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Abstract

Development of Novel Fluorene-Containing HCV
NS5A Inhibitors and Synthesis of New AIE-Based

Organic Fluorophores for Bioimaging

Kim, Byeong Wook
Organic Chemistry Major
Department of Chemistry, College of Natural Sciences

Seoul National University

This dissertation describes our research results in two parts: I) approaches to the
development of HCV NS5A inhibitors, and Il) efforts to discover new organic
fluorophores.

The first part delineates our efforts to develop a series of potent compounds
inhibiting HCV NS5A. In Chapter Il, we examined the mutagenicity of 9-
substituted 2,7-diaminofluorene and diaminocarbazole derivatives to circumvent
genotoxicity problem during our recent drug development program. Among 28
derivatives examined, 9,9-dibutyl-9H-fluorene-2,7-diamine was chosen as the most
suitable core structure of the new HCV NS5A inhibitors. In Chapter 111, we describe

the synthesis of a series of compounds and evaluation of antiviral activity via various



in vitro and in vivo assays. We found that compound 111-10b exhibits excellent
inhibitory activity toward the mutated NS5A strains such as those containing L31V,
Y93H and even L31V+Y93H.

The second part discusses our approaches toward the design of new fluorophores
for novel bioimaging studies. In Chapter 1V, our efforts to design the new NIR
fluorophore, DVM-1, are reported. Because DVM-1 showed no emission in aqueous
media, an encapsulated form (DVM-1L) was made for application to bioimaging.
DVM-1L showed good water solubility and strong emission peak was recorded at
the NIR region. In addition, it exhibited bright fluorescence signal within the cytosol
of cells. In Chapter V, our studies are described on the articulated structure of D-A
type dipolar dye with AlEgen. Fluorophores (DA-AIE-M and DA-AIE-D) linked
between D-A type dipolar dye and an AlEgen via sp® bond were synthesized. Their
photophysical properties were characterized by the D-A type fluorophore, because
HOMO and LUMO structures were dictated by the D-A type dipolar dye. In
Chapter VI, our efforts to develop AlE-based ATP sensing probe are described.
TPE-TA was designed based on AlEgen (TPE) and triamine moiety because the
triamine moiety can bind triphosphate group selectively. Contrary to our expectation,
TPE-TA existed as an aggregated form (AAP-1) in aqueous media and AAP-1 was
applied successfully to the sensing and imaging of ATP in biological media and even

in cancer cells and human embryonic stem cells.

Keywords: Mutagenicity, NS5A inhibitor, Fluorescent probes, NIR probe,
Aggregation-induced emission.

Student Number: 2017-26933
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I. Development of New HCV NSSA Inhibitors Embedding

Fluorene

Hepatitis C virus (HCV), first identified in 1989, is an enveloped virus that
contains a 9.6 kb positive-sense single-stranded RNA genome.! Approximately 1%
of the world population is known to be infected with HCV.? About 30% of HCV
patients get acute hepatitis C, which will not develop to a life-threatening disease.?
However, the remainder patients will develop chronic HCV infection and more
serious diseases such as liver cirrhosis and hepatocellular carcinoma.> HCV strains
are classified into 8 genotypes (from GT-1 to GT-8)* and about 90 subtypes.’ As
numerous genotypes and subtypes have demonstrated, HCV evolves very fast.
Because of this fast evolution of HCV, there is no vaccine for hepatitis C contrary to

the cases of hepatitis A and B.%’

HCYV viral genome, containing one open reading frame (ORF), is translated to one
polyprotein-precursor.® The polyprotein-precursor is cleaved by host and viral
proteases and converts to 3 structural proteins and 7 nonstructural proteins.® Non-
structural protein SA (NS5A) is an RNA binding membrane-associated
phosphoprotein consisting of three distinct structural domains.’ Domain 1 (amino
acids 33-213), which was crystalized as a homodimeric structure in two different

10.11js known as well conserved region across the HCV genotypes.'?

configurations,
Domain 2 and domain 3, which are more varied compared to domain 1, have been
revealed their functions but still remain uncharted area.'*!'> NS5A plays various roles

such as viral RNA replication, virion reassembly and virion releasing, although it has

no enzymatic activity.>!%!” Therefore, NS5A has been highlighted as an important
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therapeutic target for the treatment of hepatitis C.

Treatment using PEGylated interferon-o (PEG-IFN-a) with ribavirin was the first
standard of care against chronic HCV infection.’® However, this prescription
revealed apparent limitations of not only low sustained virologic response (SVR,
~50% in patients with HCV GT-1),% but also severe side effects such as alopecia,
depression, neutropenia, fatigue, lymphopenia, insomnia, and other unexpected
drug-drug interactions.? To surpass drawbacks of interferon-based therapy, direct-
acting antivirals (DAAS) have been intensively studied. Daclatasvir, first-in-class
NS5A inhibitor, had been reported in 2010 by Bristol-Myers Squibb and was
approved in 2015 by the US FDA.? This landmark inhibitor presented excellent
efficacy such as two-digit pico molar 50% ECsg value (50 pM and 9 pM against GT-
la and GT-1b, respectively) in in vitro assay. It also showed reduced HCV RNA
level by an average of 3.3 logie with a single 100 mg dose treatment in clinical
trials.?? Despite this remarkable remedial effect, daclatasvir has a low genetic barrier
for resistance-associated variants (RAVs), especially L31V and Y93H in GT-1b.%
To overcome this resistance issue, many laboratories and pharmaceutical companies

have focused on the development of new NS5A inhibitors.2+-32

In Chapter II, our efforts to find a novel core structure for new class of NS5A
inhibitors are described. Our laobratory already reported two kinds of NSSA
inhibitors containing benzidine®® and biaryl sulfate,** which are surrogates of the
biphenyl core structure in daclatasvir, keeping the Pro-Val-carbamate motif. In our
continued studies, we started to explore compounds containing fluorene as a next
generation NS5A inhibitor for two reasons. First, fluorene is sterically restrained

form of biphenyl, thus it is a different flat biphenyl structure spatially. Second, 2,7-
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diaminofluorene can easily accommodate the Pro-Val-carbamate motif via
consecutive amide couplings. Despite its convenience in synthesis, amide bonds of
the fluorene-containing inhibitors can be cleaved easily by amidases and the
expected metabolite is well-known mutagen.®® Therefore, we explored derivatives of
2,7-diaminofluorene through structure-activity relationship (SAR) studies to

circumvent the expected genotoxicity issue.

In Chapter 111, our efforts to discover potent NS5A inhibitors to solve existing
drug-resistance problem are described. As mentioned earlier, daclatasvir presented
highly potent efficacy against GT-1a and GT-1b,?* however, antiviral activity against
RAVs such as L31V and Y93H dropped 23-fold and 19-fold, respectively. When
L31V and Y93H mutations occur simultaneously, ECso of daclatasvir increased up
to 15,000-fold.>** Learning from previously reported research results that non-
symmetric molecules showed good efficacy against mutated NS5A,"% we
synthesized and examined a series of compounds with 4-substituted proline to make
non-symmetric environment, embedding 9,9-dibutyl-9 H-fluorene-2,7-diamine as a

core structure.
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I1. Synthesis of New Organic Fluorophores for Bioimaging

1. Donor-acceptor type organic fluorophore based on naphthalene
platform

From a perspective of organic chemistry, the biological system can be understood
by observation and interpretation of molecular interactions. Among lots of anlytical
methods for bioimaging, fluorescence methods have received tremendous attention
due to their high sensitivity and accessiblilty.*® Fluorescent probes with proper
properties such as sensitivity, selectivity, and biocompatibility are powerful tools for
the investigation of molecular interactions, therefore, these tools have been used
widely.*

Among photophysical properties of fluorophore, manipulation of emission and
absorption wavelength is crucial. Numerous approaches for adjusting wavelength
have been taken and the choice of scientists who are interested in biosystem is
developing near-infrared region (NIR) dye.** NIR fluorophore have lots of advantage,
which have especially used in biosystem. Radiation of NIR area wavelength can
penetrate skin and tissue deeper than that of short wavelength does,* and avoid
autofluorescence issue because the wavelength of autofluorescent molecules are in
the range of 400-600 nm.*

The fluorophore wavelength is ruled by energy difference between HOMO and
LUMO. One of the methods to manipulate energy difference of fluorescent molecule
is introducing electron donor-acceptor groups.*® In this push-pull fluorophore, or
dipolar fluorophore, excited electron is transferred from donor to acceptor. This
intramolecular charge transfer (ICT) process depends on the energies of the HOMO

of donor and LUMO of acceptor.*® To maximize this effect, thereby altering the
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wavelength of fluorophore from UV-vis to NIR, strong donor and acceptor units
need to be connected by © conjugation.*®

In Chapter IV, our efforts to discover a new NIR fluorophore, which is available
in biosystem, are reported. We choose naphthalene as a m-conjugation system
because it has multiple sites to manipulate electronic properties and install a
chemical moiety.** To synthesize the NIR fluorophore, we introduced a known

fluorophore, dicyanomethylene-4H-pyran (DCMP) as an electron acceptor.*®

2. Organic fluorophores based on AIE phenomena

Traditional organic fluorophores suffer from aggregation-caused quenching
(ACQ) when their concentration is too high or their solubility in media is too low.
Due to the ACQ problem, the concentration of fluorophores employed to the
biological systems has to be limited and leads to some problem: low signal-to-noise
ratio, photobleaching, etc.*® Many scientists have concentrated their efforts in the
development of new organic fluorescent probes like NIR dyes, however, that can not
be the fundamental solution.

In 2001, Tang group discovered that a series of silole derivatives emit fluorescence
not in a dilute solution but in a concentrated solution.*’ In a concentrated solution,
they form aggregates, therefore, these phenomena were named aggregation-induced
emission (AIE).*” Even though elucidating the exact mechanism of AIE is still
controversial, people agree that restricted intramolecular motion is a key element of
its working mechanism.*

AIE has lots of advantage compared to the ACQ phenomena. First, AIE

luminogens (AlEgens) operate in turn-on manner.*® Compared to turn-off or
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ratiometric type, turn-on type dye possesses highest signal to noise ratio. Due to this
characteristic, AlEgens can be utilized as photosensitizer,®® free from
photobleaching issue®! relatively.

We first studied articulated structure of AlEgen and traditional dipolar dye
(Chapter V). Before our study, the physicochemical properties of fluorophores
linked by sp® bond between AlEgen and dipolar dye have not be fully elucidated.
We reported on their synthesis, photophysical properties and applications.
Furthermore, we designed a new AlEgen-based nanoprobe (named AAP-1) for
sensing and imaging of ATP in live cells. We described the design rational and

application of AAP-1 in cancer cells and embryonic stem cells (Chapter VI).
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Chapter II. SAR Studies on the Mutagenic Properties
of 2,7-Diaminofluorene and 2,7-Diaminocarbazole

Derivatives
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I. Introduction

9H-Fluorene (or fluorene), emits a violet fluorescence, is a polycyclic compound.
As its name indicates, fluorene has been utilized for the preparation of various
organic dyes.?> 9H-Carbazole (or carbazole) is similar to fluorene except for the
nitrogen atom at the 9 position. Like fluorene, carbazole has also been used for

5455 and ligands.>® Among various derivatives,

various areas such as dyes,>® drugs,
2,7-diaminofluorene and 2,7-diaminocarbazole have received most attention
because they can be transformed to an excellent scaffold for symmetric or pseudo-
symmetric molecules. Chemical applications of 2,7-diaminofluorene and 2,7-
diaminocarbazole derivatives are diverse including chemical adsorbent,’’
nanoparticle for photodynamic therapy,’® ATP sensing probe,* and covalent organic
frameworks for CO, capture.®® Among various usage of 2,7-diaminofluorene or 2,7-

diaminocarbazole derivatives, we concentrated on their potential as key scaffolds for

the synthesize of physiologically active molecules.

Daclatasvir (Compound II-1 in Figure II-1), which had been reported by Bristol-
Myers Squibb in 2010, was approved in 2015 by the US FDA as an effective HCV
NSS5A inhibitor.?! Despite its extremely high antiviral activity, it loses its inhibitory

activity against mutated NS5A proteins.?

To overcome this issue, many
pharmaceutical companies and laboratories worldwide have searched for and
reported numerous NS5A inhibitors based on the structure of daclatasvir.>*>*> We had
reported a new class of HCV NS5A inhibitors including benzidine* and biaryl

sulfate™ as core structures, maintaining the Pro-Val-carbamate motif of daclatasvir.

In our continued research, we were curious if 2,7-diaminofluorene and 2,7-
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diaminocarbazole could be applied as a key scaffold of a drug candidates,
particularly in relation with HCV NSS5A inhibitors. Compounds embedding these
structures showed extremely potent inhibitory activities against a variety of HCV
genotype.®® Even though inhibitors can readily be transformed from 2,7-
diaminofluorene or 2,7-diaminocarbazole via a series of amide coupling and exhibit
extremely potent inhibitory activities, it is susceptible to cleavage by proteolysis
once administered into the body, and the resulting metabolites have potential as
mutagens.*>%>% The mutagenicity of 2,7-diaminofluorene and 2,7-diaminocarbazole
must be inspected for use in the discovery of new NS5A inhibitors. Therefore, we
decided to explore the SAR on the mutagenicity of the 9-substituted 2,7-

diaminofluorene and 2,7-diaminocarbazole.

Herein, we reported our systematic approach through Ames test® to circumvent
the mutagenicity problems when 2,7-diaminofluorene and 2,7-diaminocarbazole are

utilzed as core structures of NS5A inhibitors.

-0
L’S/\ J\(iN)

Daclatasvir (11-1)

TZ" N

Figure I1-1. Chemical structure of daclatasvir (Compound II-1).
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II. Results and Discussion

1. Preparation of diamine compounds

We describe the synthesis of 9-aryl substituted fluorene compounds in Scheme 1I-
1. Compound II-2 was reduced to 2,7-diaminofluorene with the aid of iron oxide
nanoparticles and hydrazine as reported in our previous report® and Boc protection
of the resulting diamine afforded compound II-3. After oxidation at the 9 position,
the resulting ketone I1I-4 was converted to hydrazone II-5 from treatment with p-
TsNHNH,. Metal-free reductive coupling®® of II-5 with the corresponding

arylboronic acid was performed followed by Boc deprotection to give compounds

II-6a-f.
02NN02 . BocHNNHBoc .
a, b c
-2 -3
o NNHTs
BocHNNHBoc . BocHNNHBoc
d
-4 -5
R (=
a: R =4-i-Pr
B(OH), b: R = 4-t-Bu
~ 7 H,N . NH, C:R=4-F
e,f d: R = 4-Br
e:R = 4-CF4
ll-6a-f f: R = 2-naphthyl

Scheme I1-1. Synthesis of compounds II-6a—f. Reagents and conditions: (a) Fe;Oa,
hydrazine monohydrate, EtOH, reflux, 2 h; (b) Boc,O, NaOH, 1,4-dioxane, H»O, 25 °C, 24
h; (c) Cs2CO3, DMSO, 25 °C, 18 h; (d) p-TsNHNH», MeOH, 60 °C, 4 h; (e) K.COs, 1,4-
dioxane, reflux, 2 h; (f) TFA, DCM, 25 °C, 2 h.
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Synthesis of 2,7-diaminofluorene derivatives containing 9-alkyl or alkylidene
substituents is described in Scheme I1-2. Compounds II-7a—c were synthesized from
compound II-3 via Knoevenagel condensation with various aldehydes. Compounds
II-7a—c were converted to diamine through Boc deprotection (II-8a—b) or

dehydrogenation followed by Boc deprotection (1I-10b—c).

l(R R R
0 I |
-3 —— —
a BocHN Q.O NHBoc H,N Q.O NH,

ll-7a-c 1l-8a-b

e S

R R
BocHNNHBoc — HzNNHz
b a: R =i-Pr

b: R = 4-(CF3)-CgH,y
11-9b-c 11-10b-c ¢: R = 4-pyridyl

Scheme I1-2. Synthesis of compounds I1-8a—10c. Reagents and conditions: (a) --BuOK,

xylene, reflux, 1 h or KOH, DME, reflux, 4 h; (b) TFA, DCM, 25 °C, 2 h; (c) Pd/C, H»,
MeOH, 25 °C, 12 h.

Synthesis of 2,7-diaminofluorene derivatives containing 9,9-dialkyl substituents
is described in Scheme II-3. We introduced two alkyl groups through Sn2 reaction
of compound II-2 to obtain compounds II-11a—d. Reduction of the nitro groups of

II-11a—d gave compounds II-12a—d.
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R R R R
I—-R
12 — O,N . NO, — > H,N ' NH, a:R=(CH;),CH;
a b b:R = (CH2 3CH3
¢:R=(CH
d:R=(CH

I-11a-d II-12a-d

Scheme I1-3. Synthesis of compounds II-12a—12d. Reagents and conditions: (a) Cs>COs3,
DMEF, 0 °C to 25 °C, 18 h; (b) Fe30s, hydrazine monohydrate, EtOH, reflux, 2 h.

Scheme 11-4 describes the preparation of 9-alkyl substituted carbazole derivatives.
In the synthesis of 2,7-diaminocarbazole derivatives, 2,7-dibromocarbazole
(compound I1-13) was used as starting material. Compound II-13 was converted to
N-alkylated carbazole (II-14a—d) from Sn2 reaction with proper alkyl bromides.
Buchwald-Hartwig amination of aromatic bromide (II-14a—d) with the use of
diphenylmethanimine followed by imine hydrolysis afforded II-16a—d.
Transformation from aryl bromide to diamine via Buchwald-Hartwig amination and

imine hydrolysis was repetitive in following schemes (vide infra).

H R
N Br—R N
Br Br — Br Br —_—
a .,

113 ll-14a-d
" "
N N
N N —  H,N NH, .. p-
Ph—¢ $-Ph c 2 2 a: R = (CHy)3CH3
b: R = (CH2)7CH3
Ph Ph c: R = (CHp)oCHs
1I-15a-d lI-16a-d d: R = (CH2)11CH3

Scheme II-4. Synthesis of compounds II-16a—d. Reagents and conditions: (a) NaH, DMF,
25 °C; (b) Pda(dba);-CHCI3, t-BuXPhos, +-BuONa, diphenylmethanimine, toluene, 100 °C,
16 h; (¢) 4.0 M HCI/MeOH, 25 °C, 1 h.
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Synthesis of 9-(10-morpholinodecyl)-9H-carbazole-2,7-diamine (II-20) is
described in Scheme II-5. Compound II-17 was prepared via Snx2 reaction of
compound II-13 with 1,10-dibromodecane. Additional Sn2 reaction between
compound II-17 and morpholine gave compound II-18 albeit in a moderate yield.
Following the synthetic procedure mentioned in Scheme II-4, we converted

compound I1-18 to compound I1-20.

I

13 —— N -

oo T OO

117

11-19 11-20
Scheme II-5. Synthesis of compoud II-20. Reagents and conditions: (a) NaH, 1,10-
dibromodecane, DMF, 0 °C to 25 °C, 16 h; (b) K»,COs3, morpholine, MeCN, reflux, 10 h; (c)

Pd,(dba)s-CHCIs, --BuXPhos, t-BuONa, diphenylmethanimine, toluene, 100 °C, 16 h; (d) 4.0
M HCI/MeOH, 25 °C, 4 h.

Scheme I1-6 describes the synthetic procedure for compounds I1-23a and I1-23b,
which were prepared from para-alkoxy-substituted benzyl chlorides. Sny2 reaction
between compound I1-13 and para-substituted benzyl chloride (II-21a and I1-21b)
afforded II-22a and II-22b, respectively. These compounds were converted to

diamine (II-23a and I1-23b) through above-mentioned methods in Scheme II-4.
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OR

D OR OR
13 — N — N
a BrBr b, c HzNNHz

= (CH)3CH3
=

a:R
11-22a,b II-23a,b  b: R =(CH;)5CHj3

Scheme II-6. Synthesis of compounds II-23a,b. Reagents and conditions: (a) NaH, DMF,

0 °C to 25 °C, 12 h; (b) Pdx(dba);*CHCIs, -BuXPhos, ~-BuONa, diphenylmethanimine,
toluene, 100 °C, 16 h; (c) 4.0 M HCI/MeOH, 25 °C, 1 h.

Scheme II-7 describes the preparation of 2,7-diaminocarbazole derivatives (I1I-
27a and I1-27b) containing meta-substituted benzyl group at the 9 position. N-
Alkylation of compound II-13 with 1-(bromomethyl)-3-methoxybenzene afforded
compound I1-24 and demethylation of the resulting II-24 furnished compound II-
25. After proper O-alkylation (II-26a and II-26b), compounds II-27a and II-27b

were synthesized via the same procedure described in Scheme 11-4.

BrBr BrBr
11-24 11-25
Br—R
c N d, e N
OO e
11-26a,b 11-27a,b a: R = cyclopentyl

b: R = (CH,),0CH,

Scheme II-7. Synthesis of compounds II-27a,b. Reagents and conditions: (a) NaH, 1-
(bromomethyl)-3-methoxybenzene, DMF, 0 °C to 25 °C, 12 h; (b) Nal, TMSCI, MeCN,
reflux, 3 h; (c) K,COs;, DMF, 90 °C, 5 h; (d) Pdx(dba);*CHCls, #-BuXPhos, -BuONa,
diphenylmethanimine, toluene, 100 °C, 16 h; (e) 4.0 M HCI/MeOH, 25 °C, 2 h.
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Compounds II-30a—e have similar structure as dialkylated fluorene derivatives
(II-12a—d). Scheme II-8 describes the preparation of compounds II-30a—e. These
compounds (II-30a—e) were also prepared via the same way as described in Scheme
II-4: 1) alkylation, ii) Buchwald-Hartwig amination, and iii) imine hydrolysis.

R' _R2?

X R1 RZ R1 R2
lI-28a-e

s — = B,B, o HZNNHZ

11-29a-e I-30a-e a: R' = R? = cyclopropyl
b: R' = R = (CH,)3CHj3
c: R" = C4Hs, R2 = CH,4
d: R" = CgHs, R? = (CHy),CH3
e: R" = C4Hs, R? = (CH,)sCHs
X: Br (a,b,d,e), OTs (c)
Scheme II-8. Synthesis of compounds II-30a—e. Reagents and conditions: (a) NaH, DMF,
0 °C to 25 °C, 12 h; (b) Pdx(dba);*CHCIs, +-BuXPhos, ~-BuONa, diphenylmethanimine,
toluene, 100 °C, 16 h; (c) 4.0 M HC1/MeOH, 25 °C.

2. Ames test results of diamine compounds

The mutagenicity of several 2,7-diaminofluorene derivatives and 2,7-
diaminocarbazole derivatives was examined using the Ames test in strains TA98 and
TA100, both with and without S9 mix treatment. All compounds were tested at six
different concentrations from 4 to 5000 uM. The results are presented in Table II-1

and Table 11-2, respectively.
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R' R?

H,N Q.O NH,

Entry R' R? Ames results®?
ll-6a H 4-(j-Pr)-CgH, e
Il-6b H 4-(t-Bu)-CoH, .

Il-6¢ H 4-F-CeH, .

I1-6d H 4-Br-CH, .

I-6e H 4-CF3-CgH, e

11-6f H 2-naphthyl -+,-,-

1l-8a

CF3
11-8b §/©/ P
CF;
1-10b H }{/©/ TR
Z
I-10¢ H }{/@ “t
X

+,+,+,+

Il-12a (CH,);CHs (CH,),CH; -
I-12b (CH,);CHs (CHy);CH; -
I-12c (CH,);CF; (CH,);CF5 -
I1-12d (CH2)4CF; (CH,),CF,

Table II-1. Ames test results of 2,7-diaminofluorene derivatives.

aAmes results means the test result of TA98-S9, TA98+S9, TA100-S9, and TA100+S9,
respectively.

b+: positive, —: negative.
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R' _R?

h
H2NNH2

Entry R' R Ames results®P
ll-16a H (cHz)ch3 +,+,+,+
1-16b H (CH3)6CH3 F-
I-16¢ H (CH3)sCH3 F-
I-16d H (CH2)10CH3 =
o
11-20 H
X\(V);N\)
o)
-23a H ;1:@/ A4 -
o
1-23b H )1:©/ Ll e
lI1-27a H %@\ /O e
o
1-27b H

- F,,-
7‘(@\0/\/0\
I1-30a ;A )A et

11-30b (CH,);CH; (CH,)sCH3
11-30c CgHs CH; A
11-30d CeHs (CH3),CH3 P
1-30e CeHs (CH,)sCH,

Table II-2. Ames test results of 2,7-diaminocarbazole derivatives.

aAmes results means the test result of TA98-S9, TA98+S9, TA100-S9, and TA100+S9,
respectively.

b+: positive, —: negative.
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Compounds II-6a—f, equipped with various aromatic rings at the C9 position of
fluorene, were found to be non-mutagenic in TA98 and TA100 strains in the absence
of S9 mix. However, in the presence of S9 mix, these compounds turned to be
mutagenic in TA98 strain. Compounds containing a double bond at the C9 position
(I1-8a and II-8b) were found to be mutagenic regardless of treatment with S9 mix.
Compounds with a reduced double bond (I1-10b and I1-10c) were mutagenic in TA
98 strain only in the presence of S9 mix. However, compounds possessing dialky!l
substituents at the C9 position of fluorene (II-12a—d) exhibited varying degrees of
mutagenicity depending on the length of the alkyl groups. With dipropyl substituents,
compound IT-12a showed mutagenic activity in TA98 strain treated with S9 mix. In
the cases of dibutyl, bis(trifluoromethylpropyl), and bis(trifluoromethylbutyl)
substituted compounds I1-12b, TI-12c¢, and 11-12d, respectively, they were found to
be slightly mutagenic in TA98 strain treated with S9 mix only when the
concentration was higher than 5 mM. Therefore, it can be concluded that the longer

the length of alkyl chain is, the lower the probability of mutation.

In the case of carbazole derivatives, compounds equipped with monoalkyl
substituents at the N9 position of carbazole (II-16a—d and II-20) showed a similar
mutagenic pattern as in the fluorene derivatives; the mutagenicity was dependent on
the length and bulkiness of the alkyl substituent. When the alkyl chains were longer
than n-decyl, the corresponding carbazole derivatives were non-mutagenic. N-
Benzyl derivatives with an alkoxy substitution, such as compounds II-23a, TI-23b,
I1-27a, and I1-27b, were all found to be mutagenic in TA98 strain treated with S9
mix, regardless of the position and type of the alkoxy groups attached to the benzene

ring. Bis(cyclopropyl)methyl-substituted derivative (I1-30a) also showed mutagenic
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activity in both TA98 and TA100 strains treated with S9 mix. A compound with a
longer substitution such as a 5-nonyl group (IT-30b) showed no mutagenicity in
TA98 and TAL00 strains treated with and without S9 mix. In compounds with (1-
phenyl)alkyl substitution (ITI-30c—e), the alkyl chain length played a critical role in

determining their mutagenicity, regardless of the phenyl group.

According to the precedent research, 2-aminofluorene (2-AF) or N-acetyl-2-
aminofluorene (2-AAF) is transformed to N-hydroxy-2-AF or N-hydroxy-2-AAF via
CYPso monooxygenase oxidation.®? N-Hydroxy-2-AF or N-hydroxy-2-AAF can be
metabolized to electrophilic species, such as N-SOs-2-AF, N-acetoxyl-2-AF, and N-
S04-2-AAF.%2 These electrophiles can form DNA adducts through a reaction with
the guanine base, which we considered as a major mutation pathway in the

aminofluorene case.

Compounds II-6a—f, equipped with various aromatic ring substitutions at the C9
position of 2,7-diaminofluorene, were found to be mutagenic in TA98 strain treated
with S9 mix. The fact that these compounds did not act as mutagens in TA98 without
S9 treatment indicated that the formation of metabolites through DNA adduct can be
a cause of mutation. In addition, the negative result for mutation in TA100 strain
treated with S9 mixture indicated that the DNA adduct caused a frame-shift mutation
rather than a base-pair substitution.®’ In the case of fluorene derivatives substituted
with dialkyl groups at the C9 position (compounds I1-12a—d), shorter alkyl chain
substituents tended to cause mutagenicity. From the results of previous®? and current
study, we hypothesized that the mutation of 2,7-diaminofluorene can be prevented
by introducing sterically bulky dialkyl groups at the C9 position, presumably

because they prevent the guanine base from approaching electrophilic metabolites.
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In the case of 2,7-diaminofluorene, introduction of dibutyl-,
bis(trifluoromethylpropyl)-, or bis(trifluoromethylbutyl)- chains, as in compounds
I1-12b, I1-12c, and II-12d, respectively, diminished mutation propensity. However,
the carbazole moiety needed to be substituted with a longer N-alkyl chain than an n-
decyl group (as in II-16¢, I1-16d and II-20) to avoid mutagenicity issues. These
results agree well with our hypothesis because carbazole needed to be substituted
with a longer chain monoalkyl group than fluorene with longer-than-propyl dialkyl
groups at the C9 position. Therefore, to block the formation of DNA adduct,
carbazole has to be substituted with a longer alkyl chain than that of fluorene. In the
case of carbazoles substituted with a symmetric secondary alkyl group (II-30a and
I1-30b), which mimics the dialkyl group of fluorene derivatives, compounds
substituted with a long branched alkyl chain, such as (1-butyl)pentyl substitution
(mimicking 9,9-dipentyl groups at the fluorene) (I1-30b), may avoid mutagenic
issues, but not those with a short chain (I1-30a). The importance of the alkyl chain
length in determining the mutagenicity of compounds could be explained by the (1-
phenylalkyl substitution cases (II-30c—¢). Regardless of the phenyl group,
mutagenicity pattern was consistent with the length of the alkyl chain. With methyl
(I1-30c) or propyl (IT-30d) substitution, the compounds were found to be mutagenic,
but compounds with longer substituent (e.g. nonyl group, II-30e) were non-
mutagenic. Our hypothesis was also confirmed by the results of N-benzyl derivatives
with an alkoxy substitution (IT1-23a, 1I-23b, I1-27a and II-27b). In these cases, any
changes in the alkoxy group did not affect the Ames results of the four compounds

because those variations did not affect the bulkiness of the compounds.
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In the case of carbazole derivatives, compounds equipped with monoalkyl
substituents at the N9 position of carbazole (ITI-16a—d and II-20) showed a similar
mutagenic pattern as in the fluorene derivatives; the mutagenicity was dependent on
the length and bulkiness of the alkyl substituent. When the alkyl chains were longer
than n-decyl, the corresponding carbazole derivatives were non-mutagenic. N-
Benzyl derivatives with an alkoxy substitution, such as compounds II-23a, 1I-23b,
I1-27a, and II-27b, were all found to be mutagenic in TA98 strain treated with S9
mix, regardless of the position and type of the alkoxy groups attached to the benzene
ring. Bis(cyclopropyl)methyl-substituted derivative (II-30a) also showed mutagenic
activity in both TA98 and TA100 strains treated with S9 mix. A compound with a
longer substitution such as a 5-nonyl group (IT-30b) showed no mutagenicity in
TA98 and TA100 strains treated with and without S9 mix. In compounds with (1-
phenyl)alkyl substitution (ITI-30c—e), the alkyl chain length played a critical role in

determining their mutagenicity, regardless of the phenyl group.
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I11. Conclusion

In this study, using Ames test, we investigated the important factors affecting the
mutagenicity of the aniline derivatives 2,7-diaminofluorene and 2,7-
diaminocarbazole, which are often employed in drug discovery. Ames test results
showed that mutagenicity problems with derivatives of 2,7-diaminofluorene and 2,7-
diaminocarbazole can be solved by equipping these derivatives with a long alkyl
chain at a proper location. The results imply that 2,7-diaminofluorene and 2,7-
diaminocarbazole can successfully be employed in drug discovery as long as they
are equipped with proper substituents. In addition, several of the examined
compounds showed extremely high antiviral activities,®' proving that fluorene and

carbazole can be used as effective core structures of HCV NS5A inhibitors.

IV. Experimental Section

1. Materials

All commercially available reagents and solvents were obtained from commercial
suppliers and used without further purification. All reactions involving reactants,
reagents, or intermediates sensitive to air or moisture were conducted under Ar
atmosphere. 'H, °C, and "’F NMR spectra were obtained on an Agilent NMR system
400 MHz DD2MR400 (400 MHz), a Bruker Ascend 400 MHz (400 MHz), or a
Varian NMR System 500 MHz in DMSO-ds, CDCls, or CD;0D, with TMS used as
an internal standard. Multiplicities are indicated by s (singlet), d (doublet), t (triplet),
q (quartet), dd (doublet of doublet), and ddd (doublet of doublet of doublet). TLC

was conducted on pre-coated silica gel plates (60F-254; Merck KGaA, Germany).
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2. Synthesis

The procedures used in the synthesis of compounds are described in Scheme II-1

to I1-8, respectively.

BocHN Q.O NHBoc

11-3
Fes304 (904 mg, 3.90 mmol) in EtOH (65.0 mL), hydrazine monohydrate (9.5 mL,

Di-tert-butyl (9H-fluorene-2,7-diyl)dicarbamate

(I1-3). To a mixture of II-2 (5.00 g, 19.5 mmol) and

195 mmol) was added. The reaction mixture was stirred at 75 °C for 2 h. The crude
mixture was filtered through Celite and the filtrates were concentrated in vacuo and
diluted with DCM. The organic layer was washed with H,O, dried over MgSQOs, and
concentrated in vacuo. Product (2,7-diaminofluorene, 3.71 g, 96%, dark yellow solid)
was isolated without further purification. 2,7-diaminofluorene (3.71 g, 18.9 mmol)
was dissolved in 1,4-dioxane (42.0 mL), and H,O (21.0 mL), 2.0 M NaOH (20.8
mL), and Boc,O (10.9 mL, 47.2 mmol) were added successively. The reaction
mixture was stirred vigorously at room temperature for 24 h. The crude mixture was
quenched by the addition of H»0O, acidified to pH 3.0 with 1.0 M KHSO4, and diluted
with DCM. The organic layer was washed with brine, dried over MgSQOs, and
concentrated in vacuo. The residue was purified by flash column chromatography
(n-hexane/EtOAc = 4:1) to give compound I1-3 (6.28 g, 84%, dark yellow solid). 'H
NMR (400 MHz, DMSO-dg): 6 9.38 (s, 2H), 7.70 (s, 2H), 7.62 (d, J = 8.3 Hz, 2H),
7.39 (dd, J = 2.0, 8.3 Hz, 2H), 3.81 (s, 2H), 1.49 (s, 18H); *C NMR (100 MHz,
DMSO-ds): & 152.84, 144.35, 137.83, 135.40, 119.25, 115.92, 114.88, 78.94, 36.54,
28.17.
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0 Di-tert-butyl (9-oxo-9H-fluorene-2,7-
B°°“""“B°° diyl)dicarbamate (II-4). Compound 1I-3 (3.00 g, 7.57

II-4 mmol) and Cs>CO;3 (6.16 g, 18.9 mmol) were dissolved
in DMSO (25.0 mL). The reaction mixture was stirred at room temperature for 18 h
under open air. The crude mixture was quenched by the addition of H>O and diluted
with EtOAc. The organic layer was washed with H»O, dried over MgSQOs, and
concentrated in vacuo. The residue was purified by flash column chromatography
(n-hexane/EtOAc = 3:2) to give compound II-4 (1.93 g, 63%, red solid). '"H NMR
(400 MHz, DMSO-ds): 6 9.61 (s, 2H), 7.71 (d, J = 2.0 Hz, 2H), 7.59-7.46 (m, 4H),
1.48 (s, 18H); *C NMR (100 MHz, DMSO-d): 8 193.12, 152.68, 139.98, 137.82,
134.21, 123.66, 120.77, 113.77, 79.52, 28.06.

NNHTs Di-tert-butyl (9-(2-tosylhydrazineylidene)-9H-
BocHN Q'O NHBoc  fluorene-2, 7-diyl)dicarbamate (II-5). Compound II-4

II-5 (1.80 g, 4.39 mmol) and p-TsNHNH, (899 mg, 4.83
mmol) were dissolved in MeOH (4.4 mL). The reaction mixture was stirred at 60 °C
for 4 h and the crude mixture was cooled to room temperature. The mixture was
filtered and the residue was washed with petroleum ether to give compound II-5
(2.40 g, 95%, yellow solid). '"H NMR (400 MHz, DMSO-dc): 8 11.25 (s, 1H), 9.59
(s, 1H), 9.46 (s, 1H), 8.26 (s, 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.67 (s, 1H), 7.58 (d, J
= 8.2 Hz, 1H), 7.51 (s, 3H), 7.44 (d, J = 8.1 Hz, 2H), 2.40 (s, 3H), 1.50 (s, 18H); 1°C
NMR (125 MHz, DMSO-ds): 153.32, 153.17, 152.34, 144.06, 139.49, 139.20,
137.09, 136.36, 135.71, 134.25, 130.20, 129.68, 128.72, 121.89, 120.54, 120.31,
120.24, 118.93, 112.00, 79.69, 79.64, 28.60, 28.58, 21.50.
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9-(4-Isopropylphenyl)-9H-fluorene-2,7-diamine  (Il-6a).
O Compound II-5 (100 mg, 0.173 mmol), K,CO; (35.9 mg,
H,N Q'O NH, 0.260 mmol), and (4-isopropylphenyl)boronic acid (42.6 mg,
16a 0.260 mmol) were dissolved in 1,4-dioxane (0.6 mL). The
reaction mixture was refluxed for 2 h. The crude mixture was cooled to room
temperature and diluted with DCM. The organic layer was washed with brine, dried
over MgSQOs, and concentrated in vacuo. The residue was purified by flash column
chromatography (n-hexane/EtOAc = 9:1) to give product (di-tert-butyl (9-(4-
isopropylphenyl)-9H-fluorene-2,7-diyl)dicarbamate, 66.4 mg, 68%, white solid). To
a solution of di-tert-butyl (9-(4-isopropylphenyl)-9H-fluorene-2,7-diyl)dicarbamate
(162 mg, 0.315 mmol) in DCM (1.0 mL), TFA (1.0 mL, 13.1 mmol) was added. The
reaction mixture was stirred at room temperature for 2 h. The crude mixture was
concentrated in vacuo and the residue was diluted with DCM. The organic layer was
washed with saturated sodium bicarbonate solution, dried over MgSQOs, and
concentrated in vacuo. The residue was purified by flash column chromatography
(n-hexane/EtOAc = 3:2) to give compound I1-6a (57 mg, 58%, ivory solid). 'H NMR
(400 MHz, DMSO-de): 6 7.29 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 7.9 Hz, 2H), 6.95 (d,
J = 8.0 Hz, 2H), 6.49 (d, J = 8.1 Hz, 2H), 6.40 (s, 2H), 4.91 (s, 4H), 4.78 (s, 1H),
2.83 (p,J = 6.9 Hz, 1H), 1.18 (d, J = 6.9 Hz, 6H); *C NMR (100 MHz, DMSO-ds):
0 148.12, 146.66, 146.27, 140.41, 130.22, 128.05, 126.36, 118.57, 112.89, 110.92,
52.94, 33.09, 23.96. HRMS (m/z): [M+H]" calcd for C»H23N,, 315.1856; found,
315.1866.
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9-(4-(tert-Butyl)phenyl)-9H-fluorene-2, 7-diamine (II-6b).

O Compound II-6b (40.3 mg, 57%, orange solid) was prepared

- O .O ", according to the procedure described for the synthesis II-6a.
'H NMR (400 MHz, DMSO-dg): 8 7.30 (d, J = 8.1 Hz, 4H),

e 6.97 (d, J = 8.2 Hz, 2H), 6.51 (d, J = 8.0 Hz, 2H), 6.42 (s,

2H), 4.92 (s, 4H), 4.79 (s, 1H), 1.26 (s, 9H); *C NMR (100 MHz, DMSO-ds): &
148.50, 148.09, 146.65, 140.01, 130.24, 127.78, 125.22, 118.57, 112.90, 110.94,
52.86, 34.12, 31.21. HRMS (m/z): [M+H]" calcd for C3H24N>, 329.2012; found,

329.2018.

F 9-(4-Fluorophenyl)-9H-fluorene-2,7-diamine (11-6¢).

O Compound II-6¢ (55.2 mg, 35%, dark brown solid) was

HoN Q'O NH, prepared according to the procedure described for the
l-6c synthesis II-6a. '"H NMR (400 MHz, DMSO-ds): 6 7.29 (d, J

= 8.0 Hz, 2H), 7.13-7.03 (m, 4H), 6.49 (dd, J = 2.1, 8.1 Hz, 2H), 6.38 (s, 2H), 4.92
(s, 4H), 4.85 (s, 1H); C NMR (100 MHz, DMSO-d): & 162.12, 159.72, 147.91,
146.76, 139.36, 139.32, 130.12, 129.92, 129.84, 118.65, 115.28, 115.07, 113.03,
110.78, 52.35; YF NMR (376 MHz, DMSO-ds): 8 -116.82. HRMS (m/z): [M+H]*

calcd for Ci19H6FN», 291.1292; found, 291.1293.

Br 9-(4-Bromophenyl)-9H-fluorene-2, 7-diamine (11-6d).

O Compound II-6d (62.3 mg, 51%, brown solid) was prepared

H,N Q'O nH, according to the procedure described for the synthesis II-6a.
.6 "H NMR (400 MHz, DMSO-ds): & 7.46 (d, J = 8.4 Hz, 2H),

7.29 (d, J = 8.1 Hz, 2H), 6.99 (d, J = 8.4 Hz, 2H), 6.50 (dd, J = 2.0, 8.0 Hz, 2H),
6.38 (s, 2H), 4.94 (s, 4H), 4.84 (s, 1H); 3C NMR (100 MHz, DMSO-d): & 147.59,
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146.80, 142.75, 131.60, 130.38, 130.17, 119.34, 118.68, 110.76, 52.49. HRMS (m/z2):

[M-+H]" caled for C19H16BrN2, 351.0491; found, 351.0495.

CF3 9-(4-(Trifluoromethyl)phenyl)-9H-fluorene-2, 7-diamine
O (II-6e). Compound II-6e (62.8 mg, 62%, brown solid) was

H,N Q.O nH, prepared according to the procedure described for the
synthesis II-6a. '"H NMR (400 MHz, DMSO-dq): 8 7.65 (d, J

11-6e
= 8.1 Hz, 2H); 7.32 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 6.52 (dd, J = 2.1,
8.0 Hz, 2H), 6.39 (s, 2H), 4.98 (s, 1H), 4.94 (s, 4H); 13C NMR (100 MHz, DMSO-
ds): & 148.31, 147.35, 146.89, 130.21, 128.96, 125.44, 125.40, 118.77, 113.17,
110.75, 52.81; '°F NMR (376 NMR, DMSO-de): 5 -60.81. HRMS (m/z): [M+H]"

calcd for CyoH 6F3N2, 341.1260; found, 341.1266.

‘ 9-(Naphthalen-2-yl)-9H-fluorene-2,7-diamine (11-6f).

O Compound II-6f (57.3 mg, 41%, brown solid) was prepared

HoN Q.O NH, according to the procedure described for the synthesis II-6a.
- "H NMR (400 MHz, DMSO-ds): & 7.92-7.80 (m, 3H), 7.75

(d, J = 8.5 Hz, 1H), 7.53-7.44 (m, 2H), 7.35 (d, J = 8.1 Hz, 2H), 6.86 (dd, J = 1.7,
8.5 Hz, 1H), 6.54 (d, J = 8.1 Hz, 2H), 6.43 (s, 2H), 4.99 (d, J = 13.7 Hz, 5H); '*C
NMR (100 MHz, DMSO): 6 148.02, 146.67, 140.71, 133.17, 131.95, 130.42, 128.10,
127.47, 127.33, 126.72, 126.36, 126.13, 125.50, 118.71, 113.14, 111.03, 53.42.

HRMS (m/z): [M+H]" caled for CosHioN3, 323.1543; found, 323.1540.

Di-tert-butyl  (9-(2-methylpropylidene)-9H-fluorene-
2,7-diyl)dicarbamate (II-7a). Compound II-3 (300 mg,

BocHN Q.O NHBoc

Il-7a

0.757 mmol) and KO'Bu (255 mg, 2.27 mmol) were
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dissolved in xylene (7.6 mL). The reaction mixture was refluxed for 30 min. Cooled
to room temperature, isobutyraldehyde (139 pL, 1.51 mmol) was added and refluxed
for 10 min. The crude mixture was quenched with saturated ammonium chloride
solution and diluted with DCM. The organic layer was washed with brine, dried over
MgSOs, and concentrated in vacuo. The residue was purified by flash column
chromatography (n-hexane/EtOAc =4:1) to give compound 7a (218 mg, 66%, bright
yellow solid). "H NMR (400 MHz, DMSO-ds): 8 9.37 (d, J = 8.8 Hz, 2H), 8.00 (s,
1H), 7.94 (s, 1H), 7.62 (d, J = 8.2 Hz, 1H), 7.56 (d, J = 8.2 Hz, 2H), 7.24 (dd, J =
1.9, 8.2 Hz, 1H), 6.49 (d, J = 9.4 Hz, 1H), 3.46-3.37 (m, 1H), 1.49 (s, 18H), 1.23 (d,
J = 6.6 Hz, 6H); *C NMR (100 MHz, DMSO-ds): & 152.88, 152.82, 139.31, 138.24,
138.13, 137.70, 136.81, 134.56, 133.62, 132.02, 119.36, 119.18, 118.16, 117.68,
114.96, 109.54, 79.00, 28.16, 27.39, 22.54.

O CF; Di-tert-butyl (9-(4-(trifluoromethyl)benzylidene)-9H-

| Sfluorene-2,7-diyl)dicarbamate (II-7b). Compound I1-7b

Bockl 0.0 NHBoe (252 mg, 60%, bright yellow solid) was prepared
7 according to the procedure described for the synthesis
II-7a. '"H NMR (400 MHz, DMSO-d): 8 9.45 (s, 1H), 9.27 (s, 1H), 8.08 (s, 1H),
7.81 (s, 4H), 7.77 (s, 1H), 7.67 (s, 1H), 7.58 (dd, J = 3.5, 8.2 Hz, 2H), 7.36 (d, J =
8.2 Hz, 1H), 7.28 (d,J = 8.1 Hz, 1H), 1.50 (s, 9H), 1.40 (s, 9H); *C NMR (100 MHz,
DMSO-ds): & 152.91, 152.57, 143.34, 140.18, 139.22, 138.39, 137.86, 137.20,
135.88, 135.37, 133.36, 129.86, 128.40, 128.08, 125.71, 125.59, 125.55, 123.00,
119.47, 119.39, 119.28, 114.64, 110.68, 79.08, 78.93, 28.16, 27.96; '°F NMR (376

MHz, DMSO-dq): § -61.13.
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A N Di-tert-butyl (9-(pyridin-4-ylmethylene)-9H-

)

| Sfluorene-2,7-diyl)dicarbamate (II-7¢). Compound I1-7¢

BocHN Q.O NHBoc
(203 mg, 54%, yellow solid) was prepared according to

11-7

) the procedure described for the synthesis II-7a. 'H NMR
(400 MHz, DMSO-ds): 6 9.46 (s, 1H), 9.33 (s, 1H), 8.67 (d,J = 6.0 Hz, 2H), 8.06 (s,
1H), 7.67 (s, 1H), 7.54-7.61 (m, 5H), 7.47 (s, 1H), 7.34 (dd, J = 1.9, 8.2 Hz, 1H),
1.50 (s, 9H), 1.42 (s, 9H); *C NMR (100 MHz, DMSO-d;): 6 152.84, 152.64, 148.77,
145.06, 138.96, 138.43, 138.16, 137.91, 135.56, 135.51, 133.43, 124.07, 123.79,

119.53, 119.38, 114.73, 110.84, 79.05, 78.94, 28.10, 28.03.

9-(2-Methylpropylidene)-9H-fluorene-2, 7-diamine (I1-8a).
| . :
M Q. O NH, To a solution of compound II-7a (188 mg, 0.416 mmol) in

ll-8a

DCM (2.0 mL), TFA (2.0 mL, 26.1 mmol) was added. The
reaction mixture was stirred at room temperature for 2 h. The crude mixture was
concentrated in vacuo and diluted with DCM. The organic layer was washed with
saturated sodium bicarbonate solution, dried over MgSQs, and concentrated in vacuo.
The residue was purified by flash column chromatography (n-hexane/EtOAc = 1:1)
to give compound I1-8a (42.5 mg, 41%, orange sticky solid). '"H NMR (400 MHz,
DMSO-ds): 6 7.25 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 1H), 7.12 (d, J = 2.0 Hz,
1H), 6.85 (d, J = 2.0 Hz, 1H), 6.52 (ddd, J = 1.9, 8.0, 15.8 Hz, 2H), 6.31 (d, J = 9.4
Hz, 1H), 5.28 (s, 4H), 3.38 (dd, J = 5.3, 8.1 Hz, 1H), 1.19 (d, J = 6.5 Hz, 6H); '*C
NMR (125 MHz, DMSO-ds): 6 146.58, 146.39, 139.52, 137.09, 135.21, 133.78,
130.68, 128.67,118.47,118.21, 113.67, 113.54,111.03, 105.47,27.07, 22.59. HRMS

(m/z): [M+H]" calcd for Ci7H19N», 251.1543; found, 251.1539.
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O CFs 9-(4-(Trifluoromethyl)benzylidene)-9H-fluorene-2,7-

| diamine (II-8b). Compound II-8b (92.8 mg, 49%, orange

e Q.O e solid) was prepared according to the procedure described for
e the synthesis I1-8a. 'H NMR (400 MHz, DMSO-d): 5 7.78—

7.83 (m, 4H), 7.44 (s, 1H), 7.20 (dd, J = 4.1, 8.0 Hz, 2H), 6.97 (d, J = 2.0 Hz, 1H),
6.74 (d, J = 2.0 Hz, 1H), 6.51 (ddd, J = 2.0, 8.0, 17.4 Hz, 2H), 5.01 (s, 2H), 4.87 (s,
2H); *C NMR (100 MHz, CDCls): & 144.94, 144.34, 141.04, 140.36, 138.42, 137.28,
133.96, 131.87, 129.69, 129.65, 126.61, 125.57, 124.18, 122.96, 119.54, 119.44,
116.19, 116.02, 107.48, 111.55; 'F NMR (376 MHz, DMSO-ds): 6 -60.86. HRMS

(m/z): [M+H]* calcd for C,1H 6F3N2, 353.1260; found, 353.1264.

7N Di-tert-butyl  (9-(pyridin-4-ylmethyl)-9H-fluorene-
X

2, 7-diyl)dicarbamate (II-9c). Compound II-7¢ (49.0 mg,
BocHN 0.0 NHBoc 0101 | .
. mmol) and palladium on carbon (Pd/C, 10.7 mg,
19 0.010 mmol) were dissolved in MeOH (2.0 mL). The
solution was purged by hydrogen gas balloon and stirred at room temperature for 12
h under hydrogen atmosphere. The crude mixture was filtered through Celite and the
filtrate was concentrated in vacuo and the residue was diluted with DCM. The
organic layer was washed with H»O, dried over MgSQy, and concentrated in vacuo.
The residue was purified by flash column chromatograph (n-hexane/EtOAc = 6:4)
to give compound I1-9¢ (25.2 mg, 51%, white solid). 'H NMR (400 MHz, CDCls):
6 8.39 (s, 2H), 7.52-7.39 (m, 4H), 7.19 (dd, J = 2.0, 8.2 Hz, 2H), 7.04 (d, J = 5.4
Hz, 2H), 6.56 (s, 2H), 4.20 (t, J = 6.6 Hz, 1H), 3.23 (d, J = 6.6 Hz, 2H), 1.53 (s,
18H); *C NMR (125 MHz, CDCls): § 152.96, 149.35, 148.39, 146.63, 137.04,
136.11, 125.38, 119.96, 118.24, 115.24, 80.75, 47.70, 39.01, 28.54.
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CFs 9-(4-(Trifluoromethyl)benzyl)-9H-fluorene-2,7-diamine

(II-10b). Compound II-8b (63.7 mg, 0.181 mmol) and

e Q.O e palladium on carbon (Pd/C, 19.3 mg, 0.018 mmol) were
1ok dissolved in MeOH (1.8 mL). The solution was purged by
hydrogen gas balloon and stirred at room temperature for 12 h under hydrogen
atmosphere. The crude mixture was filtered through Celite and the filtrate was
concentrated in vacuo and the residue was diluted with DCM. The organic layer was
washed with H»O, dried over MgSQOs, and concentrated in vacuo. The residue was
purified by flash column chromatograph (n-hexane/EtOAc = 6:4) to give compound
II-10b (37.6 mg, 58%, dark green solid). '"H NMR (400 MHz, DMSO-ds): 8 7.56 (d,
J =179 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 6.53-6.43 (m,
4H), 4.89 (s, 4H), 4.04 (t, J = 6.5 Hz, 1H), 3.15 (d, J = 6.6 Hz, 2H); *C NMR (125
MHz, DMSO-ds): 6 146.24, 146.16, 144.47, 130.29, 129.91, 124.62, 124.59, 118.40,
112.96, 110.47, 46.89, 38.76; '°F NMR (376 MHz, DMSO-ds): & -60.62. HRMS

(m/z): [M+H]" calcd for C,1HisF3N>, 355.1417; found, 355.1415.

2N 9-(Pyridin-4-ylmethyl)-9H-fluorene-2,7-diamine (II-10c).
N
To a solution of compound I1-9¢ (77.0 mg, 0.158 mmol) in
I aS by
DCM (1.6 mL), TFA (1.6 mL, 20.9 mmol) was added. The
I1-10¢ reaction mixture was stirred at room temperature for 2 h. The
crude mixture was concentrated in vacuo and diluted with DCM. The organic layer
was washed with saturated sodium bicarbonate solution, dried over MgSQ4, and
concentrated in vacuo. The residue was purified by flash column chromatography

(n-hexane/EtOAc = 1:9) to give compound II-10¢ (27.4 mg, 60%, bright orange

solid). 'H NMR (400 MHz, DMSO-d): & 8.37 (d, J = 6.0 Hz, 2H), 7.19 (d, 7.9 Hz,
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2H), 7.13 (d, J = 6.0 Hz, 2H), 6.50-6.44 (m, 4H), 4.87 (s, 4H), 4.05 (t, J = 6.5 Hz,
1H), 3.07 (d, J = 6.6 Hz, 2H); 3C NMR (125 MHz, DMSO-dq): 5 149.01, 148.39,
146.22, 146.15, 130.26, 124.63, 118.41, 112.96, 110.38, 46.22, 38.22. HRMS (m/2):

[M+H]" caled for C19HisN3, 288.1495; found, 288.1494.

2,7-Dinitro-9,9-dipropyl-9H-fluorene (II-11a). (11-2) (300
ON Q.O No, mg, 1.17 mmol) and Cs,CO; (1.53 g, 3.51 mmol) were
I-11a dissolved in DMF (3.9 mL). The reaction mixture was stirred
at 0 °C for 30 min and subsequently 1-iodopropane (287 uL, 2.93 mmol) was added.
The reaction mixture was stirred at room temperature for 18 h. The crude mixture
was quenched by the addition of H,O and diluted with DCM. The organic layer was
washed with H»O, dried over MgSOs, and concentrated in vacuo. The residue was
purified by flash column chromatography (n-hexane/EtOAc = 19:1) to give
compound II-11a (246 mg, 62%, brown solid). '"H NMR (400 MHz, DMSO-dg): &
8.44 (d,J = 1.6 Hz, 2H), 8.34-8.27 (m, 4H), 2.20-2.13 (m, 4H), 0.59 (t,J = 7.2 Hz,
6H), 0.47 (ddd, J = 6.2,9.8, 12.2 Hz, 4H); '*C NMR (100 MHz, DMSO-dj): & 153.18,
148.12, 144.52, 123.50, 122.54, 118.48, 56.34, 40.60, 16.74, 13.98

9,9-Dibutyl-2, 7-dinitro-9H-fluorene (II-11b). Compound

ON Q.O No, TI-11b (213 mg, 47%, brown solid) was prepared according

I1-11b to the procedure described for the synthesis II-11a. 'H NMR

(400 MHz, DMSO-ds): 6 8.44 (d, J = 1.9 Hz, 2H), 8.35-8.27 (m, 4H), 2.24-2.16 (m,

4H), 1.06-0.96 (m, 4H), 0.59 (t, J = 7.3 Hz, 6H), 0.45-0.37 (m, 4H); *C NMR (100

MHz, DMSO-de): 6 153.20, 148.15, 144.57, 123.52, 122.55, 118.47, 56.16, 38.17,
25.53,22.23, 13.56.
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FsC CF, 2,7-Dinitro-9,9-bis(4,4,4-trifluorobutyl)-9H-fluorene (II-
O,N 0.0 no, IIc). Compound II-11c (223 mg, 40%, brown solid) was
e prepared according to the procedure described for the
synthesis II-11a. '"H NMR (400 MHz, CDCl5): & 8.39 (d, J = 8.4 Hz, 2H), 8.27 (s,
2H), 7.98 (d, J = 8.3 Hz, 2H), 2.25-2.20 (m, 4H), 1.96-1.84 (m, 4H), 0.84-0.76 (m,
4H); BC NMR (100 MHz, CDCls): § 151.42, 148.87, 144.76, 125.21, 124.57, 123.31,

118.36, 55.89, 38.81, 33.76, 33.48, 16.62; 'F NMR (376 MHz, CDCls): § -66.21.

F3C, CFy 2,7-Dinitro-9,9-bis (5,5, 5-trifluoropentyl)-9H-fluorene (II-

11d). Compound II-11d (379 mg, 64%, brown solid) was
OO

prepared according to the procedure described for the

I-11d

synthesis II-11a. '"H NMR (400 MHz, DMSO-ds): 6 8.49 (d,
J=2.0Hz, 2H), 8.36-8.29 (m, 4H), 2.28-2.24 (m, 4H), 2.02—-1.95 (m, 4H), 1.22 (p,
J =7.7 Hz, 4H), 0.57-0.49 (m, 4H); 3C NMR (100 MHz, DMSO-d): 8§ 153.15,
148.67, 144.97, 129.02, 126.82, 124.07, 123.03, 119.17, 56.35, 38.14, 32.38, 32.16,

22.63,21.82; 1°F NMR (376 MHz, CDCls): & -64.89

9,9-Dipropyl-9H-fluorene-2,7-diamine (II-12a). To a

HN Q'O NH, mixture of II-11a (222 mg, 0.652 mmol) and Fe;O4 (30.2 mg,
II-12a 0.130 mmol) in EtOH (2.2 mL), hydrazine monohydrate (316

uL, 6.52 mmol) was added. The reaction mixture was stirred at 75 °C for 2 h. The
crude mixture was filtered through Celite and the filtrates were concentrated in vacuo
and the residue was diluted with DCM. The organic layer washed with H,O, dried
over MgSOys, and concentrated in vacuo. The residue was purified by flash column
chromatography (n-hexane/EtOAc = 7:3) to give compound II-12a (70.3 mg, 39%,

dark yellow solid). '"H NMR (400 MHz, DMSO-d): 6 7.17 (d, J = 8.0 Hz, 2H), 6.52
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(d, J = 2.0 Hz, 2H), 6.44 (dd, J = 2.0, 8.0 Hz, 2H), 4.90 (s, 4H), 1.73 (dd, J = 5.7,
9.7 Hz, 4H), 0.66-0.55 (m, 10H); *C NMR (100 MHz, DMSO-ds): 8 150.24, 146.50,
130.52, 118.33, 112.54, 108.47, 53.86, 42.77, 16.86, 14.30. HRMS (m/z): [M+H]"
calcd for Ci9H2sN», 281.2012; found, 281.2015.

9,9-Dibutyl-9H-fluorene-2, 7-diamine (II-12b). Compound

HN Q'O NH, TI-12b (45.6 mg, 28%, dark yellow solid) was prepared
112b according to the procedure described for the synthesis 11-12a.
'HNMR (400 MHz, DMSO-ds): & 7.17 (d,J = 8.0 Hz, 2H), 6.51 (d, J = 2.0 Hz, 2H),
6.44 (dd, J = 2.0, 8.0 Hz, 2H), 4.90 (s, 4H), 1.77-1.73 (m, 4H), 1.09—1.00 (m, 4H),
0.65 (t, J = 7.3 Hz, 6H), 0.58-0.50 (m, 4H); *C NMR (100 MHz, DMSO-ds): &
150.21, 146.48, 130.56, 118.33, 112.56, 108.42, 53.59, 40.30, 25.83, 22.63, 13.90.

HRMS (m/z): [M+H]" calcd for C21H29N», 309.2325; found, 309.2324.

FsC CFy 9,9-Bis(4,4,4-trifluorobutyl)-9H-fluorene-2, 7-diamine (II-
H,N Q.O NH, 12c¢). Compound II-12¢ (19.4 mg, 17%, dark yellow solid)
112¢ was prepared according to the procedure described for the
synthesis II-12a. '"H NMR (500 MHz, CDCls): § 7.35 (d, J = 7.9 Hz, 2H), 6.65 (dd,
J=22,8.0Hz, 2H), 6.60 (d,J = 2.1 Hz, 2H), 3.68 (s, 4H), 1.94-1.91 (m, 4H), 1.86—
1.76 (m, 4H), 0.94-0.88 (m, 4H); *C NMR (125 MHz, CDCls): & 149.58, 145.08,
133.20, 128.24, 126.04, 119.72, 114.74, 109.66, 54.15,34.07, 33.84, 16.64; '’F NMR
(376 MHz, CDCl3): 6 -65.91. HRMS (m/z): [M+H]" calcd for C21H23FsN», 417.1760;

found, 417.1759.
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F3C CF3 9,9-Bis(5,5, 5-trifluoropentyl)-9H-fluorene-2, 7-diamine
i Q 'O ", (I1-12d). Compound I.I-12d (72.2 mg, 23%, dark .yellow solid)
was prepared according to the procedure described for the

e synthesis I1-12a. "H NMR (500 MHz, DMSO-d): 8 7.18 (d,

J =8.0 Hz, 2H), 6.53 (d, J = 2.0 Hz, 2H), 6.45 (dd, J = 2.0, 8.0 Hz, 2H), 4.90 (s,
4H), 2.04-1.93 (m, 4H), 1.82—-1.79 (m, 4H), 1.24 (p, J = 7.9 Hz, 4H), 0.66-0.60 (m,
4H); "BC NMR (125 MHz, DMSO-d): 6 149.56, 146.55, 130.50, 128.56, 126.36,
118.38, 112.74, 108.37, 53.34, 39.93, 32.30, 32.08, 22.59, 21.77; F NMR (376
MHz, CDCls): 6 -65.00. HRMS (m/z): [M+H]" calcd for Cp3Ha7FsNa2, 445.2073;

found, 445.2075.

o 2,7-Dibromo-9-butyl-9H-carbazole (II-14a). 11-13 (3.00 g,

N
B’B’ 9.23 mmol) and NaH (480 mg, 12.0 mmol) was dissolved in
II-14a DMF (50.0 mL) at 0 °C. After stirring for 30 min at room

temperature, 1-bromobutane (1.19 mL, 11.1 mmol) was added to the mixture and
stirred at room temperature for 12 h. The reaction was quenched with addition of
H,O and diluted with EtOAc. The organic layer was washed with brine, dried over
MgSOs, and concentrated in vacuo. The residue was purified by flash column
chromatography (n-hexane/EtOAc = 50:1) to give compound II-14a (3.52 g, 96%,
white solid). "H NMR (400 MHz, CDCls): 6 7.87 (d, J = 8.3 Hz, 2H), 7.54 (d, J =
1.5 Hz, 2H), 7.36 (d, J = 8.3 Hz, 2H), 4.16 (t, J = 7.3 Hz, 2H), 1.87-1.79 (m, 2H),
1.47-1.37 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H); *C NMR (100 MHz, CDCls) § 141.32,
122.51, 121.46, 121.25, 119.70, 111.98, 43.13, 30.94, 20.56, 13.89.
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(\(\ﬁ 2,7-Dibromo-9-octyl-9H-carbazole (II-14b). Compound II-
B'B’ 14b (324 mg, 80%, white solid) was prepared according to the
lI-14b procedure described for the synthesis II-14a. '"H NMR (400

MHz, CDCls): 6 7.83 (d,J = 8.2 Hz, 2H), 7.49 (d, J = 1.5 Hz, 2H), 7.31 (dd, J = 1.6,
8.3 Hz, 2H), 4.12 (t, J = 7.4 Hz, 2H), 1.83-1.76 (m, 2H), 1.33—1.24 (m, 10H), 0.87
(t,J = 6.9 Hz, 3H); *C NMR (100 MHz, CDCl;): § 141.36, 122.52, 121.45, 121.29,

119.70, 112.00, 43.33, 31.79, 29.29, 29.17, 28.77, 27.18, 22.63, 14.09.

v 2,7-Dibromo-9-decyl-9H-carbazole (II-14c). Compound II-

N
B'B' 14c¢ (426 mg, 98%, white solid) was prepared according to the
Il-14c procedure described for the synthesis II-14a. 'H NMR (400

MHz, CDCls): & 7.82-7.85 (m, 4H), 7.74 (d, J = 8.2 Hz, 2H), 7.55-7.50 (m, 2H),
7.48-7.44 (m, 4H), 7.30~7.26 (m, 6H), 7.25-7.21 (m, 4H), 6.75 (d, J = 1.2 Hz, 2H),
6.65 (dd, J = 1.7, 8.2 Hz, 2H), 3.96 (t, J = 7.1 Hz, 2H), 1.52 (p, J = 7.4 Hz, 2H),
1.37-1.21 (m, 14H), 0.93 (t,J = 5.4 Hz, 3H); '*C NMR (100 MHz, CDCls): 5 167.95,
148.74, 141.24, 140.01, 136.65, 130.69, 129.68, 129.41, 128.58, 128.24, 128.01,
119.70, 119.07, 113.66, 101.47, 42.98, 31.92, 29.67, 29.61, 29.43, 29.36, 28.43,

27.24,22.72, 14.16.

s 2,7-Dibromo-9-dodecyl-9H-carbazole (II-14d). Compound

N
BrBr 1I-14d (312 mg, 69%, white solid) was prepared according to
fi-14d the procedure described for the synthesis II-14a. "H NMR (400

MHz, CDCLs): 5 7.87 (d,J = 8.3 Hz, 2H), 7.51 (d, J = 1.6 Hz, 2H), 7.33 (dd, J = 1.6,
8.3 Hz, 2H), 4.16 (t, J = 7.4 Hz, 2H), 1.86-1.78 (m, 2H), 1.35-1.24 (m, 18H), 0.87
(t,J = 6.9 Hz, 3H); *C NMR (100 MHz, CDCL): 5 141.36, 122.52, 121.49, 121.28,
119.70, 112.02, 43.86, 31.94, 29.63, 29.59, 29.52, 29.35, 28.79, 27.19, 22.72, 14.16.
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(\/ 9-Butyl-9H-carbazole-2,7-diamine (II-16a). Compound
“zNN“z II-14a (500 mg, 1.31 mmol), Pdy(dba)s*CHCl; (41.0 mg,
Il-16a 0.039 mmol), #-BuXPhos (50.0 mg, 0.118 mmol), +-BuONa

(378 mg, 3.94 mmol) were dissolved in toluene (5.0 mL). Diphenylmethanimine
(510 pL, 3.02 mmol) was added and stirred at 100 °C for 16 h. The crude mixture
filtered through Celite and the filtrated was concentrated in vacuo and the residue
was diluted with DCM. The organic layer was washed with brine, dried over MgSQOs,
and concentrated in vacuo. Compound I1-15a (591 mg, 77%, yellow stick solid) was
directly used in the next step without further purification. To a solution of compound
II-15a (652 mg, 1.12 mmol) in minimum volume of MeOH, 4.0 M HCIl in MeOH
(11.2 mL, 44.8 mmol) was added and the reaction mixture was stirred at room
temperature for 1 h. The crude mixture was concentrated in vacuo and washed with
acetone. Compound II-16a (290 mg, quantitative yield, yellowish white solid) was
isolated without further purification. '"H NMR (400 MHz, DMSO-ds): § 10.58 (s,
6H), 8.26 (d, J = 8.2 Hz, 2H), 7.66 (d, J = 0.9 Hz, 2H), 7.26 (dd, J = 1.3, 8.2, Hz,
2H), 4.33 (t,J = 6.8 Hz, 2H), 1.75 (p, J = 7.2 Hz, 2H), 1.32-1.23 (m, 2H), 0.88 (t,J
= 7.3 Hz, 3H); *C NMR (100 MHz, DMSO-d): & 140.95, 130.70, 122.08, 121.32,
114.68, 104.69,42.99,30.81,22.26, 14.15. HRMS (m/z): [M+H]" calcd for Ci6H20N3,

254.1652; found, 254.1659.

(\f’); 9-Octyl-9H-carbazole-2,7-diamine (II-16b). Compound

N
HZNN“Z I1-16b (312 mg, 69%, white solid) was prepared according to
I-16b the procedure described for the synthesis II-16a. '"H NMR

(400 MHz, DMSO-de): 5 10.47 (s, 6H), 8.26 (d, J = 8.2 Hz, 2H), 7.63 (s, 2H), 7.24

(d,J = 8.1 Hz, 2H), 4.35 (1, J = 6.4 Hz, 2H), 1.78 (t, J = 6.3 Hz, 2H), 1.27-1.19 (m,
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10H), 0.82 (t, J = 6.6 Hz, 3H); 3C NMR (100 MHz, DMSO-ds): & 140.53, 130.67,
121.48, 120.65, 114.18, 103.80, 42.81, 31.11, 28.71, 28.54, 28.19, 26.50, 21.95,

13.87. HRMS (m/z): [M+H]" caled for CaoHasNs, 310.2278; found, 310.2279.

(\(")7 9-Decyl-9H-carbazole-2,7-diamine (II-16c). Compound

N
“2NNH2 II-16¢ (441 mg, 86%, yellowish white solid) was prepared

II-16¢ according to the procedure described for the synthesis 11-16a.

'H NMR (400 MHz, DMSO-de): § 10.25 (s, 6H); 8.24 (d, J = 8.3 Hz, 2H), 7.57 (d,
J =13 Hz, 2H), 7.20 (dd, J = 1.6, 8.2, Hz, 2H), 4.35 (t, J = 7.0 Hz, 2H), 1.79 (t, J
= 6.7 Hz, 2H), 1.28-1.20 (m, 14H), 0.85 (t, J = 6.9 Hz, 3H); '3C NMR (100 MHz,
DMSO-ds): & 141.00, 137.47, 133.17, 130.07, 129.05, 104.52, 43.32, 31.72, 29.43,
29.39, 29.30, 29.11, 28.72, 27.03, 22.54, 14.42. HRMS (m/z): [M+H]" calced for

C2H32N3, 338.2591; found, 338.2594.

avs 9-Dodecyl-9H-carbazole-2,7-diamine (I1-16d).

N
HzNNHZ Compound II-16d (82.0 mg, 93%, yellowish white solid) was

I-16d prepared according to the procedure described for the

synthesis II-16a. '"H NMR (400 MHz, DMSO-ds): & 8.24 (d, J = 8.2 Hz, 2H), 7.59
(d,J=1.0 Hz, 2H), 7.21 (dd, J = 1.3, 8.2 Hz, 2H), 4.35 (t, J = 6.8 Hz, 2H), 1.77 (4,
J = 6.8 Hz, 2H), 1.26-1.18 (m, 18H), 0.84 (t, J = 6.8 Hz, 3H); '*C NMR (100 MHz,
DMSO-ds): 6 141.08, 131.32, 122.01, 121.05, 114.51, 104.08, 43.27, 31.74, 29.45,
29.43, 29.30, 29.14, 28.72, 27.01, 22.54, 14.41. HRMS (m/z): [M+H]" calcd for

C24H36N3, 366.2904; found, 366.2912.
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(\H;Br 2,7-Dibromo-9-(10-bromodecyl)-9H-carbazole (11-17).
BrBr Compound II-17 (82.0 mg, 99%, white solid) was prepared
117 according to the procedure described for the synthesis II-14a.
"HNMR (400 MHz, DMSO-ds): 6 8.11 (d,J = 8.3 Hz, 2H), 7.89 (d, J = 1.7 Hz, 2H),
7.35(dd, J = 1.6, 8.3 Hz, 2H), 4.38 (t, J/ = 7.1 Hz, 2H), 3.49 (t, J = 6.7 Hz, 2H),
1.78-1.66 (m, 4H), 1.35-1.15 (m, 12H); *C NMR (100 MHz, DMSO-ds): 5 141.12,
122.21, 122.11, 120.68, 119.16, 112.45, 42.33, 35.19, 32.21, 28.83, 28.72, 28.59,

28.28, 28.04, 27.48, 26.16.

(o 4-(10-(2,7-Dibromo-9H-carbazol-9-yl)decyl)morpholine
N
(\HB (II-18). A mixture of compound II-17 (715 mg, 1.31 mmol),

N
BrBr
K>CO; (706 mg, 5.11 mmol), and morpholine (490 pL, 5.11

-1 mmol) in MeCN (6.0 mL) was refluxed for 10 h. After cooling

to room temperature, the crude mixture was concentrated in vacuo and diluted with
EtOAc. The organic layer was washed with brine, dried over MgSQOs4, and
concentrated in vacuo. The residue was purified by flash column chromatography
(n-hexane/EtOAc = 1:3) to give compound II-18 (441 mg, 47%, white solid). 'H
NMR (400 MHz, CDCls): 8 7.93 (d, J = 8.0 Hz, 2H), 7.55 (s, 2H), 7.38 (dd, J = 0.8,
8.0 Hz, 2H), 4.24 (m, 2H), 3.75 (t, J = 0.8 Hz, 4H), 2.45 (s, 4H), 2.35 (t, J/ = 7.2 Hz,
2H), 1.87 (m, 2H), 1.45 (m, 2H), 1.37 (m, 14H); *C NMR (100 MHz, CDCls): &
141.37, 122.53, 121.50, 121.29, 119.69, 112.01, 66.51, 59.05, 53.50, 43.34, 29.44,
29.42,29.41, 29.39, 29.28, 28.76, 27.37, 27.14.
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(\0 9-(10-Morpholinodecyl)-9H-carbazole-2,7-diamine  (II-
N
(\Hs 20). Compound II-20 (235 mg, 69%, pink solid) was

N

EaaSeay - -
prepared according to the procedure described for the

120 synthesis II-16a. "H NMR (400 MHz, DMSO-ds): § 7.46 (d,
J = 8.1 Hz, 2H), 6.51 (d, J = 1.8 Hz, 2H), 6.37 (dd, J = 1.8, 8.1 Hz, 2H), 4.93 (s,
4H), 3.99 (t, J = 7.2 Hz, 2H), 3.54 (t, J = 4.7 Hz, 4H), 2.29 (s, 4H), 2.23-2.18 (m,
2H), 1.68 (t,J = 7.1 Hz, 2H), 1.39-1.22 (m, 12H); *C NMR (125 MHz, DMSO-dc):
§ 145.77, 141.40, 118.72, 113.90, 107.16, 93.12, 66.15, 58.25, 53.32, 41.99, 28.94,
28.88, 28.85, 28.83, 28.13, 26.81, 26.61, 25.85. HRMS (m/2): [M+H]" caled for

C26H30N40, 423.3118; found, 423.3114.

o4y, 2,7-Dibromo-9-(4-butoxybenzyl)-9H-carbazole (1I-22a).
2,7-Dibromocarbazole (II-13) (352 mg, 1.08 mmol) and

N
Br Br . .
NaH (56.4 mg, 1.41 mmol) was dissolved in DMF (5.4 mL)

1-22a
at 0 °C. After stirring at room temperature for 30 min,

compound I1-21a (280 mg, 1.41 mmol) was added to the mixture and stirred at room
temperature for 12 h. The reaction was quenched with addition of H>O and diluted
with EtOAc. The organic layer was washed with brine, dried over MgSQO4, and
concentrated in vacuo. The residue was purified by flash column chromatography
(n-hexane/EtOAc = 50:1) to give compound I1-22a (528 mg, 99%, white solid). 'H
NMR (400 MHz, CDCls): 6 7.92 (dd, J = 0.2, 8.3 Hz, 2H), 7.53 (d, J = 1.5 Hz, 2H),
7.39 (dd, J = 1.7, 8.3 Hz, 2H), 7.05 (d, J = 8.8 Hz, 2H), 6.85-6.82 (m, 2H), 5.33 (s,
2H), 3.93 (t,J = 6.5 Hz, 2H), 1.80-1.73 (m, 2H), 1.53-1.48 (m, 2H), 1.00 (t, J = 7.4
Hz, 3H); *C NMR (100 MHz, CDCl;): 8 158.82, 141.55, 127.71, 127.54, 122.96,
121.50, 121.44, 119.92, 114.94, 112.28, 67.73, 46.25, 31.29, 19.25, 13.87.
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O, 2,7-Dibromo-9-(4-(hexyloxy)benzyl)-9H-carbazole  (II-

N(©/ 22b). Compound 1I-22b (1.35 g, 99%, white solid) was
BrBr prepared according to the procedure described for the
ez synthesis T1-22a. "H NMR (400 MHz, CDCls): 8 7.90 (d, .J

= 8.3 Hz, 2H), 7.53 (d, J = 1.5 Hz, 2H), 7.39 (dd, J = 1.6, 8.3 Hz, 2H), 7.05 (d, J =
8.7 Hz, 2H), 6.83 (dd, J = 2.0, 6.8 Hz, 2H), 5.29 (s, 2H), 3.91 (t, J = 6.6 Hz, 2H),
1.78 (p, J = 7.1 Hz, 2H), 1.51-1.41 (m, 2H), 1.39-1.33 (m, 4H), 0.96 (t,J = 6.9 Hz,
3H); *C NMR (100 MHz, CDCls): 6 158.82, 141.52, 127.72, 127.57, 122.96, 121.50,

121.43,119.93, 114.93, 112.27, 68.05, 46.22, 31.63, 29.24, 25.76, 22.66, 14.12.

K@/’m 9-(4-Butoxybenzyl)-9H-carbazole-2,7-diamine (I1-23a).
Compound I1-23a (336 mg, 91%, yellowish white solid)

N
H,N NH; . .
was prepared according to the procedure described for the

11-23a

synthesis II-16a. "H NMR (400 MHz, CDCls): 6 7.73 (d, J
= 8.2 Hz, 2H), 7.01 (d, J = 8.6 Hz, 2H), 6.75 (d, J = 8.7 Hz, 2H), 6.56 (dd, J = 1.7,
8.2 Hz, 2H), 6.47 (d, J = 1.6 Hz, 2H), 5.09 (s, 2H), 3.85 (t, J = 6.5 Hz, 2H), 3.65 (s,
4H), 1.77-1.70 (m, 2H), 1.53-1.33 (m, 2H), 1.00 (t, J = 6.7 Hz, 3H); *C NMR (100
MHz, CDCls): 6 158.45, 144.33, 142.26, 129.25, 127.60, 119.87, 116.25, 114.75,
108.55, 94.99, 67.74, 45.66, 31.38, 19.33, 13.97. HRMS (m/z): [M+H]" calcd for
C23H26N30, 360.2070; found, 360.2073.

’/©/°~H/5 9-(4-(Hexyloxy)benzyl)-9H-carbazole-2,7-diamine  (1I-
23b). Compound II-23a (675 mg, 86%, yellowish white

N
HZNNHZ _ ' .
solid) was prepared according to the procedure described

11-23b

for the synthesis II-16a. '"H NMR (400 MHz, CDCls): &
7.74 (d, J = 8.1 Hz, 2H), 7.08 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.6 Hz, 2H), 6.61—
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6.57 (m, 4H), 5.24 (s, 2H), 3.91 (t, J = 6.5 Hz, 2H), 3.71 (s, 4H), 1.77 (p, J = 7.0 Hz,
2H), 1.48-1.43 (m, 2H), 1.37-1.30 (m, 4H), 0.93 (t, J = 6.7 Hz, 3H); 13C NMR (100
MHz, CD;OD): & 158.17, 144.50, 142.05, 129.46, 127.39, 119.20, 116.12, 114.12,
108.70, 95.34, 67.53, 44.80, 31.40, 28.95, 25.47, 22.33, 13.18.

K@\ 2,7-Dibromo-9-(3-methoxybenzyl)-9H-carbazole (11-24).
[ OMe A mixture of 2,7-dibromocarbazole (II-13) (200 mg, 0.165

Br Br
mmol) and NaH (8.6 mg, 0.214 mmol) in DMF (0.8 mL) was

11-24
stirred at 0°C for 30 min. After 30 min, 1-(bromomethyl)-3-

methoxybenzene (100 pL, 0.738 mmol) was added to the mixture and stirred at room
temperature for 12 h. The crude mixture was quenched by the addition of H>»O and
diluted with EtOAc. The organic layer washed with H»O, dried over MgSQOs, and
concentrated in vacuo. The residue was purified by flash column chromatography
(n-hexane/EtOAc = 50:1) to give compound I1-24 (274 mg, 99%, white solid). 'H
NMR (400 MHz, CDCl3): 6 7.93 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 1.5 Hz, 2H), 7.39
(dd, J = 1.6, 8.3 Hz, 2H), 7.24 (t, J = 7.9 Hz, 1H), 6.83 (dd, J = 2.1, 8.2 Hz, 1H),
6.71-6.69 (m, 1H), 6.66 (d, J = 2.0 Hz, 1H), 5.39 (s, 2H), 3.76 (s, 3H); *C NMR
(100 MHz, CDCls): & 160.11, 141.62, 137.65, 130.15, 123.09, 121.54, 121.48,
119.97, 118.43, 112.67, 112.36, 112.24, 55.22, 46.63.

p\ 3-((2,7-Dibromo-9H-carbazol-9-yl)methyl)phenol (II-25).
ox A solution of compound II-24 (380 mg, 0.854 mmol) and Nal

Br
(640 mg, 4.27 mmol) in MeCN (3.0 mL), TMSCI (867 pL,

1125
6.83 mmol) was added dropwise. The reaction mixture was

refluxed for 3 h. The crude mixture was quenched by the addition of H,O and diluted

with EtOAc. The organic layer washed with H»O, dried over MgSQ., and
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concentrated in vacuo. The residue was purified by flash column chromatography
(n-hexane/EtOAc = 5:1) to give compound II-25 (205 mg, 56%, white solid). 'H
NMR (400 MHz, acetone-ds): & 8.40 (s, 1H), 8.08 (d, J = 8.3 Hz, 2H), 7.78 (d, J =
1.5 Hz, 2H), 7.39 (dd, J = 1.7, 8.3 Hz, 2H), 7.16 (t, J = 7.9 Hz, 1H), 6.78-6.75 (m,
1H), 6.74-6.71 (m, 1H), 6.58 (t,J = 1.9 Hz, 1H), 5.60 (s, 2H); '*C NMR (100 MHz,
acetone-dg): & 157.84, 141.77, 138.59, 129.92, 122.77, 121.87, 121.40, 119.56,

117.66, 114.60, 113.13, 112.59, 45.96.

K@\ D 2,7-Dibromo-9-(3-(cyclopentyloxy)benzyl)-9H-
0

carbazole (II-26a). A suspension of compound II-25 (400

N
Br Br
mg, 0.928 mmol), bromocyclopentane (150 pL, 1.39

11-26a

mmol), and K,COs (256 mg, 1.86 mmol) in DMF (4.0 mL)
was stirred at 90 °C for 5 h. The crude mixture was cooled to room temperature and
diluted with EtOAc. The organic layer was washed with H,O, dried over MgSQOs,
and concentrated in vacuo. The residue was purified by flash column
chromatography (n-hexane/EtOAc = 50:1) to give compound I1-26a (169 mg, 37%,
white solid). "H NMR (400 MHz, CDCls): 6 7.91 (d, J = 8.3 Hz, 2H), 7.52 (d, J =
1.5 Hz, 2H), 7.39 (dd, J = 1.6, 8.3 Hz, 2H), 7.21 (t,J = 7.9 Hz, 1H), 6.81 (dd, J =
2.0, 8.2 Hz, 1H), 6.67 (dd, J = 0.7, 7.6 Hz, 1H), 6.63 (d, J = 1.9 Hz, 1H), 5.34 (s,
2H), 4.69-4.65 (m, 1H), 1.90-1.74 (m, 6H), 1.66—1.58 (m, 2H); *C NMR (100 MHz,
CDCl): 6 158.68, 141.63, 137.52, 130.01, 123.04, 121.51, 121.47, 119.95, 117.98,
114.39, 113.77, 112.30, 79.25, 46.68, 32.80, 24.09.

H@\o/\/o\ 2,7-Dibromo-9-(3-(2-methoxyethoxy)benzyl)-9H-

N
BrBr carbazole (II-26b). Compound II-26b (388 mg, 92%,
11-26b white solid) was prepared according to the procedure
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described for the synthesis I1-26a. '"H NMR (400 MHz, CDCls): & 7.87 (d, J = 8.3
Hz, 2H), 7.47 (d,J = 1.5 Hz, 2H), 7.37 (dd, J = 1.6, 8.3 Hz, 2H), 7.22 (t,J = 7.9 Hz,
1H), 6.82 (dd, J = 2.1, 8.2 Hz, 1H), 6.71 (d, J = 7.6 Hz, 1H), 6.66—6.65 (m, 1H),
5.27 (s, 2H), 4.04-4.02 (m, 2H), 3.70-3.68 (m, 2H), 3.43 (s, 3H); *C NMR (100
MHz, CDCls): 6 159.33, 141.53, 137.68, 130.10, 123.07, 121.53, 121.43, 119.98,
118.75, 113.13, 112.20, 70.91, 67.17, 59.23, 46.53.

(@\ D 9-(3-(Cyclopentyloxy)benzyl)-9H-carbazole-2,7-
° diamine (I1-27a). Compound TI-27a (68.0 mg, 71%,

N
H2NNH2
yellowish white solid) was prepared according to the

11-27a

procedure described for the synthesis II-16a. '"H NMR
(400 MHz, DMSO-ds): 6 7.51 (d,J = 8.2 Hz, 2H), 7.17 (t,J = 7.9 Hz, 1H), 6.74 (dd,
J=25,82Hz 1H), 6.68 (d,J = 7.7 Hz, 1H), 6.50-6.47 (m, 3H), 6.40 (dd, J = 1.8,
8.2 Hz, 2H), 5.22 (s, 2H), 4.94 (s, 4H), 4.71-4.62 (m, 1H), 1.88-1.78 (m, 2H), 1.65—
1.45 (m, 6H); *C NMR (100 MHz, DMSO-ds): & 157.79, 146.01, 141.64, 139.67,
129.57, 118.92, 118.20, 113.92, 113.80, 112.88, 107.54, 93.31, 78.42, 45.07, 32.21,

23.58. HRMS (m/z): [M+H]" calcd for C24H26N30, 372.2070; found, 372.2071.

9-(3-(2-Methoxyethoxy)benzyl)-9H-carbazole-2,7-
0/\/ o\

diamine (II-27b). Compound II-27b (153 mg, 82%,

N
H2NNH2
yellowish white solid) was prepared according to the

11-27b

procedure described for the synthesis II-16a. '"H NMR
(400 MHz, DMSO-ds): 6 10.53 (s, 6H), 8.27 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 1.4 Hz,
2H), 7.27 (dd, J = 1.6, 8.3 Hz, 2H), 7.18 (t, J = 7.9 Hz, 1H), 6.81 (dd, J = 8.2, 2.2
Hz, 1H), 6.70-6.66 (m, 2H), 5.58 (s, 2H), 4.02-3.99 (m, 2H), 3.58-3.55 (m, 2H),
3.23 (s, 3H); *C NMR (100 MHz, DMSO-ds): & 159.20, 141.16, 138.84, 131.16,
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130.46,122.16,121.38, 119.18, 115.21, 113.60, 113.34, 104.62, 70.73, 67.25, 58.55,
46.32. HRMS (m/z): [M+H]" caled for C2:H24N30,, 362.1863; found, 362.1865.

M 2,7-Dibromo-9-(dicyclopropylmethyl)-9H-carbazole (11-
. Br 29a). 2,7-Dibromocarbazole (II-13) (1.54 g, 4.74 mmol) and
1293 NaH (246 mg, 6.16 mmol) was dissolved in DMF (23.7 mL) at
0 °C. After stirring at room temperature for 30 min, compound
(bromomethylene)dicyclopropane (II-28a) (1.66 g, 9.48 mmol) was added to the
mixture and stirred at room temperature for 12 h. The reaction was quenched with
addition of H>O and diluted with EtOAc. The organic layer was washed with brine,
dried over MgSQOs, and concentrated in vacuo. The residue was purified by flash
column chromatography (n-hexane/EtOAc = 50:1) to give compound II-29a (1.56
g, 79%, white solid). "H NMR (400 MHz, CDCls): & 7.87 (d, J = 6.2 Hz, 2H), 7.54
(d,J=0.9 Hz, 2H), 7.36 (dd, J = 1.0, 6.2 Hz, 2H), 5.45-5.35 (m, 1H), 5.05-4.99 (m,
1H), 4.21-4.18 (m, 2H), 2.52-2.47 (m, 2H), 1.36-1.28 (m, 1H), 0.69-0.62 (m, 2H),
0.26-0.23 (m, 2H); '*C NMR (100 MHz, CDCl5): § 141.23, 137.42, 123.15, 122.52,
121.37,121.18, 119.68, 112.13, 43.37, 31.72, 13.58, 6.52.

NN 2, 7-Dibromo-9-(nonan-5-yl)-9H-carbazole (I1-29b).

N
B'B’ Compound I1-29b (656 mg, 95%, white solid) was prepared

1I-296 according to the procedure described for the synthesis 11-29a.

'H NMR (400 MHz, CDCL): § 7.93 (d, J = 7.8 Hz, 2H), 7.73 (d, J = 6.8 Hz, 1H),
7.58 (d,J = 7.0 Hz, 1H), 7.39-7.36 (m, 2H), 4.48-4.41 (m, 1H), 2.25-2.22 (m, 2H),
1.99-1.92 (m, 2H), 1.32-1.19 (m, 6H), 1.00-0.97 (m, 2H), 0.81 (t, J = 7.2 Hz, 6H);
13C NMR (100 MHz, CDCL): & 122.59, 122.35, 121.44, 119.74, 114.49, 112.11,
57.07,33.28, 28.95, 22.42, 13.84.
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@/ 2,7-Dibromo-9-(1-phenylethyl)-9H-carbazole (11-29c¢).

Compound I1-29¢ (754 mg, 91%, white solid) was prepared

Br
according to the procedure described for the synthesis 1I-29a.

11-29¢

'H NMR (400 MHz, CDCL:): § 7.95 (d, J = 8.3 Hz, 2H), 7.46
(d,J = 1.5 Hz, 2H), 7.42-7.36 (m, 5H), 7.33-7.29 (m, 2H), 6.00 (g, J = 7.1 Hz, 1H),
2.03 (d, J = 7.2 Hz, 1H); *C NMR (100 MHz, CDCl): § 140.85, 139.57, 128.96,
127.88, 126.39, 122.86, 121.93, 121.47, 119.66, 113.47, 52.86, 17.51.

@\(\/ 2,7-Dibromo-9-(1-phenylbutyl)-9H-carbazole (11-29d).
Compound I1-29d (573 mg, 82%, white solid) was prepared

Br
according to the procedure described for the synthesis I1-29a.

11-29d

'H NMR (400 MHz, CDCL): & 7.89 (d, J = 8.3 Hz, 2H), 7.46
(d,J = 1.3 Hz, 2H), 7.33-7.24 (m, 7H), 5.74 (q, J = 5.2 Hz, 1H), 2.61-2.51 (m, 1H),
2.48-2.40 (m, 1H), 1.34-1.22 (m, 1H), 1.06-1.04 (m, 1H), 0.89 (t, J = 7.2 Hz, 3H);
13C NMR (100 MHz, CDCls): § 141.27, 139.26, 128.86, 127.79, 126.55, 122.82,
121.71, 121.42, 119.65, 113.50, 57.65, 33.61, 20.07, 13.94.

©\/\W 2,7-Dibromo-9-(1-phenyldecyl)-9H-carbazole (11-29¢).
! Compound II-29¢ (317 mg, 38%, white solid) was prepared
BrBr according to the procedure described for the synthesis I1-29a.
"H NMR (400 MHz, CDCl5): § 7.78 (d, J = 8.3 Hz, 2H), 7.48

(d,J = 1.2 Hz, 2H), 7.26 (dd, J = 1.6, 8.3 Hz, 2H), 7.20-7.09 (m, 5H), 5.65 (q, J =
5.2 Hz, 1H), 2.57-2.47 (m, 1H), 2.43-2.35 (m, 1H), 1.36-0.99 (m, 13H), 0.97-0.88
(m, 1H), 0.82 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz, CDCls): & 141.44, 139.46,

128.95,127.90,126.71, 122.99, 121.87, 121.56, 119.89, 113.66, 58.01, 32.02, 31.57,
29.62,29.50, 29.49, 29.41, 26.76, 22.87, 14.37.
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M 9-(Dicyclopropylmethyl)-9H-carbazole-2,7-diamine  (II-

M NHZ 30a). Compound I1-30a (139 mg, 56%, yellowish white solid)
1-30 was prepared according to the procedure described for the
synthesis II-16a. "H NMR (400 MHz, DMSO-ds): 8 10.63 (s, 6H), 8.24 (d, J = 6.2
Hz, 2H), 7.67-7.64 (m, 2H), 7.25 (dd, J = 1.2, 6.2 Hz, 2H), 5.51-5.44 (m, 1H), 4.91—
4.85 (m, 1H), 4.35-4.31 (m, 2H), 2.46-2.41 (m, 2H), 1.28-1.19 (m, 1H), 0.53-0.48
(m, 2H), 0.08-0.05 (m, 2H); °*C NMR (100 MHz, DMSO-de): 5 140.89, 137.16,
130.69, 123.58, 121.99, 121.29, 114.83, 104.79, 43.25, 31.59, 13.70, 6.56. HRMS

(m/z): [M+H]* calcd for C19H2,N3, 292.1808; found, 292.1817.

MM 9-(Nonan-5-yl)-9H-carbazole-2,7-diamine (11-30b).

N
”2NNH2 Compound I1-30b (71.0 mg, 69%, yellowish white solid) was

Il-306 prepared according to the procedure described for the

synthesis TI-16a. 'H NMR (400 MHz, CDCls): & 7.71-7.66 (m, 2H), 6.77 (s, 1H),
6.59-6.53 (m, 3H), 4.33-4.26 (m, 1H), 3.72 (s, 4H), 2.24-2.14 (m, 2H), 1.88-1.79
(m, 2H), 1.31-1.12 (m, 6H), 1.09-0.97 (m, 2H), 0.77 (t, J = 7.2 Hz, 6H); 3C NMR
(100 MHz, CDCL3): & 143.89, 143.52, 143.24, 119.78, 119.58, 117.34, 115.96,
108.05, 97.75, 94.93, 56.21, 33.26, 29.13, 22.63, 14.00. HRMS (m/z): [M+H]" calcd

for Ca1H30N3, 324.2434; found, 324.2439.

@\( 9-(1-Phenylethyl)-9H-carbazole-2,7-diamine  (1I-30c).
Compound II-30¢ (62.5 mg, 48%, yellowish white solid)

H,N NH2
was prepared according to the procedure described for the

11-30c

synthesis II-16a. '"H NMR (400 MHz, DMSO-ds): & 7.51 (d,
J =8.2 Hz, 2H), 7.31 (dd, J = 6.6, 8.1 Hz, 2H), 7.27-7.19 (m, 3H), 6.47 (d, /= 1.9
Hz, 2H), 6.39 (dd, J = 1.8 Hz, 8.1 Hz, 2H), 5.81 (q, J = 7.1 Hz, 1H), 4.89 (s, 4H),
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1.91 (d,J = 7.1 Hz, 3H); *C NMR (100 MHz, DMSO-ds): 5 145.58, 141.50, 140.88,

128.42, 126.88, 126.16, 118.78, 114.45, 107.42, 94.82, 51.33, 17.48. HRMS (m/z2):
[M+H]" caled for C20H2oN3, 302.1652; found, 302.1651.

@N 9-(1-Phenylbutyl)-9H-carbazole-2,7-diamine  (11-30d).

N Compound II-30d (122 mg, 93%, yellowish white solid) was

prepared according to the procedure described for the

11-30d

synthesis II-16a. "H NMR (400 MHz, DMSO-d;): § 10.23 (s,
6H), 8.28-8.23 (m, 2H), 7.77-7.55 (m, 2H), 7.37-7.29 (m, 5H), 7.21-7.15 (m, 2H),
6.02 (d, J = 4.9 Hz, 1H), 2.63-2.60 (m, 2H), 1.21-0.86 (m, 2H), 0.88 (t,J = 5.3 Hz,
3H); *C NMR (100 MHz, DMSO-ds): 8 140.84, 140.02, 131.04, 129.23, 128.05,
126.98, 122.04, 121.63, 115.04, 105.74, 57.66, 33.13, 19.87, 14.07. HRMS (m/z):

[M+H]" caled for C22H24N3, 330.1965; found, 330.1967.

©\/\H/ 9-(1-Phenyldecyl)-9H-carbazole-2,7-diamine  (I1-30e).
7

N Compound I1-30e (53 mg, 67%, yellowish white solid) was

HZNNHZ
prepared according to the procedure described for the

11-30e

synthesis II-16a. 'H NMR (400 MHz, CD;OD): 6 8.37 (d, J = 7.7 Hz, 2H), 7.77—
7.66 (m, 2H), 7.36-7.29 (m, 7H), 6.15-6.11 (m, 1H), 2.70-2.66 (m, 2H), 1.38-1.14
(m, 13H), 0.93-0.89 (m, 1H), 0.84 (t, J = 6.8 Hz, 3H); *C NMR (100 MHz, CD;0D):
o 142.58, 140.79, 130.26, 130.02, 128.90, 127.86, 124.07, 123.43, 115.69, 106.92,
59.44, 32.96, 32.47, 30.52, 30.43, 30.41, 30.24, 27.81, 23.64, 14.44. HRMS (m/z):
[M-+H]" caled for CasH36N3, 414.2904; found, 414.2911.
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3. Mutagenicity assay

Mutagenicity assay was conducted using a commercial assay kit (XEA10-210-1-
S1-P; Xenometrix, Switzerland). The bacterial strains used were histidine-requiring
frame-shift mutants (TA98) or base-pair substitution mutants (TA100) of Salmonella
typhimurium LT-2.%® The bacteria were exposed twice to six different concentrations
(4 to 5000 uM) of the test samples, once with S9 mix, which was obtained from rat
liver for metabolic activation purpose, and the other without S9, for 90 min in a
medium containing sufficient amount of histidine to support approximately two cell
divisions. As positive controls, the bacteria were treated with 2-aminoanthracene (2-
AA) in the presence of S-9 mix or with 4-nitroquinoline N-oxide (4-NQO) and 2-
nitrofluorene (2-NF) in the absence of S9.67 As a negative control, the bacteria were
treated with DMSO. After exposure, the cultures were diluted in a pH indicator
medium lacking histidine, and aliquoted into 48 wells of a 384-well plate. Within
two days, cells that have undergone reversion to histidine prototrophy would grow
into colonies. Bacterial metabolism reduces the pH of the medium, changing the
color of that well. The number of wells containing revertant colonies were counted
for each dose and compared with that in the negative control. Assays for each dose
were performed in triplicate to allow statistical analysis. If the ratio of the number
of revertant colonies in a sample to that in the negative control is more than 3, the

sample is regarded mutagenic.
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Chapter III. Development of Potent HCV NS5A

Inhibitors Containing a Fluorene Skeleton
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I. Introduction

The HCV is a major pathogen of humans worldwide. Infection with HCV can
become chronic in 60—80% of patients, and a significant number of them develop
liver cirrhosis or even hepatocellular carcinoma.!? An estimated 71 million people
are chronically infected with hepatitis C globally , and every year approximately 0.4

million people die from it."?

Currently, no vaccine is available for hepatitis C, however, treatment with DAAs
that directly target HCV viral proteins have achieved >95% SVR rate without
noticeable side effects.®” The WHO aims to eliminate HCV by 2030, but this task is
challenging. First, DAAs do not induce protective immunity, so after patients are
cured, they can be re-infected.”® Second, only an estimated 20% of patients are aware
of their infection, so the number of patients to be treated is huge.”! Most importantly,
treatment using DAAs is not always applicable; its effectiveness can be limited to
specific HCV genotypes, restricted by the patient’s treatment history, and useless for

patients who have developed cirrhosis.

Recently, we reported several fluorene compounds as potent NSSA inhibitors
containing a proline residue showing remarkable antiviral activities against HCV
GT-1b and GT-3a.®! Through in vitro assays, we revealed that introducing (R)-OH
group at C4 position of the proline residue could enhance inhibitory effect on
mutated proteins. This enhancement seems to be the result of additional hydrogen
bonding between the (R)-OH group and mutated NS5A according to in silico studies.
Despite excellent antiviral activities, a representative compound displayed poor oral

bioavailability and toxicity during PK study (see details in Appendix), therefore, we
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have explored to develop new fluorene compounds equippd with not only high
efficacy in in vitro assays, but also adequate in vivo properties. Herein, we describe
our studies toward development of a series of NS5A inhibitors embedding the

fluorene core structure connected with 4-substituted proline or imidazole.

I1. Results and Discussion

1. Preparation of HCV NS5A inhibitors

For the development of potent NS5A inhibitor, a total of 25 fluorene containing
molecules were synthesized. Synthetic routes for compounds II1-2—6 are depicted in
Scheme III-1. Two butyl groups were introduced through Sx2 reaction on compound
I11-1 to give compound III-2. The nitro groups of compound I1I-2 was converted to
amino groups from treatment with hydrazine in the rpesence of iron oxide
nanoparticles as published in our previous report** to afford compound III-3. Amide
coupling of compound III-3 with the corresponding N-Boc-4-X-L-Pro gave
compounds IIl-4a—4k. Compounds III-5a-5k were obtained through Boc
deprotection followed by amide coupling between the proline residue and

phenylglycine-carbamate (Phg cap).
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n-1 III 2 m-3

0 o 0
HOJ\/NHCOZMe \o—< Ph Ph }—o/

H HN— NH
I—-—NBoc n ' n BocN-\ L _>=°H HO
OO G e OO0 G
ll-4a-k Il-5a-k

Scheme III-1. Synthesis of compounds III-5a—k. Reagents and conditions: (a) Cs,COs3, 1-
iodobutane, DMF, 0 °C to 25 °C, 18 h; (b) Fe304, hydrazine monohydrate, EtOH, reflux, 2 h;
(c) COMU, DIPEA, DMF, 25 °C, 12 h; (d) TFA, DCM, 25 °C, 1 h; (¢) COMU, DIPEA, DCM,
25°C, 12 h.

A series of non-symmetric molecules embedding diamide structure were
synthesized accorduing to Scheme III-2. Only one nitro group of compound III-2
was reduced by treatment with Pd/C under H, atmosphere to afford compound III-
6. As shown in the Scheme I1I-1, N-Boc-4-X-L-Pro and Phg cap were introduced
sequentially to give compounds III-8a—8c¢. The remaining nitro group was converted
to an amino group and the resulting amine compounds were converted to compounds
I11-9a-9¢ via amide coupling with N-Boc-4-Y-L-Pro. After Boc deprotection,

introducing Phg cap gave compounds I11-10a—10e.

Boc

HO' > HOJK/NHCOZMe o—<_>=
X
-2 —Q S . — r—NBocH NO. OH
HaN Q. NO, b x g XI:\Z\\\S)N Q.O NO,

-6 l-7a-c lll-8a-c
Boc 0,
\ /
o N HOJK,NHCOZMe °_< Ph NZ_O
L Wz o
Ten . BocN c,d N 4 ' 4 N—
W OOy L OO
o o
-9a-e l-10a-e

Scheme III-2. Synthesis of compounds ITI-10a—e. Reagents and conditions: (a) Pd/C, H»
MeOH, 25 °C, 2 h; (b) COMU, DIPEA, DMF, 25 °C, 12 h; (¢) TFA, DCM, 25 °C, 1 h; (d)
COMU, DIPEA, DCM, 25 °C, 12 h; (e) Fe304, hydrazine monohydrate, EtOH, reflux, 2 h.
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Synthesis of imidazole-containing inhibitors are described in Scheme III-3.
Compound III-11 was converted to compound III-12 via alkylation and iodination.
Transformation of the nitro group of III-12 through reduction and benzyl protection
gave compound III-13. a-Chloro group was introduced from the treatment of
Grignard reagents (III-14) and the resulting compound was converted to III-15a—
15¢ via Sx2 reaction with 4-substituted proline. Imidazole ring construction (III-
16a—16¢) was performed from the treatment of NH4OAc, and resulting compounds
were transformed to III-17a-17c¢ via Boc deprotection and amide coupling
sequentially. After benzyl deprotection of III-17a—17c, amide coupling of the
resulting free amine gave III-18a—18j and introducing Phg cap was carried out via

Boc deprotection and amide coupling (III-19a—-19j).

n-11 m-12 m-13 n-14

/x> HOJJ\E/NHCOZMe /x>
[o] ; NBoc A ; N \_
—_— HN T
BN Q.O o;jt\x B BN Q. \‘\N(‘ i (BmzN HN-(
o

n-15a-c li-16a-c li-17a-c

Boc

N _/ )K/Nucozm o—( -~
) \ HO N) \_

™ I—-—NBocH Q.O \ N HN—< hi Y\\\\( Q'O \ N d HN—<

-18a-j -19a-j

Scheme III-3. Synthesis of compounds III-19a—j. Reagents and conditions: (a) Cs2CO;3, 1-
iodobutane, DMF, 0 °C to 25 °C, 18 h; (b) I, NaNO,, conc. H2SO4, ACOH, 25 °C to reflux,
1 h; (c) Fe304, hydrazine monohydrate, EtOH, reflux, 2 h; (d) NaHCOs, BnBr, sodium
dodecyl sulfate, H,O, 80 °C, 1 h; (e) i-PrMgCl, 2-chloro-N-methoxy-N-methylacetamide,
THF, 0 °C to 25 °C, 2 h; (f) DIPEA, DMF, 35 °C, 14 h; (g) NH4OAc, toluene, reflux, 12 h;
(h) TFA, DCM, 25 °C, 1 h; (i) COMU, DIPEA, DCM, 25 °C, 12 h; (j) Pd/C, H,, MeOH,
25 °C, 1 h; (k) COMU, DIPEA, DMF, 25 °C, 12 h.
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2. SAR studies

2.1. Introducing 4-substituted proline with hydrogen bonding donor

According to our previous report,®! the (R)-OH group at C4 position of the proline
residue (III-5a) acts as hydrogen bonding donor and this additional interaction
appears to be the basis for the efficacy enhancement. From our continued efforts to
develop more potent NSS5A inhibitor, we introduced another hydrogen bonding
donor at the C4 position of proline. The antiviral activities (ECsy) of several
compounds containing potential hydrogen bonding donor, against HCV GT-1b, GT-
2a, GT-3a, and GT-1b containing RAVs such as L31V, Y93H, and L31V+Y93H are
listed in Table III-1. Introducing (S)-OH group at the C4 position of proline (ITI-Sb)
gave similar inhibitory activities against GT-1b, GT-2a, and GT-3a. However,
inhibition was lowered on RAV L31V+Y93H. Therefore, we explored another
hydrogen bonding donor containing a nitrogen atom with (R) configuration.
Unfortunately, (R)-NH, group (III-5¢) showed very low antiviral activities, and
other inhibitors containing a nitrogen group at the C4 position of proline (III-5d,e)
didn’t show their effectiveness. From low antiviral activity of inhibitors, which
contain hydrogen bonding donor at C4 position, we presumed that hydrogen bond

might not be a crucial factor to increase antiviral activity.
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o 0
%4 o d
NH

HN—

o) (o}
OO

ECS()a (HM)
RAV of GT-1b
Entry X GT-1b GT-2a GT-3a
L31V Y93H  L31V+Y93H
OH
II1-5a ¥~ 0.029 35 0.13 0.025 0.029 0.058
w
OH
I1-5b % 0.034 1.5 0.35 0.0062 0.26 10
NH,
I1-5¢ ?‘X@ > 00 >100 >1.0
NHMs
1-5d ?LX@ 0.088 0.77 0.17 0.15 1.3 >2.0

II1-5e %X@ 1.0 17 2.1

Table ITI-1. Antiviral activities (ECso) of compounds IIT-5a—e.
*The ECso values were measured in triplicate and display mean.

2.2. Introducing 4-substituted proline regardless of hydrogen bonding donor

and configuration

We proceeded further SAR studies with 4-substituted proline regardless of
hydrogen bonding donor property and configuration. Table 111-2 showed other
inhibitors’ inhibitory results. As with compounds I11-5a-5e, compounds 111-5f-5k
have a symmetric structure. Despite the absence of hydrogen bonding donor,
compounds showed around 1 digit nanomolar potency. Compound 111-5k showed
strong inhibition against RAV L31V+Y93H, however, their potencies are definitely

lower compared to compound I11-5a.
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Domain I of NS5A is known as well conserved region across the HCV genotype
and the precedent studies revealed that this region is involved in the biding to NS5A
inhibitor.'2. Due to the homodimeric structure of the domain I, many researchers
have searched C, symmetric or pseudo-symmetric molecules like daclatasvir.
Unfortunately, structural mechanistic basis for RAVs such as L31V, Y93H or
L31V+Y93H still remains unclear. Several models with symmetric binding modes
were suggested,?’2* however, those models can’t fully explain strong inhibitory
effects of nonsymmetrical inhibitors. Numerous reports have been introduced toward
explaining how inhibitors interact with NS5A and certain researches have claimed

asymmetric binding mode between inhibitor and NS5A.%":7

We synthesized a series of inhibitors, which have asymmetric structure with
varrious substituted prolines. Compound I11-10b, bearing (S)-methoxymethyl group
and (R)-OH group respectively, was the most potent compound, whose ECs, value

is 33 pM against RAV L31V+Y93H.
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\0—4 Ph

HN

0
o o
NH

o~

o
N H H N
OHCOAG
ECS()a (HM)
RAV of GT-1b
Entry X % GT-1b GT2a GT3a L31V+
L3IV Y93H
YO3H
OoM OMe
I1-5¢ 7}1@ © ?i@ 0.015 18 1.0 0.0099 0.11 8.5
\/\OMe \/\OMe
I11-5¢ %; o 0.16 28 15 0031 0030 65
F F
I1I-5h fﬁF fﬁF 0.0036 3.3 0.028 <0.10 12
T1-5i ﬁ% ?i% 00033 049  0.034 0.10 9.6 89
}é"(s ?f(s
1115 %D J:> 00075 34 0047 00038 0077  >100
“s) “(s)
OMe OMe
15k % % 00033 0.4 0010 000030 00078 022
OM
I1-10a ?Lﬁ ¢ ﬁH 00026 050 0012 <0010  0.024 2.0
OMe OH
T11-10b ﬁ@\ ] 00079 061 0037 <0010 00048  0.033
F
I11-10c f#F ?i% 0.0076 8.3 74
F G
ml-10d  wF ]i> 0.0064 94 =100
He_(:{.r }7‘(5)
#8
11-10e ﬁ% 4 00033 28 0.024 000060  >10 >10
“(s)

Table I1I-2. Antiviral activities (ECso) of compounds III-5f-10e.
*The ECso values were measured in triplicate and display mean.

2.3. Introducing imidazole ring as a spacer and bioisostere of amide

Strong inhibitory effects of nonsymmetric inhibitors prompted us to design a new

class of inhibitors, which embed a spacer to break the C, symmetry. One amide bond
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was substituted to imidazole, which plays a role as not only a spacer but also a

bioisostere. Although compounds containing the imidazole structure exhibited

relatively weak antiviral activities against RAVs, there was a tremendous increasing

in inhibitory potency against GT-2a, e.g. from nanomolar to 2-digit picomolar range.

This remarkable change was a meaningful result because the genotype 2 is prevalent

in East Asia especially South Korea and Japan.’®

o]
\0—4 Ph _X
N _(‘,2 —
0 HN N
N H T )= 0
SO L
o
ECs" (nM)
RAV of GT-1b
Elltl'y X Y GT—] b GT—2a GT—3a L31V+
L31V  Y93H
Y93H
111-19a ﬁH ﬁH 0.0066  0.036 0045 0049  0.081 190
o)
IM1-19b ﬁH A 00075 0042 0058  0.0032  0.0083 2.4
<SS
I1-19¢ 0.0018  0.014 0032 00081  0.13 170
ﬁh’ }i(s)
I11-19d ﬁﬂ %ﬁ 0.0048 0013 0046 0010  0.10 190
OH
IMI-19¢ ﬁﬂ -ff@ 0.023 0.055 036 016  0.053 14
oM
I-19f ?‘*} ?‘—@\ ® 00098 0056 012 00091  0.026 )
OMe
I11-19¢ ﬁ@\ ﬁ\H 0.016 0.028 047 00074 0016 >10
OH
MI-19n 3 \ ﬁ\ﬂ 0.081 0.094 036 025 0.17 0.44
OMe OMe
T11-19 ﬁ@\ ( 0.011 0.022 027 00056 0012 ~10
OH OH
19 s B 0.19 15 0.52 021 0.060 0.39

Table III-3. Antiviral activities (ECso) of compounds I1I-19a-j.
*The ECso values were measured in triplicate and display mean.
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3. Biological evaluation of compound III-10b

We choose compound I11-10b because it has the most strong inhibitory effect
(ECso: 7.9 pM (GT-1b), 610 pM (GT-2a), 37 pM (GT-3a), <10 pM (L31V-GT-1b),
4.8 pM (Y93H-GT-1b), 33 pM (L31V+Y93H-GT-1b)). Herein, we report several

biological evaluation of compound 111-10b.

3.1. hERG ligand binding assay

To assess potential cardiac toxicity of compound III-10b, we performed the hERG
ligand binding assay, identifying inhibition of potassium ion channel encoded by
hERG gene (Table I11-4).”7 Compared to E-4031 control (ICso = 370 nM),”
compound III-10b (ICsp = >10 uM) was proved to poorly bind to the hERG
membrane. In this assay, general criteria of ICso value to provoke cardiac toxicity is

10 uM. Therefore, compound ITI-10b has rare chance to cause cardiac toxicity.

Compounds ICso®
19b >10 uM
E-4031 37 nM

Table ITI-4. The results of hERG ligand binding assay.
Anhibition of hERG channel binding relative to DMSO control.
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3.2. Microsomal stability

Next, we examine human and rat microsomal stability of compound III-10b
(Table 1II-5). Microsomal stability’”” data enable to predict pharmacokinetics
properties or in vivo efficacy. Compound III-10b showed good stability in

microsomal stability.

Microsomal stability (%)?

Human Rat Mouse

77.8 93.2 91.4

Table I1I-5. The results of microsomal and plasma stability of compound ITI-10b.
*Remaining after 30 min of incubation with each human or rat liver microsomal fractions.

3.3. CYP4s0 enzyme inhibition assay

We displayed CYP4so inhibitory profiles of compound III-10b to evaluate
potential drug-drug interaction®® (Table III-6). Among five CYPiso isozyme,
CYP2C9 was exhitibed strong inhibitory activity (ICso <2 pM) by I11-10b, therefore,
drug—drug interaction between III-10b and drug what is metabolized by CYP2C9

have to be considered.

CYPu4s50 enzyme activity (%)*

Compound
CYPIA2 CYP2C9 CYP2C19 CYP2D6 CYP3A4
10b (uM)* >20 <2 >20 >20 >20
Ket‘(’f/‘o’)'}f‘f"le >100 >100 >100 >100 31.2

Table ITI-6. The results of CYP4so enzyme inhibition assay.
ICso of compound for each CYP4s0 isozymes

5% of control activity for each CYPaso isozymes.
‘Reference compound.®!
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3.5. PK properties of compound III-10b

PK study®* of compound III-10b was performed in rats with the vehicles
consisting of 10% DMSO and 90% of mixture (70% of Peceol, 20% of TPGS, and
10% of PEG400). Compound was administered via IV and PO. However, we colud
not achieve the meaningful PO data (see details in Appendix) because values of
plasma concentration at each time point were located at below of LOQ. We
concluded that extreme low plasma concentration in PO administration is
formulation problem, therefore we conducted another PK study in rats with the
vehicles consisting of 10% DMSO, 5% Cremophor EL, 85% HP-B-CD (20% in H,O,
w/v). In second PK study, PO data were not very clear, but it gave meaningful data

(Figure III-1 and Table III-8).

Plasma pharmacokinetics of 1lI-10b

L1
10000 - = IV (5mpk)
+ PO (10 mpk)

2 -
S, 1000 o
£ T
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S 100 - ‘
2 b
]
X ;
©
E ! .
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o .

1 T T I T I ' I ' T
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Time (h)

Figure III-1. PK profile of compound ITI-10b.
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Parameter IV (5 mg/kg) PO (10 mg/kg)

tmax (h)? 0.6

Cinax (ng/mL)® 16.3
AUC(o_o) (h*ng/mL)" 6435.5 83.0
F (%) 0.2

Table III-7. PK parameters of compound I11-10b.

*The tmax values were measured in triplicate and display mean.
"The Cpax values were measured in triplicate and display mean.
°The AUC values were measured in triplicate and display mean.
4The oral bioavailability was ratio of AUC value for IV and PO.

3.6. PK study of prodrug of Compound III-10b

From PK data of Compound III-5a and III-10b, we concluded that problem of
PK studies such as toxicity and low oral bioavailability are result from low solubility
in biological media. Therefore, we synthesized prodrug of Compound III-10b

(Compound I11-20)

\
0 e
CF3COO _>=0
H3N (s) ,C @\( Q.O S 0
I OO
PN

1-20

Figure III-2. Prodrug of Compound III-10b (Compound I11-20).

PK study of prodrug also performed in rats and vehicles condition was changed to

5% EtOH, 45% PEG400, 50% (50 mM citrate buffer (pH = 3.0)). We tracked
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concentration of Compound III-10b and achieved PK data (Figure III-3 and Table

I11-8). Prodrug of III-10b exhibited still low oral bioavailability (F = 4.44%), PK

study of II1-20 implies that improvement of solubility in aqueous media is strongly

related to higher oral bioavailability.

Plasma pharmacokinetics of I11-20
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|V (5mpk)
® PO (10 mpk)

f o ° - .
] - ® % +
10 I I [ I |
0 2 4 6 8
Time (h)
Figure III-3. PK profile of compound III-20.
Parameter IV (5 mg/kg) PO (10 mg/kg)
tmax (h)? 2.0
Cinax (ng/mL)® 85.4
AUC( ) (h*ng/mL)* 4936.0 832.0
F (%)¢ 44

Table I1I-8. PK parameters of compound ITI-20.

®The tmax values were measured in triplicate and display mean.

"The Cpax values were measured in triplicate and display mean.
°The AUC values were measured in triplicate and display mean.
4The oral bioavailability was ratio of AUC value for IV and PO.
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II1. Conclusion

From our precedent study, we synthesized 25 compounds equipped with 4-
substituted proline. The antiviral potencies of the compounds were tested against
wild-type NS5A and mutated NS5A. Among them, nonsymmetric inhibitor III-10b
exhibited the highest potency against RAV L31V+Y93H. Compound III-10b
showed no cardiotoxicity, moderate microsomal stability, and low drug-drug
interaction possibility. In PK studies, however, III-10b showed extremely low oral
bioavailability (0.2%) even when various formulations were tried. We concluded that
low oral bioavailability issue comes from low solubility of III-10b in aqueous media,
therefore, we synthesized prodrug of III-10b (III-20) and performed another PK
study. The PK study with III-20 exhibited better oral bioavailability (4.4%) but still
on the low side. Based on these results, further investigations are in progress to find

more potent inhibitors not only in in vitro, but also in vivo assays.

IV. Experimental Section

1. Materials

All commercially available reagents and solvents were obtained from commercial
suppliers and used without further purification. All reactions involving reactants,
reagents, or intermediates sensitive to air or moisture were conducted under Ar
atmosphere. *H, *C, and °F NMR spectra were obtained on an Agilent NMR system
400 MHz DD2MRA400 or a Varian NMR System 500 MHz in DMSO-ds, CDCls, or

CDs0D, with TMS used as an internal standard. Multiplicities are indicated by s
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(singlet), d (doublet), t (triplet), q (quartet), p (pentet), dd (doublet of doublet), dt
(doublet of triplet), and ddd (doublet of doublet of doublet). TLC was conducted on

pre-coated silica gel plates (60F-254; Merck KGaA, Germany).

2. Synthesis

Compounds used in this experiment are prepared according to our previous

report® and also characteristic data are included.

3. Cell culture system

The Huh7.5.1 cells were cultured at 37 °C in DMEM (Gibco) containing 10% FBS
(PEAK) and antibiotics (100 U/mL penicillin, 10 pg/mL streptomycin), under
humidified 5% CO conditions.?* G418 (AG scientific) was added at a final

concentration of 300 mg/mL to cell lines carrying HCV replicons.

4. Subgenomic replicon cell lines

Genotype 1b (NK5.1-Gluc) and 3a (S52-Fluc) subgenomic replicons, described in
precedent research,® were modified by addition of Gaussia luciferase which flanked
by 2A peptide or firefly luciferase next to HCV IRES. Genotype 2a (JFH1-Gluc)
subgenomic replicons were generated by replacing NSP region (NS3-NS5B) from
NKS5.1-Gluc to 2a NSP. Replicon DNAs were linearized by Xbal and in vitro
transcribed. The transcribed mixtures were treated with Ambion™ DNase I

(Introgen) and cleaned by using RNeasy kit (RNeasy Mini Kit) according to the
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manufacturer’s instructions. A prepared RNA was introduced into Huh7.5.1 cells as
followed reference. % These cells were selected for 2 weeks in DMEM supplemented
with 500 pg/mL of G418. After selection, survived colonies were picked to 96 well

plate and keep transferred to large scale.

5. Western blot analysis for NS5A expression test

Replicon cell line or replicon RNA transfected Huh7.5.1 cells were washed with
PBS and then lysed with RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.5%
sodium deoxycholate (SDS), 0.1%, 1% Triton X-100), 1 mM phenylmethylsulfonyl
fluoride) for 10 min at 4 °C. Lysates were transferred to e-tube and centrifuged for
10 min (12,000 rpm, 4 °C). Supernatants were separated on 10% SDS-PAGE gel and
gel was transferred to PVDF membrane (Merck millipore), and blocked with 5%
(w/v) dialyzed skim milk and 0.1% Tween-20 in Tris-buffered saline (TBST) for 30
min at room temperature. Membrane was then incubated with primary antibody
(rabbit-anti-NS5A, mouse-anti-a-actin and mouse-anti-GAPDH) in blocking buffer
over night at 4 °C, and washed three times with TBST buffer before incubation with
secondary antibody (anti-rabbit and anti-mouse) in blocking buffer for 2 h at room
temperature. The membrane was washed 3 times again with TBST buffer and
developed by using EZ-Western Lumi Pico Kit (Dogen) according to the
manufacturer’s instrument. Luminescence was detected using in Amersham™

Imager 680 (GE healthcare).
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6. Measurement of in vitro antiviral activity using replicon cell line

The replicon cells were seeded into 12-well plate (5 x 10* cells per well) one day
before compound treatment. 5 different concentration of compounds, which serially
diluted with DMSO and same amount of DMSO (0.1%) were added to DMEM
containing 10% FBS or 5% FBS and 40% human plasma (Sigma Aldrich). Medium
from the seeded replicon cells was changed to the one containing compounds or
DMSO. 3 days later, Gaussia and Firefly luciferase activities were measured by
using Renilla luciferase assay system (Promega) and luciferase assay system
(Promega) each from culture supernatant of cell lysate luminescence were measured
in GloMax™ 20/20 Luminometer (Promega) according to manufacturer’s
instructions. Each obtained luciferase activity was normalized to mock-treated
(DMSO) cells. The ECs was calculated by four parameter logistic of the SigmaPlot

program (Systat Software).

7. In vitro activity against resistance variants

RASs conferring significant fold change to NS5A inhibitors were prepared as
followed reference.® Known RASs in NS5A were introduced into the GT-1b (NK5.1)
replicon using the site-directed mutagenesis. Presence of mutation was confirmed by
sequencing analysis (Solgent). The procedures, used for replicon RNA preparation
and introduction to cell were conducted same as described as above. Transiently
transfected cells were seeded into 12 well plate and treated with compounds after

one day. ECsy was calculated from the luciferase activity as described above.
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8. Microsomal stability assay

The two different liver microsomes (Human, Rat, 0.5 mg/mL), 0.1 M PBS and 1
uM of compound mixture was pre-incubated in 37 °C for 5 min. NADPH
regeneration system solution was then added to mixture and incubated in 37 °C for
30 min. The reaction was terminated by adding chlorpropamide containing
acetonitrile solution and centrifuged (14,000 rpm, 4 °C) for 5 min. The compounds

in the supernatant was analyzed by LC-MS/MS.

9. hERG channel binding assay

The experiment conducted by using hERG Fluorescence Polarization Assay kit
(Invitrogen) according to manufacturer’s instruction. Each 10 uM of compound and
3-fold serially diluted E-4031 (Positive control) were mixed with the hERG channel
containing membrane and fluorescence tracer. 4 h later, dose dependent polarization

levels were measured by Synergy Neo (BioTek) and determined ICs.

10. CYP4s0 inhibition assay

0 and 10 pM of compounds were mixed with human liver microsomes (0.25
mg/mL), 0.1 M PBS and cocktail of 5 different substrates for drug metabolic
enzymes (Phenacetin 50 uM, Diclofenac 10 uM, S-mephenytoin 100 pM,
Dextromethorphan 5 uM and Midazolam 2.5 uM) and incubated for 5 mins in 37 °C.

NADPH generation system solution was added to mixture and incubated for 15 mins
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in 37 °C. Reaction was terminated by adding acetonitrile solution containing
terfenadine and centrifuged (14,000 rpm, 4 °C) for 5 mins. Supernatant was injected
to LC-MS/MS system to evaluate inhibitory effect of compound on drug

metabolizing enzyme.

11. PK test

The plasma PK profile and oral bioavailability of compound were studied in male
SD rats following a single IV and PO, respectively. Five rats for each dose route were
used in the study. Five rats in Group 1 were dosed intravenously at 1 mg/kg and the
rats in Group 2 were dosed orally at 10 mg/kg. Blood samples were collected from
all animals up to 8 hour post-dose. Concentration of compound in the plasma

samples were determined by using LC-MS/MS methodologies
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Chapter IV. Liposomal-Encapsulated NIR
Fluorophore Based on n-Extended Dipolar
Naphthalene Platform and its Imaging Applications

in Human Cancer Cells
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I. Introduction

NIR area has received much attention in the area of fluorescence detection and
bioimaging due to its advantages: less background signal, higher signal-to-noise
ratio, deeper penetration of tissue, etc.*’8°! From these reasons, several NIR
emitting dyes have been developed for the labeling of biomolecules (peptides,
proteins, and others), sensing of biologically important species (metal ions,
microenvironments, biomarkers, and others) and bioimaging of specific organs

(tumor site, blood vessel, and others).%2-%

Recently, we have focused on the development of new fluorophores and molecular
sensing probes based on the functionalized dipolar naphthalene platform (FDNP)
(Figure 1V-1).* The naphthalene-based push-pull type (electron donor-acceptor; D-
A) FDNP has shown unique photophysical properties with advantages in the
molecular sensing and bio-imaging.®>-° In our recent work, a hydrazine sensing
probe based on FDNP was developed, which has a MOM that enhances the

hydrazine sensing ability.%

In this work, we disclose a new NIR fluorophore (DVM-1) based on the
hybridization of FDNP with DCMP,**1% which has been widely used in the
development of NIR-emitting fluorescent probes (Figure IVV-1). We also prepared a
liposomal-encapsulated formulation of DVM-1 (named DVM-1L) for the

bioimaging application within cancer cells.
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Functionalized Dipolar
Naphrhalene PIaIform

@ NC\/.CN .
Dicyanomethylene NC A / %
-4H-pyran /@' i }3‘ W

CHZDCH3 DVM-1L
(Liposomal-encapsulated

@.,-“ - DVM-1 DVM-1)

Figure IV-1. Molecular structures of the FDNP, DCMP, and DVM-1. D: electron donating
group, A: electron withdrawing (accepting) group, R; = functional groups. DVM-1L is
prepared from the DVM-1 through liposomal-encapsulation protocol.

I1. Results and Discussion

1. Preparation DVM-1 and DVM-1L

The DVM-1 was prepared via Knoevenagel condensation reaction between (6-
(dimethylamino)-3-(methoxymethylether)-2-naphthaldehyde (HyP-1)% and 2-(2,6-
dimethyl-4H-pyran-4-ylidene)-malononitrile in the presence of piperidine and acetic

acid (Scheme 1V-1).

HyP-1

Scheme. IV-1. Synthesis of compound DVM-1. Reagents and conditions: (a) 2-(2,6-
dimethyl-4H-pyran-4-ylidene)-malononitrile, piperidine, AcOH, toluene, reflux, § h.

90 :



For the bioimaging applications of DVM-1, we prepared a liposomal-
encapsulated formulation of DVM-1 by using Pluronic F127 (generic name,
poloxamer 407),19210% which is a well-known amphiphilic triblock co-polymer
containing poly-(ethylene glycol) and poly-(propylene glycol) (PEG-PPG-PEG)
(Figure IV-2). DVM-1 and F127 were firstly dissolved in DCM (both substances are
soluble, stock solution: DVM-1 (2 mg/400 uL) and F127 (20 vol %/vol %), and
mixed for the final concentration as a 0.5 mg/100uL DVM-1 within DCM-F127
mixture (9:1, v/v). Through the solvent evaporation under ultrasonication, DVM-1
was encapsulated within the F127 liposome (DVM-1 L) (see the details in

Experimental Section).

Pt
- Pluronic F127 3 M
o o. '/ ,,,,, :
fo“H ﬂ“{o“f = \ )
Free F127 Self-assembly DVM-1L

(Liposomal
encapsulated DVM-1)

Figure IV-2. Schematic illustration for the preparation of DVM-1L.

2. Photophysical Properties of DVM-1 and DVM-1L

First, we measured the absorption and emission spectra of DVM-1 in various
solvents (Figure IV-3). The maximum absorption and emission wavelength range of
DVM-1 is displayed at the 400—550 nm and 550-750 nm, respectively. Due to the
n-extended character, the DVM-1 exhibited emission at a longer wavelength in most
of the solvents compared with HyP-1 (Figure 1V-4). However, DVM-1 showed no

emission in DI H>O and pH buffers (pH 3-12) (Figure IV-5), which appears to be
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caused by low water solubility and its aggregation in aqueous media even in the
presence of the water-soluble MOM moiety. In the photostability assay, both HyP-1
and DVM-1 showed no significant emission changes that represent no light-induced

decomposition of compounds (Figure IV-6).

A broad absorption peak of DVM-1L was observed in the DI H>O (Aabs-max: 450
nm), and a strong emission peak was recorded at the NIR region (600—-800 nm, Aemi.

max: 700 nm) (Figure IV-7).

(a) 0.4 (b) . 300
DVM-1 === CH4CN 5 === CHyCN DVM-1
0.34 = DCM © = DCM
8™ DI H,0 % 001
s s DMF x e DMF
£ 0.2 . iPrOH 2
§ — EtOH g - EtOH
0.1 £
s
0.04 i e 01—
350400450 500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

DCM DMF CH,CN EtOH iPrOH DIH,0

Figure IV-3. (a) UV-Vis absorption and (b) emission spectra of DVM-1 (10 uM) in various
solvents at 25 °C. The emission spectra were obtained in each solvent under excitiation at the
maximum absorption wavelength. (c) A photo for DVM-1 (10 uM) in various solvents under
UV light (365 nm).
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Figure IV-4. (a) UV-Vis absorption and (b) emission spectra of HyP-1 (10 uM) in various
solvents at 25 °C.
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Figure I'V-5. (a, d) UV-Vis absorption and (b, ¢) emission spectra of HyP-1 (10 pM, top) and
DVM-1 (10 puM, bottom) within various pH buffer solutions (pH 3, 5, 7, 7.4, 9, 12) at 25 °C.
The emission was measured under excitation at the maximum absorption wavelength. (c, )
Emission intensity plot of HyP-1 and DVM-1 from panel Figure IV-5b and IV-5e,
respectively.
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Figure IV-6. . Photostability assay of HyP-1 and DVM-1. (a, d) UV-Vis absorption and (b,
e) emission spectra of HyP-1 (10 uM, top) and DVM-1 (10 uM, bottom in EtOH under
continuous UV light (3W, 365 nm) exposure for 70 min at 25 °C. The emission was measured
under excitation at the maximum absorption wavelength. (c, f) Emission intensity plot of
HyP-1 and DVM-1 from panel Figure IV-6b and I'V-6e, respectively. The emission intensity
scale in the y-axis of Figure IV-6e is smaller (10 times) than the Figure IV6-b.
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Figure IV-7. UV-Vis absorption and emission spectra of DVM-1L in DI H,O at 25 °C. Inset
photo: DVM-1L (in DI H,O) under UV light (365 nm). The emission spectra were obtained
under excitation at the maximum absorption wavelength (443 nm).
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3. Bioimaging application of DVM-1L

To explore the bioimaging application of DVM-1L, we performed a CLSM
imaging of cancer cell lines (HeLa, U87MG). As shown in Figures IV-8, each cell
treated with DVM-1L exhibited a bright fluorescence signal in the red channel
within the cytosol of cells. A specifically targeted imaging ability of DVM-1L
toward cellular suborganelles such as mitochondria, endoplasmic reticulum, and
lysosome was not observed. Given that the different kinds of two cells were well
stained, we confirmed that the liposomal encapsulated DVM-1L could enter the cells,
which warrants promising further applications of this formulation within bioimaging

as well as drug-delivery system.
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Bright field Red channel
HelLa
w/o DVM-1L
(control)

Figure IV-8. Representative CLSM images of HeLa (top two rows) and U87MG (bottom
two rows) cells with the treatment of DVM-1L. Cell images were obtained after treating
DVM-1L (0.1%, final concentration within total media volume) to each cell at 37 °C, 5%
incubator for 3 h. Excitation wavelength Acx = 488 nm, detection band filter = 545-700 nm,
cale bar =20 pm.
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US7MG
w/o DVM-1L
(control)
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II1. Conclusion

In this study, we disclosed a new NIR-emitting fluorophore (DVM-1) based on a
n-extended FDNP and their liposomal-encapsulated nanoformulation (DVM-1L) for
the application in bioimaging. The photophysical properties were systematically
analyzed, and a method for the preparation of nano-formulation with F127 polymer
was optimized. CLSM imaging results within human cancer cell lines suggested that
the DVM-1L has potentials in further applications for in vivo imaging of biologically
important species as well as disease-site (cancer, brain, etc.) targeted drug-delivery

system in clinical.

IV. Experimental Section
1. Materials and Methods

The chemical reagents were purchased from Aldrich (US), TCI (Japan), Alfa
Aesar (US), and Acros Organics (US). Commercially available reagents and
anhydrous solvents were used without further purification. DMEM and FBS for cell
culture (U87MG, HeLa) were purchased from Hyclone (Utah, US). Penicillin-
streptomycin for U§7MG, HeLa cell line was purchased from Gibco Industries Inc.
(Auckland, NZ). PBS were purchased from Sigma-Aldrich (St Louis, MO, USA).
The pH range was 3—12, including biological pH (7.4) for the pH screening. The pH
buffers were purchased from Daejung Chemicals & Metals co., LTD (Rep. of Korea).
The cell culture dish (SPL Life Science, #20060, Rep. of Korea) was purchased for
the applications. Chemical reactions were performed under an argon atmosphere.

TLC was performed using pre-coated silica gel 60F-254 glass plates (Merck KGaA,
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Germany). 'H and '*C NMR spectra were obtained on an Agilent 400-MR DD2 (400
MHz). In the NMR spectra, the chemical shifts (d) are reported in ppm with TMS
used as an internal standard; multiplicities are indicated by s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), and m (multiplet). HRMS analysis of the
compounds was conducted using an Ultra High-Resolution ESI Q-TOF mass
spectrometer (Bruker, MA, USA) from the Organic Chemistry Research Center at
Sogang University, Seoul, Korea. LCMS spectra were measured on an Agilent HP
1260 system (Agilent Technologies, Santa Clara, US). Fluorescence images were
visualized by a CLSM (LSM-800, Carl Zeiss, Germany). The hydrodynamic size
and zeta-potential were measured using Malvern Instruments Zetasizer Nano ZS90

(Worcester-shire, UK).

2. Synthesis

The procedures used in the synthesis of compounds are described in Scheme IV-

(E)-2-(2-(2-(6-(dimethylamino)-3-
(methoxymethoxy)naphthalen-2-yl)vinyl)-6-methyl-4H-

pyran-4-ylidene)malononitrile (DVM-1). HyP-1 was

DVM-1 prepared according to the reported procedure.'”® HyP-1
(259.3 mg, 1.00 mmol) and 2-(2,6-dimethyl-4H-pyran-4-ylidene)-malononitrile
(309.9 mg, 1.80 mmol) were dissolved in toluene (10 mL). Piperidine (167 pL, 1
mol%) and AcOH (83 pL, 1 mol%) was added to the solution. The reaction mixture

was refluxed for 8 h. The crude mixture was concentrated in vacuo and diluted with
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EtOAc. The organic layer was washed with brine and dried over by using MgSOs.
The resulting EtOAc solution was concentrated in vacuo. The residue was purified
by flash column chromatography (n-hexane/EtOAc = 7:3) to give DVM-1 (163.8
mg, 40%). '"H NMR (400 MHz, CDCls): 6 7.93 (s, 1H), 7.80-7.75 (m, 2H), 7.40 (s,
1H), 7.25-7.20 (m, 2H), 7.00 (d, /= 16.1 Hz, 1H), 6.72 (d, J = 2.1 Hz, 1H), 6.55 (s,
1H), 5.42 (s, 2H), 3.58 (s, 3H), 3.17 (s, 6H), 2.43 (s, 3H). *C NMR (100 MHz,
Acetone-ds): & 163.44, 160.69, 156.64, 154.00, 150.02, 137.41, 133.90, 129.29,
129.18, 122.21, 121.21, 117.60, 115.02, 114.73, 108.03, 106.14, 105.59, 104.62,
94.63, 55.53, 55.51, 39.61, 18.88. HRMS (m/z): [M+H]" calcd for C,sH24N30s3,

414.1812; found, 414.1813.

2.1. Preparation of DVM-1L

(D Solution preparation: 0.5 mg of DVM-1 was dissolved in 100 puL of DCM.
Individually, 40% F127 stock solution was prepared by liquefying 400 mg of F127

powder in 1 mL of DCM as well.

(II) Liposome formation: 100 puL of 40% F127 solution was added to 0.5 mg/100
pL of DVM-1 in 4 mL vial. The vial was sealed with parafilm, and the mixture was
immediately sonicated for 1 h at 25 °C. After complete removal of DCM during the
ultrasonication, the crude mixture was washed with DI H,O (1 mL, 3 times). The
resulting supernatant (DVM-1 in DI H,O) was collected and analyzed by following

the absorbance and emission. See details in Figure IV-9.
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Figure 1V-9. Schematic illustration for the DVM-1L preparation.

3. UV-Vis and fluorescence spectroscopic analysis

UV-Vis absorption spectra were measured using a spectrophotometer (Agilent
Technologies Cary 8454, US). Fluorescence emission spectra were obtained by a
spectro-fluorophotometer (SHIMADZU CORP. RF-6000, Japan) with a 1 cm
standard quartz cell (internal volume of 0.1 mL, Hellma Analytics, Jena, Germany).
DVM-1 was stored in DMSO (10 mM) as a stock solution. All analysis spectra were
recorded at a concentration of 10 uM. The photophysical property of DVM-1L was

evaluated in aqueous media (DI H,O).
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4. Cell culture

U87MG cell line and HeLa cell line were obtained from the Korean Cell Line
Bank (Rep. of Korea). Cells were cultured in DMEM (Hyclone, US) supplemented
with 10% FBS (Hyclone) and 1% penicillin-streptomycin (Gibco). Cell lines were

kept under humidified air condition, containing 5% CO; at 37 °C.

5. CLSM imaging

Approximately 2 x 10° cells were seeded on 35-mm glass confocal dishes (SPL
Life Science, Rep. of Korea) and incubated for 24 h. At 80% confluency, media was
changed to serum-free media. After 2 h, DVM-1L (0.1% and 1% of 1 mg/mL
supernatant in 1x PBS) was treated to cells for 3 h at 37 °C in an incubator under 5%
CO:. Incubated media was washed three times using DPBS (Dulbecco’s PBS). After
the washing, 4% PFA was added to cells and incubated for 15 min at 4 °C. Then, the
PFA was removed by suctioning and washing with PBS (3 times). CLSM images

were obtained from the prepared samples.
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Chapter V. Articulated Structures of D-A Type
Dipolar Dye with AIEgen: Synthesis, Photophysical

Properties, and Applications
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I. Introduction

Donor-bridge-acceptor (D-n-A, D-A) type dipolar fluorophores have been widely
used as molecular probes and biological tags due to their unique photophysical
properties, such as high quantum yield, environment sensitive emission, high
biocompatibility with photostability, and multi-photon absorption capability.”’- 104-108
To date, many D-A type dipolar dyes have been introduced, including acedan, 4-
amino (or hydroxy)-1,8-naphthalimide, NBD, coumarin, and Cy*"!%-! The
photophysical properties of these fluorophores could be readily tunable by changing

(1) the functional group at donor and acceptor site, (ii) the size of the bridge linker,

and (iii) the physical property; aggregation/disaggregation.

Typically, D-A type fluorophores emit fluorescence in aqueous media and their
fluorescence emission wavelengths depend significantly on the solvent polarity, due
to the ICT character in the excited state.'®!'* In an aggregated form of D-A type
fluorophore (solid state), it generally shows no emission, although the emission
characteristics do change depending on the molecular arrangements in the

aggregated form. !

Unlike the D-A type fluorophores, AIEgens show strong emissions in an
aggregated form (solid state), but no emission is observed in a dissolved form
(solution state).!'? This unique property of AIEgen has been applied in various
research fields and industries.!'” Recently, it showcased in a few cases that the
photophysical properties of AIEgens are manageable, like D-A type fluorophores, by
introducing electron donating and accepting moieties to the AIEgen backbones

through n-conjugation.*-!"®!" However, the synthesis, photophysical properties, and
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practical applications of the articulated structures (no m-conjugation), between D-A

type fluorophore and AIEgen have yet to be fully investigated.

Herein, we have comprehensively studied two compounds; the DA-AIE series
(DA-AIE-M, DA-AIE-D), which have articulated structures of 6-(dimethylamino)-
2-naphthaldehyde (DA) and TPE, as a representative D-A type fluorophore and
AlEgen, respectively (Figure V-1). The DA was linked to TPE via a C-C bond in a
non-conjugated manner; DA-AIE-M: mono-DA-substituted TPE, DA-AIE-D: bis-
DA-substituted TPE. In this study, the photophysical properties of these two
compounds were experimentally characterized within various environments and in
conjunction with quantum chemical calculations. Its unique properties were
demonstrated for the detection of residual DMSO in real water samples with high

sensitivity.

— In this work — Control compounds
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Figure V-1. Chemical structures of D-A type naphthalene-based dipolar dye and
tetraphenylethylene-based AIEgen.
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II. Results and Discussion

1. Material design

First, we chose 6-(dimethylamino)-3-hydroxy-2-naphthaldehyde (Compound V-3)
as a representative D-A type fluorophore, because its hydroxy moiety could be linked
with AIEgen material without disturbing the character of dipolar backbone. The
synthesis and distinguishable applications of Compound V-3 have been presented by
our research group.”®!?'* For an AIEgen material, we chose bromomethyl-
functionalized TPE because it showed a typical property of AlEgen and has been
widely used throughout various research fields.'> !>’ D-A type fluorophore and
AlEgen have shown to exhibit opposite photophysical properties. Compound V-3
and TPE were directly linked via sp® carbon linker (-CH2-) to give DA-AIE-M

(mono-DA-conjugated), DA-AIE-D (bis-DA-conjugated) (Figure V-1).
+ i O | O l» DA-AIE-M
CHO CHO O O
HOOH - MezNO/\O/ - MezNOH

V-2 (DA) v-3

AacS<INN

—> DA-AIE-D

SRS

Scheme V-1. Synthesis of compounds DA-AIE-M and DA-AIE-D. Reagents and conditions:
(a) NaH, DMF, 0 °C to 25 °C, 1 h.
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2. Preparation of compounds

The D-A type dipolar fluorophore (Compound V-3) was prepared from 2,7-
dihydroxy-naphthalene (compound V-1) via four-step synthesis!?® (Scheme V-1); (i)
Bucherer reaction, (ii) MOM protection, (iii) directed lithiation using #-BulLi
(resulting product: Compound V-2), and (iv) MOM deprotection in acidic solution.
Then, the DA-AIE series were produced through the reaction between compound V-
3 and bromomethyl-TPE in the presence of NaH; mono-bromomethyl TPE affording
DA-AIE-M (yield: 58%), bis-bromomethyl TPE affording DA-AIE-D (yield: 30%).
As control compounds, non-conjugated compound DA and AIE-Br were used

(Figure V-1).

3. Spectroscopic studies

The UV-vis absorption and emission spectra of synthesized DA-AIE series were
measured in various solvents, and were compared with those of the control

compounds, as represented in Figure V-2.

Firstly, we observed the maximum absorption and emission wavelengths of DA -
AIE series at 300-450 nm and 400-600 nm (Figure V-2a, V-2b). These optical
properties were similar to a typical feature of D-A type fluorophore; (i) solvent
polarity dependent wavelength shift, (ii) relatively lower emission intensity in polar
solvents, (iii) negligible emission intensity in aqueous media compared with that of
organic solvents, and it was correlated with control compound DA (Figure V-2¢).

Both DA-AIE-M and DA-AIE-D showed a strong emission in aprotic solvents,
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including EtOAc, toluene, THF, and DMSO, but negligibly weak emissions in protic
polar solvents, DI H>O, and PBS. As we expected, the control compound AIE-Br
showed emission in aqueous media (DI H,O, PBS), in an aggregated form, and no
emissions were observed in organic solvents, in a dissolved form (Figure V-2d). The
emission intensity of aggregated AIE-Br in aqueous media was slightly lower than

that of DA in organic solvents.
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Figure V-2. Absorption (left) and emission (right) spectra of (a) DA-AIE-M (10 uM), (b)
DA-AIE-D (10 uM), (c) DA (10 pM), (d) AIE-Br (10 uM), in various solvents at 25 °C. The
emission spectra were obtained in each solvent under excitation at the maximum absorption

wavelength.

The DA-AIE series exhibited optical features that are very similar to D-A type
dipolar dye, not to AIEgen. In addition, we confirmed their aggregate formation by
DLS analysis. The DA-AIE series formed relatively uniformed aggregates, whose
sizes are on a nanometer length scale (d = 248.9 nm and PDI = 0.102 for DA-AIE-
M and d = 403.5 nm and PDI = 0.593 nm for DA-AIE-D) in DI H,O (Figure V-3),

but they were fully dissolved in organic solvents. From the emission property

Rk g

e



monitoring with DLS analysis, we concluded that the DA-AIE series produced an
aggregated form in aqueous media, but the packing of TPE moieties in the aggregates
was not efficient enough to inhibit the rotation-induced non-radiative relaxation of
phenyl rings. In addition, TPE emission of DA-AIE series in the aggregated form
could be quenched in the excited state by closely attaching the DA moieties via a

RET,'® followed by subsequent non-radiative decays of the DA moieties.

w
(3}

w
o

=== DA-AIE-M
=== DA-AIE-D

Intensity (%)
- = NN
il el Bl

o

10 100 1000
Size (nm)

—

Figure V-3. Mean hydrodynamic diameter (intensity distribution) of DA-AIE-M (black line)
and DA-AIE-D (red line) in DI H,O at 25 °C.

The emission properties of the compounds were summarized in two representative
solvents; (i) DI H>O: no emission from the DA-AIE series (aggregated), emission
from AIE-Br (aggregated), and emission from DA (dissolved), (i) DMSO: emission
from the DA-AIE series (dissolved, emission from DA moiety), no emission from
AIE-Br (dissolved), emission from DA (dissolved) (Figure V-4). The UV-vis
absorption intensity of DA-AIE-D (0.26) in water was higher than that of DA-AIE-

M (0.12) at 310 nm due to the two DA moieties in DA-AIE-D.
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Figure V-4. Absorption and emission spectra of DA-AIE-M (10 uM), DA-AIIE-D (10 uM),
DA (10 uM), and AIE-Br (10 uM) in (a) DI H,O, (b) DMSO at 25 °C. Inset photos: each
compound (10 uM) is dissolved in DI H,O and DMSO under UV light (365 nm). The
emission spectra were produced in each solvent under excitation at the maximum absorption
wavelength.

4. Quantum chemical calculation

To understand the molecular conformations and optical properties of the DA-AIE
series, we conducted theoretical calculations for the optimized structures and the
HOMO and LUMO energies (Figure V-5). In the optimized structures, the DA
moieties were folded, so that the DA and TPE moieties were located close to each
other. The side view images clearly showed that the DA moiety was vertically located
in the plane of TPE moiety (Figure V-5b). In such molecular conformations, DA
moieties could disturb the packing of TPE moieties in the aggregates, and thus the

AIE of TPE moieties would not be turned on in aqueous media.
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The optimized molecular structures and the HOMO and LUMO of compounds
were produced (Figure V-5b). In DA-AIE-M and DA-AIE-D, the DA and TPE
moieties are directly linked via sp® carbon linker (-CH2-), and thus the two moieties
individually contributed to the molecular orbitals and the optical properties of DA-
AIE-M and DA-AIE-D. The HOMO and LUMO of DA-AIE-M and DA-AIE-D
are dictated by the DA moieties, and the absorption and emission spectra measured
with DA-AIE-M and DA-AIE-D within various solvents were shown to be very
similar to those of DA (Figure V-2 and Figure V-4). In DA, a relatively large electron
density in the HOMO is located in the donor part (-N(Me),), and in the LUMO, it is
located in the acceptor part (-CHO). DA exhibits the ICT characteristics in the
absorption and emission transitions. DA, DA-AIE-M, and DA-AIE-D showed

almost the same bathochromic shifts in polar solvents (Figure V-2).
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Figure V-5. Quantum chemical calculations for DA-AIE-M, DA-AIE-D, DA, and TPE. (a)
Optimized structures of DA-AIE-M, DA-AIE-D calculated using the DFT calculations. (b)
The HOMO and LUMO orbitals and their energies for the compounds.

5. Proposed mechanism

From the analysis of UV-vis absorption and emission spectra and quantum

chemical calculation, we proposed a mechanism to explain the photophysical

properties of DA-AIE-M and DA-AIE-D with a schematic illustration (Figure V-6).

AIE was not observed in the aggregated form of the DA-AIE series in aqueous media.

That is because the DA moieties could disturb the close packing of TPE moieties,

and thus allowing the phenyl groups in TPE to rotate or vibrate. Additionally, it is
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feasible that the RET from TPE to DA moieties occurs. The emission from the DA
was also found to be quenched and significantly red-shifted because of the hydrogen
bonding interactions in aqueous media (Figure V-4a). The DA-AIE series were found

to form aggregates in aqueous media but show no emission.
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Figure V-6. Proposed mechanism for the photophysical properties of DA-AIE-D in the
aggregated form (in H,O) and dissolved form (in DMSO).

112

LR e

1 =



6. Sensing applications in real water samples

Given that the DA-AIE series exhibit a strong emission in DMSO, we have
evaluated its sensing ability for the detection of residual DMSO in aqueous media
(Figure V-7). First, we monitored the UV-vis absorption change and emission
enhancement of the DA-AIE series in a mixture of DMSO-DI H>O (0-100% DMSO)
(Figure V-7a, V-7b). Significant UV-vis absorption shifts were not observed in the
given media. In the emission spectra, the DA-AIE series showed a strong emission
and hypsochromic shift in the solutions with 70% and 100% DMSO content. The
emission maximum of the DA-AIE series shifted to 527 nm for 70% DMSO and 509
nm for 100% DMSO, which is a representative feature of D-A type dipolar dye. The
large emission intensity was only observed from high contents of DMSO (>70%) in
aqueous media, similar to turn-on fluorescence probes, and it represented that the
quenching effect of DA moiety could be diminished in a certain ratio of organic
solvent. In the low content of DMSO (0-30%), a significant emission enhancement
was also observed from 1% DMSO, and the enhancement factor of DA-AIE-D was
more effective than DA-AIE-M, due to the completely quenched emission properties
of DA-AIE-D at 0% DMSO media (Figure V-7C). The detection limit of the DA-
AIE series was 1.3 ppb for DA-AIE-M and 0.4 ppb for DA-AIE-D, according to the
signal-to-noise ratio above 3 (Figure V-7D). The control compound DA showed a
similar property with the DA-AIE series, but the emission gradually increased
depending on the DMSO ratio with hypsochromic shift (Figure V-7c¢). As expected,
the control compound AIE-Br showed emission in the mixtures with 0—70% DMSO
due to the aggregate formation, and no emission was observed at 100% DMSO

solution (Figure V-7d).
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Figure V-7. Absorbance spectra (A) and emission spectra (B) of (a) DA-AIE-M (10 uM), (b)
DA-AIE-D (10 uM), (c) DA (10 uM), and (d) AIE-Br (10 uM) in DI H,O-DMSO mixture
(0-100%). (C) Enlarged emission spectra of DA-AIE-M and DA-AIE-D in the 0—30% range
of DMSO. (D) The plot of emission intensity of DA-AIE-M (at 501 nm) and DA-AIE-D (at
513 nm), in contrast to the concentration of DMSO (0—0.08 uM) in DI H,O, and measured at
25 °C. The emission spectra were measured under excitation at the maximum absorption
wavelength. The mean value of detection limit (ppb unit) was represented and derived from
triplicate measurement.

In order to further explore the potential use of the DA-AIE series for detecting a
trace of DMSO, we measured the LOD values for DMSO in real water samples; tap
water, bottled water (commercial drinking water), purified water, sea water, river
water, and lake water, by using DA-AIE-D, which was found to be more sensitive
than DA-AIE-M (Figure V-8). The water samples were spiked with a small amount

of DMSO (0-0.625 pM) and then DA-AIE-D was added to monitor the detection
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limit. DA-AIE-D showed a low detection limit (<1.9 ppb) in tap water, bottled water,
and purified water. In the water samples from environmental sources (sea, river, and
lake), DA-AIE-D showed slightly higher LOD values for DMSO (<30.7 ppb), but
the LOD values were still small enough to monitor a trace of DMSO in real water

samples.
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Figure V-8. Detection limit for the DMSO in real water samples. A plot of emission intensity
of DA-AIE-D (10 uM) in tap water, bottle water, purified water, sea water, river water, and
lake water, in the presence of DMSO (0-0.625 uM) at 25 °C. The emission spectra was
measured excitation at the maximum absorption wavelength. The mean value of detection
limit (ppb unit) was represented and derived from triplicate measurement.

115 -
MET



II1. Conclusion

In conclusion, for the first time, we prepared articulated structures of D-A type
dipolar dye with AlEgen. The DA-AIE series were prepared by connecting a
naphthalene-based dipolar dye to a tetraphenylethylene backbone; DA-AIE-M
(mono-DA-substitute), DA-AIE-D (bis-DA-substitute). We systematically analyzed
the photophysical properties of the DA-AIE series with quantum chemical
calculation, and demonstrated its optical properties for detecting a trace of DMSO in
real water samples. We believe our current fundamental study will provide a
foundation for correlated studies on DA type dipolar dyes and AlEgens, and

encourage further applications in various research areas.

IV. Experimental Section
1. Materials

The chemical reagents were purchased from Aldrich (USA), TCI (Japan), and Alfa
Aesar (USA), and Acros Organics (USA). Species used to perform the screening of
metal ions, and amino acid, and hydrazine; AuCls, FeCl,, FeCls, CaCl,, CuCl,, HgCl,
(C2Hs)3PAuCl, CdCl,, NiCl,, NaCl,, PdCl,, KCl, L-Cys, L-GSH, L-Lys, DL-HCYy,
and N;Hs. Commercially available reagents and anhydrous solvents were used
without further purification. Chemical reactions were performed under an argon
atmosphere. TLC was performed on the pre-coated silica gel 60F-254 glass plates
(Merck KgaA, Germany). '"H NMR spectra were recorded on an Agilent 400-MR
DD2 (400MHz) and *C NMR spectra were recorded on a Varian/Oxford As-500

(125 MHz) in the indicated solvent. In the NMR spectra, the chemical shifts () are
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reported in parts per million (ppm) and TMS was used as an internal standard.
Multiplicities are indicated by s (singlet), d (doublet), dd (doublet of doublet), and
m (multiplet). Coupling constants were reported in Hz. HRMS of the final
compounds were further confirmed by Ultra High Resolution ESI Q-TOF mass
spectrometer (Bruker, USA), from the Organic Chemistry Research Center at

Sogang University, Rep. of Korea.

2. Synthesis

The procedures used in the synthesis of compounds are described in Scheme V-1.
Compound V-3 was prepared by following the existing methods (4 step synthesis

from naphthalene-2,7-diol).!?®

CHO 6-(dimethylamino)-3-((4-(1,2,2-
Me,N

© O O triphenylvinyl)benzyl)oxy)-2-naphthaldehyde
O (DA-AIE-M). NaH (13.9 mg, 0.348 mmol) and

DA-AIE-M compound V-3 (50.0 mg, 0.232 mmol) were
dissolved in DMF (0.77 mL). The reaction mixture was stirred for 30 min at 0 °C.
Then, (2-(4-(bromomethyl)phenyl)ethene-1,1,2-triyl)-tribenzene (108.6 mg, 0.255
mmol) was added, and the mixture was stirred for an additional 1 h at 25 °C. The
crude reaction mixture was quenched by adding DI H,O and diluted with EtOAc.
The organic layer was washed with DI H,O, dried MgSOs, and concentrated in vacuo.
The residue was purified by flash column chromatography (n-hex/EtOAc = 9:1) to
produce the DA-ATE-M (75.2 mg, 58%, yellowish green solid). '"H NMR (400 MHz,

DMSO-de): 8 10.32 (s, 1H), 8.15 (s, 1H), 7.82 (d, /= 9.1 Hz, 1H), 7.32 (J = 8.0 Hz,
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2H), 7.22 (s, 1H), 7.14-7.09 (m, 10H), 7.05-6.96 (m, 8H), 6.80 (d, J = 2.5 Hz, 1H),
5.20 (s, 2H), 3.07 (s, 6H); *C NMR (125 MHz, CDCl): § 189.66, 157.74, 150.86,
143.75, 143.73, 143.71, 143.70, 141.46, 140.63, 139.94, 134.74, 131.68, 131.44,
131.41, 131.38, 130.84, 130.82, 127.83, 127.77, 126.72, 126.64, 126.62, 126.58,
122.39, 120.96, 114.53, 105.50, 104.22, 70.18, 40.42. HRMS (m/z): [M+Na]" calcd
for C40H33NNaO,, 582.2404; found, 582.2404.

CHO (E)-3,3-((((1,2-diphenylethene-1,2-
Mot O | divl)bis(4,1-

naphthaldehyde) (DA-AIE-D). DA-AIE-D (22.5 mg, 30%, 115 yellowish green

phenylene))bis(methylene))bis(oxy))-
bis(6-(dimethylamino)-2-

solid) was prepared according to the procedure described for the synthesis DA-AIE-
M. '"H NMR (400 MHz, DMSO-dc): 6 10.31 (d, J=3.2 Hz, 2H), 8.14 (d, /= 3.5 Hz,
2H), 7.81 (dd, J=6.1,9.2 Hz, 2H), 7.31 (d, /= 7.9 Hz, 4H), 7.21 (s, 2H), 7.15-6.97
(m, 16H), 6.80 (s, 2H), 5.17 (d, J = 12.0 Hz, 4H), 3.05 (d, J = 8.2 Hz, 12H); 1*C
NMR (125 MHz, CDCls): 6 189.71, 157.77, 150.89, 143.60, 141.00, 139.97, 134.82,
131.69, 131.45, 131.39, 130.87, 130.78, 127.93, 127.86, 126.84, 126.75,
122.41,112.96, 105.60, 105.53, 104.24, 70.19, 40.45. HRMS (m/z): [M+Na]" calcd

for C54H46N2NaO4, 809.3350; fOllIld, 809.3348.
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3. UV-Vis absorption and fluorescence assay

UV-Vis absorption spectra were obtained using a spectrophotometer (Agilent
Technologies Cary 8454, USA). Fluorescence emission spectra were recorded on a
spectro-fluorophotometer (SHIMADZU CORP. RF-6000, Japan), with a l-cm
standard quartz cell (internal volume of 1 mL, 108-000-10-40 (10 mm), 108-F-10-
40 (10 x 4 mm); Hellma Analytics, Germany). The stock solution of each compound
(10 mM) was prepared by dissolving it in DMSO. Absorption and emission spectra
were recorded with 10 uM of each compound, in various solvents at 25 °C. To
measure the emission spectrum, the sample solution was excited at the maximum

absorption wavelength.

4. Quantum chemical calculations

All calculations were carried out using the DFT and time-dependent DFT methods
with the B3LYP-D3 functional and 6-31G(d) basis set that is implemented in the
Gaussian 16 package'*. We calculated the optimized structures, electronic energies,
frontier orbitals (HOMO and LUMO), national transition orbitals (NTOs), electronic
absorption spectrum, and emission spectrum. For solvation, we used the integral

equation formalism polarizable continuum (IEF-PCM) model.
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5. Sensing applications in real water samples

Real water samples were collected: (i) tap water (Kyung Hee University, College
of Medicine Building, Seoul, Rep. of Korea), (ii) commercial bottled drinking water
(Jeju Samdasoo, 500 mL bottle, Rep. of Korea), (iii) purified drinking water (Kyung
Hee University, College of Medicine Building, Seoul, Rep. of Korea), (iv) sea water
(Oido, Yellow Sea, Gyeonggi-do, Rep. of Korea), (v) river water (Han-river, Seoul,
Rep. of Korea), and (vi) lake water (Jemyoung lake, Seoul, Rep. of Korea). The real
water samples were spiked with DMSO and used for the analysis without further

purification.
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Chapter VI. AIEgen-Based Nanoprobe for the ATP
Sensing and Imaging in Cacncer Cells and

Embryonic Stem Cells
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I. Introduction

ATP is a biological molecule that plays essential roles in cells such as the primary
carrier of energy, intracellular signaling, DNA/RNA synthesis, amino acid activation
in protein synthesis, immune response, and etc.’*''3 ATP is produced in the
mitochondria, and the change of ATP concentration leads to the critical influence of
mitochondrial function. Previous studies have disclosed the close correlation
between ATP and diseases such as cancer, neurodegenerative diseases, ischemia, and
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hypoglycemia.

Due to the importance of ATP, several analytical methods to monitor ATP have
been developed based on mass spectrophotometry, Raman scattering, and optical
response.'*” 1 Among them, luminescence-/fluorescence-based sensing systems
have gained great attention because of their simple operation process, intuitive signal
response, high sensitivity, selectivity, and biocompatibility.'?*'*"147 Currently,
several ATP monitoring systems, based on luminescence (luciferin-luciferase)'#¥15°
and fluorescence (genetically-encoded fluorescent sensors),'>!"13* are actively used
in biological studies, and some of these are commercially available.!>*!5> Although

such systems are efficient and useful, developing a small organic fluorescence probe

for the ATP is needed in terms of ease-of-use and for a wide range of applications.

The development of fluorescence sensing systems (probes) for ATP is a very
challenging task because there are numerous molecules with similar structures in the
biological system, such as AMP and ADP. To develop a new fluorescent probe
without the selectivity issue, scientists have proposed several approaches targeting

the components of ATP (Figure VI-1a); (i) Electrostatic interaction: negatively-
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charged triphosphate moiety could allow for an interaction with a positively-charged
one such as triamine. The triamine-functionalized rhodamine derivatives showed an
off-on emission change by electrostatic interaction-induced spirolactam ring-
opening.'3¢163 (ii) n-n stacking interactions: aromatic molecules could interact with
the adenine base. Some aromatic fluorophores-containing probes have been
reported.!®*1%® (iii) Chemical bond formation: arylboronic acid could make a
chemical bond with vicinal diols in the ribose. Arylboronic acid-containing
fluorescent probes were also reported.'®!"! Hybrid approaches based on the metal-
fluorophore complex, using electrostatic interaction and m-m stacking interaction
were also proposed.'”>!7" The fluorescence is quenched by metal ion and recovered

via metal-ATP interaction.

Recently, new ATP sensing approaches based on AIE have been reported.'’8 182

AlEgen is non-emissive in a dissolved form due to the free rotation-induced non-
radiative decay pathway, and the emission is recovered in an aggregated-form, which
produces restrictive motions of the intramolecular.*®!133-185 The AIEgen-based
approaches for the ATP sensing could be categorized into two (Figure VI-1b); (i)
Emission enhancement via aggregation of single AIE molecules (dissolved-form) by

electrostatic interaction with ATP in aqueous media.!”s!1713!

(i1)) Emission
enhancement via metal ion or aptamer displacement from AIE-metal/aptamer
complex to ATP-metal/aptamer complex.'3%18218 Notably, and to the best of our

knowledge, the AIEgen based nanoprobe that senses ATP without supporting metal

ions or aptamer has yet to be reported.

In this study, we disclose a new ATP sensing rationale based on AIEgen nanoprobe

for the first time (Figure VI-1c). The newly synthesized molecule TPE-TA forms an
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aggregated formulation in the buffer (pH 7.4) as a nanoprobe, named AAP-1, which
shows turn-on type fluorescence response toward ATP with (i) a high sensitivity
(0.275 ppb) and selectivity, (ii) fast signal response (<10 s), (iii) mitochondria-
targeted ATP sensing, and (iv) applicability in cancer cells and embryonic stem cells.
We believe that such properties of the fluorescent nanoprobe could be used within

ATP-related biological studies and for clinical applications.

(a) Small Molecular Fluorescent Probes (b) AIE-based Fluorescent Probes

ATP ATP
O = O (ii) n-x stacking interaction —
(i) Electrostatic interaction NH,
Probe Probe i AlEgen (dissolved) AlEgen (aggregated)
(Off-state) (On-state) 2 9 9 </ = ‘ SN (Off-state) (On-state)
HO—$—0—P—0—F—0, i
OH OH oOH |O© N
ATP o X ATP
— — e —
A4 C | ] ATP OH OH Metal ions
Ry
Complex Complex (iif) Arylboronic acid binding AlEgen (aggregated)  AlEgen (aggregated) A'Egechfgg{sga‘“)
(Off-state) (Off-state) {On-state) (Off-state)
(c) Current Work: AlE-based Fluorescent Nanoprobe
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Figure VI-1. ATP sensing approaches using (a) small molecular fluorescent probes and (b)
AlE-based fluorescent probes. (c) Current work: AIE-based fluorescent nanoprobe, TPE-TA
(aggregation form: AAP-1), and its schematic illustration of the working mechanism. Purple
arrow: n-m stacking interactions. Red arrow: electrostatic interactions.
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II. Results and Discussion

1. Material design

The ATP sensing probe (TPE-TA) was designed based on a propeller-shaped TPE
luminogen and triamine moiety. Generally, such TPE luminogen showed an off-
emission when dissolved in organic solvents, and an on-emission when aggregated
in aqueous media. In the probe designing step, we expected that TPE-TA had no
emission in aqueous media because it could be dissolved in the aqueous media, due
to the triamine moiety with PET quenching, and the emission was recovered after
making an aggregation with ATP via electrostatic interaction (triphosphate and
triamine) and m-m stacking interaction (TPE and adenine). During the
characterization of TPE-TA, however, we found that TPE-TA existed as a nano-
aggregate in aqueous media like liposome (hydrophobic TPE inside, hydrophilic tri-
amine outside, see DLS measurement below), and had an off-emission of TPE due
to the PET quenching from the triamine moiety. The nano-aggregate was named

AAP-1, a fluorescent nanoprobe, and was applied to the sensing and imaging of ATP.
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2. Preparation of TPE-TA

Compound VI-6, a precursor of TPE-TA, was prepared from the reaction between
compound VI-4 and commercially available compound VI-5 (Scheme VI-1). The

Boc deprotection of compound VI-6 under acidic conditions (TFA) gave TPE-TA.

HO\/\N/\/NHZ (a) HO\/\N/\/NHBoc (b) Na\/\N/\/NHBoc (c) HZN\/\N/\/NHBoc
H Boc Boc Boc

VI-1 Vi-2 VI-3 Vi-4

| D .
O O Br O O n\/\N/\/NHBoc

Boc

VI-5 VI-6

Scheme VI-1. Synthesis of compound TPE-TA. Reagent and conditions: (a) Boc,O, THF,
0 °C to 25 °C, 14 h; (b) diphenylphosphoryl azide, DBU, NaNs, THF, 0 °C to reflux, 2 d; (c)
PPhs, H>0, Et;0, 0 °C to 25 °C, 14 h; (d) Compound VI-4, NaH, DMF, 0 °C to 25 °C 1 h;
(e) TFA, DCM, 25 °C, 1 h.

3. Sensing properties of AAP-1

The sensing properties of AAP-1 (10 mM of TPE-TA, aggregated form) were
demonstrated in pure PBS buffer (pH 7.4). AAP-1 displayed a major absorption peak
in the wavelengths 300-350 nm (Figure VI-2a) with a negligible emission (Figure
VI-2b, bottom). A negligible fluorescence of TPE-TA (dissolved form) was
observed in various organic solvents (Figure VI-3). A viscosity-induced fluorescence
enhancement was not observed (Figure VI-4). Generally, the emission intensity of
the TPE fluorophore is enhanced as viscosity increases, due to the reduced rotational
freedom, but such a tendency did not appear in TPE-TA. This result indicates

significant PET quenching of the triamine moiety toward the TPE fluorophore.

126



0.10 (b) 700

—
)
'

. AAP-1 600 AAP-1 + ATP
e mm— AAP-1 + ATP F
3 s 500
£ 0.06
s 2 400
S 2
$ 0.04- £ 300
o I~
* - 200
0.024 ™
100
0.004 ’ AAP-1
300 350 400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure VI-2. (a) Absorption and (b) emission spectra of AAP-1 (10 uM of TPE-TA) after
adding ATP (3 mM) to PBS buffer (pH 7.4). The spectra were recorded within 10 s after
mixing at 25 °C under excitation at 315 nm. Inset: photos of AAP-1 in the solution before
and after treatment with ATP under UV light (365 nm).
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Figure VI-3. (a) Absorption and (b) emission spectra of AAP-1 (10 uM) in various solvents.
The absorption and emission spectra were recorded within 10 s after mixing of AAP-1 at
25 °C. The emission spectra were measured under excitation at the maximum absorption
wavelength in each solvent.
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Figure VI-4. (a) Absorption and (b) emission spectra of AAP-1 (10 uM) in the mixture of
pH 7.4 (PBS buffer) and glycerol (0—50% glycerol). The absorption and emission spectra
were recorded within 10 s after mixing of AAP-1 at 25 °C. The emission spectra were
measured under excitation at 315 nm.
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Next, we demonstrated the sensing ability of AAP-1 toward ATP. ATP (3 mM)
was added into a solution (PBS buffer, pH 7.4) containing AAP-1 (10 mM of TPE-
TA, aggregated-form), which showed a significant fluorescence enhancement at 464
nm (21-fold) (Figure VI-2b). This result indicated that the PET quenching effect was
reduced due to the interaction between AAP-1 and ATP, and the DLS measurement
was then conducted to confirm these interactions (Figure VI-5a). In the DLS analysis,
the hydrodynamic diameter of AAP-1 (d =359.5 nm and PDI = 0.209) was enlarged
(d=729.5 nm and PDI = 0.275) when it formed a complex (AAP-1+ATP). The size
analysis data indicate that TPE-TA formed homogeneous nano-aggregates in the
sensing solution whose size increased when ATP was bound via electrostatic
interaction and n-w stacking interaction. The interaction of AAP-1 and ATP was also
confirmed by monitoring zeta-potential changes after adding the ATP into the AAP-
1 containing solution. AAP-1 itself has a positive value around +13.76 mV due to
the amine moiety, and it decreased as the ATP concentration increases (Fig. VI-5b).
To investigate the specificity of AAP-1, the emission responses of AAP-1 towards
other anions and biomolecules were monitored under the same conditions, and it
only showed an enhanced emission towards ATP sensing (B in Figure VI-5c) with
no disturbance by structurally similar species such as ADP and AMP. Other
nucleosides (GTP, TTP, UTP, CTP, adenine) did not induce the fluorescence
enhancement of AAP-1. The ATP sensing ability of AAP-1 has been maintained in
the various pHs and a high salt concentration (Fig. VI-5d).We believe that the better
ATP-sensing performance of AAP-1 is derived from the better ATP complex
formation than ADP and AMP via electrostatic interaction (triphosphate in ATP

toward triamine) with n-  stacking interaction (TPE and adenine).
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Figure VI-5. (a) The intensity distribution curves derived from the DLS measurement of
AAP-1 (50 uM of TPE-TA) after mixing ATP (3 mM) with PBS buffer (pH 7.4). (b) Zeta-
potential value of AAP-1, AAP-1+ATP in PBS buffer (pH 7.4). Each mean and standard
deviation was calculated in triplicate. (A) AAP-1 (50 uM), (B) AAP-1 (50 uM)+ATP (30
uM), (C) AAP-1 (50 uM)+ATP (50 uM), (D) AAP-1 (50 uM)+ATP (70 uM), (E) AAP-1
(50 uM)+ATP (90 uM), (F) AAP-1 (50 uM)+ATP (100 uM), and (G) AAP-1 (50 uM)+ATP
(120 uM). The zeta-potential was recorded within 30 s after mixing at 25 °C. (c¢) Emission
intensity plot (peak height at 464 nm) of AAP-1 (10 mM of TPE-TA) after adding various
substrates (1 mM) to PBS buffer (pH 7.4). (A) AAP-1 (10 mM of TPE-TA), (B) ATP, (C)
pyrophosphate, (D) CTP, (E) AMP, (F) TTP, (G) GTP, (H) phosphate, (I) chloride, (J) ADP,
(K) dihydrogen phosphate, (L) UTP, (M) acetate, (N) sulfate, (O) nitrate, (P) bicarbonate, (Q)
adenosine. (d) Emission intensity plot (peak height at 464 nm) of AAP-1 (10 uM) in various
pHs (pH 6, 7, 7.4) in the presence of salts (M—P in Fig. 3d) and ATP (1 mM). The intensity
were measured under excitation at 315 nm. The intensity was recorded within 10 s after
mixing at 25 °C.

In the concentration-dependent assay with ATP (0—3 mM), the fluorescence
intensity of AAP-1 increased, in proportion to the concentration with the detection
limit at around 5 mM (0.275 ppb, Figure VI-6a and 6b). The detection limit was

slightly higher in comparison with any known ATP sensing systems,'*¢'82 but it has
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reliable sensitivity within repeated experiments. Given the higher biological
concentration of ATP (1-10 mM) compared with ADP (1-10 uM), AMP (1-10 uM),
GTP (1-500 uM),'87188 the detection limit of AAP-1 toward ATP is sufficient to
conduct biological studies. Time-course fluorescence changes of AAP-1, in the
presence of ATP, were monitored in a PBS buffer (pH 7.4) with excitation at 315 nm.
Significant fluorescence enhancement of AAP-1 was observed within a few seconds
(<10 s) after adding ATP, and the signal was retained (Figure VI-6¢). Before the bio-
imaging applications, we conducted an additional ATP sensing demonstration within
a cell lysate solution. We prepared the cell lysate solution using HeLa cells
following the protocol.' The emission spectra change of AAP-1 was monitored
after adding the cell lysate solution (30%) in a PBS buffer (pH 7.4) with/without ATP
(3 mM, 5 mM).We observed an enhanced emission of AAP-1 in the cell lysate
containing solution (cell lysate: 6.6-fold, cell lysate with ATP: 7.2-fold (3 mM), 8.0-
fold (5§ mM)) (Figure VI-6d). The solution was transparent, and an auto-fluorescence
issue of the cell lysate was not observed. Considering the biological concentration
of ATP (1-10 mM)), the cell lysate contained below 3 mM of ATP, and the nanoprobe
was able to sense the ATP concentration changes within millimolar concentration

ranges.
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Figure VI-6. (a) Emission spectra of AAP-1 (10 uM of TPE-TA) after mixing ATP (0.5, 1,
2, 3 mM) with PBS buffer (pH 7.4). The spectra were recorded within 10 s at 25 °C under
excitation at 315 nm. (b) A fluorescence intensity plot (peak height at 464 nm) of AAP-1 (10
puM of TPE-TA) with ATP (0-30 uM) in PBS buffer (pH 7.4). Means and standard deviations
were calculated from triplicate measurements. (c¢) Time-dependent emission spectra of AAP-
1 (10 uM of TPE-TA) after adding ATP (3 mM) to PBS buffer (pH 7.4), measured at 10 s
(red), 20 s (blue), and 30 s (green). (d) Emission spectra of AAP-1 (10 uM of TPE-TA) after
adding it into the cell lysate solution (30%) with/without ATP (3 mM, 5 mM) in PBS buffer
(pH 7.4). Red: AAP-1+Lysate. Blue: AAP-1+Lysate+ATP (3 mM). Green: AAP-

1+Lysate+ATP (5 mM). Olive: Lysate.
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4. CLSM imaging of ATP in cancer cells

With the promising ATP sensing property of AAP-1, we demonstrated the
fluorescence imaging of ATP within human cancer cells (HeLa cell line in this study).
AAP-1 was treated to the cells with MitoTracker-Red (mitochondria-specific
staining reagent) as we expected that the positively-charged AAP-1 could target

mitochondria and show an enhanced fluorescence producing an ATP complex.

In the AAP-1 treated set, a bright fluorescence was observed from the cell’s
cytosol in the blue channel (353 nm excitation, 400—600 nm detection channel) under
CLSM (Figure VI-7a, left). As a negative control set, AAP-1 was added to the CCCP
pre-treated (50 uM, 30 min incubation) HeLa cells. The CCCP is a chemical inhibitor
of oxidative phosphorylation, which interferes with the functions of mitochondria.'
A significantly reduced fluorescence signal was observed when compared with the
CCCP non-treated set (4-fold, Figure VI-7b), which shows that AAP-1 could follow
the reduced cellular ATP level (Figure VI-7a, middle). As a positive control set,
AAP-1 was added to the HeLa cells pre-treated with ATP (3 mM, 30 min incubation),
and a significantly increased signal (1.5-fold) was observed (Figure VI-7a, right).
The fluorescence signal of MitoTracker-Red in the red channel (646 nm excitation,
650-700 nm detection channel) and the blue channel was closely overlapping
(Figure VI-7c, intensity profiles collected along lines A and B), which represents that
AAP-1 could sense the mitochondrial ATP. In the cell viability analysis, AAP-1
showed negligible cytotoxicity at concentration ranges of up to 10 mM, but it was
far more significant at higher concentrations above 30 uM, possibly due to the

interference of the ATP cycle and mitochondria functions.
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Figure VI-7. (a) CLSM images of HeLa cells co-incubated with AAP-1 (50 uM of TPE-
TA), CCCP (50 uM), ATP (3 mM), and MitoTracker Deep Red (25 nM). [AAP-1]: incubated
with AAP-1 (50 uM) for 30 min at 37 °C; [CCCP+AAP-1]: CCCP (50 uM) was pretreated
and incubated for 30 min at 37 °C, and then incubated with AAP-1 (50 uM) for 30 min at
37 °C; [3 mM ATP+AAP-1]: ATP (3 mM) was pretreated and incubated for 30 min at 37 °C,
and then incubated with AAP-1 (50 uM) for 30 min at 37 °C. MitoTracker Deep Red (25 nM)
was incubated for 15 min at 37 °C. The scale bar is 20 pm. Excitation wavelength and
detection channel: blue (353 nm, 400-600 nm), red (646 nm, 645-700 nm). (b) The relative
fluorescence intensity plot of cells in panel (a). The intensity in cells was measured using
Image-J by drawing the ROI over the entire cells based on the fluorescence images. (c)
Fluorescence intensity along the white dotted line (A, B) on the images in panel (a).

5. CLSM imaging of ATP in embryonic stem cells

Further bioimaging applications of AAP-1 were conducted in the H9 hESC. As
the ATP level could affect the differentiation of the embryonic stem cells,”! the
monitoring systems of its level is essential for stem cell-related basic research as well
as translational applications. AAP-1 (50 uM) was treated to the embryonic stem cells

(passage 48), and the CCCP and ATP were used for the negative and positive controls,
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respectively. Similar to the cancer cell imaging results, a bright fluorescence signal
was mainly observed in the cytosol, and the different signal intensities after adding
the CCCP or ATP were correlated in each set (Figure VI-8). This is the first
demonstration of ATP imaging within hESC using a fluorescent probe, and it holds

potential applicability for further studies.

Embryonic stem cell

ATP sensing

AAP-1 CCCP + AAP-1 ATP + AAP-1

Image: Bright field + CLSM (blue channel, AAP-1)

Figure VI-8. Schematic illustration (top) and CLSM images (bottom) of the ATP imaging in
hESC. hESC was incubated with AAP-1 (50 uM), CCCP (50 puM, pretreated), and ATP (3
mM, pretreated). [AAP-1]: incubated with AAP-1 (50 puM) for 30 min at 37 °C;
[CCCP+AAP-1]: CCCP (50 uM) was pretreated and incubated for 30 min at 37 °C, and then
incubated with AAP-1 (50 uM) for 30 min at 37 °C; [3 mM ATP+AAP-1]: ATP (3 mM) was
pretreated and incubated for 30 min at 37 °C, and then incubated with AAP-1 (50 uM) for
30 min at 37 °C. The scale bar is 20 pm. Excitation wavelength and detection channel: 353
nm, 400-600 nm.
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II1. Conclusion

A new turn-on type fluorescent nanoprobe, AAP-1, has been presented for the
sensing and imaging of ATP in biological media and cell lines, particularly in human
cancer cells and embryonic stem cells. The nanoprobe was designed based on the
TPE AlEgen and triamine moiety for the targeting of ATP via electrostatic interaction
and - & stacking interaction. It showed a highly effective ATP sensing ability with
high selectivity, reliable sensitivity, with a detection limit around 0.275 ppb, an
ultrafast response time (signal within 10 s), and mitochondria-targeted imaging. The
synthesis, in vitro sensing property analysis, and bio-imaging applications were
systematically conducted, which also provided useful information. We believe that
this novel fluorescent nanoprobe can serve as a powerful tool for the exploration of
ATP’s behaviors within biological and pathological processes and we encourage

further studies for ATP-related diseases and stem-cell related clinical applications.

IV. Experimental Section

1. Materials

Chemicals from Aldrich (St. Louis, USA), Acros Organics (Morris Plains, USA),
TCI (Tokyo, Japan), and Alfa Aesar (Ward Hill, USA) were used. Anions (purchased
from Aldrich, Oriental Chemicals, Samchun Chemicals, and Duksan Chemicals):
ATP, ADP, AMP, pyrophosphate, CTP, phosphate, dihydrogen phosphate, nitrate,
bicarbonate, sulfate, acetate, chloride, UTP, TTP, GTP, and adenosine. Biomolecules
(metal ion, amino acid) were purchased from Aldrich and Alfa Aeasr: NaCl, MgCI2,

CaCl2, KCl, biothiols (Cys, Hcy and GSH), L-GIn, L-Lys. CCCP was purchased
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from Aldrich (St. Louis, USA). Commercially available reagents were used without
further purification. Organic reactions were performed within an inert (argon)
atmosphere. Precoated silica gel glass plates (60F-254, Merck KGaA, Germany)
were used for TLC. 'H/"*C NMR spectra were obtained using NMR instruments
(Agilent, 400-MR DD2, 400 MHz). In the NMR spectra, a ppm unit was used for
the chemical shifts (d) [multiplicities are indicated by s (singlet), d (doublet), and m
(multiplet)]. TMS was used as an internal standard. HRMS of newly synthesized
compounds was analyzed using Ultra High-Resolution ESI Q-TOF mass
spectrometer (Bruker, MA, USA) at the Sogang University (Organic Chemistry
Research Center, Seoul, Rep. of Korea). prep-HPLC isolation was performed using
Agilent 1260 Infinity system (Agilent Technologies, Santa Clara, USA) with Zorbax
C18 column (Agilent Technology, 5 mM, 80 A, 21.2 x 150 mm). Malvern
Instruments Zetasizer Nano ZS90 (Worcester-shire, UK) was used for DLS and zeta-

potential analysis.

2. Synthesis

The procedures used in the synthesis of compounds are described in Scheme IV-

1. Compound VI-4 was synthesized using the following reference.!'¥* 1%

O O N'-(2-aminoethyl)-N*-(4-(1,2,2-
| triphenylvinyl)benzyl)ethane-1,2-diamine. (TPE-

H
O O MM T4) NaH (6.1 mg, 0.153 mmol) and Compound

TPE-TA VI-4 (43.1 mg, 0.142 mmol) were mixed in DMF

under anhydrous condition. The mixture was stirred at 0 °C for 30 min, and then
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Compound VI-5 (50.0 mg, 0.118 mmol) was added. The resulting mixture was
warmed up to 25 °C and then stirred for 30 min. The crude mixture was quenched
by the addition of H,O and diluted with EtOAc. The organic layer was washed with
H,O0, dried over MgSOs, and concentrated in vacuo. The residue was used in the next
step without further purification. The crude compound VI-6 was dissolved in DCM
(0.5 mL) and treated with TFA (0.5 mL). After 1 h of stirring, the crude mixture was
concentrated in vacuo and dissolved in MeCN. TPE-TA was purified by prep-HPLC
(H,O/MeCN with TFA, 35.7 mg, 35% for 2 steps). The purity of the resulting TPE-
TA was confirmed using NMR and HRMS. 'H NMR (400 MHz, CD;0D): & 7.26 (d,
J =8.2 Hz, 2H), 7.13-7.07 (m, 11H), 7.04-6.96 (m, 6H), 4.17 (s, 2H), 3.27 (d, ] =
5.9 Hz, 2H), 3.22-3.12 (m, 6H). 1*C NMR (101 MHz, CD;0OD): & 146.81, 144.78,
144.62, 144.60, 143.47, 141.35, 133.16, 132.29, 132.25, 132.21, 130.44, 130.29,
128.91, 128.89, 128.78, 127.77, 52.14, 46.59, 45.33. HRMS (m/z): [M+H]" calcd.

for C3]H33N3, 4482747, found, 448.2746

3. UV-vis and fluorescence spectroscopic methods

A spectrophotometer (Agilent Technologies Cary 8454, USA) was used to obtain
the UV-Vis absorption spectra. A spectrofluorophotometer (SHIMADZU CORP. RF-
6000, Japan) with a 1-cm standard quartz cell was used for emission spectra
acquisition. The TPE-TA stock solution was prepared in DMSO, 10 mM).
Photophysical properties of AAP-1 were acquired in PBS buffer (pH 7.4) after
adding ATP (0-5 mM). The emission spectra were recorded at 25 °C under excitation

at the maximum absorbance. The intensity plot of the absorption and emission is
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derived from the value of mean = SD (number of replicates: 3).

4. Management of cells

The HelLa cell line was acquired from Korean Cell Line Bank (Rep. of Korea),
and cultured within DMEM (Hyclone, USA) supplemented with 1% penicillin-
streptomycin (Hyclone, USA) and 10% FBS (Hyclone, USA). [Stem Cell;
undifferentiated H9 hESC, passage 48] The stem cells were cultured on a mitotically
inactivated SNL 76/7 feeder layer (Cell Biolabs, Inc.) in hESC medium, consisting
of DMEM/F12, 0. mM MEM-NEAA, 2 mM L-glutamine, 55 uM b-
mercaptoethanol (Life Technologies, Carlsbad, USA), 10 ng/mL FGF2 (R&D
Systems, Minneapolis, USA), and 20% knockout serum replacement following the
protocol for the hESC culture.'® All cell lines were maintained at 37 °C and 5% CO,

(humidified incubator).

5. CLSM imaging

HeLa cells (2 x 10°) were seeded on 35-mm glassbottom confocal dishes (SPL
Life Science, Rep. of Korea) and incubated for 24 h. Cells were treated with TPE-
TA (50 uM, 30 min incubation), CCCP (50 uM, 30 min incubation), and ATP (3 mM,
30 min incubation) at 37 °C in 5% CO2 (humidified incubator). [Stem cell]. hESCs
were isolated into single cells with Accutase (Life Technologies, Carlsbad, USA) and
replated onto recombinant E§ fragments of human laminin 511-coated (iMatrix-511

silk; Matrixome, Inc., Osaka, Japan) confocal dish (SPL Life Sciences, Rep. of Korea)
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at a density of 135 cells/mm? with StemFit® Basic 04 medium (Ajinomoto, Chuo,
Japan). After 24 h incubation, cells were treated with TPE-TA (50 pM, 30 min
incubation), CCCP (50 uM, 30 min incubation), and ATP (3 mM, 30 min incubation)
at 37 °C in 5% CO; (humidified incubator). A CLSM (Carl-Zeiss LSM 700 Exciter,
Germany) was used for fluorescence cellular images. Wavelength information
(excitation wavelength, emission channel); blue (353 nm, 400—600 nm), red (646 nm,

645-700 nm).

6. Cell viability analysis

Cell viability analysis was conducted using Vybrant® MTT Cell Proliferation
Assay Kit (ThermoFisher Scientific, USA) following the manufacturer’s instructions.
HeLa cells (5 x 10* per well) were placed on a well-plate (96-well, SPL Life Science,
Rep. of Korea) and incubated for 24 h in DMEM media containing 1% PS
(penicillin-streptomycin) and 10% FBS. The absorbance (at 550 nm) was analyzed
using a microplate reader (SpectraMax Gemini EM, Molecular Devices, USA). Cell
viability value is expressed as a relative percentage of the untreated control. The data

represent the mean = SD (number of replicates: 3).
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7. Cell lysate experiment

HeLa cells (2.1 x 10° in 15 mL microcentrifuge tube) were centrifuged at 1300
rpm for 3 min. After removing the supernatant, the residues were rinsed with PBS
buffer (pH 7.4). Next, lysis buffer (0.5 mL, Boster Bio, AR0105, Pleasanton, USA)
was added to the tube and vortexed for 1 min. The tube was incubated in an ice-bath
(0 °C) for 30 min and centrifuged at 14,000 rpm for 10 min [Cell lysate solution
preparation] The supernatant was collected and added to the DMEM media (2 mL,
1% penicillin-streptomycin, 10% FBS without phenol red). [Experimental set] (i)
AAP-1 (10 pM) in PBS buffer (pH 7.4), (i) AAP-1 (10 uM) in PBS buffer (pH 7.4)
containing 30% cell lysate, (iii) AAP-1 (10 uM) in PBS buffer (pH 7.4) containing
30% cell lysate with ATP (3 mM, 5 mM), and (iv) 30% Cell lysate solution. The
emission spectra were recorded within 10 s after mixing at 25 °C under excitation at

315 nm.
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Chapter II1

1. PK profiles and parameters of Compound III-5a

Plasma pharmacokinetics of llI-5a

-

« IV (1.5 mpk)

10000 + « PO (8.0 mpk)

1000 S

100 }

Plasma concentartion (ng/mL)

0 2 4 6 8
Time (h)
Parameter IV (1.5 mg/kg) PO (8.0 mg/kg)
tmax (h)? 1
Cinax (ng/mL)® 73
AUCast (h*ng/mL)* 4844 97
F (%)° 0.04

*The tmax values were measured in triplicate and display mean.

"The Cpax values were measured in triplicate and display mean.
°The AUC values were measured in triplicate and display mean.
4The oral bioavailability was ratio of AUC value for IV and PO.
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2. Raw PK data of Compound III-10b (only PO administered).

PO: 10 mg/kg Plasma concentration (ng/mL)

Time (h)/Animal No. 1001 1002 1003 Mean SD
0 BLQ BLQ BLQ NA NA

0.25 BLQ BLQ BLQ NA NA

0.5 BLQ BLQ BLQ NA NA

1.0 2.4 BLQ 2.0 2.2 0.3

2 2.5 BLQ BLQ 2.5 NA

4 BLQ BLQ BLQ NA NA

6 BLQ BLQ BLQ NA NA

8 BLQ BLQ BLQ NA NA

24 BLQ BLQ BLQ NA NA
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Chapter V
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Chapter VI
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