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The EGFR/ERBB family of tyrosine kinase receptors (ERBB1-4) are involved in
regulation of intracellular communications such as cell proliferation, metabolism, and
numerous biological responses. The dysregulation of their signaling pathways contributes
to development of cancer malignancies. This receptor family is a conventional
chemotherapeutic target and serves as diagnostic modality. ERBB2, also known as HER2,
is a prognostic biomarker implicated in about 20 % of invasive breast cancer incidence.
Hence, the status of ERBB?2 is a crucial factor in deciding treatment type for breast cancer
patients.

Common immunohistochemistry assays analyzing the ERBB2 receptor tyrosine kinase
rely on use of antibodies. These assays often require multi-step specimen preparation such
as cell fixation or cell lysis, resulting in observation of a biologically stopped system. In
this context, we aimed to develop small molecular fluorescent probes for ERBB2 to explore
the dynamic information related to the signaling activation at the live single cell level.

Hence, we generated turn-on fluorescent kinase inhibitors targeting the ATP binding
pocket of the ERBB2 by structurally modifying clinically relevant EGFR/ERBB inhibitors.
The fluorescent kinase inhibitors are capable of acquiring dynamic information in live cell

with minimized specimen preparation comparing to immunohistochemistry assays.



The turn-on fluorescent kinase inhibitors that we have developed are capable of
identifying the ERBB2 (+) breast cancer cells from ERBB2 (-) cells as well as tracking
rapid responses to perturbation factors at the level of individual breast cancer cells
including ERBB2 activation and internalization. Our live cell compatible kinase probes
serve as a novel analytic tool providing complimentary information to

immunohistochemical analysis in ERBB2 (+) breast cancer biology.
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Chapter 1

FLUORESCENT KINASE PROBES ENABLE IDENTIFICATION AND
DYNAMIC IMAGING OF HER2(+) CELLS

1.1 Introduction

1.1.1 EGFR/ERBB family of receptor tyrosine kinase

The epithermal growth factor family of receptor tyrosine kinase (RTKSs), also known
as ERBB or HER family of receptors, consist of four homologous members (ERBB1,
also EGFR, and ERBB2-4). ERBB receptor tyrosine kinases are crucial regulators for
intercellular communications relating cell proliferation, cell survival, cell
differentiation, cell maintenance and epithelial organization.!> The various cellular
impacts of ERBB family are attributed to complex regulation steps of ERBB signaling
through multiple mechanisms including ligand binding, oligomerization,
phosphorylation, clustering, phosphatase activity, and so on.>*>

The activation of ERBB receptor tyrosine kinases requires ligand binding,
conformational change, and dimerization. Six mammalian ligands for EGFR have been
characterized such as epidermal growth factor (EGF), transforming growth factor-a
(TGFa), amphiregulin, heparin-binding EGF-like growth factor, betacellulin and
epiregulin. In addition, the ligand for ERBB3 and ERBB4 are neuregulin family
(NRG).%” On the other hand, the ligand for ERBB2 has not been found nor
characterized. Those ligands have different binding affinity toward the targeted
receptor as well as different recruitment ability on dimerization. The ligand binding on
the targeted ERBB family of receptor tyrosine kinases induces conformational change

and leads to dimerization.



The dimerization of ERBB receptors can be achieved in homodimerization as well as
heterodimerization. However, since ERBB2 has no ligand available to initiate the
conformational change, ERBB2 homodimerization is not achievable.

Hence, ERBB2 is observed in heterodimerization formats with other ERBB family
members on extracellular domain in the aspect of ligand activated dimerization
mechanism. Along with the diversity of ligands and dimerization formats of ERBB
receptors, their various cytoplasmic processes and multiple phosphorylation sites
attribute to construct the complexity of ERBB signaling. In the case of
homodimerization of ERBB family members, EGFR-EGFR homodimer signaling
influences on its potential effector proteins such as Src, ras-GAP, PLCy, She, Grb-2,
GRb-7, Nck, Crk, c-Cbl,c-Abl and Eps-8. ERBB3-ERBB3 homodimer is known as
defective and it has no potential effector proteins nor the biological responses. The
ERBB4-ERBB4 homodimer affects the potential effector proteins such as PI3K and
She. In the case of heterodimer, the effect of activation ligand appears more vividly.
Firstly, EGFR-ERBB3 heterodimer has two sets of potential effector proteins grouped
by activation ligand: 1) EGF ligand bound EGFR-ERBB3 are in effect on Src, ras-Gap,
PLCy, Shc, Grb-2, GRb-7, Nck, Crk, c-Cbl,c-Abl and Eps-8. 2) NRG ligand bound
EGFR-ERBB3 are in effect on PI3K, Src, ras-Gap, PLCy, Shc, Grb-2, GRb-7, Nck,
Crk, and Eps-8.

Secondly, EGFR-ERBB4 heterodimer has two sets of potential effector proteins by
activation ligand. 1) EGF ligand bound EGFR-ERBB3 are in effect on Src, ras-Gap,
PLCy, Shc, Grb-2, GRb-7, Nck, Crk, c-Cbl,c-Abl and Eps-8. 2) NRG ligand bound

EGFR-ERBB3 are in effect on PI3K, Src, ras-Gap, PLCy, Shc, Grb-2, GRb-7, Nck,



Crk, and Eps-8. In addition, the biological responses from categorized of potential
effector proteins are in different levels by heterodimer groups. The ERBB3-ERBB4
heterodimer under NRG ligand are in effect on PI3K and Shc. The heterodimerization
of ERBB family with ERBB2 presents pronounced dimerization pair effect as ERBB2
does not possess the activation ligands. The ERBB2 heterodimer with ligand bound
EGFR are in effect on Src, c-Yes, ras-Gap, PLCy, Shc, Grb-2, GRb-7, Nck, Crk, c-
Cbl,c-Abl, Eps-8. PTP1D. The ERBB2 heterodimer with ligand bound ERBB3 are in
effect on PI3K, Src, c-Yes, PLCy, Shc, Grb-2, GRb-7, Crk, and PTP1D.%8

Moreover, the dynamic equilibrium of ERBB receptor tyrosine kinases affects the
signaling pathways such as activation rates of transmembrane population as well as
internalized population, and recycling rates.’

The dysregulation of those ERBB signaling results in carcinogenesis observed in head,
neck, ovarian and breast cancers by affecting cellular physiologies such as
proliferation, differentiation and apoptosis.®!® In many types of mammalian cancer
cells, overexpression of the ERBB2 receptor has been observed alongside a preference
toward ERBB2 by ligand bounded EGFR/ERBB receptors as their heterodimeric
partner in signaling network.® The heterodimers containing ERBB2 possess high
signaling potency as ERBB2’s effect on lowering the ligand dissociation rate resulting
in prolonged signaling contributing to tumorigenesis in dysregulated system.!'!"1%13
Thus, the ERBB receptor tyrosine kinases have been a major target of the modern

chemotherapy regime.
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Figure 1.1. Representative HER2 mediated signaling system.

In breast cancer, the status of epithermal growth factor 2, HER2, is a crucial factor for
diagnosis and decision of clinical treatment for patients. The HER2 status is classified
in four categories from 0, +1, +2, +3 by HER2 expression level.'*!7 In addition, the
HER2 over-expression is implicated in 20-25 % of breast cancer patients with more
aggressive phenotype and less survival.'®!* The HER2(+) breast cancer is treated with
HER2 receptor oriented chemotherapy to block the dysregulated HER2 signaling
pathways, while the HER2(-) breast cancer is treated through adjuvant therapy
according to the subtype of malignancy.?**!

The degree of HER2 expression can be analyzed in DNA, mRNA, and protein levels

through various biochemical techniques including PCR, RT-PCR, and immunoblotting



from cell lysate.”> However, the averaged outcomes from the lysed cells has limitation
for representing heterogeneity of individual cancer cells nor the live dynamics.
Conventionally, two categories of HER2 analysis methods not requiring cell lysis have
been utilized in clinical laboratory: in situ hybridization (ISH) for HER2 gene
amplification testing and immunohistochemistry analysis (IHC) for measuring HER2
protein expression level.>»** These two methods reflect overall HER2 expression level
in complementary manner from DNA level to protein expression. The HER2 protein
analysis demands attention in breast cancer research to expand understanding on the

aspects of tumorous HER2 kinase signaling.

1.1.2. Fluorescent inhibitors for dynamic imaging of HER2 kinase activation

In this research, small molecular fluorescent probes targeting HER2 kinase receptor
have been developed as an effort to approach the dynamic information on location,
expression level but also conformation change in a context of the HER2 pathway
activation.

Firstly, small molecular turn-on fluorescent probe can permeate the cell membrane by
diffusion, and report the target information within minute units of incubation without
washing step. Secondly, modulation of probe affinity on binding compared to antibody
allows it to report dynamic information of HER2 receptor in real time scale. Thirdly,
binding specificity of HER2 probes on activation states makes it possible to detect
active and inactive conformations of HER2 receptors and responses from each state.

Lastly, fluorescent inhibitors targeting intracellular ATIP binding pocket of HER2



receptor can afford co-staining with antibody-based probe binding of extracellular

domain by the purpose of research.

E
:CI
N

ERBB2

v unbound kinase probe

mono. pds

Figure 1.2. Small molecular Turn-On probe for imaging HER2 receptor tyrosine
kinase. The antibody coupling probe (Red) binds to extracellular domain of HER2,
while the fluorescent kinase inhibitor (Green) targets intracellular ATP-binding
pocket of HER2. Structural modification of small molecular probe can modulate

binding affinity as well as binding specificity by activation states.

1.2 Results and discussion

1.2.1 Design and synthesis

The tyrosine kinase fluorescent inhibitors are aimed at targeting ATP binding pocket
of intercellular domain of ERBB2 tyrosine receptor kinase. The well-established
pharmacophore of EGFR/ERBB, N-phenyl-4-aminoquinazoline scaffold was taken as
foundation motif to generate fluorescent probes for ERBB2. Its small molecular
structure can allow cell permeability via diffusion to access intracellular binding

pocket. The structural similarity between 4-aminoquinazoline and adenine of ATP



provides high potential binding affinity to nucleotide position in ATP binding pocket

of receptor tyrosine kinases.?®

° o X
B> HN cl O/ NH 7 HN cl
I NWOJ@(&N —Os—/— %N
o N/) N’)
Gefitinib Lapatinib

Figure 1.3. Crystal structures and chemical structures of EGFR/ERBB inhibitors.

Crystal structures of the EGFR ATP-binding pocket with (A) gefitinib (PDB ID:

2ITY)?” and (B) lapatinib (PDB ID: 1XKK)? reveal the inhibitor binding modes.

In aspect of binding specificity for activation states of receptor tyrosine kinase,
pharmacophore aryl arm structures of clinical inhibitors for each state can be utilized
in molecular designing. For Instance, taking aryl arm structure of gefitinib (Figure 1.3,
A and C) Type I inhibitor for active conformation, and the Type II inhibitor lapatinib
(Figure 1.3, B and D) for inactive state detection. More specifically, the quinazoline
core structure is maintained for both states as the core is for universal nucleotide spot

in ATP binding pocket. The activation state recognition is depending on substituent in



N-position of 4-aminoquinazoline, relatively longer substitution shown in lapatinib
favors binding to inactive monomer state of ERBB ATP binding pocket, and shorter
substitution in Type I class N-substituent fits perfectly to active receptor tyrosine
kinase. The 6-position of N-phenyl-4-aminoquinazoline scaffold can be modified to
obtain turn-on fluorescent property while remaining all important properties such as
cell permeability, binding affinity and specificity.?’

Introducing turn-on fluorescence to this inhibitor scaffold is critical to obtain valuable
signals only from ERBB2 bound probes, instead of non-specific fluorescence from the
specimen. By considering the environmental condition of desired probe signaling, the

polarity was chosen as the best turn-on trigger for N-phenyl-4-aminoquinazoline

scaffold.
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Figure 1.4. Design of an Turn-On fluorescent kinase inhibitor.

In ideal, the fluorescent signal collected are all from probes bound to ATP binding
pocket of ERBB2 tyrosine kinase receptor, the transmembrane protein. The micro-
environment of binding pocket of protein is hydrophobic and rigid, whereas cytoplasm

is very polar and no restriction of free rotation.*® The strategy to achieve binding



induced turn-on fluorescence is introduction of charge transfer character on molecular
structure. The twisted intramolecular charge transfer (TICT) is an electron transfer
process of a molecule having donor and acceptor components triggered from
photoexcitation. The electron transfer process accompanies conformation change of a
fluorophore in polar and low viscos environment through donor-acceptor twisting
motion around single bond.?!*? The locally excited (LE) coplanar conformer can go
onto the fast relaxation pathway polar surrounding by producing perpendicular
conformer which induces lower HOMO-LUMO gap significantly. The best scenario of
utilizing this charge transfer character in quinazoline scaffold would be that the probe
is emissive when it bound to a geometrically confined and solvent-excluding binding
pocket, the m-system is being planar and emissive, while the polarized excited state is
stabilized in aquatic cytosol through twisted intramolecular charge transfer (TICT)
state and largely quenched. To actualize this concept, amino group is introduced on the
6-position of N-phenyl-4-aminoquinazoline scaffold which is amendable for
fluorescence tuning by substituent modification as well as conjugation length.343>
Having N-dimethyl phenyl fragment as a n-electron donor and the quinazoline core as
n-electron acceptor introduces TICT character in molecular structure upon
photoexcitation (Figure 1.6). The 6-(4-(dimethylaminophenyl)-N-phenylquinazoline-
4-amine is a fluorescent kinase inhibitor having K; around 10 uM and exhibiting bright

).? Although the compound

fluorescence (quantum yield: 0.37, Amax, em: 485 nm
possessed the turn-on fluorescence property, it is not applicable for live-cell imaging

because of aggregation in bio-medium. In this context, the designing of new generation
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fluorescent probes was focused on improvement of solubility for live-imaging in

cellular environment, and acquiring binding specificity by activation states.

=
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Figure 1.5. Chemical structures of fluorescent kinase inhibitors.

Firstly, replacing the N-dimethyl substituent to N-methyl piperazine leads to
improvement of solubility along with maintaining fluorescence of the molecule as the
further away nitrogen from phenyl ring can easily be protonated in biological
environment meanwhile the closed nitrogen’s lone pair electron can still participate on
molecular © system as donor for optical property. Secondly, the pharmacophore arms

of Type I and Type II drugs were taken to achieve binding specificity by activation
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states (e.g. gefitinib structure for active conformation binder, and lapatinib structure for
inactive conformation). By following the design strategies, total five compounds (2-6)

were proposed as synthesis targets for potent fluorescent kinase inhibitors (Figure 1.5).

o
0 OH ol HN R,

I
IﬁLOH =N I SN 10
NH, Formamide, N‘FJ PQCI;, PhMe, Nf;J Isopropanol,

7 120°C, 24h 8 80°C, reflux, 24h 9 80°C, reflux, 24h
R3
/@m Ry
BIOH, R Q
3
| HN Ra 12 _ HN Rz
s -_—
j Pd(OAc), PPh, N
N EtsN, DMF, 80°C, 24h ‘5J
11
Compound1,2: R{=Rz=H Compound 1, 3, 4. Rz = NMes
Compound 3,5 Ry =F R;=Cl
Compound 4, 6: R, = OCHa(3-fluoraphenyl), R5 = CI Compound 2, 5,6 Ra= N  NMe

Scheme 1.1. Synthesis scheme of fluorescent kinase inhibitors.

The synthesis of targets was started from cyclization of 4-iodo-anthranilic acid to form
the quinazoline core, and it followed by chlorination. The halogenated quinazoline
utilized for both of active and inactive pharmacophore synthesis. For instance,
substitution on chlorinated position of quinazoline core with 4-chloro-3-fluoro-aniline
produces N-(3-choloro-4-fluorophenyl)-6-i0do-4-quinazolin-amine, the Type I
pharmacophore based on the gefitinib. Secondly, the substitution with 3-chloro-4-((3-

fluorophenyl)methoxy)-aniline on chlorinated position of quinazoline core generates
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N-(3-chloro-4-((3-fluorophenyl)methoxy)phenyl)-6-iodo-4-quinazolin-amine, the
Type II pharmacophore based on structure of lapatinib. The 3-chloro-4-((3-
fluorophenyl)methoxy)-aniline was prepared separately through two steps, Willamson
ether synthesis, and reduction of nitro group to amine. Each of 6-lodo-quinazoline
pharmacophores were used to generate complete fluorophore by Suzuki coupling with
auxochromic aryl boronic acids in anaerobic condition (Scheme 1.1).2%3%38

Each step of reactions went through appropriate work-up processes, along with the
purification through silica column chromatography, recrystallization and/or
distillation. All of synthesized compounds were obtained as powder colored in white
or yellow. The physicochemical characterizations of compounds were achieved

through melting point measurement, IR spectra, high resolution mass spectra, 'H NMR

and *C NMR spectra recorded on 500 MHz spectrometer.

Synthesis of 6-(4-(4-Methylpiperazin-1-yl)phenyl)-N-phenylquinazolin-4-amine (2):

HN @ 4-{4-methylpiperazin-1-yl} k/N

phenylboronic acid
! SN -
J Pd{OAc),, PPhs,
N Et,N, DMF, B0°C, 24h
14 2

Scheme 1.2. Synthesis of compound 2.
1.5 grams (4.3 mmol) of N-phenyl-6-i0do-4-quinazolinamine (7), 1.3 g (6.0 mmol) of
4-(4-methylpiperazin-1-yl)phenylboronic acid, 250 mg of PPhs, 1.5 mL of EtsN, and
5.0 mL of DMF were placed in a 50 mL Schlenk flask with a stirrer bar under nitrogen

purge. The reaction mixture was degassed for a further 30 min under a slow stream of
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nitrogen, at which point 220 mg of Pd(OAc), was added. The reaction mixture was
heated at 80 °C for 24 h, cooled, poured into 300 mL of H>O, and extracted with EtOAc
(4 x 200 mL). The organic layer was dried with MgSOQs, filtered, and concentrated
under reduced pressure. It was purified over silica (100% EtOAc to 100% MeOH)
followed by crystallization from 2-propanol and then methanol to afford the white
powder of 6-(4-(4-Methylpiperazin-1-yl)phenyl)-N-phenylquinazolin-4-amine.

(100 mg, 4.2%); mp: 300-302 C (dec); IR vmax(cm™): 3032.0, 2932.5, 2837.08,
2793.95, 1937.1, 1598.6, 1567.65, 1520.8, 1498.42, 1444.8, 1422.4, 1404.5, 1360.0,
1327,.1, 1294.4, 1140.3, 846.7, 691.1; 'H NMR(500 MHz, DMSO-ds): 6: 2.23 (s, 3H),
2.47 (broad s, 4H), 3.23 (broad s, 4H), 7.08 (d, 2H, J= 7.5 Hz), 7.14 (t, 1H, J = 6.5
Hz), 7.15 (d, 2H, J= 6.0 Hz), 7.78-7.79 (m, 3H), 7.85 (d, 2H, J = 7.5 Hz), 8.13 (d, 1H,
J=8.5Hz), 8.55 (s, 1H), 8.76 (s, 1H), 9.92 (s, 1H); '3C NMR (125 MHz, DMSO-d),
0:46.28,48.14,54.98,115.83,116.01, 119.17, 123.11, 124.21, 128.08, 128.69, 128.92,
129.40, 131.56, 138.37, 139.73, 148.95, 151.17, 154.46, 158.17; HR-ESI (Q-TOF)
m/z: calculated for CasHaeNs™ (M+H"): 396.2188, found: 396.2192.

6-(4-(Dimethyl-amino)phenyl)-N-(3-chloro-4-fluorophenyl)-quinazolin-4-amine (3).

jq F
. . |
4-(dimethylamino) ’©:
HN Cl phenylboronic acid /N HN Cl

=N
J Pd(OAc);, PPhs, O J

N Et:N, DMF, 80°C, 24h N
15 3

Scheme 1.3. Synthesis of compound 3.
(75 mg, 3.8 %); mp: 261°C (dec); IR vmax(cm™): 3081.2, 2938.1, 2798.0, 1935.7,

1593.3, 1563.8, 1515.4, 1499.1, 1451.8, 1419.7, 1375.5, 1355.9, 1332.9, 1286.3,
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1137.9, 1332.9, 1286.3, 1137.9, 857.3, 844.3, 699.4; '"H NMR(500 MHz, DMSO-ds):
5:2.98 (s, 6H), 6.87 (d, 2H, J = 9.0 Hz), 7.46 (t, 1H, J = 9.0 Hz), 7.75 (d, 2H, J = 9.0
Hz), 7.80 (d, 1H, J = 9.0 Hz), 7.86-7.88 (m, 1H), 8.15 (dd, 1H, J = 8.5, 1.5 Hz), 8.20
(dd, 1H, J = 7.0, 2.5 Hz), 8.59 (s, 1H), 8.69 (d, 1H, J = 1Hz), 9.96 (s, IH); *C NMR
(125 MHz, DMSO-ds), o: 40.47, 112.97, 115.83, 116.94-117.11 (d, Jc.r= 21.25 Hz),
118.44, 119.19-119.34 (d, Jc.r= 18.75 Hz), 122.98-123.03 (d, Jc.r= 6.25Hz), 124.18,
126.69, 128.09, 128.72, 131.68, 136.98-137.01 (d, Jc.r= 3.75 Hz), 138.97, 148.67,
150.62, 152.83-154.77 (d, Je.r= 242.50 Hz), 153.95, 157.81; HR-ESI (Q-TOF) m/z:
calculated for C2oHi9CIFN4" (M+H"): 393.1282, found: 393.1274.

6-(4-(Dimethyl-amino)phenyl)-N-(3-chloro-4-((3-fluorophenyl)methoxy)phenyl)-

quinazolin-4-amine (4).

EIO“QF ' EIOV@F
A-[dimethylami
HN cl e sy N O HN
:

I xN = N
2 Pd(OAc);, PPhs, A

N E1;N, DMF, 80°C, 24h N
16 4

Scheme 1.4. Synthesis of compound 4.

(131 mg, 10.2%); mp: 250°C (dec); IR vmax(cm™): 3054.7, 2908.2, 2809.3, 1926.6,
1604.6, 1572.0, 1522.7, 1498.7, 1444.7, 1420.8, 1391.0, 1359.3, 1324.8, 1293.8,
1207.7, 1127.5, 1074.5, 863.0, 685.0; 'H NMR(500 MHz, DMSO-de): J: 2.98 (s, 6H),
5.27 (s, 2H), 6.86 (d, 2H, J= 8.5 Hz), 7.17 (¢, 1H, J= 9.0 Hz), 7.28-7.35 (m, 3H), 7.46
(dd, 1H, J = 14.0, 8.0 Hz), 7.75-7.79 (m, 4H), 8.03 (d, 1H, J= 2.5 Hz), 8.13 (dd, 1H, J
= 8.5, 1.5 Hz), 8.54 (s, 1H), 8.68 (s, 1H), 9.86 (s, 1H); 3C NMR (125 MHz, DMSO-

ds), 0: 40.46, 69.80, 112.98, 114.42-114.60 (d, Jc.r=21.25 Hz), 114.70, 115.08-115.25
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(d,Jcr=21.25Hz), 115.84,118.45,121.46, 122.77, 123.79-123.81 (d, Jc.r=2.50 Hz),
124.60, 126.75, 128.06, 128.65, 130.99-131.06 (d, Jc.r= 8.75 Hz), 131.48, 133.70,
138.77, 140.09-140.15 (d, Jc.r= 7.50 Hz), 148.62, 150.07, 150.59, 154.16, 157.91,
161.69-163.62 (d, Jcr = 241.25 Hz); HR-ESI (Q-TOF) m/z: calculated for
CooHasCIFN4O™ (M+H"): 499.1701, found: 499.1727.

6-(4-(4-Methylpiperazin-1-vl)phenyl)-N-(3-chloro-4-fluorophenyl)-quinazolin-4-

amine (5).

F
HN cl 4-(4-methylpiperazin-1-yl) K_/ HN Cl

phenylboronic acid

lff ] J

N =N
NﬁJ Pd(OAc),, PPh,, O J

Et.M, DMF, 80°C, 24h
15 5

=

Scheme 1.5. Synthesis of compound 5.
(79 mg, 8.8 %); mp: 280C (dec); IR vmax(cm™): 3058.0, 2938.81, 2811.02, 1928.5,
1631.4, 1602.3, 1572.1, 1537.7, 1522.8, 1499.0, 1450.4, 1424.4, 1413.3, 1379.5,
1344.3,1331.5, 1296.2, 1159.8, 1141.6, 864.1, 699.5; 'H NMR (500 MHz, DMSO-ds):
0:2.22 (s,3H), 2.45 (t,4H, J=4.5Hz), 3.20 (t,4H, J=4.5Hz ), 7.06 (d, 2H, J= 8.5
Hz), 7.44 (t, 1H,,J=9.0 Hz), 7.74 (d, 2H, J = 8.5 Hz), 7.80 (d, 1H, J = 8.5 Hz), 7.87-
7.84(m, 1H), 8.12(d, 1H, J= 8.5 Hz), 8.18(dd, 1H, , J =17, 2.5 Hz), 8.60 (s, 1H), 8.70
(s, 1H), 9.96 (s, 1H); '*C NMR (125 MHz, DMSO-ds), 5: 46.26, 48.10, 54.96, 115.78,
115.80,116.94-117.12 (d, Jc.r=22.50 Hz), 118.98, 119.20-119.35 (d, Jc.r=18.75 Hz),
122.99-123.04 (d, Jc.r = 6.25Hz), 124.20, 128.08, 128.78, 129.26, 131.78, 136.95-

136.97 (d, Jc.r=2.5 Hz), 138.61, 148.89, 151.20, 152.85-154.79 (d, Jc.r=242.50 Hz),
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154.15, 157.87; HR-ESI (Q-TOF) m/z: calculated for CisHx4CIFNs™ (M+H"):
448.1704, found: 448.1703.

6-(4-(4-Methylpiperazin-1-vl)phenyl)-N-(3-chloro-4-((3-fluorophenyl)methoxy)-

phenyl)-quinazolin-4-amine (6).

O\/@F TN J@:O 2
X e S
HN Cl 4-(4-methylpiperazin-1-yl)
| phenylboronic acid =N
o8 - L
-”J Pd(OAc)s, PPha, N
16 Et:N, DMF, 80°C, 24h 6

Scheme 1.6. Synthesis of compound 6.
(91.0 mg, 8.2%); mp: 257-258 C (dec); IR vmax(cm™): 3076.9, 2939.1, 2799.7, 1935.2,
1593.7, 1564.0, 1515.9, 1497.8, 1451.6, 1416.4, 1375.5, 1356.7, 1333.6, 1286.4,
1211.6, 1137.6, 1063.7, 866.8, 699.3; "H NMR(500 MHz, DMSO-d): J: 2.23 (s, 3H)
2.46 (t,4H, J=5.0 Hz ), 3.22 (t, 4H, J = 5.0 Hz ), 5.26 (s, 2H), 7.08 (d, 2H, J = 9.0
Hz), 7.17 (t, 1H, , J = 8.5 Hz), 7.28-7.34 (m, 3H), 7.45 (q, 1H, J = 8.0 Hz ), 7.77-
7.78(m, 3H), 7.78 (d, 1H, J = 9.0 Hz), 8.02(d, 1H, J = 2.5 Hz), 8.13(dd, 1H, J = 8.5,
1.5 Hz), 8.55 (s, 1H), 8.70 (d, 1H, J = 1.5 Hz), 9.87 (s, 1H); '*C NMR (125 MHz,
DMSO-ds, TFA), 6: 42.55, 45.50, 52.56, 69.83, 114.43-114.65 (d, Jc.r = 22.50 Hz),
114.47, 114.67, 115.20-115.37 (d, Je.r = 21.25 Hz), 116.49, 120.34, 121.16, 121.71,
123.85-123.86 (d, Je.r = 1.25Hz), 125.09, 126.88, 128.30, 129.11, 130.77, 131.07-
131.14 (d, Je.r= 8.75 Hz), 134.48, 138.08, 139.79-139.85 (d, Jc.r= 7.5 Hz), 140.38,
150.24,151.16, 152.26, 160.02, 161.70-163.63 (d, Jc.r= 241.25 Hz); HR-ESI (Q-TOF)

m/z: calculated for C26H33N¢O" (M+H"): 554.2156, found: 554. 2128.
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1.2.2 Optical spectroscopy
Probes 2-6 were designed as turn-on fluorescent inhibitors and thus were expected to
be non-emissive in solvents of high polarity (e.g. water, methanol) and emissive in less

polar solvents.

Figure 1.6. Chloroform solutions of compounds 2-6 in 5 uM under UV illumination

at 354 nm.

This behavior can be qualitatively observed by sight as in chloroform (E£1(30) = 39.1
kcal/mol)*” solutions, most of the probes appear bright with emissions ranging from
greenish blue (2 to 6) in Figure 1.7, while in aqueous solutions, weak or no emission
was observed. To investigate their optical properties quantitatively, UV-Vis and
fluorescence spectra of compounds were measured in chloroform (Figure 1.10). UV-
Vis absorption spectra were obtained on a Perkin-Elmer Lamda 35 UV-Vis
spectrometer using chromophore solutions of 10 uM with 1 cm path length.
Fluorescence spectra were measured on a Perkin-Elmer LS55 Fluorometer using probe
concentrations of 1 uM. For determination of the ®.m, solutions were prepared to an
optical density of less than 0.05 in order to minimized inner filter effects. Perylene in

cyclohexane was used as a reference for quantum yields.*’
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Figure 1.7. Emission spectra of 2-6 in various solvents by polarity. A) toluene, B)

chloroform, C) acetonitrile, D) octanol, E) isopropanol, F) PBS.

All synthesized probes are compatible with DAPI, Hoechst 33342 or blue fluorescent

protein filter sets for epifluorescence microscopy. The emission spectra of 2-6 in

various solvent system are shown in Figure 1.8. All probes exhibit sensitivity on

polarity of environment, which makes them as turn-on probes by turning on at the

binding event at hydrophobic binding pocket, and turning off in aqueous surrounding

outside of binding fold. Their absorption, emission maxima, extinction coefficient,

quantum yield are presented in Table 1.1.
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Figure 1.8. Absorption (solid lines) and emission (dashed lines) spectra of 2-6 in

CHCIs. Emission intensities are given relative to 2, which has the highest quantum

yield.

Table 1.1. Photophysical parameters of 2-6 in solution.

N PhMe CHCl; MeCN MeOH IPA  BuOH OcOH  PBS
Pmavds 360 316 317 316 316 316 317 310
(nm)

€

(M1 27100 32600 37700 30500 32500 36200 31500 29900
cm™)

;vmax, FL 443 493 539 391 549 516 494 470
(nm)

@' 045 027 001 0003 002 003 007  0.005
W PhMe CHCl; MeCN MeOH IPA  BuOH OcOH  PBS
Mmebs a1 35 32 320 321 3220 323 327
(nm)

€

(M7 26400 26300 28200 28200 27100 27500 26300 18700

cm™)
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Mmax. FL e 504 539 470 535 519 497 400

(nm)

D ? 0.61 027  0.13 0.02  0.03 0.02  0.09  0.008
?‘lve\m PhMe CHCl; MeCN MeOH IPA BuOH OcOH  PBS
hanas, abs 322 325 323 325 324 324 325 333

(nm)

&
MTem™ 29900 30800 34000 30900 31200 30700 29900 24100
h
;\fmax,FL
440 477 530 610 493 512 494 396

(nm)

O ? 0.21 0.12  0.13 0.01 0.02 002 0.07  0.008
W PhMe CHCl; MeCN MeOH IPA BuOH OcOH  PBS
hanax, abs 317 317 316 314 315 316 317 315

(nm)

&
Mem™ 26300 26200 30700 27200 27300 27700 28000 27300
h
)\-max,FL
456 488 522 505 496 450 505 440

(nm)

D ? 0.64 023 0.03 0.05 0.03 0.03 0.11 0.01
W PhMe CHCls MeCN MeOH IPA BuOH OcOH  PBS
6
hamax, abs 317 317 317 317 317 318 319 325

(nm)

&
(Mem™ 28400 30700 34400 30200 30000 29800 28200 24900
h
;\«max,FL
442 475 512 502 475 535 490 477

(nm)

Oy ? 0.10 004  0.02 002 0.02 002 0.06 0.02
4 10%

Water (E1(30) = 63.1 kcal/mol, n = 0.89 mPaes) and octanol (E1(30) = 48.3 kcal/mol,

n = 7.24 mPaes) represent two distinct environments that can be used to assess the

physical properties and distribution of organic molecules.***! The partition coefficient
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of drug-like molecule represents an insight of its potential distribution and
pharmacokinetics in cellular environment. The chemico-physical properties of 1-6
were calculated through SwissADME (Table 1.2). The log Po/w is a partition coefficient
calculated by following topological method, and log K, is representing the degree of

skin permeation according to QSPR model.*>*#*

Table 1.2. Chemico-physical properties of 1-6.

W 1 2 3 4 5 6
Properties

Molar 108.72 13078 113.69 14467 13575 166.72
refractivity
Topological
polar surface  41.05A 4429A 41.05A 5028A 4429A 5352A
area
log Po/w 3.91 3.72 4.77 5.40 4.56 5.15
log K, -4.71 -5.18 -4.51 -4.12 -4.99 -4.59
cm/s cm/s cm/s cm/s cm/s cm/s
BBB Permeant Yes Yes No No Yes No

GI absorption High High High Low High High

30 -

20 A

10 -

Ioc:tanol / Iwater

2 3 4 5 6
Figure 1.9. Emission intensities of 2-6 obtained in octanol and water present

fluorescence turn ON/OFF ratios.
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The turn-on ratio is also considered as a measure for responsiveness of probes

t.* The ratios of 2-6 emission

towarding the changes of chemical microenvironmen
intensities obtained in octanol and water are shown in Figure 1.9, and the turn-on ratio
of 1 was reported as 57.%

1.2.3 Inhibition study

Initially we evaluated all of 5 probes as inhibitors of ERBB2 phosphorylation in MCF7

cells using 6 probe concentrations, 0, 39, 156, 625, 2500 and 10000 nM.

[compound]/nM
0 39 156625 2500 10K

L
:
]
i

1
3
)

IB: pH2

Lapatinib .-
4 4D e -

” 6 -

Figure 1.10. Inhibition of NRGf1-induced ERBB2 tyrosine phosphorylation in

MCEF7 cells at 6 concentrations by compounds.

MCF7 cells are a well-established model system for the ligand induced activation of
ERBB2-ERBB3 hetero-complexes by ligand of the neuregulin family (NRGp1 in this

case). In evaluation, MCF cells were seeded with equal quantity (200 thousand/well)
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in six-well plates. After 48 hours, cells were pre-treated with small molecule inhibitors
of various concentrations for 30 minutes before induction by neuregulin (NRG1, 30
nM, 30 minutes). Cell lysates were generated immediately by SDS lysis. Equal aliquots
were subjected to SDS-PAGE and Western blot analysis. ERBB2 phosphorylation was
evaluated for Tyr1139 located close to the extreme cytoplasmic C-terminus of the
receptor (validated by pan-TyrP detection (4G10)). The signal obtained for pTyr1139
relative to the ERBB2 receptor levels was determined as the relative receptor
phosphorylation.*®

These results of western blot analysis suggest that substituting N-dimethyl-phenyl to
N-methyl-piperazinyl-phenyl at 6-position of the quinazoline-core enhances binding
affinity toward ATP binding pocket of ERBB2 dramatically regardless of
pharmacophore arm types. It resulted from increment of solubility by having additional
nitrogen in N-dimethyl-piperazinyl functional group, readily protonated in biological
medium.

The western blot results demonstrate several features of these fluorescent quinazoline
probes:  First, despite of chemical modification, the probes remain membrane
permeability and are able to access the intracellular kinase binding domain of ERBB2.
Secondly, solubility increment with 6-position position dramatically improves
inhibition capability. Thirdly, regardless of 6-position modification, having the Type I
and II pharmacophore arm at 4-position of the quinazoline enhances inhibition of
ERBB?2 phosphorylation than simple having simple phenyl group. More precisely, the
addition of the N-methyl piperazine arm at 6-position of the quinazoline core

effectively lowers the Ki from approximately 10 uM for 1 to 360 nM for 2. The addition
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of the Type I pharmacophore arm at 4-position lowers the K; to about 3 uM, for 3, on
the other hand the Type II arm has more pronounced effect with a K; of 500 nM for 4.
The fully optimized Type I and Type II fluorescent inhibitors S and 6 have K; values
of 71 nM and 27 nM, compatible to both of experimentally measured and reported
value (20 nM and 13 nM, respectively) for lapatinib.?® This allows partial target
occupancy at low probe concentrations, thus minimizing limitations imposed by

solubility, and unspecific binding.
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Figure 1.11. Relative inhibition of NRG B1-induced ERBB2 phosphorylation in

MCEF7 cells by compounds 2, 5, and 6.

1.2.4 Binding induced fluorescence study

Emission spectroscopy identified the probe S and 6 that they exhibited appropriate turn-
on ratios, and the phosphorylation inhibition studies demonstrated that those probes
were capable of accessing the ATP-binding pocket of ERBB2. To determine if turn-on

emission is observed upon binding event to ERBB2, the fluorescence spectra of 5 and
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6 in PBS were measured with the presence and absence of the soluble ERBB2 kinase

domain. In PBS alone, the emission of the probes is largely quenched in PBS alone,

whereas the addition of the ERBB2 kinase domain produced substantial turn-on

emission enhancements for both probes: turn-on ratios of 11 and 4 were calculated for

5 and 6, respectively. Emission lifetimes are shown next to their associated spectrum,

however 5 in PBS is precluded from lifetime measurements due to its weak

fluorescence in PBS. The higher hydrophobicity of 6 may contribute to aggregation in

solution, leading to some fluorescent aggregates which are distinguishable by their

unique emission lifetime.
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Figure 1.12. Excitation and emission spectra of probes 5 (A) and 6 (B) in PBS +/-

purified HER2 kinase domain.

In addition, the emission maxima are moderately blue-shifted by approximately 40 nm,

relative to CHCI3 solutions. Additional confirmation of the binding-induced emission
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response comes from the excited spectra, which present pronounced peaks at 280 nm,
which are absent in the absorption spectra and are most likely due to energy transfer

from tyrosine and tryptophan residues around ATP binding pocket.

1.2.5 Confocal microscopy

To evaluate their ability to target the receptor tyrosine kinases in a live cell setting,
confocal microscopy experiments were conducted. For imaging experiment, cells were
seeded at a density of 10° cell/cm? in 96 micro-well plates. Cells maintained a normal
morphology during the course of the experiments in maximum 90 minutes, and
remained adhered to the imaging plate. Single photon imaging was performed on a
Leica SP5 confocal microscope. For imaging of 5 and 6 in 2 uM, a 405 nm laser line
was utilized and the emission window was set between 450 and 550 nm, with the
aperture opened to 200 pm to minimize the effects of z-drift. Cells were labeled an
anti-ERBB2 antibody directed towards the extracellular domain of ERBB2 (Ab-5,
Millipore) followed by Alexafluor 546 secondary antibody. Excitation of Alexafluor
546 was achieved with the 561 nm laser line and emission was collected between 575
and 625 nm. Images were processed in Fiji.*’ Quantitative analysis of single cells was
performed by circumscribing individual cells, which were identified in the phase
contrast image. All clearly demarcated and in-focus cells in a single field of view were
included in each analysis followed by excluding cell debris, out of focus and

overlapping cells.
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Specific detection of ERBB?2 by activation states

The ability of these fluorescent probes detecting active state of ERBB2 was evaluated
by confocal imaging experiment. BT474 cells (10° receptors/cell) classified as
HER2(+) were utilized in dual labeling experiments to compare the fluorescent kinase
probes against monoclonal antibody. In the first row of Figure 1.13, the BT474 stained
with ERBB2 antibody, then treated with fluorescent kinase probe 5 detecting ERBB2

in active conformation.

ERBB2 kinase probe merged

Figure 1.13. Confocal microscopy of 5 detecting active conformation of ERBB2.
Co-staining of BT474 cells with ERBB2-directed antibody (A) and probe, 5 (B),
overlay (C). Confocal microscopy of 6 detecting inactive conformation of ERBB2:
co-staining of BT474 cells with ERBB2-directed antibody (D) and probe, 6 (E),

overlay (F). Probe concentration = 2 uM, Aem = 450-550 nm
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The overlay of the two imaging channels presents significant overlap between the anti-
ERBB?2, shown in red, and 5, in green, with co-localization in yellow. In addition, the
second row of Figure 1.13, presents the experiment with 6 for detecting ERBB2 with
inactive conformation. These results demonstrate that binding affinity of probes is
maintained even in the complex intracellular environment with high degree of
selectivity for ERBB2 preserved. Time course measurements in Figure 1.14 revealed
that the binding of 5 is more rapid than that for 6 with is in good agreement with models

of Type I and Type II binding kinetics.*®
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Figure 1.14. Time dependent emission intensities of BT474 cells treated with 5 and

6 (both 2 uM). Error bars show standard deviation.

Her2(+) cell recognition between co-seeded breast cancer cell lines

The probe ability of differentiating HER2(+) from HER2(-) cells was evaluated
through confocal microscopy experiments. The ERBB2 overexpressing BT474 cells
are well-researched representation for HER2(+) specimen and another breast cancer
cell line, MCF7, carrying ERBB2 at low levels (10* copies/cell), are classified

clinically as HER2(-). These two breast cancer cell lines were chosen for this confocal
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microscopy experiment and co-seeded. As probe 5 exhibited more rapid uptake and
higher brightness than probe 6, it was selected for experiment. Figure 1.18 shows co-
seeded MCF7 and BT474 cells were treated with anti-ERBB2 and labeled secondary

antibody (red, first row) and fluorescent probe 5 (green, second row).

Series 1 Series 2 Series 3

anti-ERBB2

compound 5 &8

Figure 1.15. Dual staining of BT474 and MCF7 (encircled in merged image) cells

with probe 5.

The specimens were imaged under similar conditions as the BT474 cells in Figure 1.13.
Significant overlap is seen between the fluorophore-tagged antibody and kinase probe

5 emission in the BT474 cell, HER2(+). On the other hand, HER2(-), MCF7 cells,
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encircled in third row in Figure 1.15, can readily be discerned both by their
morphology, as well as the near absence of anti-ERBB2 staining, compared to the
BT474 cells. Relatively weak and disperse emission from 5 is visible in the MCF7
cells, which is not surprising as they do express ERBB2, albeit at much lower levels,
however, the BT474 cells are readily distinguished by their bright emissive patches.

Quantitative analysis from 10 experiments with 250 cells each, reveals that BT474 cells
exhibit higher emission intensity than MCF7 cells and marked signal heterogeneity.
This can be seen qualitatively in Figure 1.15 and 1.16, demonstrating the ability of 5 to

identify ERBB2(+) cells.
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Figure 1.16. The emission histogram of probe 5 for quantitative analysis of the cell

population.
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Figure 1.17. Fluorescent kinase inhibitor 5§ responses. A) The FACS histogram of

BT474 cells treated with 5. B) Pretreatment with an ERBB2 inhibitor, CI-1033,

significantly lowers the binding induced fluorescent signal. C) Tyrosine-phosphatase

inhibitor, NaOV, increases ERBB2 activation state population inducing rapid

increase in emission intensity of BT474 cells treated with 5. D) The error bars,

showing S.D., in panel C reflect the population heterogeneity, which can be clearly

seen in single cell analysis of high and low responding cells.

The higher level of ERBB2 expression in BT474 cells clearly allows for increased

binding of 5, which is reflected in higher emission intensity from BT474 cells

compared to MCF7 cells. The emission histogram (Figure 1.16) reveals considerable
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heterogeneity in the kinase probe signal within the BT474 population. This may simple
reflect receptor levels or could report cell-to-cell variability in the number of receptors
in an activated state. Thus, fluorescence activated cell sorting (FACS) experiment on
BT474 cells treated with 5, was followed as its capable of analyzing a much larger
number of cells, the data would be more reliable. Cells were sorted into two populations
displaying high and low probe signal, followed by a 24 hours recovery prior to western
blot analysis of ERBB2 receptor levels and phosphor-tyrosine state.

Even after the 24 hours recovery period, cells with high probe emission intensity
showed a relative receptor phosphorylation that was 25 % higher than the cells
classified as low intensity, suggesting that besides receptor levels, the basal activation
state reflected a stable and cell specific feature. Thus, in addition to being able to
discriminate ERBB2 overexpressing cells from cells from cells expressing normal
levels, fluorescent kinase probes can also report cell to cell variation on the receptor
activation state within a population. The readout provides a unique and versatile
complement to traditional, static immune-histochemical labeling.

The FACS data combined with western blot assay indicate that differences in activation
states can be detected on a subpopulation level. Based on this, probe 5 was examined
further for its ability to track rapid perturbations of the activation states at the level of
individual cells.

Firstly, the fluorescence intensity of 5 in BT474 cells rapidly reaches a maximum
within several minutes of probe addition (Figure 1.17). This increment in fluorescence
does not occur in cells pretreated with the ERBB2-directed, irreversible Type I kinase

inhibitor, CI-1033 (Canertinib), validating probe specificity in a complex cellular
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setting. Although BT474 cells possesses a large population of auto-activated ERBB2
receptors, the fraction of activated receptors is kept low by competing actions of
tyrosine-phosphatases. Blocking of tyrosine phosphatases is known to rapidly shift the
equilibrium towards a predominance of activated states, conventionally measured by

endpoint measurements of tyrosine phosphorylation.**->!

BT474 + 5 + NaOV solution:

Figure 1.18. Time course images of BT474 cells treated with § (2 uM at t = 0) then

0.1 % NaOV solution (top) or DMSO mock solution (bottom).

When BT474 cells were pre-incubated with probe 5 for 5 minutes, the addition of a
tyrosine phosphatase inhibitor, sodium orthovanadate (NaOV), results in a rapid
increase in probe signal (Figure 1.17C). One key interpretation of this NaOV-induced

activation is that the fluorescent kinase probe, although inhibitory at saturating
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concentrations, does not block the activation response. The variability of the signal is
not a reflection of the signal to noise ratio of individual measurements, rather it reveals
cell-to-cell variability in activation states, information that is typically lost in bulk
analyses. Figure 1.17D showing traces of two individual cells that represent high and
low responders that are consistent with FACS histogram. This data represents a novel
route towards the analysis of cellular factors that control actual activation states of an

oncogenic receptor on a single cell level.

1.3 Conclusion

In this research, we have generated live cell compatible, high affinity kinase probes
that identify ERBB2 overexpressing cells, HER2(+) through a binding induced
emission response. The combined observations utilizing the optimized active state
probe 5, demonstrate that kinase-targeted molecular reporters are capable of stratifying
individual live cells by their dynamic response to activation. With the increasing
emphasis on cancer heterogeneity and single cell signaling studies, this work adds a
powerful tool to the available toolset. This capability can be merged with rapidly
developing single cell expression and genetic analysis to probe dynamic responses in

receptor kinase signaling and perturbation of this signaling by agonists and antagonists.



Chapter 2

A NOVEL CORE SCAFFOLD FOR DEVELOPMENT OF FLUORESCENT
ERBB INHIBITORS: SYNTHESIS AND PHOTOPHYSICAL
CHARACTERIZATION OF A BENZOFUSED QUINAZOLINE

2.1 Overview

Our efforts on developing ERBB2 probes introduced several examples of fluorogenic
molecular probes targeted at the ATP binding fold of this kinase family based on the

N-phenyl-4-amino-quinazoline pharmacophore.?

Their binding affinity toward
ERBB2 allows probes to identify ERBB2 overexpression through a binding induced
fluorescence response. The significance of quinazoline class probes that we developed
can provide efficient detection methodology of HER2 dynamics for live breast cancer
cells.?®

To improve optical properties of quinazoline class probes, we investigate a novel
fluorescent scaffold for kinase probes having bathochromic shifted emission.
Possessing the red-shifted, lower energy excitation is desired for fluorescent probe used
in live cells to reduce oxidative stress from UV irradiation. In addition, bathochromic

shifted, long wavelength emission allows to minimize the detection of auto-

fluorescence in cells as well as increase the tissue penetration depth.>>

2.2 Results and discussion
2.2.1 Design and synthesis
The N-phenyl-4-amino quinazoline derivatives are well-established adenosine analogs
that display relatively high affinity and selectivity (Ki = 107-10® M) for the ERBB

family. 6!

35
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By extending the aromatic framework of this core, previously generated several
fluorogenic analogs exhibit emission enhancements upon binding to the ERBB2 kinase
domain.?>*%? Two of the most promising examples of reported family of substituted
quinazolines, 1 and 18 shown in Figure 2.1, display excellent overall brightness, high
turn-on ratios and are compatible with commercially available filter sets (e.g.
DAPI/Hoechst) or excitation sources. Though they are structurally similar, 18
possesses a vinylene bridge between the electron-donating anilino group and the
electron withdrawing quinazoline core. While this extension of the p-system does
bathochromically shift Amax, abs by 56 nm, compared with 1, there is only a minor shift
of 10 nm in the emission spectrum.?’ For multiplexed analysis utilizing these probes, a
further red shift in the fluorescent spectrum would be desirable, in order to avoid
spectral overlap. Substrate specificity can be fine-tuned through the N-phenyl arm,
specifically at the R3 and R4 positions, while improvements to the optical properties
can be engineered into the quinazoline core and via the Ry and R; positions. We
therefore embarked on studies aimed at designing an improved chromophore scaffold
that retains basic components of the quinazoline pharmacophore but would be
compatible with further modifications to the N-phenyl pharmacophore arm. The
attractive optical properties of benzofused analogs of nucleobases reported by Kool and

others, >

motivated our investigation of 19. Their absorption and emission maxima
can be red-shifted by up to 70 nm, with quantum yields increased by several orders of
magnitude compared with the parent nucleobases. Thus, a benzofused derivative of 1,

or etheno-bridged derivative of 18, to produce 19, is one possible route for achieving

further red shifts in the excitation and emission spectra of fluorescent EGFR/ERBB
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inhibitors. In this contribution, we achieved the synthesis and optical studies on a
benzofused quinazoline, 19. Beginning with commercially available 3-amino-2-
naphthoic acid, we generated 6-bromo-3-amino-2-naphthoic acid in two steps

according to reference 56.
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Figure 2.1. EGFR/ERBB-targeted inhibitors, such as erlotinib, gefitinib and

benzofusion

lapatinib, are built upon a tunable N-phenyl-4-aminoquinazoline core 17. By
expending the © system of this pharmacophore, our research group have previously
generated fluorescent ERBB2 inhibitors such as 1 and 18.? Compound 19 can be

viewed as the benzo-fused derivative of 1 or the etheno-cyclized derivative of 18.
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Condensation with formamide afforded the key intermediate, 23 (Scheme 2.1), which,
upon chlorination with POCI3, allows for the incorporation of different N-aryl
pharmacophore units through nucleophilic aromatic substitution. As we were primarily
interested in exploring the optical properties of the chromophore core, we utilized
aniline to generate a simple N-phenyl derivative, 24. The use of a substituted aniline
would generate a pharmacophore analogous to gefitinib, neratinib or lapatinib with
improved binding and selectivity for the ERBB family. The donor-acceptor p-system
was completed through a Suzuki coupling of 24 with 4-(dimethylamino)phenyl boronic

acid, producing 19 as an orange powder.

“* )
NH; NH, NH,
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Scheme 2.1. Synthetic route to 19: (a) Br,, HOAc (58%); (b) Sn, HCI, HOAc
(88%); (c) formamide (96%); (d) i. POCls, ii. aniline, 2-propanol (6%); (e) 4-

(dimethylamino) phenylboronic acid hydrochloride, PPhs, EtsN, DMF, Pd(OAc):

(14%).
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The physicochemical characterization of compounds was achieved through melting
point measurement, IR spectra, high resolution mass spectra, 'H NMR and '*C NMR

spectra recorded on 500 MHz spectrometer.

Synthesis of 7-bromo-benzo/g]quinazolin-4(1H)-one (23)

7.75 grams (29.0 mmol) of 3-amino-7-bromo-naphthalene-2-carboxylic acid and 4.0
mL (100 mmol) of formamide were placed in a 200 mL pressure vessel with a stir bar.
The reaction was vigorously stirred and heated at 160 °C overnight, cooled to room
temperature, then poured into 250 mL of H,O. This mixture was stirred for 20 min,
then the brown precipitate was collected by suction filtration, dried in a 220 °C oven
for 2 hours, then under vacuum overnight to afford 7-bromo-benzo[g]quinazolin-
4(1H)-one (7.7 g, 96.2%). Characterization data: mp: 302-304C (dec); IR vmax(cm™):
32439, 3115.7, 2895.4, 1866.3, 1688.3, 1652.7, 1621.4, 1591.6, 1491.6, 1412.7,
1352.3, 1309.0, 1283.6, 1259.5, 1238.7, 1208.8, 1149.16, 1065.0, 862.2, 677.8; 'H
NMR(500 MHz, DMSO-dg): o: 7.68 (d, 1H, J = 8.5 Hz), 7.98 (d, 1H, , J = 8.5 Hz),
8.07 (s, 1H), 8.19 (s, 1H), 8.43 (s, 1H), 8.75 (s, 1H), 12.1 (s, 1H); *C NMR (125 MHz,
DMSO-ds), 0: 119.97, 122.92, 125.50, 127.09, 130.48, 131.33, 131.83, 132.27, 134.86,
145.05, 145.45, 161.47; HR-ESI (Q-TOF) m/z: calculated for C12HsBrN,O" (M+H"):

274.9820, found: 274.9823.

Synthesis of 7-bromo-N-(phenyl)-benzo[g] quinazolin-4-amine (24):

1.5 grams (5.5 mmol) of 23, 10.0 mL of POCI3, and 10.0 mL of toluene were placed in

a 100 mL round bottom flask with a stirrer bar and heated at 90 °C for 16 h. POCl3 and
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toluene were distilled off of the reaction mixture under reduced pressure leaving a dark
brown solid that was used without further purification. 1.0 g (10.7 mmol) of aniline,
and 2-propanol, sufficient to allow the mixture to stir, were added directly to the flask
containing the crude chlorinated product. The reaction mixture was vigorously stirred
and heated at 80 °C for 24 hours. The reaction mixture was cooled to room temperature,
concentrated under reduced pressure, then 20 mL of 1M KOH solution was added and
allowed to stir for 20 min. 200 mL of EtOAc was added to this mixture then organic
layer was separated and concentrated. The concentrate was purified over silica (100%
CHxCl; to 100% EtOAc) followed by crystallization from methanol to 7-bromo-N-
(phenyl)-benzo[g]quinazolin-4-amine as a yellow powder (110.0 mg, 5.7 %).
Characterization data: mp: 254-255 °C; IR vmax(cm™): 3260.2, 3061.6, 2799.1, 1927.2,
1607.3, 1524.8, 1515.4, 1498.2, 1447.0, 1404.2, 1367.9, 1306.4, 1247.7, 1198.6,
1131.2, 1058.3, 887.2, 689.4, 669.9; 'H NMR(500 MHz, DMSO-dg), J: 7.19 (t, 1H, J
=7.0Hz), 7.43 (t,2H, J= 7.5 Hz), 7.76 (d, 1H, J = 8.5 Hz), 7.93 (d, 2H, J = 7.5 Hz),
8.14 (d, 1H, J=9.0 Hz), 8.30 (s, 1H), 8.45 (s, 1H), 8.61 (s, 1H), 9.22 (s, 1H), 10.17 (s,
1H); 3C NMR (125 MHz, DMSO-ds with TFA), 6: 113.60, 117.38, 121.59, 125.36,
125.84, 127.72, 129.35, 130.47, 131.09, 132.64, 133.69, 133.93, 134.70, 136.77,
152.57, 160.86; HR-ESI (Q-TOF) m/z: calculated for CisH3BrN3" (M+H"): 350.0293,

found: 350.0289.
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Synthesis  of 7-(4-(dimethyl-amino)phenyl)-N-(phenyl)-benzo/g] quinazolin-4-amine

a9).

100  milligrams (0.28 mmol) of 9, 115 mg (0.57 mmol) of 4-
(dimethylamino)phenylboronic acid hydrochloride, 10 mg of PPh3, 2.0 mL of Et:N,
and 1.0 mL of DMF were placed in a 25 mL Schlenk flask with a stirrer bar under
nitrogen purge. The reaction mixture was degassed for a 30 min under a slow stream
of nitrogen, at which point 10 mg of Pd(OAc)> was added. The reaction was heated at
80 °C for 24 h, cooled and filtered to remove solid material. The eluate was poured
into 50 mL of H20, with ethyl acetate used to rinse the collection flask and capture the
remaining residue. The filtered solid impurity was discarded and eluted solution was
extracted three times with 200 mL of ethyl acetate. The organic layer was dried with
MgSOQq, filtered, and then concentrated under reduced pressure. The solid was
dissolved in the minimum volume of CH>Cl; required and this solution was added to
100 mL of hexane dropwise, producing a precipitate, which was collected by suction
filtration. This dark orange material was then crystallized from methanol, producing 7-
(4-(dimethyl-amino)phenyl)-N-(phenyl)-benzo[ g]quinazolin-4-amine as a dark orange
powder (14.3 mg, 14.3 %). Characterization data: mp: 256-258 C (dec); IR vmax(cm™):
3260.6, 3062.1, 3012.9, 1943.0, 1606.2, 1592.9, 1562.8, 1551.9, 1495.5, 1445.8,
1402.7, 1304.0, 1282.4, 1241.0, 1193.9, 1124.3, 1057.5, 1029.8, 963.3, 878.0, 709.8,
689.9; 'TH NMR(500 MHz, DMSO-ds), 6: 2.98 (s, 6H), 6.87 (d, 2H, J = 8.0 Hz), 7.16
(d, 1H, ,J=17.0 Hz), 7.42 (t, 2H, J = 7.5 Hz), 7.72-7.74 (m, 2H), 7.97 (broad s, 3H),
8.17 (d, 1H, J=8.5 Hz), 8.21 (s, 1H), 8.37 (s, 1H), 8.57 (s, 1H), 9.26 (s, 1H), 10.09 (s,

1H); '*C NMR (125 MHz, DMSO-ds), J: 40.45, 113.26, 115.89, 122.82, 123.30,
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123.53, 124.31, 125.11, 127.07, 127.77, 127.91, 128.83, 128.96, 131.98, 134.55,
138.15, 139.67, 145.31, 150.63, 154.26, 158.56; HR-ESI (Q-TOF) m/z: calculated for

CagH23N4" (M+H"): 391.1923, found: 391.1936.

2.2.2 Optical spectroscopy and quantum calculation

Inspection of CHCI3 solutions of 1, 18 and 19 provided a rapid, qualitative assessment
of their emission properties. Under UV illumination (354 nm), 19 fluoresces bright
yellow-green, demonstrating that benzo-fusion has significantly red-shifted emission

relative to 1 and 18, which appear blue-green (Figure 2.2).

Figure 2.2. Visible comparison of UV-illuminated (354 nm) CHCI;3 solutions
demonstrate the significant red shift in emission of 19 achieved through benzo

fusion.

To quantitatively compare the optical properties of these three fluorophores, we next
performed UV-vis and fluorescence spectroscopy. The absorption spectrum of 19 in
CHCI3 exhibits two distinct maxima at 329 and 418 nm (Fig. 2.3). TD-DFT calculations

allow us to assign the longer wavelength peak as the Sp—S; transition.>>®! The S; state
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should exhibit significant charge transfer (CT) character as a result of the one electron
transfer from the HOMO, localized on the electron-donating 4-(dimethylamino)phenyl

arm, to the LUMO localized largely on the quinazoline core.
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Figure 2.3. A) Calculated and B) observed solution UV-vis and emission spectra of

19 in comparison with previously reported 1 and 18; [dyes] = 10 uM and 1 uM in

CHClI; for absorption and emission spectra, respectively. The SMD solvent model”’

was utilized for TD-DFT calculations. %!
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The more prominent, and shorter wavelength, peak is the result of overlapping So—S»
and So—S3 transitions. The emission of 19 is centered at 541 nm, which is significantly
red-shifted compared 1 and 18, which have emission maxima at 485 and 495 nm,
respectively. Interestingly, while 18 and 19 are similar in overall length and overlap to
a large degree in their absorption spectra, 19 exhibits markedly longer wavelength
emission. For imaging purposes, this bathochromic shift is a significant improvement

and should minimize spectral overlap and channel cross-talk for the combination of 1

and 19.
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Figure 2.4. Dependence of Amax, abs (red) and Amax, em (blue) on solvent polarity using
Reichardt's Er(30) scale.”® The excited state is stabilized in more polar solvents,
indicating a polarized charge transfer state, while the ground state is not responsive

to changes in solvent polarity.
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The absorption maxima of 19 vary little with solvent polarity (Fig 2.4, Table 2.1),
demonstrating that the ground state is relatively apolar and not stabilized to an
appreciable degree in more polar solvents. By contrast, the emission maxima do exhibit
a significant dependence on solvent polarity, with more polar solvents lowering the
energy of the S state, supporting the notion that the excited state possesses a significant

degree of CT character.

Table 2.1. Photophysical parameters of 19 in solution.

Amax, abs 5 Amax, ;L DpL? TFL
Solvent (nm) M1 em™) (nm) (ns)
PhMe :;Z 4113:88 499 0.43 6.5+0.1
CH2Cl ;1;; ‘113288 560 0.29 94+0.1
CHCI3 431;; ;zgg 541 0.33 9.4+0.1
pose M0 e
MeCN ;gz ;5388 622 0.09 2.2+0.1
wso I

435 9700
PBS 334 57100 545 107 -

4+ 10%

The quantum yield of fluorescence, fem, is also highly dependent on solvent polarity.
In toluene, a relatively nonpolar solvent with an Et(30) value of 33.9 kcal/mol on
Reichardt's polarity scale, the quantum yield was 0.43.>° In DMSO, emission is nearly
abolished (fr. = 0.01) and in phosphate buffered saline (PBS), 19 is essentially non-

emissive.
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Figure 2.5. Optical spectra and imaging parameters. While both are quenched in PBS
alone, the addition of BSA elicits a turn-on emission response. A) Excitation spectra
scans (Aem = 550 nm) of BSA + 19 and BSA + 1 + 19 shows virtually no difference
at an excitation wavelength of 458 nm. B) While exciting a solution of BSA + 1 +
19 at 405 nm results in emission from both 1 and 19, the emission between 415 and

450 nm is exclusively from 1 and is captured in the green channel for imaging. [1]

=[19] =1 uM, [BSA] =10 uM.
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The high sensitivity of 19 to its chemical environment suggests that this fluorophore
core is an effective "turn-on" fluorescent probe. Through chemical modification of the
N-aryl arm, the binding affinity and specificity towards the ERBB family may be fine-
tuned. Although lacking a high-affinity, ERBB-specific pharmacophore arm, we could
still examine the binding-induced turn-on fluorescence of 19 in the presence of serum
albumin, a carrier protein for a broad range of lipophilic small molecules. While 4 is
non-fluorescent in PBS solution, the addition of bovine serum albumin (BSA),
produced a dramatic (~65-fold) increase in emission intensity with a peak at 535 nm
(Figure 2.5A).

Given the strong correlation between the emission energy and solvent polarity, this
wavelength suggests a relatively nonpolar binding pocket, approximated by a solvent
such as CHCI3 in which the Amax, em of 19 is 541 nm. As previously reported, 1 also
exhibits a turn-on emission response, with emission at much shorter wavelengths
compared to 4 (Figure 2.5B). When excited at 405 nm, corresponding to the shortest
wavelength excitation on many confocal microscopes, the emission of 1 could be
selectively captured in the range of 415 to 450 nm. Conversely, the fluorescence of 19
could be selectively obtained by exciting at 458 nm, one of the lines of an argon laser,
and capturing the emission from 525 to 575 nm.

This spectroscopic data suggests that 1 and 19 are an optically compatible pair of
probes, that can be used simultaneously, with each probe assigned a unique emission
channel. To evaluate their use in tandem, we next obtained the excitation and emission
spectra of 1 + 19 in the presence of BSA for comparison with the spectra of the

individual dyes in the presence of BSA.
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The emission spectra of 1 + 19 with BSA, excited at 458 nm, is virtually identical to
the emission of 19 with BSA (Figure 2.5A). This allow us to resolve the emission of
19 into a red channel (false colored) in subsequent microscopy experiments. When the
combination of dyes was excited at 405 nm (Figure 2.5B), both the emission of 1 and
19 could be observed, however, in the 415 to 460 nm range, the emission spectrum of
1 + 19 is indistinguishable from that of 1. Thus, the emission of 1 can be assigned to a

green channel (false colored) in this region for our microscopy experiments.

2.2.3 Confocal microscopy

Firstly, MCF7 cells were cultured in sterile T-75 flasks. Cells were maintained in RPMI
containing 10% dialyzed FBS, penicillin (100 units/mL) and streptomycin (0.01%)
solution under a humidified 5% CO- atmosphere. For imaging, cells were seeded at a
density of 10° cell/cm? in 96 microwell plates. Cells maintained a normal morphology
during the course of the experiments (maximum of 30 min) and remained adhered to
the imaging plate.

As a demonstration of the dual color imaging capability of 1 and 19, we exposed MCF7
cells to solutions of 1, 19 or 1 + 19. Although the probes are moderately hydrophobic,
the cells were cultured in media containing FBS, which has a high content of BSA. The
dyes were readily solubilized in the culture media and were found to accumulate
intracellularly and fluoresce as previously reported for lapatinib.®?> The confocal
microscope was configured according to the optical parameters outlined in Figure 2.5,
and all three cell + dye combinations were imaged under identical conditions. Single

photon imaging was performed on a Leica SP5 confocal microscope using 405 nm
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excitation for 1 and 458 nm excitation for 19. Emission windows were adjusted for
individual PMTs to 415 to 460 nm (green channel, 1) and 525-575 nm (red channel,
19). All images were processed in Fiji and no adjustments to image intensity or contrast

were made.

channels

19

compounds

1+19

-4

Figure 2.6. Confocal microscopy of MCF7 cells exposed 0 1 (A-C a 19 (D-F)
individually, and in tandem (G-H). Each series of images was obtained under the
exact same conditions of adjacent wells of a 96-microwell imaging plate. No cross-
talk is observed between the green and red channels (see imaging parameters in
Figure 2.5); 1 is emissive in the green channel, but not the red, while 19 is emissive

only in the red channel. Scale bars are 10 pum.
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Conversely, cells treated with 19 showed similar staining patterns that fluoresced in the
red channel (Figure 2.6E), but exhibited no emission in the green channel (Figure
2.6D). The results of the individual probe treatments demonstrated that there is no
channel cross-talk and that the dyes can be imaged independently. The combination of
1 + 19 proved that when both dyes are present, fluorescence is observed in both
channels (Figure 2.6G, H). Not surprisingly, the dyes aggregate in similar regions as
shown in the channel overlays (yellow regions, Figure 2.61). These results validate the

two probe, two channel capability of these turn-on fluorescent dyes.

2.3 Conclusion

By extending the aromatic framework of 1, through benzo-fusion, we have generated
a turn-on fluorescent probe, 19, with significantly red-shifted fluorescence. Optical
spectroscopy and confocal microscopy demonstrate that 1 and 19 exhibit sufficiently
segregated excitation and emission spectra, allowing for resolution into two distinct
channels. While neither probe possesses sufficiently high affinity or selectivity for the
EGFR/ERBB family of receptor tyrosine kinases, the modular synthesis enables fine

tuning of the pharmacophore arm independently of the chromophore backbone.



Chapter 3

OPTIMIZATON AND EVALUATION OF BENZOFUSED QUINAZOLINE
PROBES

3.1 Overview

We have examined that the aromatic extension of quinazoline core can effectively
induce bathochromic shifted emission through vinyl extension and benzo-fusion. As an
effort to generate biocompatible version of fluorescent kinase probes based on novel
scaffold, we focused on optimizing binding affinity by increasing solubility as well as

binding specificity by activation states of ERBB2 receptor tyrosine kinase.

Type I Arm Type IT Arm

F
ke ISR & KX
Solubility ~ L_N HN cl LN HN cl
Enhancement O O
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» >
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N

Vinyl HN cl N HN
Extension O O
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Figure 3.1. Design Strategies. The Type I and Type Il pharmacophore arms were

Benzufusmn '\._,N

adopted at 4-position of core to acquire the binding specificity. The N-
methylpiperazine substitution was followed at 6-position of core to increase

solubility.

51
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3.2 Results and discussion

3.2.1 Design and synthesis

Firstly, solubility of probes can be optimized by substituting the N-dimethyl-phenyl
group to N-methyl-piperazinyl-phenyl group at 6-position of quinazoline and
benzo[g]quinazoline core. Secondly, the binding affinity and specificity toward
activation state can be obtained by adopting Type I and Type II pharmacophore arm
structures of EGFR/ERBB?2 inhibitors in clinical use, directly to the 4-position of
quinazoline and benzo[g]quinazoline core (Figure 3.1). Each step of reactions went
through appropriate work-up processes, and purified through silica column
chromatography, recrystallization and/or distillation. All synthesized compounds were
obtained as powder colored in white or yellow. The physicochemical characterization
of compounds was achieved through melting point measurement, IR spectra, high
resolution mass spectra, 'H NMR and '*C NMR spectra recorded on 500 MHz
spectrometer.

O
o N-methyl /©) |
| piperazine
—_—
oy 8 oy
=

DMSO0, K;CO,, N \/J PPhsMeBr, THF,
120°C, 24h - Buli, 25°C, 24h /N
29 30 3
| 0 | OH cl 4-fluoro-3-chloro
oH SN | Y aniline
[ INHE Formamide, N"‘] POCI;, PhMe, N’) Isopropanol,

120°C, 24h 80°C, reflux, 24h 80°C, reflux, 24h

7 8 9
N/ﬁ F

F -
A oL G X,

| 31 O HN
\@j‘ Pd(OAc), PPh g ~ N
s Cla, 3 =
15 N Et,N, DMF, 80°C, 24h 25 N7

Scheme 3.1. Synthesis of compound 25.
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Synthesis of (E)-6-(4-(4-Methylpiperazin-1-vl)styryl)-N-(3-chloro-4-fluorophenyl)-

quinazolin-4-amine (25).

2.0 grams (5.0 mmol) of N-(3-choloro-4-fluorophenyl)-6-iodo-4-quinazolinamine, 1.0
g (4.94 mmol) of 1-(4-ethenylphenyl)-4-methyl-piperazine, 260 mg of PPhs, 3.0 mL of
EtsN, and 10.0 mL of DMF were placed in a 50 mL Schlenk flask with a stirrer bar
under nitrogen purge. The reaction mixture was degassed for a further 30 min under a
slow stream of nitrogen, at which point 200 mg of Pd(OAc)> was added. The reaction
mixture was heated at 80 °C for 24 h, cooled, poured into 200 mL of H>O, and extracted
with EtOAc (4 x 200 mL). The organic layer was dried with MgSOQy, filtered, and then
concentrated under reduced pressure. It was purified over silica (100% EtOAc to 100%
MeOH) followed by crystallization from 2-propanol and then methanol to afford (E)-
6-(4-(4-Methylpiperazin-1-yl)styryl)-N-(3-chloro-4-fluorophenyl)-quinazolin-4-

amine (100 mg, 4.3 %); mp: 284°C (dec); IR vmax(cm™): 3031.69, 2939.58, 2801.54,
1625.48, 1599.21, 1573.11, 1530.11, 1515.72, 1495.09, 1449.37, 1417.03, 1388.92,
1378.44, 1361.96, 1341.11, 1291.71, 1264.83, 1236.6, 1158.73, 1136.3, 1068.98,
883.79, 689.94; 'H NMR(500 MHz, DMSO-ds): &: 2.22 (s, 3H) 2.45 (broad s, 4H),
3.20 (broad s, 4H), 6.96 (d, 2H, J=8.5 Hz), 7.17 (d, 1H, J=16.5 Hz), 7.38 (d, 1H, J =
16.0 Hz), 7.42 (t, 1H, J=9.0 Hz ), 7.49 (d, 2H, J=9.0 Hz), 7.71 (d, 1H, J = 8.5 Hz),
7.91 (s, 1H), 8.05 (d, 1H, J = 8.0 Hz), 8.26 (d, 1H, J = 4.5 Hz), 8.55 (s, 1H), 8.76 (s,
1H), 10.49 (s, 1H); '*C NMR (125 MHz, DMSO-ds), J: 46.23, 47.908, 54.95, 115.50,
115.76, 117.00-117.17 (d, Jc.r=21.25 Hz), 119.22-119.36 (d, Jc.r=17.5 Hz), 119.67,
122.77-122.83 (d, Jc.r = 6.25Hz), 123.95, 124.18, 127.38, 128.02, 128.60, 130.58,

131.75,136.54,136.97-136.99 (d, Jc.r=2.5 Hz), 149.35, 151.17, 152.80-154.74 (d, Jc.
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F=242.50 Hz), 154.16, 157.69; HR-ESI (Q-TOF) m/z: calculated for C27H26CIFNs"

(M+H"): 474.1861, found: 474.1870.

9
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Scheme 3.2. Synthesis of compound 26.

Synthesis of (E)-6-(4-(4-Methylpiperazin-1-yl)styryl)-N-(3-chloro-4-((3-fluorophenyl)

methoxy)phenyl)-quinazolin-4-amine (26).

1.012 grams (2.0 mmol) of N-(3-chloro-4-((3-fluorophenyl)methoxy)phenyl)-6-iodo-
4-quinazolinamine, 0.80 g (3.95 mmol) of 1-(4-ethenylphenyl)-4-methyl-piperazine,
110 mg of PPhs, 1.5 mL of EtsN, and 3.5 mL of DMF were placed in a 25 mL Schlenk

flask with a stirrer bar under nitrogen purge. The reaction mixture was degassed for a
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further 30 min under a slow stream of nitrogen, at which point 100 mg of Pd(OAc)
was added. The reaction mixture was heated at 80 °C for 24 h, cooled, poured into 200
mL of H>O, and extracted with EtOAc (4 x 200 mL). The organic layer was dried with
MgSOys, filtered, and concentrated under reduced pressure. It was purified over silica
(100% EtOAc to 100% MeOH) followed by crystallization from 2-propanol and then
methanol to afford (E)-6-(4-(4-Methylpiperazin-1-yl)styryl)-N-(3-chloro-4-((3-
fluorophenyl)methoxy)phenyl)-quinazolin-4-amine (130.0 mg, 11.2 %); mp: 248C
(dec); IR vmax(cm™): 3081.2, 2941.4, 2799.6, 1930.4, 1603.4, 1593.2, 1567.3, 1517.5,
1500.0, 1454.0, 1418.0, 1381.4, 1357.9, 1334.1, 1286.0, 1239.7, 1201.8, 1138.2,
1036.8, 859.7, 679.6; '"H NMR(500 MHz, DMSO-d): J: 2.22 (s, 3H) 2.45 (broad s,
4H), 3.20 (broad s, 4H), 5.26 (s, 2H), 6.97 (d, 2H, J= 8.5 Hz), 7.15-7.20 (m, 4H), 7.45
(d, 1H,J=8.0 Hz), 7.49 (d, 2H, J=8.5Hz), 7.73 (d, 1H, J=9.0 Hz), 7.75 (dd, 1H, J
=9.0, 2.0 Hz), 8.05 (s, 1H), 8.06 (d, 1H, J=9.0 Hz), 8.54 (s, 1H), 8.58 (s, 1H), 9.78
(s, 1H); '3C NMR (125 MHz, DMSO-ds), 6: 46.24,47.92, 54.96, 69.77, 114.44-114.62
(d, Jer= 22.50 Hz), 114.73, 115.11-115.28 (d, Jc.r = 21.25 Hz), 115.54, 115.76,
119.65, 121.44, 122.63, 123.82-123.84 (d, Jc.r = 2.5 Hz), 124.27, 124.44, 127.44,
128.01, 128.54, 130.43, 131.01-131.10 (d, Jc.r= 8.75 Hz), 131.67, 133.65, 136.38,
140.09-140.15 (d, Jc.r= 7.50 Hz), 149.30, 150.06, 151.17, 154.39, 157.81, 161.69-
163.62 (d, Jo.r = 241.25 Hz); HR-ESI (Q-TOF) m/z: calculated for C34H32CIFN,O"

(M+H"): 580.2279, found: 580.2295.
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Scheme 3.3. Synthesis of compound 27.

Synthesis of 7-bromo-N-(3-chloro-4-fluorophenvl)-benzo/g] quinazolin-4-amine (36).

4.5 g (30.9 mmol) of 3-chloro-4-fluoro-aniline, and 2-propanol were added directly in
that same round bottom flask containing dark brown crude solid. Then the mixture was
vigorously stirred and heated at 80 °C, overnight with a condenser. After 24 hours, it
was cooled to room temperature, concentrated under reduced pressure, 200 mL of 1M
KOH solution was added and stirred for 20 min, then yellow precipitate was isolated
by filtering. Dried precipitate was added into 200 mL of EtOAc, stirred for 10 min,
filtered to separate solid impurities and eluted solution was concentrated. It was
purified over silica (100% EtOAc) followed by crystallization from 2-propanol and
then methanol. Resulted solid was added in 2 mL of dichloromethane then sonicated
for 10 mins, 20 mL of hexane was added. Precipitate was filtered to afford yellow
powder of 7-bromo-N-(3-chloro-4-fluorophenyl)-benzo[g]quinazolin-4-amine (480.0

mg, 5.47%); mp: 256 C (dec); IR vmax(cm™): 3434.7, 3027.8, 2970.5, 1923.2, 1682.8,
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1605.9, 1592.0, 1569.9, 1557.8, 1528.7, 1492.3, 1459.7, 1403.5, 1358.5, 1304.3,
1289.3, 1279.9, 1253.02, 1228.0, 1201.8, 1147.2, 1054.3, 879.8, 691.3; 'H NMR(500
MHz, DMSO-ds): 6: 1.68(s, 1H), 7.39 (¢, 1H, J = 9.0 Hz), 7.69 (d, 1H, , J = 9.0 Hz),
7.74 (s, 1H), 8.05 (d, 1H, J = 9.0 Hz), 8.14 (s, 1H), 8.27 (s, 1H), 8.32 (s, 1H), 8.44 (s,
1H), 9.18 (s, 1H); '*C NMR (125 MHz, DMSO-ds+ TFA), 6: 113.45, 117.44, 117.59-
117.61 (d, Jc.r= 7.5 Hz), 119.88-120.03 (d, Jc.r= 18.75 Hz), 121.75, 125.69, 125.81-
125.87 (d, Jc.r= 7.5 Hz), 127.26, 130.45, 131.06, 132.62, 133.78, 133.85, 133.95-
133.97 (d, Je.r= 2.5 Hz), 134.70, 152.65, 155.11-157.08 (d, Je.r= 246.25 Hz), 160.96;
HR-ESI (Q-TOF) m/z: calculated for CisHiiBrCIFNs"™ (M+H"): 401.9809, found:

401.9815.

Synthesis of 7-(4-(Dimethyl-amino)phenyl)-N-(3-chloro-4-fluorophenyl)-

benzo/g]quinazolin-4-amine (27).

730  milligrams (1.8 mmol) of  7-bromo-N-(3-chloro-4-fluorophenyl)-
benzo[g]quinazolin-4-amine, 660 mg (3.0 mmol) of 4-(4-methylpiperazin-1-
yD)phenylboronic acid, 110 mg of PPhs, 1.5 mL of Et;N, and 4.0 mL of DMF were
placed in a 25 mL Schlenk flask with a stirrer bar under nitrogen purge. The reaction
mixture was degassed for a further 30 min under a slow stream of nitrogen, at which
point 100 mg of Pd(OAc). was added. The reaction mixture was heated at 80 °C for 24
h, cooled, poured into 200 mL of H>O, and extracted with EtOAc (4 x 200 mL). The
organic layer was dried with MgSOs, filtered, and then concentrated under reduced
pressure. It was purified over silica (100% EtOAc to 100% MeOH) followed by

crystallization from 2-propanol and then methanol mixed with ethylacetate. Resulted
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solid was added in 2 mL of dichloromethane then sonicated for 10 mins, 20 mL of
hexane was added. Precipitate was filtered to afford yellow powder of 7-(4-(Dimethyl-
amino)phenyl)-N-(3-chloro-4-fluorophenyl)-benzo[ g]quinazolin-4-amine (30 mg, 3.4
%); mp: 262C (dec); IR vmax(cm™): 3043.3, 2939.5, 2814.3, 1923.6, 1605.6, 1572.6,
1541.8, 1521.8, 1496.5, 1412.3,1293.3, 1236.2, 1202.9, 1139.3, 1058.9, 1008.2, 880.3,
691.0; '"H NMR(500 MHz, DMSO-ds): J: 2.23 (s, 1H), 2.46 (t, 4H, J= 4.5 Hz ), 3.21
(t,4H,J=4.5Hz), 7.07 (d, 2H, J= 8.5 Hz), 7.45 (t, 1H, , J=9.0 Hz), 7.72 (d, 2H, J
= 8.5 Hz), 7.86 (s, 1H), 7.96 (d, 1H, J=8.0 Hz), 8.16 (d, 1H, J=9.0 Hz), 8.23 (s, 1H),
8.26 (s, 1H), 8.34 (s, 1H), 8.54 (s, 1H), 9.20 (s, 1H), 10.35 (broad s, 1H); *C NMR
(125 MHz, DMSO-ds + TFA), 0: 42.54, 45.56, 52.57, 113.30, 116.64, 117.45, 117.63,
119.76-119.91 (d, Jc.r=21.25 Hz), 124.68, 125.58-125.63 (d, Jc.r= 6.25 Hz), 126.20,
126.97, 128.26, 128.94, 129.97, 130.11, 132.53, 134.20, 134.50, 135.25, 139.06,
149.91, 152.22, 154.84-156.80 (d, Jc.r= 245.00 Hz), 160.78; HR-ESI (Q-TOF) m/z:

calculated for C290H26CIFNs™ (M+H"): 498.1861, found: 498.1882.
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Scheme 3.4. Synthesis of compound 28.

Synthesis of 7-bromo-N-(3-chloro-4-((3-fluorophenyl)methoxy)phenyl)-

benzo/g]quinazolin-4-amine (37).

11.0 g (43.8 mmol) of 3-chloro-4-[(3-fluorophenyl)methoxy]-benzenamine,, and 2-
propanol were added directly in that same round bottom flask containing dark brown
crude solid. Then the mixture was vigorously stirred and heated at 80 °C, overnight
with a condenser. After 24 hours, it was cooled to room temperature, concentrated
under reduced pressure, 200 mL of 1M KOH solution was added and stirred for 20 min,
yellow precipitate was isolated by filtering. Dried precipitate was added into 200 mL
of EtOAc, stirred for 10 min, filtered to separate solid impurities and eluted solution

was concentrated. It was purified over silica (100% EtOAc) followed by crystallization
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from 2-propanol and then methanol/ethylacetate mixed solvents to afford yellow
powder of 7-bromo-N-(3-chloro-4-((3-fluorophenyl)methoxy)phenyl)-
benzo[g]quinazolin-4-amine (1.50 g, 13.5 %); mp: 230 C (dec); IR vmax(cm™):3411.0,
3032.8, 2864.0, 1832.8, 1751.6, 1589.7, 1560.0, 1529.4, 1499.4, 1458.5, 1415.0,
1380.0, 1357.9, 1299.0, 1276.3, 1201.8, 1139.7, 1059.2, 877.6, 692.2; 'H NMR(500
MHz, DMSO-dg): 0: 5.245 (s, 1H), 7.16 (t, IH,,J=8.0 Hz), 7.26 (d, 1H, J=9.0 Hz),
7.30-7.34 (m, 2H) 7.44 (dd, 1H, J = 14.0, 8.0 Hz), 7.69 (d, 1H, , J= 9.0 Hz), 7.78 (d,
1H, , J=9.0 Hz), 8.06 (d, 1H, , J= 8.5 Hz), 8.11 (s, 1H), 8.22 (s, 1H), 8.38 (s, 1H),
8.57 (s, 1H), 9.06 (s, 1H), 10.11 (s, 1H); '*C NMR (125 MHz, DMSO-ds), 6: 69.73,
114.39, 114.58, 115.08-115.24 (d, Jc.r= 20.00 Hz), 116.08, 119.83, 121.42, 122.74,
122.87,123.77, 124.56, 125.78-125.80 (d, Jc.r=2.5 Hz), 130.56, 130.98-131.04 (d, Jc-
r=17.5Hz), 131.30, 131.90, 133.36, 133.99, 140.03-140.08 (d, Jc.r= 6.25 Hz), 145.67,
150.23, 154.83, 158.33, 161.67-163.60 (d, Jc.r= 241.25 Hz); HR-ESI (Q-TOF) m/z:

calculated for C2sH17BrCIFN3O" (M+H"): 508.0228, found: 508.0236.

Synthesis 7-(4-(4-Methylpiperazin-1-yl)phenyl)-N-(3-chloro-4-((3-

fluorophenvl)methoxy) phenyl)-benzo/g] quinazolin-4-amine (28).

800 milligrams (1.5 mmol) of 7-bromo-N-(3-chloro-4-((3-
fluorophenyl)methoxy)phenyl)-benzo[g]quinazolin-4-amine, 990 mg (4.0 mmol) of 4-
(4-methylpiperazin-1-yl)phenylboronic acid, 110 mg of PPhs, 1.5 mL of EtsN, and 5.0
mL of DMF were placed in a 25 mL Schlenk flask with a stirrer bar under nitrogen
purge. The reaction mixture was degassed for a further 30 min under a slow stream of

nitrogen, at which point 100 mg of Pd(OAc), was added. The reaction mixture was
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heated at 80 °C for 24 h, cooled, poured into 200 mL of H>O, and extracted with EtOAc
(4 x 200 mL). The organic layer was dried with MgSQs, filtered, and concentrated
under reduced pressure. It was purified over silica (100% EtOAc to 100% MeOH)
followed by crystallization from 2-propanol, then methanol with ethylacetate to afford
the yellow powder of 7-(4-(4-Methylpiperazin-1-yl)phenyl)-N-(3-chloro-4-((3-
fluorophenyl)methoxy)phenyl)-benzo[g]quinazolin-4-amine (75.0 mg, 8.3%); mp:
258°C (dec); IR vmax(cm™): 3074.6, 2940.3, 2796.5, 1938.2, 1605.9, 1552.4, 1498.6,
1475.6, 1454.4, 1435.0, 1411.8, 1379.8, 1368.2, 1328.1, 1283.1, 1264.3, 1238.4,
1209.8, 1137.2, 1062.7, 1035.8, 879.6, 679.7; 'H NMR(500 MHz, DMSO-ds): 6: 2.24
(s, 1H), 2.47 (broad s, 4H), 3.24 (broad s, 4H), 5.27 (s, 2H), 7.09 (d, 1H, J = 7.5 Hz),
7.17 (t, 1H, , J = 8.5 Hz), 7.30-7.35 (m, 3H), 7.46 (dd, 1H, J=13.5, 6.0 Hz ), 7.74 (d,
2H, J=17.5 Hz), 7.83 (s, 1H), 7.98 (d, 1H, J=9.0 Hz), 8.18 (d, 2H, J = 9.0 Hz), 8.23
(s, 1H), 8.36 (s, 1H), 8.57 (s, 1H), 9.20 (s, 1H), 10.14 (s, 1H); *C NMR (125 MHz,
DMSO-ds, TFA), o0: 46.25, 48.07, 54.99, 69.81, 114.43-114.60 (d, Jc.r= 21.25 Hz),
114.75, 115.10-115.27 (d, Jc.r= 21.25 Hz), 115.77, 116.00, 121.47, 122.61, 123.46,
123.81-123.83 (d, Jc.r = 2.5 Hz), 124.15, 124.42, 125.11, 127.79, 127.92, 128.89,
129.63, 131.02-131.09 (d, Jc.r= 8.75 Hz), 131.86, 133.70, 134.65, 137.87, 140.09-
140.15 (d, Jc.r= 7.5 Hz), 145.28, 150.15, 151.13, 154.27, 158.39, 161.70-163.63 (d,
Jo.r = 241.25 Hz); HR-ESI (Q-TOF) m/z: calculated for C3¢H32CIFNsO™ (M+H"):

604.2279, found: 604.2296.
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3.2.2 Optical spectroscopy
The optical properties of probes 25-28 were qualitatively observed by sight as in
chloroform (E1(30) = 39.1 kcal/mol)* solutions, and compared with quinazoline

probes 5 and 6.

Figure 3.2. Chloroform solutions of compounds in 5 uM under UV illumination at

354 nm.

The quinazoline probes (5, 6) appear bright with emissions ranging from greenish blue
Figure 3.2, while vinyl extension (25, 26) induced slight bathochromic shift with
yellow emission. Moreover, the benzo-fusion of quinazoline core (27, 28) exhibited
bright orange emission under UV illumination. To investigate their optical properties
quantitatively, UV-Vis and fluorescence spectra of compounds were measured in
chloroform (Figure 3.3). UV-Vis absorption spectra were obtained on a Perkin-Elmer
Lamda 35 UV-Vis spectrometer using chromophore solutions of 10 uM with 1 cm path
length. Fluorescence spectra were measured on a Perkin-Elmer LS55 Fluorometer
using probe concentrations of 1 uM. For determination of the ®em, solutions were
prepared to an optical density of less than 0.05 in order to minimized inner filter effects.

Perylene in cyclohexane was used as a reference for quantum yields.*°



Table 3.1. Photophysical parameters of 25-28 in solution.
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olvent

)5 PhMe CHClzs MeCN MeOH IPA BuOH OcOH PBS
hanax, abs 367 366 362 356 362 360 362 357
(nm)
_f L. 31800 35000 34600 38100 36700 34400 35500 24200
M7 cm™)
)‘«max,FL
450 489 538 511 525 515 507 465
(nm)
D ? 052 027  0.09 005 0.07 007 022 001
olvent
26 PhMe CHCI3; MeCN MeOH IPA BuOH OcOH PBS
hamax, abs 370 369 362 357 364 361 365 355
(nm)
_f L. 32000 36200 34000 37500 36900 34200 37200 25600
M7 cm™)
;bmaX,FL
460 497 526 515 518 515 489 505
(nm)
D ? 0.43 0.17  0.12 0.04 007  0.08 0.17  0.01
olvent
- PhMe CHClzs MeCN MeOH IPA BuOH OcOH PBS
Amax, abs 324 321 317 314 321 321 322 326
(nm) 407 406 404 404 405 406 408 382
e 31000 32000 34600 35000 33900 31000 33300 22800
M 'em™) 10400 9900 10200 9700 10000 9100 9900 8400
hamax, FL 504 522 553 595 620 628 545 700
(nm)
P ? 0.56 027  0.01 0.02 002 002 007 0.007
olvent
)8 PhMe CHCI3; MeCN MeOH IPA BuOH OcOH PBS
Amax. abs 326 326 324 317 323 324 325 327
(nm) 411 410 408 408 409 410 412 430
£ 35900 35800 38000 37500 36200 36100 36100 23100
Mlem™) 15300 13400 14200 13400 13700 13700 13800 11400
ma FL - os 547 650 590 609 544 525 700
(nm)
Dy ? 022  0.11 0.01 0.01 0.02 0.02 007 0.007

4 10%
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Figure 3.3. Absorption (solid lines) and emission (dashed lines) spectra of

compounds in CHCI3. Emission intensities are given relative to 25, which has the

highest quantum yield.

Although the vinyl extension of quinazoline core (25, 26) effectively induced

bathochromic from reference compounds (5, 6), the benzo-fusion of quinazoline

exhibited remarkable degree of bathochromic shift on emission maximum in

chloroform system. The emission spectra of 6 compounds (5, 6, 25, 26, 27, 28) in

various solvent systems are shown in Figure 3.3. All the probes exhibit sensitivity on

polarity of environment, which makes them as turn-on probes by turning on at the

binding event at hydrophobic binding pocket, and turning off in aqueous surrounding

outside of binding fold.
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Figure 3.4. Emission spectra of presented compounds in A) toluene, B) chloroform,

C) octanol, D) isopropanol, E) methanol, F) PBS.
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Figure 3.5. Emission intensities of 6 compounds obtained in octanol and water

present fluorescence turn ON/OFF ratios.
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The chemico-physical properties of 25-28 were calculated through SwissADME to
obtain an insight of molecules cellular distribution and pharmacokinetics.***** Turn-on
ratio of compounds in between water (E1(30) = 63.1 kcal/mol, n = 0.89 mPass) and
octanol (E1(30) = 48.3 kcal/mol, 1 = 7.24 mPaes)*” are presented by the ratios of

emission intensities obtained in octanol and water are shown in Figure 3.4.

Table. 3.2. Chemico-physical properties of 25-28.

Compounds

. 25 26 27 28
Properties
Molar refractivity 145.68 176.66 153.25 184.23
Topological polar
44.29 A 53.52A 4429 A 53.52A
surface area
log P o/w 4.89 5.44 5.17 5.70
log Kp -4.68cm/s  -544cm/s  -4.40 cm/s -4.01 cm/s
BBB Permeant Yes No No No
GI absorption High Low High Low

3.2.3 Inhibition study

We evaluated all of 4 probes as inhibitors of ERBB2 phosphorylation in MCF7 cells
using 6 probe concentrations, 0, 39, 156, 625, 2500 and 10000 nM. MCF7 cells are a
well-established model system for the ligand induced activation of ERBB2-ERBB3
hetero-complexes by ligand of the neuregulin family (NRGP1 in this case). In
evaluation, MCF cells were seeded with equal quantity (200 thousand/well) in six-well

plates. After 48 hours, cells were pre-treated with small molecule inhibitors of various
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concentrations for 30 minutes before induction by neuregulin (NRG1, 30 nM, 30
minutes). Cell lysates were generated immediately by SDS lysis. Equal aliquots were
subjected to SDS-PAGE and Western blot analysis. ERBB2 phosphorylation was
evaluated for Tyr1139 located close to the extreme cytoplasmic C-terminus of the
receptor (validated by pan-TyrP detection (4G10)). The signal obtained for pTyr1139
relative to the ERBB2 receptor levels was determined as the relative receptor

phosphorylation.

[compound]/nM
0 39 156625 2500 10K

IB: pH2

Lapatinib

27 |

28

Figure 3.6. Inhibition of NRGpI-induced ERBB2 tyrosine phosphorylation in

MCF7 cells at 6 concentrations by compounds.

The western blot result suggests that elongating the conjugation length at 6-position of
quinazoline has negative effect on binding to ATP binding pocket of ERBB2 receptor
tyrosine kinase. The compound 25 exhibits Ki around 700 nM, and the comparison of
5’s Ki of 71 nM suggests that the addition of one vinyl unit at 6-position lowers the

binding affinity by 10 folds.
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Furthermore, the core expansion through benzo-fusion of quinazoline dramatically
reduces binding affinity to no inhibition at the test setting. Those benzo-fusion
compounds 26 and 28 were tested again with milder ligand induced activation settings

on MCF7 cells at NRG-1p in 0.5 nM, 30 minutes of room temperature incubation.

concentration / pM
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Figure 3.7. ERBB2 phosphorylation inhibition measurement of 26 and 28 via mild
ligand stimulation assay at room temperature with MCF7 cells in duplicates

experiment.

Although in mild ligand induction condition, compounds 26 and 28 exhibited
insignificant inhibition ability for ERBB2 phosphorylation. It may due to the expanded

aromatic core size hindering their binding at ATP binding pocket.

3.3 Conclusion
To develop turn-on fluorescent probes having enhanced optical property than

quinazoline class probes (5, 6), we have generated probes with vinyl extension as
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well as benzo-fusion (25-28) by employing the N-methylpiperazine substituent and
pharmacophore arm on extended aromatic framework. Those structural modification
strategies resulted in moderate enhancement on binding affinity toward ATP binding
pocket of ERBB2 for the vinyl extended compounds (25, 27), while insignificant
effects on benzo-fusion compounds (26, 28). It suggests that the aromatic frame
extension of quinazoline may introduce unfavored interaction with the portal area of
ATP binding pocket resulting in reduced binding affinity. Hence, the core
modification within the adenosine-size would be ideal to induce bathochromic shift

than extension.



Chapter 4

SYNTHESIS AND PHOTOPHYSICAL PROPERTIES OF A
CYANOQUINOLINE ERBB2 PROBE FOR PROFILING KINASE
INHIBITOR RESPONSE

4.1 Overview

Development of small molecular kinase inhibitors and monoclonal antibodies have
constructed the modern chemotherapy regime for various cancers. However, the
heterogeneity of cancer cells obstructs rapid identification. Furthermore, incidence of
mutation and drug resistance throughout the treatment period challenges the receptor
targeted chemotherapy.®*%° The prediction of certain drug efficiencies can be achieved
through the genomic analysis as well as functional phenotype assays. On the aspect of
functional receptor analysis, we developed fluorescent kinase probes, the quinazoline
class turn-on probes, targeting the ATP-binding pocket of EGFR/ERBB family of
receptor tyrosine kinases. The quinazoline-class Type I probe, QAl (5) and
quinazoline-class Type II probe, QA2 (6) (Figure 4.1) were capable of selectively
staining and differentiating HER2(+) cells from HER2(-) cells.?> While ERBB2/HER2
receptor activation dynamics could be reported in real time at the single cell level,
spectral overlap with the moderate inherent emission of quinazoline-class inhibitors in
clinical use®®, such as lapatinib®’ or gefitinib,*® prevented the use of quinazoline class
probes for observing the effect of these drugs. To utilize kinase fluorescent probes in
observation of signaling pathways with established inhibitors, the spectral overlap
should be minimized. In this context, we developed the cyano-quinoline class kinase
probes, which exhibit significantly red-shifted fluorescence compared to quinazoline

class probes.

70
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The optical properties of CQ1 (39) make it as an attractive candidate for both detecting

ERBB2-overexpressing cells as well as monitoring the drug response.
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Figure 4.1. A) Examples of Type I, pelitinib, and Type II, neratinib, cyano-
quinolines under investigation as EGFR/ERBB inhibitors; the cyano moiety
interacts with a threonine residue in the ATP binding pocket, replacing a water
bridge found for quinazoline inhibitors.®>”° B) Fluorescent quinazoline probes
developed in our lab. C) Cyano-quinoline probes with modified donor-n-acceptor

investigated in this study.



72

4.2 Results and discussion
4.2.1 Design and synthesis
Quinazoline-based inhibitors (erlotinib, gefitinib, and lapatinib) target the ATP binding

pocket of the EGFR/ERBB family.**!

Figure 4.2. Chemical structures, frontier molecular orbitals and electrostatic
potential (ESP) maps of model compounds used to compare the electronic
properties of kinase probes built on the quinazoline, QA (1) and cyano-quinoline,
CQ (38) heterocyclic cores. While the HOMOs map with nearly identical
distributions, the LUMO shows slightly more polarization on CQ (38), a result of
the electron-withdrawing nature of the cyano group, which also appears

electronegative in the ESP surface.
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However, their inherent optical properties as fluorescent probes are less than ideal,
requiring UV excitation and exhibiting low quantum yields. Especially, their emission
spectra overlap with quinazoline probes at clinical relevant concentration (1-10 uM).
Thus, next generation probes were needed to be generated with significantly red-shifted
emission spectra required to image the dynamics of EGFR/ERBB receptor tyrosine
kinase family in response to these quinazoline class inhibitors.

The pelitinib and neratinib with 3-cyanoquinoline pharmacophores have also been
developed as inhibitors of EGFR/ERBB receptor tyrosine kinases.®*® Their binding
mode differs slightly with the quinazoline class inhibitors by the cyano-group replacing
a bridging water molecule, which interacts with a threonine residue via a hydrogen
bond (Figure 4.1). The cyano-quinoline core with stronger electron withdrawing ability
could generate red-shifted excitation and emission spectra than the quinazoline core in
donor-acceptor system by lowering the energy of the S; state. TD-DFT calculations on
truncated model compounds QA (1) and CQ (38) (Figure 4.2) predicted an S; state that
was only lowered by 0.3 eV, corresponding to a ~ 20 nm shift in the absorption spectra.
However, mapping of the frontier molecular orbitals, as well as the dipoles of the
molecules, 11 D for QA (1) versus 13 D for CQ (38) suggested that the excited state of
the cyano-quinoline probes should be more polarized than that of the quinazoline
probes. This can be seen in a small, but non-trivial shift in orbital density in the frontier
molecular orbitals. While the HOMOs of QA (1) and CQ (38) are virtually identical,
the LUMO of CQ (38) showed density shifted away from the dimethyl-amino group
and towards the cyano group, which could contribute to thermal relaxation in the

excited state and an increased Stoke shift.
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The synthesis of CQ1 (39) and CQ2 (40) proceeded from 6-bromo-4-chloro-3-
quinolinecarbonitrile (44) which was generated according to reference 79 (Scheme 4.1)
and confirmed by 'H and '*C NMR spectroscopy as well as FT-IR and HRMS. The
two pharmacophore arms, or phenyl moiety in the case of the model compound, CQ
(38), were installed via nucleophilic aromatic substitution of the chlorine at the 4-
position, followed by the electron-donating anilino arm, which coupled under Suzuki

conditions to the 6-position.

MNC._ COaC:Hs
|
COH
E”\@ DEEH-‘* NC. _CO,C;Hs Br L_CN
MH= —h \©\ :II - N? e
toluene, reflux, 24h Dawthirm, a4 FOCI, PhMe,
41 reflux, 1.5h B, reﬂu:: 2dh

Ry R
I O weysom,
Cl HaN Rz HN R>
L_CN

Br SN B, m — = cQ1(39)
N-’ Isepraparnal, N" Pd(Qae), PPh,, CQ2 (40)

E0sC, reflux, 24h Et. M, DMF. 80T, 24k
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2
cat.cazr,=N NMe
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Scheme 4.1. Synthesis of fluorescent cyano-quinoline probes.

Synthesis of 6-bromo-N-(phenyl)-quinoline-3-carbnitrile-4-amine (46).
2.5 grams of 45 (9.4 mmol), 1.5 g (16.1 mmol) of aniline, and 2-propanol were added,
vigorously stirred and heated at 80 °C, overnight with a condenser. After 24 hours, it

was cooled to room temperature, concentrated under reduced pressure, 100 mL of IM
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KOH solution was added and stirred for 20 min, 300 mL of EtOAc was added, then
organic solution was extracted through separation funnel and concentrated. It was
purified over silica (100% DCM to 100% EtOAc) followed by crystallization from
methanol to afford yellow powder of 43 (1.363g, 42.1 %); mp: 216-218 C ; IR vmax(cm’
:3279.7, 3202.7, 3123.3, 3053.9, 2226.2, 1865.0, 1739.3, 1608.8, 1582.8, 1557.1,
1495.6, 1447.6, 1353.1, 1318.5, 1274.8, 1232.3, 1117.0, 1077.7, 971.2, 826.9, 769.3,
696.5, 610.5; "H NMR(500 MHz, DMSO-ds), 6: 7.26-7.32 (m, 3H), 7.41 (t, 2H, J= 8.0
Hz), 7.86 (d, 1H, J=8.5 Hz), 7.97 (dd, 1H, J=8.5, 1.5 Hz), 8.60 (s, 1H), 8.78 (s, 1H),
9.92 (s, 1H); 'C NMR (125 MHz, DMSO-ds ), 6: 88.82, 116.91, 120.01, 121.16,
125.00, 125.86, 126.54, 129.50, 132.03, 135.30, 139.48, 147.88, 150.69, 154.02; HR-

ESI (Q-TOF) m/z: calculated for CisH1iBrN3" (M+H"): 324.0136, found: 324.0135.

Synthesis of 6-bromo-N-(3-chloro-4-fluoro-phenyl)-quinoline-3-carbnitrile-4-amine

47).

2.0 grams of 45 (3.8 mmol), 0.8 g (5.5 mmol) of 3-chloro-4-fluoro-aniline, and 2-
propanol were added, vigorously stirred and heated at 80 °C, overnight with a
condenser. After 24 hours, it was cooled to room temperature, concentrated under
reduced pressure, 50 mL of 1M KOH solution was added and stirred for 20 min, 100
mL of EtOAc was added, then organic solution was extracted three times through
separation funnel and concentrated. It was crystallization from methanol, ethyl acetate
to afford yellow powder of 47 (553 mg, 38.8 %); mp: 210-212C ; IR vmax(cm™):
3528.2, 3328.5, 3223.7, 3178.0, 3090.5, 3038.5, 2917.7, 2849.4, 2214.1, 1900.6,

1733.8, 1607.0, 1581.6, 1560.0, 1486.9, 1415.3, 1353.2, 1257.2, 1220.2, 1117.6,
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1075.0, 978.2, 821.5, 771.3, 673.2, 650.9; "H NMR(500 MHz, DMSO-ds), 6: 7.37 (s,
1H), 7.46 (t, 1H, J= 8.5 Hz), 7.62 (s, 1H), 7.89 (s, 1H), 7.98 (d, 1H, J = 8.0 Hz), 8.63
(s, 1H), 8.74 (s, 1H), 9.97 (s, 1H); 3C NMR (125 MHz, DMSO-ds ), 6: 88.60, 117.01,
117.49-117.66 (d, Jer=21.25 Hz), 120.05-120.10 (d, Je = 6.25 Hz), 120.20, 121.11,
125.81, 126.04-126.08 (d, Jer = 5.0 Hz), 127.27, 131.76, 135.38, 137.06, 147.52,
150.77, 153.71, 154.83-156.78 (d, Jop= 243.75 Hz); HR-ESI (Q-TOF) m/z: calculated

for C16HsBrCIFN3" (M+H"): 377.9632, found: 377.9632.

Synthesis of 6-bromo-N-(3-chloro-4-((3-fluorophenyl)methoxy)phenyl)-quinoline-3-

carbnitrile-4-amine (48).

1.0 grams of 45 (3.8 mmol), 1.38 g (5.5 mmol) of 3-chloro-4-[(3-fluorophenyl)
methoxy]-benzenamine, and 2-propanol were added, vigorously stirred and heated at
80 °C, overnight with a condenser. After 24 hours, it was cooled to room temperature,
concentrated under reduced pressure, 50 mL of IM KOH solution was added and
stirred for 20 min, 100 mL of EtOAc was added, then organic solution was extracted
three times through separation funnel and concentrated. It was crystallization from
methanol, ethyl acetate to afford yellow powder of 48 (647 mg, 35.4 %); mp: 208-
210°C ; IR vmax(cm™):3366.4, 3074.0, 2923.7, 2205.9, 1870.6, 1739.3, 1606.5, 1582.9,
1559.9, 1500.7, 1447.1, 1353.5, 1311.4, 1288.5, 1268.8, 1221.9, 1117.7, 1059.4,
1027.2, 979.4, 894.3, 805.7, 745.8, 682.6, 610.5; 'H NMR(500 MHz, DMSO-ds), J:
5.28 (s, 2H), 7.17 (t, 1H, J = 8.0 Hz), 7.26-7.34 (m, 4H), 7.45-7.50 (m, 2H), 7.85 (d,
1H, J=9.0 Hz), 7.97 (d, 1H, J = 7.5 Hz), 8.57 (s, 1H), 8.76 (s, 1H), 9.87 (s, 1H); °C

NMR (125 MHz, DMSO-ds ), 6: 69.86, 87.72, 114.42-114.60 (d, Jer= 22.5 Hz),
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114.75, 115.10-115.27 (d, Jcr= 21.25 Hz), 117.09, 119.94, 120.71, 122.09, 123.79-
123.81 (d, Jcr= 2.5 Hz), 125.70, 126.22, 127.89, 130.98-131.04 (d, Jcr= 7.5 Hz),
132.01, 132.99, 135.27, 139.82-139.88 (d, Jcr= 7.5 Hz), 147.72, 151.12, 152.47,
154.09, 161.69-163.63 (d, Jcr= 242.5 Hz); HR-ESI (Q-TOF) m/z: calculated for

C23HisBrCIFN3O" (M+H"): 484.0051, found: 484.0051.

Synthesis of 6-(4-(Dimethyl-amino)phenyl)-N-(phenyl)-quinoline-3-carbonitrile-4-

amine (38).

0.8 g (2.5 mmol) of 6-bromo-N-(phenyl)-quinoline-3-carbnitrile-4-amine (46), 650 mg
(3.2 mmol) of 4-(dimethylamino)phenylboronic acid hydrochloride, 80 mg of PPhs, 10
mL of EtzN, and 10 mL of DMF were placed in a 50 mL Schlenk flask with a stirrer
bar under nitrogen purge. The reaction mixture was degassed for a further 30 min under
a slow stream of nitrogen, at which point 80 mg of Pd(OAc), was added. The reaction
mixture was heated at 80 °C for 24 h, cooled, filtered through filter paper and eluted
solution was added into 50 mL of H>O directly, and ethyl acetate was poured onto
funnel to wash the residues. Water and ethyl acetate solution mixture went through
extraction with three times with 200 mL of ethyl acetate each. The organic layer was
dried with MgSOs, filtered, and then concentrated under reduced pressure. The solid
was crystalized in methanol, ethylacetate multiple times to afford light yellow powder
of CQ (38). (165.0 mg, 18.1 %); mp: 275-276C (dec); IR vmax(cm™): 3197.2, 3159.9,
3082.3, 3060.4, 2989.3, 2888.7, 2814.2, 2220.7, 1944.4, 1851.4, 1733.8, 1603.5,
1577.8, 1547.0, 1494.6, 1445.7, 1363.5, 1308.5, 1297.3, 1263.6, 1063.1, 965.9, 898 4,

808.6, 762.3, 691.6, 622.3; 'H NMR(500 MHz, DMSO-ds), &: 2.97 (s, 6H), 6.84 (d,
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2H,1=9.0 Hz), 7.25 (t, 1H, , J = 7.5 Hz), 7.32 (d, 2H, ] = 8.0 Hz), 7.42 (t, 2H, ] = 7.5
Hz), 7.75 (d, 2H, J = 9.0 Hz), 7.93 (d, 1H, J = 9.0 Hz), 8.13 (dd, 1H, J = 9.0, 1.5 Hz),
8.51 (s, 1H), 8.67 (d, 1H, J = 1.5 Hz), 9.90(s, 1H); '*C NMR (125 MHz, DMSO-ds), &
40.44, 88.51, 112.96, 117.44, 118.50, 120.09, 124.99, 126.26, 126.48, 128.09, 129.52,
130.33, 130.46, 138.79, 140.04, 147.76, 150.68, 151.38, 152.49; HR-ESI (Q-TOF)

m/z: calculated for Co4H2 Ns™ (M+H"): 365.1766, found:365.1763.

Synthesis  of  6-(4-(4-Methvlpiperazin-1-yl)phenyl)-N-(3-chloro-4-fluoro-phenyl)-

quinoline-3-carbonitrile-4-amine (39).

500 milligrams (1.3 mmol) of 6-bromo-N-(3-chloro-4-fluoro-phenyl)-quinoline-3-
carbnitrile-4-amine (47), 450 mg (2.0 mmol) of 4-(4-Methylpiperazin-1-
yl)phenylboronic acid , 50 mg of PPh3z, 10 mL of Et3N, and 10 mL of DMF were placed
in a 50 mL Schlenk flask with a stirrer bar under nitrogen purge. The reaction mixture
was degassed for a further 30 min under a slow stream of nitrogen, at which point 50
mg of Pd(OAc)> was added. The reaction mixture was heated at 80 °C for 24 h, cooled,
filtered through filter paper and eluted solution was added into 50 mL of H>O directly,
and ethyl acetate was poured onto funnel to wash the residues. Water and ethyl acetate
solution mixture went through extraction with three times with 200 mL of ethyl acetate
each. The organic layer was dried with MgSQOys, filtered, and then concentrated under
reduced pressure. It was purified over silica (100 % EtOAc to 100% MeOH), followed
by crystallization in methanol, ethyl acetate multiple times to afford light yellow
powder of 39 (145.2 mg, 23.7 %); mp: 220-222C (dec); IR vmax(cm™): 3571.1, 3331.2,

3170.1, 2965.5, 2937.8, 2888.0, 2836.3, 2811.5, 2211.6, 1867.8, 1766.6, 1663.0,
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1602.4, 1587.4,1533.9, 1494.3, 1414.9, 1361.1, 1254.5, 1128.5, 1077.6, 1009.2, 973.1,
844.4,773.8,655.2; 'TH NMR(500 MHz, DMSO-ds), 6: 2.22 (s, 3H), 2.46 (broad s, 4H),
3.22 (broad s, 4H), 7.05 (d, 2H, J = 7.5 Hz), 7.38 (s, 1H), 7.47 (t, 1H, , J = 9.0 Hz),
7.61 (s, 1H), 7.76 (d, 2H, J = 7.5 Hz), 7.93 (d, 1H, J = 8.5 Hz), 8.13 (d, 1H, J = 8.0
Hz), 8.55 (s, 1H), 8.67 (s, 1H), 10.00 (s, 1H); '*C NMR (125 MHz, DMSO-ds+ TFA),
0. 42.56, 45.65, 52.59, 88.10, 116.50, 117.15, 117.55-117.72 (d, Jcr= 21.25 Hz),
119.38, 119.85, 120.10-120.25 (d, Jc,i= 18.75 Hz), 126.36-126.42 (d, Jcr= 7.5 Hz),
127.62, 128.26, 129.41, 130.17, 131.08, 137.15, 138.48, 146.65, 149.87, 152.02,
152.34, 154.94-156.89 (d, Jcr= 243.75 Hz); HR-ESI (Q-TOF) m/z: calculated for

C27H24CIFNs" (M+H"): 472.1704, found: 472.1673.

Synthesis of 6-(4-(4-Methylpiperazin-1-yl)phenyl)-N-(3-chloro-4-((3-

fluorophenvyl)methoxy) phenyl)-quinoline-3-carbonitrile-4-amine (40).

500 milligrams (1.0 mmol) of 48, 450 mg (2.0 mmol) of 4-(4-Methylpiperazin-1-
yl)phenylboronic acid, 50 mg of PPhs, 10 mL of Et3N, and 10 mL of DMF were placed
in a 50 mL Schlenk flask with a stirrer bar under nitrogen purge. The reaction mixture
was degassed for a further 30 min under a slow stream of nitrogen, at which point 50
mg of Pd(OAc)> was added. The reaction mixture was heated at 80 °C for 24 h, cooled,
filtered through filter paper and eluted solution was added into 50 mL of H>O directly,
and ethyl acetate was poured onto funnel to wash the residues. Water and ethyl acetate
solution mixture went through extraction with three times with 200 mL of ethyl acetate
each. The organic layer was dried with MgSQOys, filtered, and then concentrated under

reduced pressure. It was purified over silica (100 % EtOAc to 100% MeOH), followed
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by crystallization from methanol, ethyl acetate multiple times to afford yellow powder
of 40 (74.0 mg, 12.8 %); mp: 254-256 C (dec); IR vmax(cm™): 3353.9, 3071.4, 2970.2,
2937.4, 2847.0, 2804.1, 2199.9, 1870.6, 1605.7, 1583.1, 1514.2, 1443.3, 1359.9,
1299.3, 1264.8, 1215.1, 1161.9, 1060.5, 1030.4, 1009.4, 953.2, 889.5, 784.5, 748.6,
690.0, 657.3; '"H NMR(500 MHz, DMSO-dp), 6: 2.23 (s, 3H), 2.47 (broad s, 4H), 3.23
(broad s, 4H), 5.29 (s, 2H), 7.06 (d, 2H, J = 9.0 Hz), 7.17 (t, 1H, , J = 8.0 Hz), 7.28-
7.35 (m, 4H), 7.45 (q, 1H, J= 8.0 Hz), 7.52 (s, 1H), 7.77 (d, 2H, J = 9.0 Hz), 7.92 (d,
1H, J = 8.5 Hz), 8.14 (d, 1H, J = 7.5 Hz), 8.50 (s, 1H), 8.69 (s, 1H), 9.88 (s, 1H); 1*C
NMR (125 MHz, DMSO-dg), J: 46.26, 48.07, 54.97, 69.86, 87.26, 114.42-114.60 (d,
Jer= 22.5 Hz), 114.80, 115.10-115.27 (d, Jcr= 21.25 Hz), 115.76, 117.57, 118.82,
119.56, 122.11, 123.79-123-81 (d, Jcr= 2.5 Hz), 126.24, 127.94, 128.04, 129.01,
130.33, 130.50, 130.98-131.05 (d, Jc,= 8.75 Hz), 133.49, 138.39, 139.85-139.91 (d,
Jcr= 7.5 Hz), 147.74, 151.25, 151.85, 152.32, 152.82, 161.70-163.64 (d, Jc = 242.5
Hz); HR-ESI (Q-TOF) m/z: calculated for C34H3oCIFNsO" (M+H"): 578.2123, found:

578.2117.

4.2.2 Optical spectroscopy

The optical properties of CQ (38), CQI1 (39) and CQ2 (40) were examined in organic
solvents to evaluate their sensitivity to their chemical environment and polarity-
dependent fluorescence.

The moderately polar organic solvents, such as CHCls, closely match the apparent
polarity of the ATP binding pocket of ERBB2 and emission in these solvents indicates

imaging parameters for fluorescence microscopy.?
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Figure 4.3. Absorption and emission spectra of CQ1 (39) in several solvents

demonstrating the sensitivity of the excited state to solvent polarity.

UV-vis absorption spectroscopy showed little variation between solvents, with peak
absorption at 330 nm for both compounds, however, fluorescence spectroscopy showed
probe sensitivity for polarity.

CQ1 (39) was emissive in solvents of low polarity, such as toluene, Er30 = 33.9
kcal/mol on Reichardt's scale, and chloroform (E130 = 39.1 kcal/mol), but essentially
non-emissive in solvents more polar that DMSO (E130 = 45.0 kcal/mol).>* Emission
was completely quenched in water, octanol, methanol and acetonitrile, which have
ET30 values ranging from 46.0 to 63.1 kcal/mol. A linear correlation between solvent
polarity and emission wavelength was found by examining several other solvents
(Figure 4.4A) and the shift in emission wavelength was found to be higher for CQ1
(39) compared to QA1 (5), demonstrating that the more polar excited state was better
stabilized in polar solvents. The marked red-shift in the emission spectra of CQ1 (39),
relative to QA1 (5), is also apparent by eye when comparing the probes in identical

solvents, as shown in Figure 4.4B.
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Table 4.1. Photophysical parameters of CQ (38), CQ1 (39), CQ2 (40) in solution.

Solvent

18 PhMe CHCl; MeCN MeOH OcOH PBS  DMSO
}vmax,abs
) 335 338 336 340 341 344 344
(M_fcm_l) 29300 30000 31400 29000 30600 23800 29600
;vmax,FL
- 487 527 398 399 622 404 397
O 027 034 0005 0002 003 0003 0.0000001
Solvent
1 OVEY PhMe CHCl; MeCN MeOH OcOH PBS  DMSO
)\amaxas
(mﬁ)b 329 330 330 330 332 300 337
(M‘lim'l) 28900 22400 27800 25500 27200 22300 28000
)\-max,FL
- 498 525 410 403 404 410 561
®p* 038 022 0004 0003 003 0003 0.01
Ivent
40 Solvent o Ve CHCL MeCN MeOH OcOH PBS  DMSO
)\-maxas
(m’l)b 310 331 332 335 335 336 340
(M'lscm'l) 20000 24900 27200 25400 27700 22700 28200
;\«max,FL
o 570 405 405 413 401 545 402
O 001 001 0003 0002 001 001 0.005
4 10%

This shows the effect of the electron-withdrawing nitrile, which lowers the energy of

the Sy state. While CQ1 (39) was found to be emissive, CQ2 (40) showed no emission

in any solvent.
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Figure 4.4. A) Comparison of the emission maxima of CQ1 (39) and QA1 (5) in
various solvents reveals that the cyano-quinoline core of CQ1 (39) is slightly more
responsive to solvent polarity. B) A visual comparison of QA1 (5) and CQ1 (39) in

chloroform shows the red-shifted emission of CQ1 (39).

By comparison, the quinazoline analog, QA2 (6), was weakly emissive in relation to
QA1 (5). The addition of the Type II pharmacophore arm appears to have a quenching
effect on both the 3-cyanoquinoline and quinazoline fluorophore cores, which is
exacerbated by the presence of the electron withdrawing cyano-group. We attribute this
quenching to an excited state electron transfer process, from the electron-rich N-
phenyl-benzyloxy ether.”® Thus, while CQ2 (39) is cannot be utilized as a fluorescent
turn-on probe, CQ1 (39) is ideally suited as a red-emissive, Type I inhibitor. In
addition, the chemico-physical properties of 38-40 were calculated with SwissADME
to obtain an insight of molecules cellular distribution and pharmacokinetics.*>** Along

with the partition coefficient, the turn-on ratio in octanol versus water was measured to
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predict the responsiveness of probes.*’ The ratios of 38-40 emission intensities obtained

in octanol and water are shown in Figure 4.5.

Table 4.2. Chemico-physical properties of CQ (38), CQ1 (39), CQ2 (40).

Properties Molar Topological
refractivity polar surface logPow logKp
area
-4.44
CQ (38) 115.64 5195 A 3.19 /s
CQI1 39) 142.67 55.19 A 3.81 471
cm/s
CQ2 (40) 173.64 64.42 A 4.36 -3-32
cm/s
Properties Blood brain barrier Gastrointestinal
Compounds Permeant absorption
CQ (38) Yes High
CQ1 (39) No High
CQ2 (40) No Low

20 -

Iot:tsmol / Iwater
)

cQ ca1 cQ2
Figure 4.5. Turn-On ratio of CQ (38), CQI (39) and CQ2 (40).

4.2.3 Inhibition study
The abilities of CQ1 (39) and CQ2 (40) on inhibition of ERBB2 phosphorylation were

evaluated through immunohistochemistry assay. The probes were treated on MCF7
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cells with six concentrations, 0, 39, 156, 625, 2500 and 10000 nM. MCF7 cells are a
well-established model system for the ligand induced activation of ERBB2-ERBB3
hetero-complexes by ligand of the neuregulin family (NRGp1 in this case). The MCF7
cells were seeded with equal quantity (200 thousand/well) in six-well plates. After 48
hours, cells were pre-treated with the small molecule inhibitors of various
concentrations for 1 hour before induction by neuregulin (NRGp1, 30 nM, 30 minutes).
Cell lysates were generated immediately by SDS lysis. Equal aliquots were subjected

to SDS- PAGE and Western blot analysis.

-

concentration / nM
0 39 156 625 2.5K 10K

Lapatinib S

-=-CQ1
-=-CQ2

relative pTyr

CQT wd o
CcQ2 ---~~ - .

o

0 39 156 625 25K 10K
concentration / nM

Figure 4.6. Determination of Ki values of CQ1 (39) and CQ2 (40) via ligand

stimulation assay in MCF7 cells; lapatinib included (top row) for comparison.

ERBB2 phosphorylation was evaluated for Tyrl1139 located close to the extreme
cytoplasmic C-terminus of the receptor (validated by pan-TyrP detection (4G10)). The
signal obtained for pTyr1139 relative to the ERBB2 receptor levels was determined as
the relative receptor phosphorylation. Ki values of 390 nM and 590 nM were

determined for CQ1 (39) and CQ?2 (40), respectively, in receptor stimulation assays.
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4.2.4 Binding induced fluorescence study on CQ probes and anti-cancer drugs

We next investigated the binding-induced, turn-on emission of CQ1 (39) and its optical
compatibility with several commercially available inhibitors in the presence of purified
ERBB?2 kinase domain. As shown in Figure 4.7, the excitation spectra of ERBB2-
bound CQ1 (39) is similar to ERBB2-bound QA1 (5) and overlaps significantly with

quinazoline-based ERBB inhibitors such as gefitinib and lapatinib.

excitation
11 —--- gefitinib
— -==- |apatinib
>3 ---- QA1
= N -==- cQ1
c ®©
L E o
c 5 emission
£ —— gefitinib
— lapatinib
0 T — QA1
300 400 500 600 — cQ1

Al nm
Figure 4.7. Comparison of excitation and emission spectra, in the presence of

purified ERBB2 kinase domain, of two quinazoline inhibitors, gefitinib and
lapatinib, with quinazoline probe, QA1 (5) and cyano-quinoline probe, CQ1 (39).
While all four compounds share similar excitation spectra, the emission of CQ1
(39) is significantly red-shifted, allowing for selective imaging of ERBB2-binding

in cells treated with ERBB2-targeted inhibitors.

However, CQ1 (39) is distinguishable from QA1 (5), gefitinib and lapatinib through a
large, 200 nm Stokes shift, which sufficiently segregates the emission of this probe

from the kinase inhibitors. The emission maximum of the bound form of CQ1 (39) is
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520 nm, compared to 440 nm for ERBB2-bound lapatinib and gefitinib, providing a
unique optical window that allows for selective monitoring of CQ1 (39) emission in
the presence of ERBB2-directed inhibitors.  Having established the optical
compatibility of CQ1 (39) with quinazoline-based inhibitors, we next examined the live

cell imaging capabilities of this probe.

4.2.5 Confocal microscopy

Specific detection of internalized ERBB?2 receptor tyrosine kinase

Figure 4.8. CQ1 (39) co-localizes with anti-ERBB?2 staining: a) the false-colored
green channel shows CQ1 (39) distribution, lex = 405 nm, lem = 500 - 600 nm; b) the
false-colored red channel shows antibody staining of ERBB2; c) overlay of the two

channels shows a high degree of overlap.

Firstly, the ability of CQ1 (39) as an ERBB2-targeted probe was evaluated in a live cell
setting using BT474 cells, which are classified clinically as HER2(+) and express ~10°
copies of ERBB2 per a cell. The BT474 cells were first treated with ERBB2-directed

antibody, then treated with 2 uM solutions of CQ1 (39).
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Figure 4.8 presents the two-channel image of the CQ1 (39) on green channel and the
anti-ERBB2 staining on red channel, which show a high degree of overlap in the
merged image. Minimal cell surface staining was observed for CQ1 (39), indicative of
binding to internalized pool of ERBB2. On the other hand, the small molecule,
membrane permeable probe required only 5 minutes of staining to saturate the same

population.

Gefitinib induced internalization of ERBB?2 receptor tyrosine kinase

The reversible Type I inhibitor, gefitinib affects the dimerization and internalization of
ERBB2 as well as inhibiting kinase activity. However, the gefitinib’s mechanism of
inducing internalization has not been clearly elucidated. Thus, we also evaluated the
effect of gefitinib on ERBB2 along with mechanistically well-studied inhibitors:
irreversible Type I inhibitor, canertinib and two Type II, i.e. inactive state inhibitors,
lapatinib and neratinib (blue and purple traces, Figure 4.9a). Canertinib (green trace,
Figure 4.9b) induces a more moderate increase in CQ1 (39) emission that can be
rationalized on the basis of higher affinity and ability to bind covalently, blocking
competition from CQ1 (39).%* By contrast, neither inactive state inhibitor elicited an
increase in CQ1 (39), supporting the notion and structural features that CQ1 (39)
binding is to the active state.** Gefitinib provides an interesting case-study for ERBB2
dynamics as it is a low-affinity inhibitor of ERBB2, with IC50 values varying widely
from 0.24 uM™ to in excess of 5 uM’>77 and linked to factors such as expression

level,”®" tumor type’® and binding pocket mutations.””-3
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Figure 4.9. Imaging of gefitinib-induced, active conformation ERBB2-
internalization: a) following CQ1 (39) saturation of ERBB2, the addition of
gefitinib, and to a lesser extent canertinib, both active conformer inhibitors,
produces an increase in CQ1 (39) emission intensity, while the addition of inactive
state inhibitors, lapatinib or neratinib, does not; b) the gefitinib-induced emission
increase shows a concentration dependence, with and EC50 of 4.4 uM that closes
matches the reported IC50 values of 3.7 to 3.9 pM;">7® ¢) images of time dependent

increase in emission in BT474 cells.

In terms of receptor dynamics, Gefitinib has been shown to induce heterodimerization®'
and internalization of ERBB2%? providing an excellent opportunity to track dynamic

ERBB2 pools with CQ1 (39) as a fluorescent reporter.
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This is evident in the time-dependent emission intensity of cells first treated with CQ1
(39), followed by gefitinib treatment (red trace, Figure 4.9b). BT474 cells were exposed
to 2 uM solutions of CQI1 (39) and after 5 min, the signal had plateaued, indicating
saturation of the internal ERBB2 population. Subsequent addition of gefitinib (5 uM),
induced a second wave of emission increase, which stabilized after 5-6 min. The
gefitinib-induced response was found to be concentration dependent, as shown in
Figure 4.9b, with an EC50 of 4.4 uM. This value correlates very well with the average
IC50 value of 3.9 uM reported across several tumor types.’> While gefitinib and CQ1
(39) target the same binding fold, CQ1 (39), with a Ki of 590 nM and used at 2 uM can
effectively compete with gefitinib to access the binding pocket and report ERBB2
internalization. These two routes for ERBB2 inhibition are summarized in Figure 7d
and although both have been linked to HSP90 displacement,®® internalization of the
active conformation appears to proceed via heterodimer formation, while the inactive

conformation does not.®’

CQ1 (39) thus provides a route not only to image the internal
pool of ERBB2 and dynamics of internalization, but also to differentiate drug binding

modes which is linked to their effects on receptor conformation, dimerization and

internalization.
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Figure 4.10. Stages in ERBB receptor signaling and model for potential interplay
of CQ1 (39) and inhibitor binding: The active and inactive kinase conformations on
the cell surface (1-4) preferentially associate with, and are stabilized by, distinct
interaction partners. Binding of type-I and type-II inhibitors (T1, T2) shifts the
equilibrium of association states and is known to drive both dimerization and
internalization.>®-* Internalization results in a change in association states and pH-
induced changes in interactions and conformations of the extracellular domains (5-
7).33%93 At present, little is known about the relative affinity of established
inhibitors and competition with kinase directed probes in these distinct states.
Current data on probe CQ1 (39) (shown in on- and off-state) suggest that probe

binding is favored in the internalized state.
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4.3 Conclusion

In summary, we have developed an ERBB2-targeted kinase probe, CQ1 (39), utilizing
a 3-cyanoquinoline core, studied the optical as well as biochemical properties, and
demonstrated its utility in imaging dynamic shifts in receptor populations in response
to various ERBB2-targeted inhibitors. The optical properties of CQI1 (39) were
improved over previous fluorescent reporters, owing to the presence of the nitrile group
serves to stabilize the charge transfer excited state and red-shift emission of the probe
beyond that observed for early generation probes and clinically relevant EGFR/ERBB
inhibitors. CQ1 (39) was found to have moderate affinity for ERBB2 and targets the
intracellular pool, allowing this probe to function as a reporter of the rapid dynamics

of kinase internalization, following inhibitor treatment.

Cl

HN,\I /©/F
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O 2 ~CN live cellimaging of

G e ERBB2 mternallzatlon

donor-acceptor © system
with red-shifted fluorescence

Figure 4.11. Cyanoquinoline-class Turn-On fluorescent probe for live imaging

HER?2 receptor tyrosine kinase in breast cancer cells.

Finally, CQ1 (39) probe was able to differentiate the response of inhibitors targeting

the active and inactive conformation. These results serve as a demonstration of the
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utility of a small molecule fluorescent reporter that is membrane permeable and can
target an intracellular binding pocket. Future development of kinase-specific probes,
adapted from existing and clinically available inhibitors, can complement established
antibody-labeling strategies, providing information about dynamic shifts in kinase

populations in response to specific drug treatments.



Chapter 5

SYNTHESIS AND CHARACTERIZATION OF ADDITIONAL MOLECULES

5.1 Overview

The fluorescent HER2 kinase probes have been developed to achieve dynamic
observation on ERBB?2 activation states. However, the quinazoline class, Type II probe
detecting the inactive conformation of ERBB2 receptor (QA2, 6) exhibited low
quantum yield compared to Type I probe (QA1, 5). Furthermore, cyano-quinoline class,
Type II probe (CQ2, 40) showed insignificant fluorescence in comparison to Type |
probe (CQI1, 39). In molecular structural aspect, the addition of the Type II
pharmacophore arm may contribute to a quenching effect on quinazoline as well as the
3-cyanoquinoline fluorophore cores. Thus, we generated additional molecules to delve
into the background of Type II probe design strategy. This quenching effect is
attributed to an excited state electron transfer process from the electron-rich N-phenyl-
benzyloxy ether. Therefore, we focused on developing potential Type II probes with
higher quantum yield by replacing the Type Il pharmacophore arm substitution.

Thus, we focused on maintaining the overall length of pharmacophore arm while
hindering excited state electron transfer process from the N-phenyl-benzyloxy ether by
changing substitution location of benzyloxy ether from para to meta position.

Initially, we examined the effect of translocating benzyloxy ether on optical property
with simplified N-phenyl-methoxy pharmacophore arms in mono-substitution at para,
meta, and di-substitution at both positions. The optical spectroscopy characterization
suggested that the meta substitution of pharmacophore arm is effective for fluorescence

enhancement for quinazoline system.

94
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Figure 5.1. A) structure of Type II inhibitor, Lapatinib. B) quantum yields of Type
I and 2 kinase probes: quinazoline probes QA1, QA2 and cyano-proline probes

CQl1, CQ2. C) structure of Type II quinazoline and cyano-proline probes.

Based on this, we generated solubility optimized mata-QA2 (52) and meta-CQ2 (53),
and conducted the optical spectroscopy characterization of mata-QA2 (52) and meta-
CQ2 (53) in comparison to QA2 (6) and CQ2 (40). Although the meta-substitution of
benzyloxy ether on Type II pharmacophore arm is effective for turn-on fluorescence
enhancement, the structural modification was resulted in non-significant inhibition on
ERBB?2 phosphorylation on both of quinazoline and cyano-proline cores. It suggests
the need of alternative strategies to hinder the photo-induced electron transfer from

benzyloxy ether pharmacophore arm to acceptor core by maintaining the para-

substitution.
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Figure 5.2. Synthesis target molecules.

5.2 Synthesis

Each step of reactions went through appropriate work-up processes, and was purified
through silica column chromatography, recrystallization, and/or distillation. All
synthesized compounds were obtained as powder colored in white or yellow. The
physicochemical characterization of compounds was achieved through melting point
measurement, IR spectra, high resolution mass spectra, 'H NMR and '*C NMR spectra

recorded on 500 MHz spectrometer.

0 | aC
HN O  4-(dimethylamino) HN

Cl

N
3,4-dimeth -
| am.e oxy | | phenyl boronic acid 0
SN iline N SN /
N/) Isopropanol N/) Pd(OAc),, PPhs, O /)
o  80°Cireflux, 24h 54 EtsN, DMF, 80°C, 24h N

Scheme 5.1. Synthesis of 49.

Synthesis of N-(3,4-dimethoxyphenyl)-6-lodo-quinazolin-4-amine (54)

7.0 grams (24.1 mmol) of 4-choloro-6-iodo-quinazoline, 7.0 grams (45.7 mmol) of 3,4-

dimethoxy aniline, and 2-propanol were placed in a 250 mL round bottom flask with
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stirrer bar. The reaction was heated at 80 °C with a condenser for 24 h, cooled to room
temperature, concentrated under reduced pressure, 200 mL of 1M KOH solution was
added and stirred for 20 min, purplish grey precipitate was isolated by filtering. Dried
precipitate was added into 200 mL of EtOAc, stirred for 10 min, filtered to separate
solid impurities and eluted solution was concentrated, then it was sonicated in 50 mL
of dichloromethane, and filtered. Filtered solid was crystalized from 2-propanol and
methanol with ethyl acetate to afford green powder of N-(3,4-dimethoxyphenyl)-6-
Iodo-quinazolin-4-amine (2.260 g, 23.0 %).; mp: 192-193C; IR vmax(cm™): 3358.0,
3001.9, 2942.6, 2907.6, 2831.1, 1833.8, 1620.4, 1599.9, 1567.6, 1508.3, 1443.4,
1404.9, 1380.1, 1269.4, 1142.9, 876.3, 853.1, 766.6, 740.2, 682.5, 607; 'H NMR(500
MHz, DMSO-dg), o: 3.77 (s, 3H), 3.78 (s, 3H), 6.97 (d, 1H, J= 8.5 Hz), 7.41-7.44 (m,
2H), 7.52 (d, 1H, J= 8.5 Hz), 8.08 (dd, 1H, J= 8.5, 1.5 Hz), 8.56 (s, 1H), 8.96 (d, 1H,
J=1Hz),9.73 (s, 1H); 3*C NMR (125 MHz, DMSO-ds), 6: 56.04, 56.23,91.72, 108.17,
112.22, 115.27, 117.39, 130.24, 131.81, 132.64, 141.64, 146.06, 148.88, 149.21,
155.47, 156.98; HR-ESI (Q-TOF) m/z: calculated for CicHisIN3O," (M+H"):
408.0209, found: 408.0224.

Synthesis of 6-(4-(Dimethyl-amino)phenyl)-N-(3,4-dimethoxyphenyl)-quinazolin-4-

amine (49)

790 milligrams (1.9 mmol) of N-(3,4-dimethoxyphenyl)-6-lodo-quinazolin-4-amine,
1.0 g (5.0 mmol) of 4-(dimethylamino)phenyl-boronic acid hydrochloride, 130 mg of
PPhs, 3.0 mL of EsN, and 10.0 mL of dried DMF were placed in a 50 mL Schlenk
flask with a stirrer bar under nitrogen purge. The reaction mixture was degassed for a

further 30 min under a slow stream of nitrogen, at which point 100 mg of Pd(OAc)>
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was added. The reaction mixture was heated at 80 °C for 24 h, cooled, poured into 300
mL of H>O, and extracted with EtOAc (4 x 200 mL). The organic layer was dried with
MgSOs, filtered, and then concentrated under reduced pressure. It was purified over
silica (100% CH2Clz to 100% EtOAc) followed by crystallization from 2-propanol,
methanol, ethyl acetate to afford light yellow powder of 6-(4-(Dimethyl-
amino)phenyl)-N-(3,4-dimethoxyphenyl)-quinazolin-4-amine (82 mg, 10.8 %); mp:
241°C; IR vmax(cm™): 3210.6, 3005.2, 2918.8, 2837.0, 2796.5, 1933.4, 1601.6, 1568.6,
1503.3, 1440.3, 1396.4, 1332.7, 1262.6, 1136.8, 1003.6, 865.3, 850.3, 765.4, 745.7,
651.7,611.1; "H NMR(500 MHz, DMSO-ds), 6: 2.99 (s, 6H), 3.78 (s, 3H), 3.80 (s, 3H),
6.87 (d, 2H, J = 9.0 Hz), 6.99 (d, 2H, J = 9.0 Hz), 7.45 (s, 1H), 7.76 (d, 3H, J=9.0
Hz), 8.11 (d, 1H, J = 8.5 Hz), 8.50 (s, 1H), 8.70 (s, 1H), 9.76 (s, 1H); 3*C NMR (125
MHz, DMSO-ds), o: 40.47, 56.07, 56.25, 108.50, 112.28, 113.01, 115.54, 115.97,
118.56, 126.92, 128.06, 128.60, 131.27, 132.96, 138.62, 145.99, 148.65, 148.92,
150.59, 154.38, 158.22; HR-ESI (Q-TOF) m/z: calculated for C24H2sN4O," (M+H"):

401.1978, found: 401.1971.

/©/ Benzyl Bromide O\/© /@/ \/©
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cho3 CHsCN,  O2N Fe, NH,CI, EtOH,
60°C, 24h 56 H,0, 80°C, 24h

I : Q
cl HN 4-(dimethylamino) N O /©/
57 henvl
| \)N I\©\/KN phenyl boronic acid
—
N Isopropanol, N/) — |O N/)

80°C, reflux, !
9 24h 58 Et;N, DMF, 80°C, 24h

50

Scheme 5.2. Synthesis of 50.
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Synthesis of 6-(4-(Dimethyl-amino)phenyl)-N-(4-((phenyl)methoxy)phenyl)-

quinazolin-4-amine (50).

1.0 grams (2.2 mmol) of N-(4-[(phenyl)methoxy]-phenyl)-6-i0do-quinazolin-4-amine
(58), 0.9 g (4.5 mmol) of 4-(dimethylamino)phenyl-boronic acid hydrochloride, 130
mg of PPh3, 5.0 mL of EtsN, and 10.0 mL of dried DMF were placed in a 50 mL
Schlenk flask with a stirrer bar under nitrogen purge. The reaction mixture was
degassed for a further 30 min under a slow stream of nitrogen, at which point 130 mg
of Pd(OAc), was added. The reaction mixture was heated at 80 °C for 24 h, cooled,
poured into 300 mL of H>0, and extracted with EtOAc (4 x 200 mL). The organic layer
was dried with MgSQg, filtered, and then concentrated under reduced pressure. It was
purified over silica (100% DCM to 100% EtOAc) followed by crystallization from 2-
propanol and then methanol to afford yellow powder of 6-(4-(Dimethyl-
amino)phenyl)-N-(4-[(phenyl)methoxy]-phenyl)-6-iodo-quinazolin-4-amine (39 mg,
3.97 %); mp: 273.5C (dec); IR vmax(cm™): 3237.5, 3038.9, 2910.4, 2815.2, 1947.6,
1606.6, 1563.7, 1535.3, 1498.8, 1467.6, 1418.8, 1400.2, 1361.4, 1321.4, 12974,
1211.9, 1129.1, 1064.5, 1006.5, 991.1, 864.1, 795.4, 696.6; 'H NMR(500 MHz,
DMSO-ds), 9: 2.98 (s, 6H), 5.14 (s, 2H), 6.86 (d, 2H, J= 8.5 Hz), 7.07 (d, 2H, J=9.0
Hz), 7.33 (t, 1H, J= 7.0 Hz), 7.40 (t, 2H, J= 7.5 Hz), 7.48-7.49 (m, 2H), 7.69 (d, 2H,
J=9.0Hz), 7.76 (d, 3H, J= 8.5 Hz), 8.10 (dd, 1H, J=9.0, 2.0 Hz), 8.47 (s, 1H), 8.69
(s, 1H), 9.79 (s, 1H); *C NMR (125 MHz, DMSO-dj), 6: 40.49, 69.89, 113.03, 115.14,
11591, 118.58, 124.96, 126.91, 128.04, 128.15, 128.27, 128.58, 128.90, 131.28,
132.69, 137.69, 138.59, 148.65, 150.61, 154.40, 155.39, 158.25; HR-ESI (Q-TOF)

m/z: calculated for C2oH27N4sO" (M+H"): 447.2185, found: 447.2177.
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Scheme 5.3. Synthesis of 51.

Synthesis of N-((3-(phenvl)methoxy)phenyl)-6-iodo-4-quinazolin-4-amine (62).

13.0 grams (45.0 mmol) of 4-choloro-6-iodo-quinazoline (9), 11 g (55.2 mmol) of 3-
[(phenyl)ethoxy]-benzenamine (61), and 2-propanol were placed in a 500 mL round
bottom flask with stirrer bar. The reaction was heated at 80 °C with a condenser for 24
h, cooled to room temperature, concentrated under reduced pressure, 200 mL of 1M
KOH solution was added and stirred for 20 min, them grey precipitate was isolated by
filtering. Dried precipitate was added into 200 mL of EtOAc, stirred for 10 min, filtered
to separate solid impurities and eluted solution was concentrated, then crystalized from
2-propanol and methanol to afford light yellow powder of N-(3-[(phenyl)methoxy]-
phenyl)-6-iodo-quinazolin-4-amine (6.5 g, 31.8 %).; mp: 304 °C; IR vmax(cm™): 3385.6,
3129.8, 3028.8, 1746.2, 1600.4, 1572.4, 1530.5, 1500.5, 1476.6, 1436.2, 1397.5,
1322.0, 1291.9, 1210.8, 1158.6, 1026.8, 945.7, 876.3, 778.9, 688.0; 'H NMR(500
MHz, DMSO-ds), o: 5.15(s, 2H), 6.83 (d, 1H, J = 7.0 Hz), 7.33 (d, 2H, J = 4.0 Hz),
7.41 (broad s, 2H), 7.97 (d, 1H, J= 8.5 Hz), 8.45 (d, 1H, J="7.5 Hz), 8.66 (s, 1H), 9.00
(s, 1H), 9.96 (s, 1H); *C NMR (125 MHz, DMSO-ds), J: 69.77, 109.78, 110.49,

115.40, 115.94, 121.52, 128.16, 128.30, 128.92, 128.98, 129.72, 132.69, 137.57,
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137.59, 140.74, 149.84, 155.20, 158.3, 158.98; HR-ESI (Q-TOF) m/z: calculated for
CoiHi7IN3O™ (M+H"): 454.0416, found: 454.0422.

Synthesis of 6-(4-(Dimethyl-amino)phenyl)-N-(3-((phenyl)methoxy)phenyl)-

quinazolin-4-amine (51).

2.8 grams (6.2 mmol) of N-(3-[(phenyl)methoxy]-phenyl)-6-iodo-quinazolin-4-amine
(62), 2.5 g (12.4 mmol) of 4-(dimethylamino)phenyl-boronic acid hydrochloride, 250
mg of PPhsz, 10.0 mL of EtsN, and 20.0 mL of dried DMF were placed in a 100 mL
Schlenk flask with a stirrer bar under nitrogen purge. The reaction mixture was
degassed for a further 30 min under a slow stream of nitrogen, at which point 250 mg
of Pd(OAc), was added. The reaction mixture was heated at 80 °C for 24 h, cooled,
poured into 300 mL of H>0, and extracted with EtOAc (4 x 200 mL). The organic layer
was dried with MgSOQg, filtered, and then concentrated under reduced pressure. It was
purified over silica (100% CH2Cl> to 100% EtOAc) followed by crystallization from
2-propanol and then methanol to afford light yellow powder of 6-(4-(Dimethyl-
amino)phenyl)-N-(3-[(phenyl)methoxy]-phenyl)-quinazolin-4-amine (657 mg, 23.7
%); mp: 263 C (dec); IR vmax(cm™): 3207.2, 3061.9, 2796.5, 1938.1, 1607.2, 1567.2,
1526.2,1499.5, 1455.3, 1424.9, 140.8, 1356.4, 1330.9, 1302.6, 1222.4, 1158.6, 1077.7,
1025.9, 970.6. 864.6, 780.1, 670.5; 'H NMR(500 MHz, DMSO-dj), 6: 2.99 (s, 6H),
5.15 (s, 2H), 6.81 (d, 1H, J= 7.0 Hz), 6.87 (d, 2H, J = 8.0 Hz), 7.30-7.36 (m, 2H), 7.40
(t, 2H, J = 6.5 Hz), 7.49 (broad s, 3H), 7.71 (s, 1H), 7.77-7.81 (m, 3H), 8.13 (d, 1H, J
= 8.5 Hz), 8.57 (s, 1H), 8.72 (s, 1H), 9.82 (s, 1H); '*C NMR (125 MHz, DMSO-dj), J:
40.48, 69.76, 109.68, 110.24, 113.02, 115.32, 116.04, 118.59, 126.86, 128.16, 128.29,

128.70, 128.91, 129.64, 131.51, 137.62, 138.84, 140.97, 148.76, 150.63, 154.15,
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158.02, 158.96; HR-ESI (Q-TOF) m/z: calculated for C2oHa7N4O" (M+H"): 447.2158,

found: 447.2176.
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Scheme 5.4. Synthesis of 52.

Synthesis of 6-iodo-N-(4-((3-fluorophenyl)methoxy)phenyl)-quinazoline-4-amine (65).

3.0 grams of 4-chloro-6-iodo-quinazoline, 4.2 g (19.3 mmol) of 4-[(3-fluorophenyl)
methoxy]-benzenamine, and 2-propanol were added, vigorously stirred and heated at
80 °C, overnight with a condenser. After 24 hours, it was cooled to room temperature,
concentrated under reduced pressure, 50 mL of 1M KOH solution was added and
stirred for 20 min, 100 mL of EtOAc was added, then organic solution was extracted
three times through separation funnel and concentrated. It was crystallization from
methanol, ethyl acetate to afford the off-white color powder of 6-iodo-N-(4-((3-
fluorophenyl)methoxy)phenyl)-quinazoline-4-amine (500 mg, 10.6 %); mp: 165-166C
; IR vmax(em™): 3315.6, 2897.2, 2854.2, 1752.8, 1611.1, 1591.6, 1567.4, 1529.0,
1485.1, 1428.1, 1385.7, 1314.1, 1293.5, 1201.3, 1160.5, 1042.2, 953.6, 869.9, 781.9,
680.0; "H NMR(500 MHz, DMSO-d), d: 5.16 (s, 1H), 6.80 (d, 1H, J = 8.0 Hz), 7.15

(t, 1H, J = 8.0 Hz), 7.29-7.33 (m, 3H), 7.43-7.48 (m, 2H), 7.55 (d, 1H, J=9.0 Hz), 7.70
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(s, 1H), 8.10 (dd, 1H, J=8.5, 1.5 Hz), 8.62 (s, 1H), 9.01 (s, 1H), 9.81 (s, H); *C NMR
(125 MHz, DMSO-ds ), 0: 68.89, 92.06, 109.49, 110.49, 114.60-114.78 (d, Jcr=22.5
Hz), 115.27, 117.43, 123.97-123.99 (d, Jc,r= 2.5 Hz), 129.72, 130.30, 130.91-130.98
(d, Jor= 8.75 Hz), 131.88, 140.53-140.59 (d, Jc,r= 7.5 Hz), 140.68, 141.82, 149.31,
155.24, 156.88, 158.68, 161.71-163.65 (d, Jcr= 242.5 Hz); HR-ESI (Q-TOF) m/z:
calculated for C21Hi6IFN3O" (M+H"): 472.0322, found: 472.0310.

Synthesis of 6-(4-(4-Methylpiperazin-1-vl)phenyl)-N-(4-((3-

fluorophenvl)methoxy)phenyl)-quinoline-3-carbnitrile-4-amine (52).

267 milligrams (0.57 mmol) of 6-iodo-N-(4-((3-fluorophenyl)methoxy)phenyl)-
quinazoline-4-amine (65), 225 mg (1.0 mmol) of 4-(4-Methylpiperazin-1-
yl)phenylboronic acid, 30 mg of PPhs, 1 mL of Et;N, and 3 mL of DMF were placed
in a 50 mL Schlenk flask with a stirrer bar under nitrogen purge. The reaction mixture
was degassed for a further 30 min under a slow stream of nitrogen, at which point 30
mg of Pd(OAc)> was added. The reaction mixture was heated at 80 °C for 24 h, cooled,
filtered through filter paper and eluted solution was added into 50 mL of H>O directly,
and ethyl acetate was poured onto funnel to wash the residues. Water and ethyl acetate
solution mixture went through extraction with three times with 200 mL of ethyl acetate
each. The organic layer was dried with MgSQOys, filtered, and then concentrated under
reduced pressure. It was purified over silica (100 % EtOAc to 100% MeOH), followed
by crystallization from methanol, ethyl acetate multiple times to afford the white
powder of 6-(4-(4-Methylpiperazin-1-yl)phenyl)-N-(4-((3-
fluorophenyl)methoxy)phenyl)-quinoline-3-carbnitrile-4-amine (87.0 mg, 29.4 %);

mp: 284-285°C (dec); IR vimax(cm™): 3262.6, 3061.0, 2939.3, 2837.2, 2792.0, 1932.8,
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1601.9, 1569.9, 1524.1, 1491.7, 1449.4, 1423.2, 1401.0, 1359.8, 1327.8, 1292.8,
1237.8, 1158.6, 1080.7, 1038.8, 972.7, 865.8, 774.3, 692.6; 'H NMR(500 MHz,
DMSO-ds), J: 2.23 (s, 3H), 2.47 (broad s, 4H), 3.23 (broad s, 4H), 5.17 (s, 1H), 6.81
(d, 2H, J=8.0 Hz), 7.07 (d, 2H, J = 7.5 Hz), 7.153 (t, 1H, , J= 7.5 Hz), 7.31-7.34 (m,
3H), 7.435-7.49 (m, 2H), 7.71 (s, 1H), 7.77 (d, 2H, J = 9.0 Hz), 7.80 (d, 1H, J = 8.5
Hz), 8.13 (d, 1H, J = 8.5 Hz), 8.57 (s, 1H), 8.75 (s, 1H), 9.84 (s, 1H); 13C NMR (125
MHz, DMSO-ds + TFA), J: 42.57, 45.60, 52.58, 68.98, 111.18, 112.17, 114.61-114.78
(d, Jer=21.25 Hz), 115.00-115.16 (d, Jer= 20.0 Hz), 115.09, 116.50, 116.86, 120.07,
123.98-124.00 (d, Jep= 2.5 Hz), 124.12, 128.32, 129.79, 129.97, 130.93-131.00, (d,
Jex= 8.75 Hz), 133.37, 139.36, 139.54, 140.37-140.43 (d, Jey= 7.5 Hz), 142.42,
150.02, 152.34, 158.76, 159.51, 161.72-163.66 (d, Je.s= 242.5 Hz); HR-ESI (Q-TOF)

m/z: calculated for C32H3 FNsO" (M+H"): 520.2513, found: 520.25009.

F { ] F-< ;
? (e}
Cl 64 /© 4-(4-Methylpiperazin-1-yl) ﬁ /©
| O —— | HN CN phenylboronic acid K/N HN
P Isopropanol, N o CN
N 80°C, reflux, ~ Pd(OAc),, PPhs,
N N/

Et3N, DMF, 80°C, 24h
45 24h 66 53

Scheme 5.5. Synthesis of 53.

Synthesis of 6-bromo-N-(4-((3-fluorophenyl)methoxy)phenvl)-quinoline-3-carbnitrile-

4-amine (66).

1.1 grams of 45, 1.1 g (5.1 mmol) of 4-[(3-fluorophenyl)methoxy]-benzenamine, and
2-propanol were added, vigorously stirred and heated at 80 °C, overnight with a

condenser. After 24 hours, it was cooled to room temperature, concentrated under
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reduced pressure, 40 mL of 1M KOH solution was added and stirred for 20 min, 100
mL of EtOAc was added, then organic solution was extracted three times through
separation funnel and concentrated. It was purified over silica (100 % DCM to 100%
EtOAc), followed by crystallization in methanol, ethyl acetate multiple times to afford
yellow powder of 6-bromo-N-(4-((3-fluorophenyl)methoxy)phenyl)-quinoline-3-
carbnitrile-4-amine (558 mg, 28.2 %); mp: 74-76C ; IR vmax(cm™): 3292.2, 3066.5,
2937.5, 2212.9, 1723.2, 1584.0, 1557.1, 1524.7, 1487.4, 1406.6, 1385.9, 1255.1,
1203.7,1178.1, 1079.2, 1036.8, 941.6, 865.1, 827.6, 743.6, 681.2; '"H NMR(500 MHz,
DMSO-ds), o: 5.15 (s, 1H), 6.91-6.92 (m, 2H), 6.95 (s, 1H), 7.13 (t, 1H, J = 8.0 Hz),
7.26-7.29 (m, 2H), 7.31 (t, I1H, J=8.5 Hz), 7.41 (m, 1H), 7.86 (d, 1H, J=8.5 Hz), 7.96
(d, 1H, J = 7.5 Hz), 8.61 (s, 1H), 8.75 (s, 1H), 9.89 (s, 1H); *C NMR (125 MHz,
DMSO-ds ), 0: 68.86, 89.50, 111.08, 112.98, 114.48-114.65 (d, Jcr = 21.25 Hz),
114.93-115.09 (d, Jcr= 20.0 Hz), 116.91, 117.28, 120.05, 121.32, 123.84-123.86 (d,
Jer=2.5Hz), 12591, 130.36, 130.90-130.96 (d, Jc,r.=7.5 Hz), 132.04, 135.35, 140.36-
140.42 (d, Jcr= 7.5 Hz), 140.82, 147.92, 150.56, 153.97, 159.11, 161.70-163.64 (d,
Jor = 242.5 Hz); HR-ESI (Q-TOF) m/z: calculated for Ca3HisBrFN;O" (M+H"):
450.0440, found: 450.0416.

Synthesis of 6-(4-(4-Methylpiperazin-1-vl)phenyl)-N-(4-((3-fluorophenyl)

methoxy)phenyl)-quinoline-3-carbnitrile-4-amine (53).

125 milligrams (0.28 mmol) of 6-bromo-N-(4-((3-fluorophenyl)methoxy)phenyl)-
quinoline-3-carbnitrile-4-amine, 65 mg (0.29 mmol) of 4-(4-Methylpiperazin-1-
yl)phenylboronic acid , 8 mg of PPhs, 1 mL of EtsN, and 3 mL of DMF were placed in

a 50 mL Schlenk flask with a stirrer bar under nitrogen purge. The reaction mixture
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was degassed for a further 30 min under a slow stream of nitrogen, at which point 80
mg of Pd(OAc), was added. The reaction mixture was heated at 80 °C for 24 h, cooled,
filtered through filter paper and eluted solution was added into 50 mL of H>O directly,
and ethyl acetate was poured onto funnel to wash the residues. Water and ethyl acetate
solution mixture went through extraction with three times with 100 mL of ethyl acetate
each. The organic layer was dried with MgSOys, filtered, and then concentrated under
reduced pressure. It was purified over silica (100 % EtOAc to 100% MeOH), followed
by crystallization in methanol, ethyl acetate multiple times to afford yellow powder of
6-(4-(4-Methylpiperazin-1-yl)phenyl)-N-(4-((3-fluorophenyl)methoxy)phenyl)-

quinoline-3-carbnitrile-4-amine (20.0 mg, 13.1 %); mp: 160-162°C (dec); IR vmax(cm
:3300.2, 3066.5, 2972.4, 2939.5, 2838.1, 2803.4, 2213.3, 1604.2, 1586.8, 1520.4,
1498.4, 1440.7, 1377.9, 1290.8, 1237.1, 1200.6, 1139.4, 1077.6, 1004.2, 944.4, 923.8,
884.1,770.7, 681.0; '"H NMR(500 MHz, DMSO-ds), 5: 2.23 (s, 3H), 2.47 (broad s, 4H),
3.23 (broad s, 4H), 5.17 (s, 2H), 6.91 (d, 2H, J= 8.0 Hz), 6.97 (s, 1H), 7.06 (d, 2H, J =
8.0 Hz), 7.14 (t, 1H, , J= 7.5 Hz), 7.26-7.29 (m, 2H), 7.32 (t, IH, , J = 8.0 Hz), 7.41-
7.45 (m, 1H), 7.77 (d, 2H, J = 9.0 Hz), 7.95 (d, 1H, J= 8.5 Hz), 8.15 (d, 1H, J=8.5
Hz), 8.54 (s, 1H), 8.68 (s, 1H), 9.89 (s, 1H); '*C NMR (125 MHz, DMSO-ds + TFA),
0:42.56, 45.49, 52.57, 68.99, 87.39, 113.27, 114.48-114.66 (d, Jc r= 22.5 Hz), 114.86,
115.00-115.17 (d, Jcr= 21.25 Hz), 115.22, 116.44, 119.30, 119.39, 119.92, 123.85-
123.87 (d, Jcr=2.5 Hz), 124.01, 128.39, 129.16, 130.72, 130.94-131.01 (d, Jc = 8.75
Hz), 133.01, 138.99, 139.49, 139.73, 140.16-140.22 (d, Jcr= 7.5 Hz), 150.21, 150.25,
154.38, 159.19, 161.71-163.65 (d, Jc,.= 242.5 Hz); HR-ESI (Q-TOF) m/z: calculated

for C34H3 FNsO" (M+H"): 544.2513, found: 544.2518.
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5.3 Optical spectroscopy

Most of all, UV-Vis and fluorescence spectra of compounds 49-51 were measured in
chloroform to investigate their optical properties quantitatively (Figure 5.3). The
meta-substitution of benzyloxy ether (51) resulted enhancement of fluorescence than
para and di-substitution. Also, the compound 51 exhibited the responsiveness on
solvent polarity (Figure 5.4, Table 5.1). Based on that results, the solubility optimized
meta-substituent probes (52-53) were generated. The optical properties of meta-QA2
(52) and meta-CQ?2 (53) were characterized and compared with QA2 (6) and CQ2
(40). Both of meta-QA2 (52) and meta-CQ2 (53) exhibited enhanced emissions than

QA2 (6) and CQ2 (40), and responsive on polarity changes.
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Figure 5.3. A) Chloroform solutions of compounds 49-51 in 5 uM under UV
illumination at 354 nm. B) Absorption and emission spectra of 49-51 in chloroform
shows that meta-substitution of benzyloxy ether group on Type II pharmacophore
arm was resulted in enhancement of fluorescence than para- and di- substitution

derivatives (49, 50).
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Figure 5.4. Absorption and emission spectra of compound 51 in several solvents

demonstrating the sensitivity of the excited state to solvent polarity.
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A) Absorption and emission spectra of QA2 (6) and meta-QA2 (52) in

chloroform. B) Absorption and emission spectra of CQ2 (40) and meta-CQ2 (53) in

chloroform.



Table 5.1. Photophysical parameters of 49, 50, 51 in solution.

109

Ivent
4 Solvent oy Me  CHCLi MeCN MeOH  IPA  DMSO  PBS
hmax. abs (N) 324 327 325 326 324 330 326
(M'lim‘l) 29300 30000 32200 32500 33300 32100 24200
danarL(nm) 380 452 599 378 380 379 403
B 0002  0.001 0003 0002 000 0003  0.02
Ivent
< Solvent by Me  CHCLi MeCN MeOH  IPA  DMSO  PBS
Damax, abs (N) 323 325 324 325 324 330 332
(M'lacm'l) 30700 30300 32800 30500 30500 33400 25900
hana FL(nM) 477 445 500 380 544 540 489
D 001 0001 0.0003 0.003 0002 0003  0.009
Ivent
. Solvent o Me  CHCLi MeCN MeOH  IPA  DMSO  PBS
hamax, abs (N) 322 324 322 323 322 327 330
(M'lscm'l) 31100 31100 33500 31800 30700 32300 26200
hana FL(NM) 450 474 506 381 610 525 525
O 056 036 007 0003 002 016  0.008

4+ 10%
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Figure 5.6. A) Absorption and emission spectra of meta-QA2 (52) in various

solvents. B) Absorption and emission spectra of meta-CQ2 (53) in various solvents.

Both compounds exhibited the sensitivity of the excited state to solvent polarity.



Table 5.2. Photophysical parameters of 52, 53 in solution.

111

Solvent

5 PhMe CHCl; MeCN MeOH IPA  DMSO  PBS
l‘(“nm)b 317 317 316 317 317 322 320
o Scm'l) 23300 23400 25000 23400 24100 24900 21100
)“(“;m? 460.5 471 522 402 577 5085 4045
D5 0.44 0.25 0.0l  0.006  0.03 0.04 0.04
< Solvent by Me  CHCl, MeCN MeOH IPA  DMSO  PBS
xznnm)b 327 328 329 330 330 338 334
o "‘Cm_l) 43100 39700 42800 41200 40200 44100 34600
;‘(“;lm;L 502 537.5  560.5 465 3945 394 5345
@5 0.09 0.11 0.002  0.003 0.006 0.004 0.0l

4+ 10%
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