “photocaging” approach (Figure 
8A). A key bioactive molecule is protected with a photolabile protecting group 
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(termed a “caging” group), which deactivates the molecule until the caging 
group is removed using light. A large number of such photolabile protecting 
groups have been developed and used for biological studies.94,95 However, these 
molecules undergo irreversible photochemistry whereby the caged molecule 
becomes the active form once uncaged; this molecule remains active until it is 
removed in some other biological manner. 

Conversely, photoswitchable approaches are reversible (Figure 8B).96,97 A 
photoswitch is a type of molecule that can change its structural geometry and 
chemical properties upon irradiation with light. Usually, many rounds of 
isomerisation can be performed upon exposing it to different wavelengths of 
light or thermal processes (Scheme 1).98,99 To apply such ‘photoswitches’ to 
bioactive molecule, there are several criteria that chemical modifications must 
meet. Firstly, the modified molecule should absorb light effectively and 
efficiently at a wavelength longer than 340 nm to be compatible with biological 
systems. Secondly, the modification must make the bioactive molecule able to 
experience a substantial change in its bioactivity upon irradiation. Thirdly, the 
new molecule should have favourable pharmacokinetics and should be 
metabolically stable in a given environment.  It cannot be phototoxic, which 
can occur when intersystem crossing competes with photoswitching.100 Several 
photoswitches have been developed and successfully applied in 
photophamacology (Scheme 1).101-105 Among them, the azobenzene-based 
photoswitch is the most widely used class of photoswitch for the photocontrol 
of the activity of biomolecules. This thesis focuses on this approach. 

Scheme 1. Most frequently used photoswitches in photopharmacology. 

 

2.4.2 Photoswitchable kinase inhibitors       

Currently, photopharmacology has made important breakthroughs in the 
application to varies of targets, such as ion channels, transporters and pumps, 
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GPCRs, enzymes or elements of the cytoskeleton. Among them, kinases have 
gradually become attractive targets.106 Before this thesis work was begun, only 
one publication had reported on the development of azobenzene-based 
photoswitchable kinase inhibitors (Figure 9). The Grøtli group published the 
first photoswitchable kinase inhibitor targeting RET kinase in 2015.107 This azo 
molecule was derived from PP1, a typical RET inhibitor. However, only a 4-
fold difference of bioactivity in vitro between the two isomers was observed. 
Further four papers have now been published in this field (Figure 9). In 2019, 
the Peifer group published their paper on the efforts towards photoswitchable 
P38/CK1δ kinase inhibitor with vicinal diaryl scaffold. However, the inhibitors 
were sensitive to reductants such as DTT and GSH.108 In the same year, the 
Szymanski group published research on the photoswitchable BRAFV600E kinase 
inhibitors. They integrated azobenzene into the pharmacophore of vemurafenib, 
however, the short half-life limited further application.109 Early this year, the 
same group published a study on the visible light-regulated photoswitchable 
CKI kinase inhibitor, derived from longdaysin, a circadian period modulator.110 

Recently, the Trauner group published a photoswitchable covalent JNK3 kinase 
inhibitor by linking vicinal diaryl scaffold with azobenzene-derived diazocine 
and an (E)-dimethylaminocrotyl amide electrophile.111 

 

Figure 9. Azobenzene based photoswitchable kinase inhibitors. 
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3 Methods 

3.1 Synthesis of azobenzene derivatives 

Azobenzene-derived compounds have been widely used in industry and 
scientific research in the past hundred years, as dyes,112 food additives, 
chemical indicators, radical reaction initiators, and medical agents.113 Recently, 
azo compounds have been applied for optical storage materials114 and 
photoswitches.115 The strategies to synthesize azobenzene derivatives have 
been widely explored (Scheme 2).116 A classical way to prepare azobenzene 
based photoswitchable bioactive molecules is via the Mills reaction where 
aromatic nitroso derivatives react with anilines in glacial acetic acid or strong 
base to give the corresponding azobenzenes.117 The nitroso moieties are usually 
prepared through the oxidation of aniline with m-CPBA or OXONE.118 Another 
classic strategy is to synthesize azo compounds in a diazonium salt coupling 
reaction.119 This method starts with diazotization of an aromatic primary amine 
at low temperatures, the resulted diazonium intermediate reacts with an 
electron-rich aromatic compound and couples on the aromatic ring. This 
reaction is usually fast and has a high yield. Normally, the para position of the 
electron donating group on the aromatic ring would be substituted. When this 
position is occupied, the ortho position could be substituted. In recent years, a 
strategy via dehydrogenation of diarylhydrazines has been frequently used in 
the synthesis of azobenzene-type compounds, especially heterocycle-based azo 
compounds. Diarylhydrazines can be prepared using one of two approaches: 
nucleophilic substitution or metal catalysed coupling.120,121 In the former 
approach, a phenylhydrazine reacts with a halogenated (Cl or F) aromatic ring 
via nucleophilic substitution by heating, ideally with a microwave reactor. Then, 
dehydrogenation is conducted with an oxidant, such as O2, Pb(OAc)4 or 
tetrabutylammonium cerium(IV) nitrate, to give the corresponding azo 
compounds. Regarding the latter approach, the palladium catalysed coupling 
reaction, e.g. Buchwald-Hartwig coupling of N-Boc arylhydrazines with aryl 
halides (Br or I), was first described in 2003.121 The generated diarylhydrazine 
is submitted to a condition, such as NBS in pyridine or CuI/Cs2CO3,

122 to 
remove the Boc protection followed by dehydrogenation in one pot to form the 
azo bridge. Additionally, the symmetric azobenzene is occasionally reported to 
be obtained by oxidation using two portions of aniline or by reductive coupling 
using two portions of aromatic nitro derivatives.123,124 One drawback of these 
methods is that the metallic oxidant or reductant used in stoichiometric amounts 
and the by-products formed are not environmentally friendly. 
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Scheme 2. The main synthetic strategies for the preparation of azo compounds. 

 

3.2 Photophysical properties of azo compounds 

The evaluation of the photophysical properties of azo compounds is mainly 
based on UV-vis isomerisation absorption spectroscopy, together with other 
methods, e.g. NMR spectroscopy. Four different photophysical parameters 
have been the main focus in this thesis: the wavelength of the maximum light 
absorption, thermal stability of the Z-isomer, photostationary distribution (PSD) 
and reproducibility of photochemical switching.  

The light absorption maxima of azo compounds is tunable by various way, e.g. 
by introducing substituents, which encourages the preparation of molecules that 
can be isomerised by visible light,125 which is important for the application of 
azo compounds in vivo.126,127 This parameter can be read directly from UV-vis 
absorption spectra. 

The thermal stability of the Z-isomer is important in biological applications as 
it is a matter of purity over time. For some azo compounds, Z-isomers rapidly 
convert into their E-isomer,128 which is good for studying rapid biological 
processes, e.g. calcium signalling. Those azo compounds with stable Z-isomers 
are required for the application in enzymatic inhibition.129 Additionally, the 
nature of the solvent that is used during measurement influences the stability of 
the metastable Z-isomer.130 The lifetime or half-life of Z-isomers is usually 
determined by running thermal switching kinetics in the dark at certain 
temperatures and then fitting them with an exponential decay function. 
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The photostationary distribution is the steady-state relative abundance of E and 
Z-isomers after the azo compounds have been exposed to a certain wavelength 
of light. This is also a matter of purity that light irradiation can achieve, the 
higher the better. The value of PSD (ratio of E/Z-isomers) is determined by 1H-
NMR of the fully irradiated azo compound solution in DMSO-d6 (5 mM) or by 
HPLC if the sample was prepared in certain solvents, such as H2O, MeCN or 
MeOH.  

Finally, azo compounds usually show little sign of fatigue or degradation after 
repeated switching, likely due to the absence of any side reactions.[131] This 
experiment was conducted by irradiating the azo compound sample with two 
different wavelengths alternately to achieve PSD and repeating for 10 or more 
cycles. 

The photoisomerization quantum yield (Ø) is an important parameter for 
photoswitchable compounds. However, the thermal isomerization (from Z-
isomer to E-isomer) process of azo compounds usually proceeds 
simultaneously with photo-induced isomerization, which makes it very hard to 
determine the photoisomerization quantum yield. In this thesis, this parameter 
has not been evaluated. 

3.3 Kinase assays 

The vigorous development of kinase inhibitors both in industry and academia 
demands efficient and accurate assays to evaluate kinase catalytic function. The 
functional assay can be used to identify inhibitors, estimate affinity, 
characterize molecular mechanisms of action (MMOAs) and evaluate 
selectivity. Kinase assays include enzyme assays (cell-free assay) and cellular 
assays. In this thesis, the ADP-GloTM RET kinase assay and NanoBRETTM TE 
intracellular RET kinase assay have been employed to evaluate the enzymatic 
inhibition activity and intracellular kinase binding affinity, respectively.  

3.3.1 ADP-GloTM kinase assay 

The ADP-Glo™ kinase assay is a luminescent ADP detection assay that 
provides a homogeneous, high-throughput screening method to measure kinase 
activity by quantifying the amount of ADP produced during a kinase 
reaction.132,133 This method is a universal biochemical assay that can be used for 
any combination of kinase and substrate, regardless of the nature of the 
substrate such as peptide, protein, sugar, and lipids. The assay is performed in 
two steps (Figure 10): first, after the kinase reaction, an equal volume of ADP-
Glo™ Reagent is added to terminate the kinase reaction and deplete the 
remaining ATP; Second, the Kinase Detection Reagent is added to 
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simultaneously convert ADP to ATP and allow the newly synthesized ATP to 
be measured using a luciferase/luciferin reaction. The light generated is 
measured using a luminometer. This assay is sensitive enough to detect very 
low amounts of ADP (20 nM) and can detect generated ADP in a reaction 
containing up to 1 mM ATP in a linear fashion. The luminescent signal 
generated is proportional to the ADP concentration produced and is correlated 
with kinase activity. 

In this thesis, the ADP-GloTM RET kinase assay was run following Promega’s 
protocol with an additional pre-incubation step before ATP and substrate were 
added to the kinase reaction mixture, 10 μM ATP, 4.0 ng RET kinase, and 0.4 
mg/mL substrate (IGF1Rtide) were used. AMUZA LED array system was used 
to enrich the Z-isomer of azo compounds before the assays. 

 

Figure 10. Principle of the ADP-Glo™ Kinase Assay. Redraw based on Promega 
protocol. 
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3.3.2 NanoBRET™ target engagement intracellular kinase assay 

 

Figure 11. Principle of the NanoBRET™ target engagement intracellular kinase assay. 

The NanoBRET™ Target Engagement (TE) Kinase Assay measures compound 
binding at a selected kinase target which is fused to NanoLuc® luciferase.134,135 

The NanoBRET™ TE Assay allows for the measurement of compound binding 
in the presence of cellular factors that are known to impact target engagement 
potency. Specifically, it allows the quantitation of apparent intracellular affinity 
for a test compound to a diverse set of full-length protein kinases expressed 
inside living cells. Compound engagement is measured in a competitive format 
using a cell-permeable fluorescent energy transfer probe, namely the 
NanoBRET™ tracer. The binding of the test compound results in a loss of a 
NanoBRET™ signal between the target protein and the tracer inside intact cells 
(Figure 11). To determine test compound affinity, cells are titrated with varying 
concentrations of the test compound in the presence of a fixed concentration of 
tracer. In this thesis, the working concentration of the K-10 tracer was 0.13 μM. 
AMUZA LED array system was used to enrich the Z-isomer of azo compounds 
before or during the assays.  
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4 Azoheteroarenes 

4.1 Aromatic N-heterocycles in kinase inhibitors 

Aromatic heterocycles play an important role in medicinal chemistry. Their 
skeleton diversity, chemical stability and the possibility to readily decorate 
them with functional groups, make them highly useful in the development of 
bioactive molecules.136,137 Among all type of aryl heterocycles, nitrogen-
containing aromatic heterocycles are of great importance to life science, since 
they are abundant in nature, and especially exist in some natural products 
subunit, such as the vitamin B family and the nucleobases. The drug molecules 
that contain aromatic N-heterocycles can mimic those natural products to 
interact with corresponding targets and lead to physiological responses.138 Due 
to its natural potential of biological properties, aromatic N-heterocycles have 
always been attractive moieties in drug molecule design or chemical library 
development for hit compounds screening. An excellent example is their vast 
applications in the development of type I/II kinase inhibitors. The aromatic N-
heterocycles mimic the role of adenine of ATP, forming H-bond(s) with the 
kinase hinge, and this H-bond(s) largely determine the activity of the kinase 
inhibitors.139 Almost all the kinase inhibitors contain at least one aromatic N-
heterocycle except for mTOR inhibitors. Figure 12 lists the most frequently 
used aromatic N-heterocycles in FDA approved kinase inhibitors. 

 

Figure 12. Aromatic N-heterocycles in FDA approved kinase inhibitors 
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4.2 Introduction of azoheteroarenes 

Considering the essential role of aromatic N-heterocycles for the activity of 
kinase inhibitors, it is advisable to keep at least one aromatic heterocycle when 
incorporating azobenzene into the scaffold of kinase inhibitors during the 
development of photoswitchable kinase inhibitors. This is especially important 
when it comes to the heterocycles that bind to the hinge. Therefore, the 
heteroaryl azo unit becomes the photoswitch in the modified kinase inhibitors. 
If there is only one heteroaromatic ring incorporated, in most cases, such azo 
switches are called azoheteroarenes. Additionally, previous investigations of 
azoheteroarenes have shown that the introduction of a nitrogen atom(s) into one 
of the azobenzene phenyl rings changes the photophysical properties.140-147 For 
example, the Fuchter group developed arylazopyrazoles which demonstrated 
excellent E/Z-isomers band separation and, therefore, near 100% PSD in both 
directions and a long half-life (up to ~1000 days).145 Due to the impact of 
different aromatic N-heterocycles on the photophysical properties of azo 
switches, it is important to synthesise a series of aromatic N-heterocycle-based 
azoheteroarenes to study their photophysical properties. This paves the way for 
developing azoheteroarene-based photoswitchable kinase inhibitors. 

4.3 Synthesis of azoheteroarenes 

The synthesis of azoheteroarenes usually involves the strategies used for 
azobenzene, including the Mills reaction141 and diazonium salt coupling.140-141 
All these strategies form the azo bond by two components of aromatic building 
blocks in the late/last stage. Some publications also reported a strategy that 
firstly forms the N-N bridge and then constructs heterocycles.148 In this project, 
I attempted to develop a general synthetic strategy to prepare aromatic N-
heterocycle based azoheteroarenes. The Cho group reported a strategy that 
initially formed the azo bridge by Buchwald-Hartwig coupling followed by 
NBS oxidation to provide azobenzene, however, this approach suffered side 
reactions due to bromination of the phenyl ring(s).149 The Szymanski group 
reported a “one pot, two step” strategy that linked the phenylhydrazine on 
purine-derived aromatic rings by nucleophilic substitution followed by air 
oxidation to give azoheteroarenes.143 However, the application of nucleophilic 
substitution was limited to a certain electron-deficient position with 
halogenated aromatic heterocycles, e.g. 7-Cl-9H-purine. Inspired by these two 
strategies, we used Buchwald-Hartwig coupling to connect Boc-
phenylhydrazine to the aromatic ring, then removed Boc through microwave 
heating and performed O2 dehydrogenation in the same pot to provide 
azoheteroarene, as shown in Scheme 3.  
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Scheme 3. The synthetic strategy of azoheteroarenes in this project. 

 

The synthesis and photophysical characterisation of five-membered aromatic 
N-heterocycles (e.g. imidazole, pyrazole or pyrrole)-based azoheteroarenes 
have been heavily studied.140,141 Herein, the focus has been six-membered 
aromatic N-heterocycles- and fused aromatic N-heterocycles (pyridine and 
indole derivatives)-based azoheteroarenes; all these heterocycles have been 
reported as hinge binders of kinase inhibitors.  

Bromoheterocycles 1a−1d (entries 1−4; Table 4) were reacted with Boc-
protected phenylhydrazine (4) under Buchwald-Hartwig conditions (Pd(OAc)2, 
t-Bu3P·HBF4, Cs2CO3, toluene, 110 oC, overnight). Good yields of Boc-
protected diarylhydrazines 2a, 2b and 2d (more than 65%) were produced. 
However, 2c was only obtained in 18% yield. This result was due to a 
significant reduction of aryl halide (1c) by β-H elimination during the coupling 
reaction.150 Additionally, some of the target products 1d were converted to 
hydrazones by tautomerism, which further reduced the yield.151 

However, when indole-derived bromoheterocycles were subjected to the 
conditions described above, no target products were detected. It was assumed 
that this was because the amine of the heterocycle interfered with the coupling 
reaction by coordinating the palladium catalyst. In this case, it became 
necessary to introduce a protecting group to block the amine on the substrates. 
Initially, Boc was employed to protect the 5-bromoindole to prepare 1e-1. 
However, the Boc-group was lost during the Buchwald-Hartwig coupling step. 
Then, the more thermally stable tosyl group was used to protect the indole ring 
(1e-2). Reacting 1e-2 with 4 under Buchwald-Hartwig conditions gave 2e in 83% 
yield. Afterwards, other tosyl protected 5-bromoindole derivatives (1f, 1g and 
1h-1) were treated with the same conditions. Both 1f and 1g provided 
corresponding products 2f and 2g, respectively, in high yields (more than 80%). 
Compound 1h-1 still could not survive under these conditions (with and 
without 4) as the tosyl group was lost upon heating. Then, THP, another 
commonly used protecting group but an electron-donating one for amine, was 
used to prepare 1h-2. When this new substrate was submitted to the same 
conditions as above, half of 1h-2 was consumed, whereas no target product was 
detected but dehalogenated product. Optimisation of the condition was  
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Table 4. Synthesis of aromatic N-heterocycle-based azoheteroarenes 

 

Entry Substrate 2, yield  3, yield  5, yield  

1 1a 2a, 75% 3a, 85% - 

2 1b 2b, 73% 3b, 90% - 

3 1c 2c, 18% 3c, 81% - 

4 1d 2d, 65% 3d, 74% - 

5 1e-0 0 - - 

6 1e-1 0 - - 

7 1e-2 2e, 83% 3e, 85% 5e, 81% 

8 1f 2f, 80% 3f, 88% 5f, 80% 

9 1g 2g, 81% 3g, 88% 5g, 84% 

10 1h-1 0 - - 

11 1h-2 2h, 54% 3h, 40% 5h, 75% 

12 1i 0 - - 

13 1j 0 - - 
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14 1k 0 - - 

15 
1l-1 

 
0 - - 

16 
 

1l-2 
 

0 - - 

 

conducted for 1h-2 by changing ligand with XantPhos, rac-BINAP and XPhos. 
As a result, only the reaction that used XPhos provided the target product 2h 
(54% yield) yet the reaction was still not completed even after increasing 
temperature, extending reaction time and tuning the equivalents of 
catalyst/ligand and 4. Regarding 2-bromo-1H-benzimidazole, different 
protecting groups were used to block the secondary amine but all of them failed 
to couple with 4 under Buchwald-Hartwig coupling conditions, which may 
have been due to the steric hindrance from the bulky protecting groups. Other 
aromatic N-heterocyclic halide substrates (1j, 1k, 1l-1, 1l-2) were tested under 
Buchwald-Hartwig coupling conditions with 4 but only dehalogenated products 
were detected. 

With 2a–2h in hand, microwave-assisted O2 oxidation was performed to obtain 
azo compounds. To convert intermediate 2 to azo compounds, the Boc group 
should first be removed since the remained diarylhydrazine is more susceptible 
to oxidants.152 For deprotecting of Boc groups, acidic methods are the most 
widely used, e.g. HCl or TFA. I investigated thermal deprotecting of the Boc 
group, which has at least two advantages over acidic methods. Firstly, there are 
no functional groups incompatibility or workup complications.153 Secondly, the 
product would exist as free amine after deprotecting and not as salts which may 
affect the following oxidation activity.154 Additionally, this method is optimal 
when run on a small-scale due to the high-temperature requirements and 
vigorous off-gassing of the reaction. Compound 2a in DMF under N2 was 
initially submitted to a microwave reactor at 200 oC and heated for 30 min; all 
starting materials were consumed. After cooling, the reaction vial was 
recharged with O2 and heated at 60 oC overnight (the reaction solution colour 
changed from light brown to dark red) and gave target azo product 3a in 85% 
yield. This condition worked well with 2b and provided 3b at a yield of 90%. 
However, when 2c was submitted to this condition, by-products were detected 
by LC-MS after microwave heating; the N-N bond of diarylhydrazine was 
broken and generated two components of aromatic amine. In the second effort 
towards 2c oxidation, the deprotecting temperature was decreased to 180 oC 
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and heated for 1 h, however, some 2c (approximately 15%) remained.	 The	
temperature	 was	 then	 increased	 to	 200 oC for 10 min and deprotecting was 
finished at a little expense of decomposition (approximately 6%). After O2 
oxidation, 3c was obtained at a yield of 81%. Following this procedure, 2e, 2f 
and 2g efficiently lead to corresponding azo compounds in yields greater than 
85%. However, 2d suffered from decomposition, 3h was obtained in a yield of 
74% and 2h was completely decomposed. After maintaining a balance of 
decomposition and conversion, 2c was heated at 160 oC	 for 1 h and then 180 oC 
for 30 min to provide 3c at a yield of 40%, while 18% of 2c remained. 

The tosyl group on 3e, 3f and 3g was efficiently removed by Cs2CO3 at rt, in 
yields higher than 80%. The THP group on 3h was removed by 4 N HCl in 1,4-
dioxane to give 5h at a 75% yield. 

Considering the high frequency of purine in ATP competitive kinase inhibitors 
and quinazoline in TK inhibitors155-157 and the limited literature on these two 
aromatic heterocycle-based azo compounds, we synthesised them by other way 
and evaluated their photophysical properties. Both 6-Cl-purine and 4-Cl-
quinazoline are good substrates for aromatic substitution. Therefore, a strategy 
starting with aromatic substitution to prepare diarylhydrazine was adopted 
(Scheme 4). Compound 1k was reacted with phenylhydrazine by microwave 
heating at 180 oC for 2 h to give the corresponding diarylhydrazine intermediate. 
Without purification, the reaction vial was recharged with O2 and heated at 60 
oC overnight, which provided target azo compound 6 at a yield of 65%. 
Compound 1j was treated under the same conditions. However, no target 
product (7) was detected, although all starting material was consumed. 
Alternatively, a solution of Boc-protected phenylhydrazine and 4-Cl-
quinazoline in n-BuOH was subjected to microwave irradiation at 60 oC for 30 
min to complete the substitution and provide intermediate 7 at 95% yield. After 
deprotection and O2 oxidation, azo compound 8 was obtained in 24% yield. 

Scheme 4. Synthesis of azo compounds 6 and 8. 
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4.4 Photophysical characterization of azoheteroarenes 

The characterisation of photophysical properties of these azoheteroarenes was 
then performed. To evaluate the influence of protecting groups on 
photophysical properties, 3e-3h were also evaluated. The basic parameters 
(solvent, irradiation wavelength, absorption maxima, photoisomerization 
efficiency) of all the azo compounds were evaluated and summarised in Table 5.  

All the UV/vis absorption spectra were obtained in an aqueous solution (30 µM) 
with certain fractions of DMSO as a co-solvent to assist solvation of the 
compounds (Table 5). Compound 3g was the only exception as it was insoluble 
in water and was thus dissolved in neat DMSO for the photophysical 
characterisation. The aqueous solution was given priority during 
characterisation due to the potential application of these azo switches on 
bioactive molecules for subsequent tests in biological contexts. 

Before preparing the solutions for the UV-vis absorption spectra, the stock 
DMSO solution of these azo compounds (3.0 mM) was thermally adapted by 
heating at 50 oC for 72 h to achieve a purity of more than 99% E-isomer. The 
absorption maxima of the π→π* transition for the respective compounds was 
observed at a wavelength between 317 and 387 nm, whereas the n→π * 
transitions at longer wavelengths were very weak and barely observed in the 
absorption spectra. There were several trends exhibited among these azo 
compounds, as indicated in Table 5. Firstly, the fused aromatic heterocycles-
based compounds (3d, 5e–5h) showed red-shifted absorption maxima 
compared to that of monocyclic compounds (3a–3b). A good example is the 
tricyclic aromatic heterocycle-based 5g, which had a π→π* transition 
absorption maxima at 387 nm and could be switched between E- and Z-isomers 
using visible lights (405 and 523 nm). Based on their absorption maxima, 3a–5f 
and 6 were switched (to Z-isomer) by UV 365 nm. However, no switching was 
detected for 5h and 8, even by ns transient absorption measurement after the 
excitation pulse at 355 or 410 nm. Afterwards, the UV enriched Z-isomers of 
3c–5f and 6 were switched back to E-isomers by 460 nm light irradiation, while 
a shorter wavelength light (405 nm) was used to trigger the back switching for 
monocyclic compounds 3a and 3b. Secondly, the photoswitching efficiency 
was improved with the increase of the size of the heterocycle. The monocyclic 
azo compounds (3a–3c) indicated slower switching, with a more than 4-fold 
longer switching half-life (t1/2) compared to the fused aromatic heterocycle-
based compounds (3d, 5e–5h). Thirdly, the protecting groups affected both the 
absorption maxima and the photoswitching efficiency. The introduction of 
electron-withdrawing tosyl group on 5e–5g leads to a red shift of their 
absorption maxima, e.g. the change from 5g to 3g, and also lowered their 
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switching efficiency upon irradiation. It should be noted that all photoswitching 
proceeded with isosbestic points, which implies clean conversion between the 
two implicated isomers. 

Table 5. Photoisomerization properties based on UV-vis absorption spectra 

Azo compounds 
DMSO  
(% in 
H2O) 

λmax E 
(nm) 
π→π* 

λirr (nm) 
(E→Z, 
 Z→E) 

λmax 
n→π*after 

UV 

τ (s) 
(E→Z, 
Z→E) 

1 318 365, 405 426 107, 44 

1 317 365, 405 426 169, 47 

1 328 365, 460 433 105, 54 

10 336 365, 460 432 58, 36 

50 338 365, 460 431 37, 35 

50 335 365, 460 430 46, 39 

100 351 365, 460 435 25, 32 

20 363 365, 460 442 15, 26 

5 355 365, 460 433 24, 21 

7.5 349 365, 460 430 18, 26 

33.3 387 405, 523 435 15, 50 

1 349 365, 460 428 39, 29 

5 362 

No isomerization was detected 

1 325 
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Figure 13. The thermal stability of the Z-isomer of azo compounds represented by the 
ratio that switch back to E-isomer after leaving the light enriched Z-isomer in the dark at 
rt for 24 h.  

The thermal stability of the Z-isomer was briefly evaluated by determining the 
ratio of the switch back to an E-isomer after leaving the light-enriched Z-isomer 
sample in the dark at rt for 24 h (Figure 13). Regarding the fast back-switching 
cases, including 3c, 3h, 5e and 6, thermal switching kinetics were recorded to 
determine the half-life (Appendix 3). It should be noted that the Z-isomer of 5g 
could quickly switch back to an E-isomer (in approximately 1 h). However, 
significant decomposition was also detected after leaving 5g in the dark for 2 h, 
according to the UV-vis spectrum, which was ascribed to hydrolysis of the azo 
bond. Additionally, compounds 3c, 3h and 5e had the lowest activation 

energies for thermal Z→E isomerization, as estimated by DFT calculations, 

assuming thermal isomerization through inversion (Appendix 4).145  The fast 
back-switching of 6 (t1/2 = 1.8 min) can be explained by a different 
isomerization mechanism, which is rotation instead of inversion. This is 
because 6 in the Z-form showed the largest twisting angles between the plane of 
the heterocycle and the N-N double bond (Appendix 5).145 Furthermore, the 
electron-withdrawing tosyl-protected azo compounds displayed improved 
thermal stability when comparing 3e–3g with 5e–5g. 
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Figure 14. Photostationary distribution of 3a–5g after exposure to two different 
wavelengths of light. 

 
 
 

 

Figure 15. Photoisomerization fatigue resistance of 5f (A) and 3f (B), evaluated by 10 
cycles of alternate 365 nm/460 nm irradiation, displaying the absorption intensity at 
certain wavelengths after each irradiation. No significant degradation was observed for 
5f but obvious degradation was observed for 3f. 
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The UV-enriched Z-isomer purity of 3a–5f ranged from ca. 60% to 96%, while 
5g was irradiated by visible light 405 nm and generated 88% Z-isomer (Figure 
14). However, the photoinduced Z→E isomerisations were performed by 
visible light irradiating of the samples that were enriched in the Z-isomer, 
providing PSD containing between 65% and 88% of the E-isomer. The PSD of 
6 could not be measured due to its fast thermal isomerisation, which requires 
special equipment. When comparing photoinduced E→Z isomerisations 
between 3g and 5g and Z→E isomerisations of 3e, 3f, 5e and 5f, it can be 
observed that the introduction of tosyl group somehow enlarged the PSD for 
both directions, which may be due to the subsequent separation of n→π* and 
π→π* absorption bands. 

To determine whether these azo switches can withstand repeated 
photoisomerization in an aqueous solution without degradation, their fatigue 
resistance was evaluated by exposing the aqueous solution (DMSO solution for 
3g) to 10 cycles of alternate irradiation of two corresponding wavelengths used 
to achieve PSD. Fortunately, all these azo compounds showed high fatigue 
resistance after 10 cycles of E↔Z photoisomerization, except for 3f (Figure 15). 

4.5 Summary 

We developed an efficient strategy to synthesise aromatic N-heterocycle-based 
azoheteroarenes, using Buchwald-Hartwig coupling and microwave-assisted O2 
oxidation as the key steps. Using this strategy, we synthesised eight azohetero-
arenes (disregarding the azo compounds that have protecting groups). Another 
two heterocycles containing azoheteroarenes that are frequently used in kinase 
inhibitors were prepared by another (similar) strategy in this work to investigate 
more comprehensive profiles of azoheteroarenes in terms of photophysical 
properties. Furthermore, the absorption maxima, photostationary distribution, 
isomerisation fatigue resistance, thermal stability of Z-isomer and photoinduced 
isomerisation kinetics of these azo compounds were evaluated based on UV/vis 
absorption spectra. Among them, 3d and 5f displayed ease of synthesis and 
outstanding photophysical properties in all parameters, which will be applied as 
the photoswitch in the following development of photoswitchable RET kinase 
inhibitors. 
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5 Photoswitchable DFG-out RET kinase 
inhibitors 

5.1 Design of photoswitchable DFG-out RET kinase inhibitors      

As discussed in the introduction, the molecular structure and binding mode of 
DFG-out kinase inhibitors (or type II inhibitors) share some common features. 
A representative example is ponatinib (Figure 16). When it binds to FGFR4 
kinase (PDB ID: 4UXQ),158 the imidazo[1,2-b]pyridazine “head” (green) forms 
an H-bond with Ala553 of the hinge. The ethynylbenzene “linker” (cyan) 
bridges the space beside the kinase gatekeeper and stretches to the edge of the 
ATP binding pocket. This interaction places the amide in the proper position to 
bind to Glu520 of the αC-Helix and Asp630 of the DFG (out) motif. A 
hydrophobic “tail” (orange) is located in the allosteric pocket near the catalytic 
site created by the flip of the DFG motif, the 1-methylpiperazine moiety on the 
“tail” increases the aqueous solubility. On the other hand, ponatinib shows 
potent RET kinase inhibition activity with IC50 values in the single digit nM 
level.79 Therefore, using ponatinib as the template, we designed the general 
photoswitchable RET kinase inhibitor model by integrating an azoheteroarene 
into the molecular structure of ponatinib (Figure 16). In this case, the 
heterocycle replaced the role of imidazo[1,2-b]pyridazine as the “head” to bind 
to the hinge, and the phenylazo moiety replaced the ethynylbenzene as the 
“linker”.  

 

Figure 16. Schematic representation of the design of photoswitchable DFG-out RET 
kinase inhibitors. 
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5.2 Development of quinoline “head” based photoswitchable DFG-
out RET kinase inhibitor      

5.2.1 Development of the azo type DFG-out RET kinase inhibitor with a 
quinoline ring as the hinge binder 

The study of azoheteroarens in the last chapter showed that quinoline based 
azoheteroarene 3d is outstanding in the aspects of synthesis and photophysical 
properties. In addition, the quinoline head is a good hinge binder in RET kinase 
inhibitors or other RTK inhibitors, such as cabozantinib.159,160 In this case, we 
decided to initially develop the quinoline “head”-based photoswitchable RET 
kinase inhibitor.     

Scheme 5. Synthesis of photoswitchable RET kinase inhibitor 15.a 

 
aReagents and conditions: (a) N-Boc hydrazine, Cs2CO3, CuI, DMSO, 80 oC, 4 h, 85%; 
(b) 3-bromoquinoline, Pd(OAc)2, t-Bu3P·HBF4, Cs2CO3, toluene, 110 oC, 18 h, 50%; (c) 
DMF, MW, 180 oC, 45 min; then O2, 100 oC, 2 h, 50%; (d) LiOH, THF/H2O/MeOH, 50 
oC, 3 h, 74%; (e) 14, EDCI, HOBt, Et3N, DCM, rt, 36 h, 62%. 

Scheme 8 shows the synthetic route to target compound 15. Compound 10 was 
prepared from 9 by an Ullmann type coupling. A subsequent Buchwald-
Hartwig coupling with 3-bromoquinoline provided 11. Next, 11 was used in a 
“one-pot, two steps” dehydrogenation reaction: heating with microwave 
irradiation (MW) at high temperature to remove the Boc protection, and then 
heating with O2 to form the azo bond of 12. After hydrolysis by LiOH, the 
resulting acid was coupled with previously reported “tail” moiety 14 to give the 
target product 15 (Scheme 5).161 The salt form 15·HCl was prepared by mixing 
15 with 4 N HCl in 1,4-dioxane and then removing the solvent.  

After 15 and its salt were produced, their photophysical properties were 
characterized based on their UV-vis absorption spectra (Figure 17, Table 7).  
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Figure 17. UV-vis absorption spectra of 15 in DMSO (left) and H2O (right). 

Compound 15 has a π→π* absorption maxima at 340 nm in a thermally 
adapted DMSO solution. Once irradiated by UV 365 nm light, a PSD 
containing 90% Z-isomer was obtained (as determined by 1H-NMR 
spectroscopy). After additional exposure of this sample to 460 nm light, a PSD 
with 87% E-isomer can be produced. In addition, the thermal stability (half-life) 
of the Z-isomer in DMSO was determined to be t1/2 = 208 h (Table 7). The 
aqueous solution was prepared by dissolving 15·HCl in H2O. Both π→π* (E-
isomer) and n→π* (Z-isomer) absorption bands showed a small hypsochromic 
shift compared to the DMSO solution. The thermal stability of 15 in aqueous 
solution was determined to be t1/2 = 217 h (Table 7). Furthermore, compound 15 
showed good fatigue resistance both in DMSO and aqueous solutions, as no 
significant degradation was observed after 10 cycles of 365 nm and 460 nm 
irradiation-induced photoswitching (Appendix 7). 

 

Figure 18. Dose-response curve and IC50: reference compounds (left, pona: ponatinib, st: 
staurosporine); E-isomer and UV-enriched Z-isomer of 15 (right). 

After assessing the photophysical properties of compound 15, the kinase 
inhibition activity was determined by ADP-GloTM RET kinase assay. In this 
assay, purified RET kinase was used. With IGF1tide as the substrate, the 
enzymatic activity was quantified by luminescence which is proportional to the 
amount of consumed ATP during the kinase reaction.133 Considering that DFG-
out kinase inhibitors tend to be slow binders (low kon and even lower koff),

162 an 
additional 30 min pre-incubation procedure was executed, based on the 
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manufacturer’s protocol. With the modified procedure, the activities of 
reference compounds ponatinib and staurosporine were initially tested in this 
assay, and the IC50 values were determined as 3 nM and 8 nM, respectively (see 
Figure 18). Afterwards, the thermally adapted E-isomer and UV-enriched Z-
isomer of azo compound 15 were analysed in the same assay. However, the 
IC50 value of the Z-isomer was only 1.6-fold greater than the E-isomer (Figure 
18), although both were very potent (low nM range). 

We assumed that there are two reasons for the narrow difference of inhibition 
activity between 15E and UV-enriched 15Z: 1) the kinase-binding pocket is so 
flexible that it can tolerate the binding of 15Z and still demonstrate good 
inhibition; 2) the PSD after UV enrichment (up to 90%) and thermally reversed 
isomerisation of the Z-isomer resulted in the purity of 15Z being too low during 
the kinase reaction, causing 15E to dominate the interaction with RET kinase. 

5.2.2 Development of stilbene type model inhibitors  

The first assumption was identified via computational modelling, performed by 
docking of 15E and 15Z into the DFG-out RET kinase structure created by 
homology modelling based on the c-KIT crystal structure (PDB code 4U0I) as 
a template (Figure 19A).163 Per our design, 15E adopts a canonical type II 
binding mode: the quinoline “head” formed an H-bond at the hinge with 
Ala108, the phenyl azo “linker” traversed the area besides the gatekeeper 
Val105, and the amide bond formed two H-bonds with Glu76 of the αC-Helix 
and Asp108 of the DFG motif (out). Furthermore, an additional H-bond formed 
between the amide and Ser192, which also contributed to the binding affinity of 
15E. Moreover, the “tail” moiety was located in the hydrophobic pocket 
adjacent to the catalytic region. However, although the Z-isomer of 15 adopted 
a similar pose to the E-isomer, no H-bonds formed with the key amino acids on 
the hinge, conserved Glu76 and Asp193, while these binding features mainly 
contributed to the activity of DFG-out RET inhibitors. At this stage, we 
concluded that the 15Z cannot be fully tolerated by the main drugable pocket of 
DFG-out RET kinase and should show a greater difference in bioactivity than 
15E. 

Stilbene compounds are reported be more thermally stable and less sensitive to 
light compared to azo compounds.164 We investigated the second assumption 
by developing the corresponding stilbene-type model compounds to mimic the 
E/Z-isomers of azo compound 15. Development of this pair of stilbene isomers 
began with molecular docking in the DFG-out RET kinase model (Figure 19B). 
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Figure 19. Molecular docking of two isomers of azo compound 15 (A) and 
corresponding stilbene model compounds (B) with the DFG-out RET kinase. The DFG-
out model was obtained by homology modelling, which applied the RET protein 
sequence (NCBI database GeneID: 547807) on a template of KIT crystal structure (PDB 
code 4U0I). The dockings were performed by a method of “alpha triangle” placement 
and “induced fitting” refinement. 

The E-isomer adopted almost the same binding model with 15E, which should 
show the approximate IC50 value in the subsequent biochemical assay. Due to 
the steric strain, the Z-isomer lost H-bonds with the hinge and the DFG motif, 
and only maintained the bond with Glu76. In this case, the main drugable 
pocket of DFG-out RET kinase should also not tolerate the binding of the Z-
isomer of the stilbene model molecule. The synthesis of the stilbene model 
compounds started from building block 16, prepared according to reported 
study and procedure,165 and then reacted with 3-bromoquinoline to produce the 
key intermediate 17. Subsequently, 17 was submitted to two different metal-
catalysed stereoselective reduction methods to provide the E-isomer (18E) and 
Z-isomer (18Z) of stilbene intermediates.166,167 They were then hydrolysed with 
LiOH, and the resulting acids were coupled with “tail” moiety 14 to provide 
final stilbene compounds 20E and 20Z (Scheme 6). Using the same ADP-
GloTM RET kinase assay used for 15, the IC50 of 20Z was determined to be 900 
nM, 115-fold higher than the IC50 of 20E (IC50 = 7.8 nM). The biochemical 
assay results for stilbene compounds further supported that Z-isomers of 
stilbene-type inhibitors and azo-type inhibitors cannot be well tolerated by the 
main drugable pocket of DFG-out RET kinase. Furthermore, the small 
difference in biological activity between 15E and 15Z likely resulted from the 
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undesirable photophysical properties (PSD and thermal stability) of the UV-
enriched Z-isomer. 

Scheme 6. Synthesis of stilbene type model inhibitors 20E and 20Z.a 

 
aReagent and conditions: (a) 3-bromoquinoline, Pd(MeCN)2Cl2, RuPhos, Cs2CO3, 
MeCN, 80 °C, 6 h, 95%; (b) RuCl2(PPh3)3, CuI, Zn, H2O, 1, 4-dioxane,100 °C, 8 h, 21%; 
(c) LiOH, THF/H2O/MeOH, 50 oC, 3 h, 72-79%; (d) 14, EDCI, HOBt, Et3N, DCM, rt, 
36 h, 64-72%; (e) Pd(OAc)2, KOH, DMF, 150 oC, 6 h, 28%. 

5.3 Optimization of quinoline “head” based photoswitchable DFG-
out RET kinase inhibitor      

We could achieve a greater biological activity difference between E/Z-isomers 
of photoswitchable RET kinase inhibitors over 15 via three optimization 
aspects: enlarging the geometric difference between the E-isomer and Z-isomer, 
thus weakening the binding affinity of the Z-isomer while maintaining the 
affinity of the E-isomer; enhancing the thermal stability of the Z-isomer to 
preserve the purity during the kinase assay and increasing the UV-enriched Z-
isomer PSD, thus increasing the purity of the Z-isomer during kinase assay. 

5.3.1 Introducing substituents on the quinoline ring  

One way to enlarge the geometric difference is to modify the quinoline ring 
with substituents. By installing substituents onto the quinoline “head”, the 
activity of the E-isomer can be regulated by adjusting the binding affinity of the 
“head” moiety on the hinge or creating contact between the substituents and 
amino acid residues in the adenosine binding pocket. More importantly, the 
bulkier “head” moiety and the increased geometric distortion of the Z-isomer 
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make it more difficult to bind into the adenosine binding pocket compared to 
the E-isomer, thus enlarging the binding affinity difference between them. To 
evaluate the effect of substituents on the geometric structure and subsequent 
biological activity of photoswitchable kinase inhibitors, we prepared eight pairs 
of stilbene-type model compounds with substituents on the C4 and C8 positions 
of the quinoline “head” (Scheme 7 and 8). Among them, four pairs of stilbene 
compounds were substituted with alkyls (methyl, ethyl, propyl and isopropyl) 
in the C8 position of the quinoline ring (30a-d and 31a-d). The other four pairs 
were substituted with nucleophilic groups (methoxyl, dimethylamine, 
pyrrolidyl and anilino) in the C4 position of the quinoline ring (39e-h and 40e-
h). The substituent that would lead to the largest bioactivity difference should 
be applied to the azo compound.  

Scheme 7. Synthesis of C8 substituted stilbene type model inhibitors.a 
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aReagent and conditions: (a) R1MgBr, Ni(dppp)Cl2, THF, rt, 4 h, 72-76%; (b) 
Isopropenyl magnesium bromide, Pd(PPh3)4, THF, 40 oC, 3 h, 78%; (c) 10% Pd/C, H2, 
MeOH, rt, 3 h, 45%; (d) NIS, AcOH, 90 oC, 16 h, 33-48%; (e) 16b, Pd(MeCN)2Cl2, 
RuPhos, Cs2CO3, MeCN, 80 °C, 6 h, 71-86%; (f) RuCl2(PPh3)3, CuI, Zn, H2O, 1, 4-
dioxane, 100 oC, 8 h, 18-28%; (g) LiOH, THF/H2O/MeOH, 50 oC, 3 h, 63-90%; (h) 14, 
EDCI, HOBt, Et3N, DCM, rt, 36 h, 56-78%; (i) Lindlar cat., H-cube, EtOH, 100 bar, 1.5 
mL/min, 80 °C, 43-75%. 
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The synthesis of C8-substituted stilbene compounds started with a Kumada 
coupling reaction on 8-bromoquinoline (21) to introduce alkyl groups (8-
methylquinoline is commercially available).168 Ethyl and propyl groups were 
introduced on C8 successfully with decent yields. A mixture of isopropyl and 
propyl substituted products was obtained when i-PrMgBr was used to attempt 
to install the isopropyl group on the C8 position. In this reaction, the propyl 
side product resulted from β-H elimination and subsequent olefin insertion after 
the isopropyl group coordinated on the catalyst complex.169 Compound 23d 
was very difficult to isolate from 23c since they have almost the same polarity 
and completely overlapped on TLC plates. An alternate method to prepare 23d 
first introduced an isopropenyl group by Kumada coupling then employed 
hydrogenation to convert isopropenyl to isopropyl.170 These C8 substituted 
substrates were then reacted with NIS in AcOH to provide C3 iodinated 24a-d 
in low to medium yield.171 Subsequently, Sonagashira coupling reactions were 
performed to install the “linker” precursor 16b,172 providing the key 
intermediates 25a-d. These diarylacetylene intermediates were then treated 
with two different metal-catalysed stereoselective reduction conditions: a 
RuCl2(PPh3)3/CuI/Zn mixture was used to catalyse the reduction, producing the 
E-isomers of stilbene intermediates 26a-d in quite low yields.173 A Lindlar 
catalyst was applied to generate the Z-isomer of stilbene intermediates 27a-d in 
medium yields.174 These stilbene intermediates were then hydrolysed by LiOH, 
and the resulting acids were coupled with the “tail” moiety to provide target 
stilbene inhibitors 30a-d and 31a-d (Scheme 7). 

The synthesis of C4-substituted stilbene compounds started with nucleophilic 
substitution on commercially available 4-chloro-3-iodoquinoline (33) and 
produced substituted substrates 34e-h.175,176 The solvents and heating 
temperatures used in this reaction depended on different nucleophiles. The 
following synthesis initially proceeded with the same strategy as C8-substituted 
stilbene compounds. However, no reaction was observed when the C4-
substituted diarylacetylene intermediates were treated with the two previously 
used metal-catalysed stereoselective reduction conditions. Therefore, we 
utilised a strategy of initially preparing the E-isomer of stilbene intermediates 
by coupling between 34e-h and (E)-phenyl alkenyl building blocks (32a-b) and 
then converting it to the Z-isomer by light-induced isomerisation (Scheme 8). 
Building blocks 32a-b were prepared via a benzoic acid-catalysed 
hydroboration of 16a-b; the solvent of the reaction mixture was removed and 
the residue was ready for following use.177 Subsequently, a Suzuki coupling 
reaction was run using the crude products of 32a-b and 34e-h in high yields to 
provide 35e-h, which were then irradiated by 365 nm UV light for 2 h to give a 
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Scheme 8. Synthesis of C4 substituted stilbene type model inhibitors.a 

 
aReagent and conditions: (a) HBpin, benzoic aicd, heptane, 100 °C, 16 h; (b) 
Nucleophile solution, heating, 88-98%; (c) Pd(OAc)2, RuPhos, H2O, K3PO4, 1,4-
dioxane, 80 oC, 16 h; (d) UV 365 nm, MeCN, rt, 2 h, 39-57%; (e) LiOH, 
THF/H2O/MeOH, 50 oC, 3 h, 63-90%; (f) 14, EDCI, HOBt, Et3N, DCM, rt, 36 h, 56-
78%; (g) 14, HATU or HBTU or TBTU, DIPEA, DMF, rt, 16 h, 32-57%.  

mixture of E/Z-isomers; the Z-isomers 36e-h were isolated by PLC plates. The 
intermediates 35e-h and 36e-h were hydrolysed with LiOH, and the resulting 
acids formed amide bonds with the “tail” to provide final C4 substituted 
stilbene compounds 39e-h and 40e-h, respectively. 
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Table 6. IC50 of substituted stilbene compoundsa 

Inhibitors R1 R2 IC50 Z/E (IC50) ratio 

30a methyl H 257 nM 
49 

31a methyl H 12.6 μM 

30b ethyl H 1.9 μM 
10.5 

31b ethyl H 20.0 μM 

30c propyl H 5.6 μM 
- 

31c propyl H > 0.5 mM 

30d isopropyl H 9.8 μM 
- 

31d isopropyl H > 0.5 mM 

39e H methoxyl 12.4 nM 
142 

40e H methoxyl 1.8 μM 

39f H dimethylamino 98 nM 
24.4 

40f H dimethylamino 2.4 μM 

39g H pyrrolidinyl 66 nM 
33.4 

40g H pyrrolidinyl 2.2 μM 

39h H anilino 2.3 μM 
21.3 

40h H anilino 49 μM 
a IC50 values were determined by ADP-GloTM RET kinase assay. Data represent the 
mean and standard deviation of three experimental replicates. 

The substituted stilbene compounds were evaluated by ADP-GloTM RET kinase 
assay to determine their IC50 values (listed in Table 6 with the Z/E IC50 ratios). 
Just as we could conclude from the design, the introduction of alkyl groups on 
the C8 position largely weakened the activity of the Z-isomers, especially for 
30c and 30d. However, the corresponding E-isomers lost more activity (larger 
IC50 value) in all four pairs of C8-substituted compounds since the substituents 
pushed the nitrogen atom of the quinoline “head” away from the hinge, 
preventing it from forming the H-bond. Such relative floating of the biological 
activities led to smaller IC50 differences between the Z- and E-isomers. The 
results were similar for the C4-substituted compounds, except for methoxyl-
substituted 39e and 40e. A Z/E IC50 ratio of 142-fold was achieved for this pair 
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of compounds, while the potency of the E-isomer was preserved (IC50 = 12.4 
nM). The effect of the methoxyl group on the bioactivity of stilbene compounds 
was also confirmed by molecular docking (Figure 20). Compound 39e can dock 
in the DFG-out RET kinase structure by approximately the same pose as 15E or 
20E. It can also form H-bonds with key amino acid residues, whereas the Z-
isomer 40e did not H-bond with the kinase. The successful modification with 
methoxyl on stilbene compounds encouraged us to develop the corresponding 
azo compounds with methoxyl substituted on the C4 position of the quinoline 
ring. 

 

Figure 20. Molecular docking of 39e (left) and 40e (right) with the homology model of 
DFG-out RET kinase. 

Using the same strategy as for 15, the synthesis of this substituted azo 
compounds started with Buchwald-Hartwig coupling between 10 and 34e to 
provide 41 (Scheme 9). Afterwards, this intermediate was submitted to MW 
heating and subsequent O2 oxidation to form the azo intermediate 42, which 
was then hydrolyzed by LiOH, and the resulting carboxylic acid was coupled 
with the “tail” to afford the target azo product 44. This azo compound is 
susceptible to acid (HCl or AcOH) since the methoxyl group will be hydrolysed 
and lead to quinolin-4-ol derivative once treated with acid. 

Scheme 9. Synthesis of C4 methoxyl substituted azo type inhibitor.a 
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aReagent and conditions: (a) 10, Pd(OAc)2, Xantphos, Cs2CO3, Toluene, MW, 110 oC, 2 
h, 63%; (b) DMF, 180 oC, 45 min; then O2, 100 oC, 2 h, 50%; (c) LiOH, 
THF/H2O/MeOH, 50 oC, 3 h, 68%; (d) 14, EDCI, HOBt, Et3N, DCM, rt 36 h, 66%. 
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5.3.2 Introducing the second azo unit 

Other than installing substituents on quinoline ring, introducing the second azo 
unit into the linear structure of azo compound 15 was expected to make more 
substantial changes in molecular shape, end-to-end distance and dipole moment, 
thus larger difference in biological activity before and after irradiation. 

 Scheme 10. Synthesis of diazo type inhibitor.a 

 
aReagent and conditions: (a) OXONE, DCM/H2O, rt, 3 h, 42%-63; (b) 3-aminoquinoline, 
toluene:40% NaOH (1:1), 80 °C, 2 h, 71%; (c) (N-methyl)ethanol, CuI, Formamide, 80 
oC, 24 h, 53%; (d) 14, TFA, HOAc/toluene (1:1), rt, 18 h, 25%. 

The synthesis started from commercially available 3-bromoaniline (45) which 
was treated with OXONE to provide the nitroso product 46 (Scheme 10). A 
Mills reaction under alkaline conditions was then conducted with 3-
aminoquinoline to construct the first azo bond and afford azo intermediate 
47.178 The following amination must be performed using anhydride condition to 
avoid degradation of azo bond. In this case, an (N-methyl)ethanol/Formamide 
mixture,179 instead of an NH4OH solution, was used to provide NH3 and give 48. 
This newly formed amino group was further oxidized by OXONE to prepare 
the nitroso group which subsequently reacted with 14 under acidic Mills 
reaction conditions to give the target diazo compound 50.180 The salt form 
50·HCl was prepared by the same way as 15·HCl.  

5.3.3 Introducing fluorine atoms on phenyl ortho positions of azo bond 

Inspired by the work of the Hecht group,180,181 the third strategy to optimise 15 
was to introduce two fluoride atoms onto ortho-positions of the “linker” phenyl 
ring of 15. By this introduction, we expected to achieve higher Z-isomer 
thermal stability, thus maintaining the purity of the Z-isomer during biological 
assays. An additional benefit of this strategy could be that the introduction of 
strong electron-withdrawing groups, e.g. fluorine, can separate the n→π* bands 
of E/Z-isomers, allowing their use to trigger forward and reverse isomerisations 
with visible light.181 
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Scheme 11. Synthesis of ortho-difluoride azo type inhibitor.a 

 
aReagent and conditions: (a) (CF3CO)2O, DCM, rt, 3 h, 90%; (b) NaH, THF, 0 oC, 15 
min, then n-BuLi, -78 oC, 10 min, then CO2, -78 oC, 15 min, 35%; (c) 5 N NaOH, 100 
oC, 4 h, 81%; (d) OXONE, H2O/DCM, rt, 16 h; (e) 3-aminoquinoline, toluene:40% 
NaOH (1:1), 80 °C, 2 h; (f) 3-aminoquinoline, TFA, HOAc/toluene (1:1), rt, 18 h; (g) 
Pd(OAc)2, Xantphos, Ac2O, HCOOH, Propanol, Et3N, Toluene, 80 oC, 12 h, 50%; (h) 
14, EDCI, HOBt, Et3N, DCM, rt, 36 h. 

A Mills reaction conducted between the aromatic amino moiety and nitroso 
compound would construct the azo bond of azoheteroarene. No nitroso product 
was detected when the 3-aminoquinoline was treated with commonly used 
oxidants, such as OXONE or m-CPBA. Therefore, we prepared the nitroso 
group on the phenyl and then ran the Mills reaction with 3-aminoquinoline. The 
starting material 51 was prepared following a reported study.182 The synthesis 
focused on how to synthesize the key intermediate 56 (Scheme 11), while the 
challenge was to determine the appropriate stage to construct the azo bond. To 
form the azo bond after carboxylation, the synthesis was initiated by 
introducing the protection group on the amino of compound 51 with TFAA. 
The protected product 52 was then treated by lithiation and CO2 to provide the 
carboxylation product 53.183 After removing the TFA protection group, the 
resulting aniline derivative was converted to nitroso product 55 by OXONE 
oxidation. Next, a Mills reaction was conducted using 3-aminoquinoline to try 
to obtain 56; however, no target product was detected under either acidic or 
alkaline conditions. As an alternative strategy, compound 51 was first oxidised 
to nitroso product 57, which was then reacted with 3-aminoquinoline in an 
alkaline Mills reaction to provide 58. Subsequently, we attempted the 
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carboxylation condition based on lithiation and CO2; however, only a 
dehalogenated product was detected. Instead, a palladium-catalysed 
carboxylation was conducted with Ac2O/HCOOH (CO produced in situ) to 
prepare the key intermediate 56.184 This intermediate was then coupled with the 
“tail” moiety 14 to provide the final product 59. The salt form 59·HCl was 
prepared by the same way as 15·HCl. 

5.3.4 Replacing the quinoline “head” with 7-azaindole  

7-Azaindole is another aromatic heterocycle frequently used as a hinge binder 
in kinase inhibitors, e.g. vemurafenib and pemigatinib.185 We showed in the 
study of azoheteroarenes in the previous chapter that 7-azaindole-based 
azoheteroarene could achieve a PSD with 96% Z-isomer upon UV irradiation. 
In contrast, only 4% of the Z-isomer switched back after the sample was held in 
the dark at rt for 24 h. Therefore, replacing the quinoline “head” of 15 with a 7-
azaindole ring is an appropriate way to promote the photophysical properties of 
an azo type inhibitor in terms of light-induced Z-isomer enrichment and its 
thermal stability. Furthermore, molecular docking of this 7-azaindole-based 
photoswitchable inhibitor with the DFG-out RET homology model was 
performed (Figure 21). The 7-azaindole moiety formed one more H-bond than 
the quinoline head with Ala108 in the hinge, which could increase the binding 
affinity of the E-isomer, thus enlarging the biological activity difference 
between the two isomers. 

 

Figure 21. Molecular docking of 63E (left) and 63Z (right) with the homology model of 
DFG-out RET kinase. 

The 7-azaindole-derived inhibitor was synthesised using the same strategy as 
15 and 44 (Scheme 12). Compound 1f reacted with 10 under Buchwald-
Hartwig coupling conditions to produce 60, followed by a “one-pot, two-step” 
dehydrogenation reaction to form the key azo intermediate 61. A 5 N NaOH 
solution was used to hydrolyse the ethyl ester and deprotect the tosyl group,186 
and the resulting acid 62 was then coupled with 14 to provide the target azo 
compound 63. The salt form 63·HCl was prepared by the same way as 15·HCl. 
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Scheme 12. Synthesis of 7-azaindole based azo type inhibitor.a 

 
aReagents and conditions: (a) 10, Pd(OAc)2, Xantphos, Cs2CO3, Toluene, MW, 110 oC, 
2 h, 86%; (b) DMF, 180 oC, 45 min; then oxigen, 100 oC, 2 h, 56%; (c) NaOH, 
EtOH/H2O, 90 oC, 5 h, 92%; (d) 14, EDCI, HOBt, Et3N, DCM, rt, 36 h, 78%. 

5.3.5 Photophysical properties of the four new azo compounds 

Photophysical properties of the newly developed four azo-type RET kinase 
inhibitors were then characterised based on UV-vis absorption spectra (Figure 
22), and the main parameters are listed in Table 7. They were measured both in 
DMSO and aqueous solutions, respectively. The aqueous solutions were 
prepared by dissolving their salts in water (50, 59 and 63) or dissolving azo 
compounds in 20% DMSO/H2O mixed solvent (44). From the UV-vis spectra 
in Figure 22, we can see that all azo compounds showed a hypsochromic shift 
by approximately 10 nm from the DMSO to aqueous solutions. The 
introduction of the methoxyl group on the quinoline ring not only enlarged the 
bioactivity difference of the E/Z-isomers but also improved their photophysical 
properties. Compounds 44 and 63 showed higher Z-isomer enrichment (93% 
and 97%, respectively) than the original azo compound 15 after UV (365 nm) 
irradiation. They also demonstrated better thermal stability in DMSO and 
aqueous solutions, e.g. the half-life of 63Z in H2O was almost 3-fold longer 
than that of 15Z. However, for ortho-difluoro azo compound 59, the results 
were out of our design. The ratio of Z-isomer was only 86% in the UV-induced 
(365 nm) PSD. In addition, the thermal stability of 59Z in DMSO was much 
higher than that of 15, yet its half-life in aqueous solution was only 38 h, 
indicating that 59Z would lose purity quickly during biological assays. 
Moreover, the introduction of fluorine atoms on the ortho positions indeed 
separate the n→π* absorption band. However, this advantage is not large 
enough to enrich the Z-isomer PSD by visible light 503 nm comparing to the 
PSD enriched by UV 365 nm (Appendix 6). Notably, these three azo 
compounds showed good fatigue resistance in DMSO and aqueous solutions 
after ten cycles of 365 nm and 460 nm irradiation-induced photoswitching 
(Appendix 7). The photophysical properties of 50 were more complicated than  
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Figure 22. UV-vis isomerization absorption spectra: (A) 44 in DMSO; (B) 44 in 20% 
DMSO/H2O; (C) 50 in DMSO; (D) 50·HCl in H2O; (E) 59 in DMSO; (F) 59·HCl in 
H2O; (G) 63 in DMSO; (F) 63·HCl in H2O. 
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Table 7. Comparison of photophysical properties of azo type inhibitors 

Compound 
  Ratio of cis 

at PSDa 

Thermal 
stability in 

DMSO 

Thermal 
stability in 

H2O 

15 90% t1/2 = 208 h t1/2 = 217 h 

44 93% t1/2 = 302 h t1/2 = 402 h 

59 86% t1/2 = 779 h t1/2 = 38 h 

63 97% t1/2 = 377 h t1/2 = 629 h 

a The PSD were determined by 1H-NMR spectrum in DMSO-d6. 

other azo compounds since four isomers appeared upon irradiation. The UV-
enriched PSD of 50 was determined to be 66% Z-isomers (including three 
isomers) by LC-MS in aqueous solution. Such low enrichment was meaningless 
for subsequent biological assays; thus, no additional thermal stability data were 
collected. 

5.3.6 DTT/GSH reduction assay 

After revealing their photophysical properties, we evaluated the azo-modified 
compounds biological activity in biochemical and cell assays. DTT was used in 
ADP-GloTM kinase assay to maintain the proteins in a reduced state according 
to the manufacturer’s protocol. Although GSH is a natural antioxidant in 
mammalian cells, DTT and GSH have been reported to be potential reducing 
factors for azo compounds in biological assays.187 We excluded the factor of 
DTT/GSH reduction on the biological assay results by testing the four azo 
compounds (15, 44, 59, 63) in DTT/GSH assays and monitoring the reactions 
by LC-MS to determine if reduction products were generated (Appendix 8). 
Azo compounds 15, 59 and 63 were stable during the incubation with 2 mM 
DTT or 10 mM GSH for 20 h, as no reduction products were detected by LC-
MS. However, reduction products were observed when 44 was treated with 2 
mM or 10 mM GSH, but no reduction products when treated with 50 μM DTT 
(the concentration of DTT used in biochemical assays) (Appendix 8). An 
additional UV-vis cyclic isomerisation experiment of 44 in aqueous solution 
containing 1 mM GSH also showed degradation after 2.5 h incubation. The 
absorption intensity of 44 declined slightly (Figure 23), but no degradation was 
observed in the assays with 63. 
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Figure 23. UV-vis cyclic isomerization and incubation of 44 (A) in 33% DMSO/PBS 
and 63·HCl (B) in H2O containing 1 mM GSH.  

5.3.7 ADP-GloTM RET kinase assay for new azo compounds 

Before the ADP-GloTM kinase assay, the azo compounds were thermally 
adapted to E-isomers (nearly 100%), accomplished by heating the stock 
solution for 30 min at 60 oC. The Z-isomer samples were prepared by 
irradiating the serially diluted E-isomer samples on 96-well plates with a 365-
nm LED array (12.0 V, 15 min).188 Using the same protocol as used for 15, the 
IC50 of 44E was determined to be 24 nM, and UV-enriched 44Z showed a 15-
fold decrease in activity with an IC50 of 363 nM (Figure 24A). With 7-
azaindole as the hinge binder, the activity of compound 63E was IC50 3 nM,  

  
Figure 24. (A) Dose-response curves and IC50 for 44E and its UV-enriched Z-isomer 
from ADP-GloTM RET kinase assay; (B) Dose-response curves and IC50 for 59E and its 
UV-enriched Z-isomer from ADP-GloTM RET kinase assay; (C) Dose-response curves 
and IC50 for 63E and its UV-enriched Z-isomer from ADP-GloTM RET kinase assay. 
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which is 17-fold more potent than the UV-enriched sample of 63 (Figure 24C). 
However, the assay with ortho-difluoride compound 59 showed only a 1.5-fold 
difference in activity between the E-isomer and UV-enriched Z-isomer. Both 
isomers were potent with IC50 values of 11 nM and 17 nM, respectively (Figure 
24B). The narrow activity difference could be attributed to the low enrichment 
of 59Z after UV irradiation and subsequent fast thermal switching in aqueous 
solution; as a result, the activity of E-isomer of 59 dominated in the assay. 

5.4 NanoBRETTM TE intracellular RET kinase assay 

Based on the largely improved biological activity difference between E/Z-
isomers determined by the biochemical assay, compounds 44 and 63 were 
tested using the NanoBRETTM intracellular RET kinase assay. Prior to the 
assay, the thermal switching kinetics of the Z-isomers of 44 and 63 were 
measured at 37 oC in the assay buffer. After incubation for 90 min, obvious 
thermal isomerization was observed. Therefore, the incubation time (after the 
Z-isomers were added) at 37 oC should be as brief as possible to reduce the 
influence of such thermal switching when quantifying the binding affinity of 
the Z-isomers. However, type II kinase inhibitors require longer incubation 
times to achieve the best inhibition effects due to their slow binding kinetics. 
The incubation time was initially screened to balance the risk of thermal 
switching of the Z-isomer and slow binding kinetics of type II inhibitors 
(Appendix 9A, B, C). To achieve this, we first conducted three parallel 
experiments with 63 using different incubation times (30 min, 60 min, 90 min) 
at 37 oC. However, all incubation times led to less than a 2-fold IC50 difference 
between the E/Z-isomers. Furthermore, with the incubation time reduced, the 
IC50 value increased significantly. The experiment was repeated with three 
shorter incubation times at 37 oC (10 min, 20 min, and 30 min) and a 
subsequent incubation at 25 oC for 1 h. Under these conditions, the IC50 
difference between the two isomers was still only 2–3 fold, even with the 
shortest incubation time at 37 oC (Appendix 9D, E, F). Based on the above 
screening and results, reducing the incubation time was not enough to 
completely avoid the influence of thermal switching of the Z-isomer. However, 
the bright side is that the E-isomer of 63 can achieve full inhibition by 
incubation for 90 min, or when incubated at 25 oC in the final 60 min 
(Appendix 9F). Therefore, the reference compound ponatinib was initially 
tested by incubation at 37 oC for 90 min and showed an IC50 of 13 nM (Figure 
25C). Under the same conditions, the IC50 values of 44E and 63E were 0.92 
µM and 25 nM, respectively (Figure 25D and 25F). 
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Figure 25. (A) UV-induced switching kinetic of 44 in assay buffer; (B) UV-induced 
switching kinetic of 63 in assay buffer; (C) Dose-response curves and IC50 for reference 
compounds from NanoBRET™ TE intracellular RET kinase assay; (D) Dose-response 
curves and IC50 for 44E and its UV-enriched Z-isomer from NanoBRET™ TE 
intracellular RET kinase assay. Dose-response curves and IC50; (E) Dose-response 
curves and IC50 for 39e and 40e from NanoBRET™ TE intracellular RET kinase assay; 
(F) Dose-response curves and IC50 for 63E and its UV-enriched Z-isomer from 
NanoBRET™ TE intracellular RET kinase assay.  

We also evaluated the cellular activity of the Z-isomers by stepwise in situ 
irradiation. The E-isomer was initially incubated then gradually irradiated 
during the assay to maximise the UV-induced PSD of the Z-isomer throughout 
the incubation. We employed such a strategy after considering the relatively 
long residence time of the E-isomer bound in the kinase pocket,189 as it is 
generally assumed that photoswitching of azo-type inhibitor only occurs when 
the ligand is not bound to its target.92 In addition, UV-induced isomerisation 
kinetics in cell assay medium showed that 35 s of UV exposure was sufficient 
to achieve the Z-isomer PSD (Figure 25A and B). Therefore, a total of 35 s of 
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UV light was delivered to the cells in three steps: 1) after incubation of 44E or 
63E at 37 oC for 80 min, the cells were irradiated for 15 s using a 365 nm LED 
array (12.0 V); 2) after an additional 10 min incubation, the cells were 
irradiated for another 10 s; 3) after equilibrium was achieved at rt, the cells 
were irradiated for 10 s then incubated at ambient conditions for 10 min before 
reading the luminescence signals. The IC50 of UV-enriched 63Z was 
determined to be 282 nM (Figure 25F), a factor of 11-fold higher than that 
observed for the pure E-isomer. However, there was only a 4-fold IC50 
difference between the UV-enriched 44Z and 44E (Figure 25D). The 
corresponding stilbene compounds 39e and 40e were analysed by the 
NanoBRET RET kinase assay. Their IC50 values were 0.15 µM and 17.2 µM, 
respectively (Figure 25E), resulting in a Z/E (IC50) ratio consistent with that 
measured in the biochemical assay. We rationalized the relative high potency of 
UV-enriched 44Z and decreased Z/E (IC50) ratio in the cellular assay occurred 
via the GSH reduction of the azo bond because the resulting hydrazine products 
were reported to be more potent than the original azo compound.128 

5.5 Summary 

In this chapter, we designed and developed the original photoswitchable DFG-
out RET kinase inhibitor with quinoline based azoheteroarene, depending on 
the binding mode of general DFG-out kinase inhibitors. This inhibitor was 
attempted to optimize in four different ways: installing substituents on the 
quinoline ring; introducing second azo unit in the structure; introducing 
fluorine atoms in the ortho-positions of the azoheteroarene phenyl ring; and 
changing the heterocyclic head. Among all the modified azo compounds, the 7-
azaindole “head” based photoswitchable DFG-out RET inhibitor 63 showed 
good photophysical properties, in terms of fatigue resistance over cyclic 
photoisomerization under GSH reduction stress, light enriched Z-isomer PSD, 
and the subsequent thermal stability. Compound 63 also exhibited about 17-
fold enzymatic inhibition activity difference between E-isomer and UV-
enriched Z-isomer. More importantly, it allowed regulation of the activity of 63 
in living cells by irradiation with light during the cell assay which resulted in an 
11-fold difference of binding affinity before and after light exposure.       
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6 Concluding remarks and outlook 

This thesis describes the synthesis and characterisation of novel 
azoheteroarenes photoswitches and their use in the development on 
photoswitchable kinase inhibitors. The studies show that some azoheteroarenes 
have favourable photophysical properties that make them promising candidates 
for future application in photopharmacology, e.g. photoswitchable kinase 
inhibitors. Furthermore, the 7-azaindole derived photoswitchable DFG-out RET 
kinase inhibitor makes it possible to photocontrol the RET activity in a live cell. 
The successful in vitro application paves the way for further in vivo 
applications, e.g. in zebrafish. Furthermore, a significant fraction of the kinome 
is likely targetable by type II inhibitors and this work pave the way for 
developing photoswitchable DFG-out inhibitors targeting other kinases.  

Additional aspects to explore within the subprojects described in this thesis are 
outlined below. 

• In order to achieve distinct OFF/ON switching of kinase activity, the 
difference in the affinity for the target between the active and inactive 
form should be significant (>100-fold). Tuning the photophysical 
properties via structural modifications of the azoheteroarenes could make 
the switching more efficient. Furthermore, the modification of this 
molecule can be done by introducing four fluorine atoms on the ortho 
positions both on the phenyl ring and the heterocyclic ring to further 
separate the n→π* absorption band. Therefore, visible light can be used to 
enrich the Z-isomer in a higher PSD comparing to the ortho-difluoride azo 
compounds since visible light will be more friendly to biological assay, 
especially in vivo, when conducting in situ irradiation to switch the azo 
compound. In addition, the tetrafluoride azo compounds tend to be more 
thermally stable of the Z-isomer compared to the difluoride azo 
compounds. 

• The field of photopharmacology is still comparatively young, and true in 
vivo applications of photoswitchable kinase inhibitors are lacking. A 
logical next step would be to use the photoswitchable DFG-out RET 
kinase inhibitor to study the dynamic signalling or RET in model systems 
like zebrafish, nematodes or mice. These inhibitors will make it possible 
to turn the kinase “on” or “off” in a tissue or even cell specific way at pre-
determined time points. This is not possible with conventional small 
molecules/drugs. Knowledge from the development and validation of the 
probes, together with the biological readouts, will break new ground in the 
understanding of the role of RET signalling. 
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9 Appendixes 
Appendix 1: UV-vis absorption spectra of azoheteroarenes. 
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Appendix 2: Fatigue resistance of azoheteroarenes over cyclic isomerization 
induced by irradiation of two different wavelengths. 
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Appendix 3: Determination of half-life of azoheteroarenes. 
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Appendix 4. Activation energies for the thermal Z→E isomerization through 
inversion.  

Compounds 
ΔG‡TS1 

(kcal/mol) 
ΔG‡TS2 

(kcal/mol) 
ΔG‡TS3 

(kcal/mol) 
ΔG‡TS4 

(kcal/mol) 

3a -26,1 -34,45 -26,92 -30,06 

3b -27,92 -29,81 

3c -24,79 -35,45 -27,17 -28,43 

3d -26,23 -31,88 -26,42 -28,93 

3e -29,87 -36,14 -29,93 -42,48 

3f -36,27 -29,99 -48,94 -36,39 

3g -25,1 -37,65 -24,85 -37,4 

3h -25,03 -41,98 -26,42 -30,81 

5e -24,16 -33,57 -24,22 -33,63 

5f -25,16 -33,32 -25,04 -32,57 

5g -24,66 -33,45 -24,03 -33,45 

6 -31,31 -37,59 -30,37 -34,76 

5h -27,85 -32,13 -27,3 -36,08 

8 -35,39 -31,63 -39,47 -37,59 
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Appendix 5: The dihedral angle X-C3-N1=N2. Please note that the dihedral 
angle is defined such that atom “X” is always positioned above N2, atom X is 
changed in going from conformer I to conformer II so that the dihedral angle is 

always > 90°. 

 

Compound E(C5-C3-N1=N2)(°) Z(C5-C3-N1=N2)(°) 

3a-I 179,5 137,9 

3a-II 165,3 135,5 

3b 166,4 136,3 

3c-I 179,6 124,2 

3c-II 172 141,3 

3d-I 179,9 140,3 

3d-II 180 141,1 

3e-I 180 143,2 

3e-II 179,2 143,8 

3f-I 179,8 144,5 

3f-II 179,5 141,6 

3g-I 179,8 142,1 

3g-II 179,1 143,8 

3h-I 179,9 139,4 

3h-II 179,2 160,9 

5e-I 180 145,2 

5e-II 180 146,6 

5f-I 180 147,5 

5f-II 180 143,6 

5g-I 180 147,9 

5g-II 180 147,7 

6-I 149,2 119,8 

6-II 179,9 129,2 

5h-I 180 141,6 

5h-II 179,9 156,8 

8-I 139,6 134,1 

8-II 151,3 104,4 
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Appendix 6: PSD of compound 59 achieved by different light irradiation with 
Xenon lamp and specific filters. 
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Appendix 7: Fatigue resistance of azo type DFG-out RET inhibitors over 
cyclic isomerization induced by irradiation of 365 nm and 460 nm light. 
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Appendix 8: The results of DTT/GSH assays of azo type inhibitors, displayed 
below as UV spectra of LC-MS.   
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Appendix 9: Incubation time and temperature screening for NanoBRETTM TE 
intracellular RET kinasea 

 
a (A) 30 min at 37 oC; (B) 60 min at 37 oC; (C) 90 min at 37 oC; (D) 10 min at 37 oC, 
then 60 min at 25 oC; (E) 20 min at 37 oC, then 60 min at 25 oC; (F) 30 min at 37 oC, 
then 60 min at 25 oC. 

 

 

 

 

 

  

 

 


