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wela 2 AFAE FFEA F poron difluoride dipyrromethene
(BODIPY, Figure 1la)®} 1,8-naphthalimide (Figure 1b) =+Z2&
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Figure 1. Structure of (a) BODIPY, (b) 1, 8—naphthalimide
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I. 23 9 x%

1. Aza-BODIPY ¢ 43 57}

(£ 97 UL, ALAY FFEFI 3 #Y=EJew Bull. Kor.
Chem. Soc. 2015, 36(7), 1747 o] &35, £ Ado Yy
E0UE T NS 23 HYstd FA=AY)

& 4794 thiophene 22 X33 aza-BODIPY & 3439
33HE e 5A4& @23k, Thiophene 38 R&o| H, Br, CH; & Al
712 A" ERE M2 FA(Scheme 2)8te] F23 e Aagd

H3lE SARY. 7|29 4HAH Y9 thiophene-substituted aza-
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20-30nm 7} °]E3F ¢kAFS Bt} (Figure 4, Table 2).
0 0 NO,
RS S
\ = (a) \ = (b)
1 2

R
a H
b Br
Cc CH3

Scheme 1. Synthesis of thiophene-substituted aza-BODIPYs reagents
and conditions: (a) CH3NO,, DIEA, reflux 18h, quantitative yield; (b)
NH,OAc, n-BuOH, reflux, 24h, 7-15%; (c) BF3OEt,, DIEA, DCE, room



temperature to 60°C, 10h, 48-65% (A5AF} UL 3A)

104 — 4a
c - 4b c
2 08 _ . S
5 o
8 0.6 E
5 0.4+ E
E S
S 0.2 z
0.0 : : 1 ,
500 600 700 800
(a) Wavelength (nm) (b)

Figure 4. Normalized absorption

compounds 4a-4c in dichloromethane

Table 2. Spectroscopic data of 4a-4c

(a)

1.0

0.8+

0.6+

0.4

0.2+

0.0

— 4a
— 4b

— 4c

700

725 750 775 800 825
Wavelength (nm)

and emission (b) spectra of

4a (R -H) 4b (R -Br)
Solvent Aaps(nm)  Aem(nm) (/Mcm) @F Aas(mm)  Aem(nm) e(/Mcm) @°
CH:Cl» 715 734 214100 0.47 734 744 144500 0.32
Toluene 714 726 184500 0.44 730 742 157300 0.26
CH3CN 710 726 189100 0.46 724 742 95200 0.28
EtOH 712 726 76100 ND* 725 744 28600 ND¢
4c (R -CH3y)
Solvent A aps(nm) Aem(nm) & (/M cm) oP
CH,Cl, 740 756 206100 0.21 a Previously reported in Ref. 44
) b 4a was used as standard.
Toluene 736 748 215400 0.23 ¢ Not determined.
CH3CN 734 746 133600 0.17
EtOH 734 752 13000 ND¢
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2.1. Solid phase synthesis technique
] A A= 7| & 9] =55 A asparaginyl
endopeptidase (AEP) & €7 3= A7)|vF 9HEZS 48 W9

g golulo]= HAS o] L£3te] solid phase synthesis technique <&

N
ru'.

oz =282 FAsYctt. AEP 9 active site ol &3} A 2H| 27}

FrEASS A A AEP &2 A9A wkg5 3 FFA I WHItE=
A2 ZEB (AEP-P1~P4)$} TAMRA & °]§% control EI&
FA3%tk (Scheme 3). (£ =& ¢J-§ I AEP-P2 ¢ Control-T &
TEoPt 48 £4eld)

YFE-Le 74 7HsF 4-bromo-1,8-naphthalic anhydride A&
AFow FAI (Scheme 2). P4,5,7,8,9 £ 71E9 =8& Fasd
P5,8,9 9] cysteine 7|8} ¥F$-3l= 3 4 99 EE monoethyl fumarate &
A%slal ester & carboxylic acid & ¥W3A)7] o] AEP-P1 3 AEP-
P4 = ¥3%<= YeE= fluorophore £ thiol 718 WHG-3t= ol 52T
A2 E ethylenediamine 3 hydrazine & &3l zo]E T4,

AEP-P2 ¢} AEP-P3 & electrophilic warhead & 233 $x]9 -

11 -



NO; 715 #H7}sle] AARE WIS F312F 3%k, Control probe =

T

=

TAMRA & ZIAA A2 F49 =39 wusuz 5. FH

249 542 4

ffo
>
i)

B = AL AEP inhibitor, AEP-P1, AEP-2, 1281

Control-T o] 4] o]Fo]Fc}.
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2.2. RAW 264.7 macrophage 5 A|EZFE 883 5484 24
Arol3l= RAW 264.7 macrophages © labeling 39 AEP ¢ €7

3= As 89U & 5 I (Figure 59 Leg, Leg = legumain & ¢F¢]

f

£33, =38 AEP-P1 ¢ AEP-P2 Y Control-T Xt ¢ 23k

intensity & UeUE Aoz RHol NIEEFHZJ 7} 53 Ao

f

F5ME + Yu (Figure 5). o8} Z2 ZHIJE w|FojHol 7|ES
Z 238 ¢} 2] warhead ¢ michael acceptor ¢ right hand side (non-
prime site)ZS modification 3EjgE T4 ¢4 F§ HA = Z

Aozt 9 Aex Az,

Control-T AEP-P2 AEP-P1
Conc [uM] 5pM .|.|M ipgM 5pM  25pM  1pM

— 50

- 37
Leg

(AEP)

-0

Figure 5. Labeling of AEP in intact cells by AEP-P1, AEP-P2, and
Control-T
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Control-T AEP-P2 AEP-P1
Conc [uM] 0.01pM 0.1pM  1pM  0.01pM O0.1pM  1pM  0.01pM O0.1pM  1pM

w100

_50
— 37

— 25
— 20

Figure 6. Labeling of AEP in lysate by AEP-P1, AEP-P2,
Control-T (¥ 432 3FF°V} +331%+%)

RAW 264.7 macrophages 2] MEZFEE (RAW lysate)S °]&3}9
I 238 |abeling AZAF A 7MY A2 & EX4¢ labeled band
intensity & vz E w], ME FRH smart probe T AYHo=w
sxol wlE3e] AEP ¢ WHgsglern, Ex|EE& WelAE  control
probe ¢ FAHSHAY (AEP-P1) o7k @17l W54 (AEP-P2)< Xo|=

Ao g A Y (Figure 6).
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RAW 264.7 3 NIH 3T3 F F7F94 AZEE A43o AAZ T2 859

opglt ATeNA oA Hash HFAEAE FFANAL BE

ek

%
o2
o

3}
A¥e 3 #Fs9Y. AEP-P1 3 AEP-P2 = fluorophore =
naphthalimide T2& AF83%7] w&d ZJAIFA3IE Yegud,

Control-T *+ rhodamine & base & 3}7] W&o HAAFYPFAZ

|

yeldt, A3 =2 HEo] lysosomal cysteine protease °] &3l
AEP £ ¥ 3= E4e]|7] W& lysosome AHHA FFEH lyso-
tracker & °|83l9 ol ¥FFAI/t FAHA=AE FAsST (Figure
7,8). Figure 7 & RAW 264.7 AZE °] &3] UYL FPsle] =z}
legumain 3} Wg3ste FFAZE Uee e FF vAS 53
g9 ¥ 4 99drtt. AEP-P1 3 AEP-P2 & g3 well ©E
lysotracker red & *8]3l9] =&H 2] green signal & green field &

39lsla lysotracker red ¢ red signal & red field & #9413}

fr

merge ¥ A A ZEB7L lysosome = EZ = A .

d

Control-T & 838t well 9= lysotracker green = 37 223}
Z+7+e] field  °|w] A3t 3.

°| ¥ NIH 3T3 AJZE& °]43 AX F71H 2= AEP inhibitor ¢}
AE Y thiol (-SH) 7]1& gA5l= NEM = z8|& 224 AEP probe 9
g FFAZIl AMEAE FA2A 3 (Figure 8). AlEe
inhibitor & *2|s}e] Z2H 9| Fgo] A 5= AS &Fdsta, NEM °]

AE W EA3HE Glutathione $2 -SH 718 W& FHAbste FAE
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T Z 87} legumain ¢ cysteine o] ©id AHAL sty 4y, 7+

well & A2 o2 F9& 3 7/ #9493 F intensity S T3t HF3}

EZ29x15 AP sl 22 YeudY) (Figure 9). AEP-P1 ¢ 3 $ AEP
inhibitor X2 5 ol W} ¢ 2.5 vl Ao]F BYozy g =287}
AEP A€ qe JFA3E ey oS s
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Figure 8. Cell imaging with AEP-P1, AEP-P2, Control-T (NIH 3T3 cell)
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Figure 9. Mean intensity of AEP-1, AEP-2 and Control -T

$1e] 2#j=+& Figure 8 9 °]v]X]e|A] mean intensity Z<= T34
vxsgich. 4 well 3 Al FES ZF93x 1 JFFH ZEIAE
azi=zz Yedglth. (A 9%%¥ inhibition ¥ AEP-P1 A&, NEM
z]8] ¥ AEP-P1 #3g, =289 g3 AL v|x3%c}. Inhibitor &
28 8}x] ke well 2 intensity 7} 223 well o] ¢F 2.5 Z7}3 AL
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(c)= AEP-P2 & (dx Control-T & Ag3tgt. (¢) AEP-P2 =

AEP-P1 3 §AF3F kS B ojZEr)h, (NEM o AE EAo] 7}Fslo] A E7}
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A3l signal & &3] AHES7) ] o o] 319 live cell imaging °ll
A}go] fo]dlx] ke Aoz FdtE| i), wjEo AEP-P2 ¢ control &

ol gste) AW oluHeld NEM & HshAl 2 AL AWt
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& Y3k A=)

3.1. 1,8-Naphthalimide 7]¥F g3FA 2] A

\N/
SN >N H
Oy 0. _0O | H Oy N._O
N
HoN™ >0 N Hydrazine N R-CHO, CHyCN
B — B — _— -
OO 1,4-dioxane OO
Br
H N
NHNH, J\
H” 'R

sensor 1-3

1:R= 2:R= NS 3= "¢
\‘ A

Scheme 4. Synthesis of metal & anion sensor 1-3 sensor 1 (1-hydroxy-
2-naphthaldehyde), sensor 2 (quinoline-8-carboxaldehyde), sensor 3
(8-hydroxy-2-quinolinecarboxaldehyde) (%o}, A3} FEo= IFA3F

P4 ¢ P5 & FAL fd 7I1€s W& 23 PS5 9 AE Y& 4 71
E7 (sensor 1: 1-hydroxy-2-naphthaldehyde, sensor 2:
quinoline-8-carboxaldehyde, sensor 3: 8-hydroxy-2-

quinolinecarboxaldehyde) & °©]&3}9 4 7}#]¢] sensor & IA39c).
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Free sensorl, and with other metal iong and anions
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Figure 10. Metal & anion selectivity test Changes in the UV-vis
absorption of (a) sensor 1 (5 #M) in the presence of various ions (100 g
M) in CH3;CN; (b) Absorption response at 586 nm to various ions at 100

M (20 eq.) A, represents the absorbance of free sensor 1, whereas A
represents absorbance of sensor 1 in the presence of ions.

Sensor 1 ¢ 332 EANE AvR7] A ©}ekdk anions (F, Cl,
Br, I, CN, NO3~, HSO,, OAc’, OH") 3 metal ions (Mn*', Pb*,
Co**, Zn*', Cu®’, Ni*", Cd*", Hg*, Ag’, Fe®", Fe*', Cr*") & MeCN
| 2ANA AEsI}t. Figure 10 oA EA]X sensor 1 & F ¢
CN7o] 9] whg-3le] o) F3e] HH7l 465nm A 586nm E H3}x
F¢oE PN AL sMog HI= S U F 5 U

Sensor 1 9] detection HHE FA37] H9A F, CN & °]&34
titration AdE Z3P359}. Figure 11 94 B.J2]% sensor 1 & F

anion °IA BT Fg Holw 4 FF(20,M) 7HA] HAPHA AE
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7He 89 ¥ 4 93, 586nm oA signal o] FHo| oF 4 =) 7}F

Z7hesinh
(@) 0.20- (b) )
CN™ 10eq 0.20
A
0.15- 0.15-
: !
c S
g 0.10 S 0.10
s . b o] .
2 <
<
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CN:0eq 7
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Wavelength (nm) [CN'] (M)
C) 0.15- d -
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F’: 0eq
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Figure 11. Sensor 1 tiration with F', CN~ (a) Absorbance titration of
sensor 1 (5 M) upon addition of CN at 2.5 ¢M to 50 uM; (b)
Absorbance at 586 nm from the titration of CN; (¢) Absorbance titration
of sensor 1 (5 M) upon addition of F~ at 2.5 M to 50 uM; (b)
Absorbance at 586 nm from the titration of F.
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Figure 12. (a) Proposed mechanism of sensor 1; (b) 'H NMR spectra of 1
in DMSO-d; in the presence of excess TBAF.

fd

Hydrazone N-H + acidic 32 pH ZAe°|Y} anion & €x|3t}

dH A Yg. IHYEZ Figure 12a £ 2] sensor 1 o F & CN

i

H7Hl<+ 7% phenolic -OH $ hydrazone N-H ¢ & ¢Az3

P

Zgo7 843 conjugation = CAMNE & Jdo. Z FAHA3) FEo=F
Ql3te] AU E7} F7}8ke] aromatic proton ©] upfield & ©] 53 RAE

'HNMR & %3te] 9% & it (Figure 12b).
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3.2.2 Sensor 2 9] FH EAF wAUE
Sensor 1 2 acidic N-H &} phenolic -OH 7} £2]3}7] wj&el] o8
7FA ol &e]l  HIIEGSE Wl WA E FFAIyE aAHe=
quenching ®t}. Sensor 2 + °]¢} ©YZA hydroxynapthalene =

quinoline 1F2E W3IE FAo. W& Sensor 1 3} ZFL 3=

V]

&

conjugation 2 °o]FodA & glof wAZ< wWiE AT T + o

(Figure 13a). 94 b °125 H7IE A I3 A7t S8k

H3lE 54 & 4 Jd (Figure 13b). Sensor 2 AAZE oF7ke] 33
AZE Zkx glEWl F, CN, OH %9 anion < 375 ol

photoinduced electron transfer (PET) process & =olx 31357}

Z7}slE Ao g RojAT (Figure 13c¢). 3383 EH o2 job’ s plot &

M

9wk WEE ASBE AYE W AW 111 WSS FopE &

a3t} (Figure 14).
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Figure 13. Absorption (a) and emission (b) profile of sensor 2 (5 M) in the
presence of various ions (100 M) in MeCN; (c) the proposed sensing
mechanism for sensor 2.
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Figure 14. Job’ s plot showing 1:1 stoichiometry of Hg®': sensor 2
responses
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3.2.3 Sensor 3¢ J3F EAF vAUF

Jl

A

W
Z
=
=
i)
fac!
(i
(i,
>
g
flo

dlm

(sensor 3 ¢ F & CN ¢ 333H

Sensor 3 ¥ sensor 13 sensor 2¢ hydroxyl %3 quinoline 1
55 A9 ZEE t]A}ed st sensor 18] v]A A el W3} sensor 22] ¥
2

o] W3} o] F71x] 5AS EF 7}# dual-mode sensorth. B]AFH

n

A%
ol ¥3l2 = F ¢ CN aiong H71819< w 596nm &2 A% W3S

|o

24593 sensor 13 ¥|23PYL w] FFE A7} A FA S
2 =3 PJAog WIS S B9 & & v (Figure 15a). ¥3
o M3z E $£2& o]2% HUsIY S W 535nmelA IFAZI} 7 =

AE #F & & 3 (Figure 18a).
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Figure 15. Changes in the UV-vis absorption of (a) sensor 3 (5 M) in the
presence of various ions (100 M) in CH3CN; (b) Absorption response at 628
nm to various ions at 100 «M (20 eq.) A, represents the absorbance of free
sensor 3, whereas A represents absorbance of 1 in the presence of ions;
Competitive selectivity of 3 (5 M) toward (c) CN™ (50 M), and (d) F~ (50 ¢«
M) in the presence of other anions (50 M)
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Figure 16. (a) Absorbance titration of sensor 3 (5 M) upon addition of CN~
at 2.5 M to 100 x«M; (b) Absorbance at 628 nm from the titration of CN;
(c) Absorbance titration of sensor 3 (5 ¢ M) upon addition of F~ at 2.5 M to
100 «M; (d) Absorbance at 628 nm from the titration of F; Insets:
Detection limit measurements of 3 (5 zM) toward each anion. (¥ A3 T

bt FBHEE
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sensor 3° F, CN & H7IIE9S W 628nmolA 2o T3S Eojd
2 anion®| FE7} 20 . M7HA] S7FstL 2 o] F A A% A& B53)
9t} sensor 3¢ F, CN ¢ & detection limit< Z}7F 2.4 x 10°8M
2 2.0 x 10°M 2 FA=A} (Figure 16b, 16d). el 71L=

chromogenic sensorg2] detection limit< ¥]23] B9S o sensor 3

el

o] & e detection limitg 7FE-S 2l ofysl, F ¢ CN o djg A

Wiel o} oz M WSS 44 FU T & doE BS & & U

3 —
Os_N_O
1st
OO CNorF
—_—
H’N\‘N OH
"0

(b)

3 + TBAFsS

ensor 1 + TBA

3 + TBACNSe

or—-1—-onl

Q V]
oSO/ 1Oy

0.0 02 04 06 08
mole fraction of anions

Figure 17. (a) Proposed mechanism for sensor 3; (b) 'H NMR spectra of 3
in DMSO-d; in the presence of excess TBAF or TBACN; (¢) Job’ s plot
analysis of sensor 3 with F~ and CN showing 1:2 stoichiometry of sensor
3:anions
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Sensor 1 3} FA8HA] Figure 17a ¢ Z°] sensor 3 o] F &= CN &
A7F3& 7$ phenolic -OH & hydrazone N-H 2] & <FAz3}
Aoz % conjugation & ANAE & stk oY sHEAE 'H
NMR 94 aromatic proton ©°] upfield & °|F3 ZHAE T3 &
FAA 3 Zgor st AAUET}L SIS T R 58 & U (Figure
17b). ®=ZF #3384 £402 job’ s plot & 18 ¥s ¥&S AR
APE A APs] F & CN° F o]2°] sensor ¢ 2:1 & Whg@oh=

AL golE 4 3t} (Figure 17¢).
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Figure 18. Emission (a) and selectivity (b) profile of sensor 3 (5 «M) in the
presence of various ions (100 M) in CH5CN; (c¢) Competitive selectivity of

3 (5 #M) toward (c) Hg?" (50 xM), and in the presence of other anions (10
2 M)
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Figure 19. (a) Fluorescence titration of sensor 3 (5 «M) upon addition of
Hg® at 1 #M to 50 ¢M; (b) Emission at 535 nm from the titration of
Hg?"; Inset: Detection limit measurements of 3 (5 zM) toward Hg?"
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Figure 20. (a) Proposed mechanism of sensor 3 for sensing Hg?*; (b) Job’
s plot analysis of sensor 3 showing 1:1 stoichiometry of sensor 3: Hg?*
(¢)'H NMR of 3 in the absence and presence of excess Hg?'; (d)Benesi-
Hildebrand plot of 3
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Sensor 3% ol§stel ¥Eol wh s FYUPS APSHAx

Z= Zt=vh. 183 sensor 394 AHET XY F2o|de] AT

ol)l

» EaL3)Ae] Aol PET processs %7] W&o FFA37 F7)s}
2 RYxw NMROA & H7F F AolE & & ot (Figure
20a,c). sensor 38 £ o] A3 v]&L 1:1& job’ s plote 19

1383itt (Figure b).
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1. 29717 2 Aot

1.1 23717

'H NMR 2 "“C NMR 2#/E¥& Varian-500 (500 MHz 'H, 125
MHz '*C) #3A4=23¥ dojzxc. NMR $92%& CDCl;, DMSO-ds &
i AR chemical shift = EFEAQ
tetramethylsilane 2EF¥ ppm DHIE 7|53 dHojEH=
chemical shift multiplicity (s=singlet, d=doublet, t=triplet,
m=multiplet), coupling constant (Hz), integration & <2=
71&319¢}. High Performers Liquid Chromatography(HPLC)+
Hewlett Packard Series 1100 222, column < Agilent XDB-
C18 BYE 24319, AFEA7](MS)= Electrospray ionization
(ESD) #2l¢e] Agilent Technologies 6130 2®S A}-83}o] $=3)3}5t}.
Flash column chromatography <+ Merck A|F*¢] Silica gel

60 (Merck-Millipore)& A}&33ict. AJA-71A34 333

"
flo

3
Spectramax M5 multimode micro plate reader & A}£3l9¢t}. Cell
imaging < EVOS FL imaging system = A}-83l9t}. Cell & lysate
labeling A @A #A7]4%53} gel imaging < Bio-Rad AFS
244319 tF (ChemiDoc MP system, Mini-protean tetra cell systems,

PowerPac Basic Power supply).
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k%o A}8£% A2k Aldrich-Sigma, Fisher Chemical, Alfa

Aesar, TCI, Acros 55 7439 AA glo] AH&3}5c}. water = 3 z}

2.1. 34
Thiophene-substituted aza-BODIPY

da-c & 71Ee FA TP Foskel 1ol FASATH 4o

4a

Figure 21. Structure of 4a
5,5-difluoro-1,9-diphenyl-3,7-di(thiophen-2-yl)-5H-414,514-
dipyrrolo[1,2-c¢:2',1'-f]1[1,3,5,2]triazaborinine. Spectroscopic

data of 4a (46)
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4b

Figure 22. Structure of 4b
3,7-bis(5-bromothiophen-2-yl)-5,5-difluoro-1,9-diphenyl-5H-
414,514-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine.

Spectroscopic data of 4b (47)

4c

Figure 23. Structure of 4c

5,5-difluoro-3,7-bis(5-methylthiophen-2-yl)-1,9-diphenyl-
5H-414,514-dipyrrolo[1,2-c: 2', 1'-f1[1,3,5,2]triazaborinine 'H
NMR (400MHz, CDCl3) J: 8.18 (d, J=4 Hz, 2H), 8.03-8.05 (m,

4H), 7.47-7.38 (m, 6H), 7.10 (s, 2H), 6.94 (d, J= 2.4 Hz, 2H), 2.61
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(s, 6H).; '*C NMR (100 MHz, CDCl3) J: 149.169, 147.939, 145.450,
142.046, 133.646 (t, JC-F = 7.6Hz), 132.321, 131.997, 130.910,
129.165, 128.736, 128.507,118.248, 15.932; ESI-MS m/z [M +

H]+ 538.1.

A7) =28 4

AEP Probe 1
N NH N /
A HN\/Z(() CIJD\ "o N O _\_N\
C |
CONN N ©

Figure 24. AEP Probe 1 (AEP-P1)

(E)-4-(2-(((S)-2-acetamidobutanoyl) -L-prolyl) -1-(2-amino-
2-oxoethyl) hydrazinyl) -N-(2-((2-(2-(dimethylamino) ethyl)-1,
3-dioxo-2, 3-dihydro-1H-benzo [delisoquinolin-6-yl) amino)
ethyl) -4-oxobut-2-enamide. Solid phase peptide
synthesis(SPPS)E #4839 343, Rink amide MBHA
resin(500 mg, 0.325 mmol, 1 eq)& DMF &®lA 15 £3F B&A-.
20% piperidine / DMF $de2 15 ¥4 3 W g5} oluxits

2333 9= Fmoc group = AAZC. ¥ F #H%& DMF(x3),
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DCM(x3) 2.2 A]¥ &}, Bromo acetic acid (0.67 g, 4.875 mmol, 15
eq)E NMP(4 mL)e| §3f3te] e €& 5 DIC(0.9 mL)E ¥x
1 A7k ukgger, vk ¥ 817$ DMF(x3), DCM(x3)22 A3,
Fmoc NHNH,(250 mg, 0.975 mmol, 3 eqQ) S NMP(2 mL)¢| &3]3}
Ao @& = DIEA(170 L, 0.975 mmol, 3 eq)E Y3 over night
uk3-gitk, ¥k F #3& DMF(x3), DCM(x3)22 AF33 Fmoc
quantification 3t # A4 loading %& &A%}, (0.2 mmol/g) S
DMP £wjolA 15 ¥7F &A1}, Allyl chloroformate(42.52 xL,
0.4 mmol, 4 eq) & NMP 1 mL ¢ £33t # 7o) ©2 5 DIEA(69.86
1L, 0.4 mmol, 4 eq) & ¥ 1 A7+ ¥k-3-5ht}. ¥ ¥ #171& DMF (x3),
DCM(x3) &2 A Z g}, 20% piperidine / DMF $e= 15 £4 3 ¥
sl olu|xAE B $33 3= Fmoc group & AlATY. Fmoc-Pro-
OH(202.42 mg, 0.6 mmol, 6 eq)® HOBt(81.072 mg, 0.6 mmol, 6
eq)E DMF(1.2 mL)o £%s3}e #ze 9L 5 DIC(93.96 «L, 0.6
mmol, 6 eq)S Y3 over night B3t} 9} 22 ¥WH o2 Fmoc-
Abu-OH & #AHZgs3}o A3}, Ac capping 3 5 Alloc & A|A g}
95% TFA cocktail (v/v, TFA:DW:TIS=95:2.5:2.5)% °]&3}4 1 A7+
g F HFS AHAZ3, TFA cocktail(x3), ACN:DW=1:1(x3)
RAojEtt. AL §93 AF 95 JAFEFFIIE o83t 55T
HPLC & prep ¥t}. eppendorf tube 9] peptide(5 mg, 0.016 mmol, 1

eq) S DMSO 9] B9 Zt}. 997]9) product 2(7.21 mg, 0.017 mmol, 1.1
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eq), HATU(12.92 mg, 0.034 mmol, 2.2 eq), 182 DIEA(27.48 L,
0.16 mmol, 10 eq)= ¥oIF FH & Adstd w33, ¥3 F

HPLC £ prep 3. &£55:17%

AEP Probe 3

Figure 25. AEP Probe 3 (AEP-P3)

(E)-4-(2-(((S)-2-acetamidobutanoyl) -L-prolyl) -1-(2-amino-
2-oxoethyl) hydrazinyl) -N-(2-((2-(2- (dimethylamino) ethyl) -5-
nitro-1,3-dioxo-2,3-dihydro-1H-benzoldelisoquinolin-6-
yl)amino)ethyl) -4-oxobut-2-enamide. AEP Probe 1 3 F 434

43}t Product 2 YA product 3 & BHSA T, 55 4%
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AEP Probe 4
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ACHN/VQQ lLu NNHNH'i Y

Figure 26. AEP Probe 4 (AEP-P4)

2-(2-(((S)-2-acetamidobutanoyl) -L-prolyl) -1-((E)-4-(2-(2-
(2-(dimethylamino) ethyl)-1, 3-dioxo-2, 3-dihydro-1H-benzo
[delisoquinolin-6-yl) hydrazinyl) -4-oxobut-2-enoyl) hydrazinyl)
acetamide. AEP Probe 1 3 F¢3A A g, Product 2 Al

product 1 & ¥FSA| 7}, £58: 3%

AEP inhibitor

@)
AcHN 0
Myt s
@)

Figure 27. AEP inhibitor

ethyl(E)-4-(2-(((S)-2-acetamidobutanoyl) -L-prolyl)-1-(2-
amino-2-oxoethyl) hydrazinyl)-4-oxobut-2-enoate. AEP Probe

1 3 Alloc AAZA  FL3A  FAgY. 1832 Monoehtyl
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fumarate(43.239 mg, 0.3 mmol, 3 eq 3 HATU(114.06 mg, 0.3
mmol)E DMF 9] £33te] A Yo]F 5 DIEA(104.51 x«L, 0.6
mmol, 6 eq) & ¥Y3X over night ¥-§ 3¢}, 95% TFA cocktail & full

cleavage 3 ¥ HPLC & Prep 3}¢] AA|3tc}.

Product 1
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Figure 28. Product 1

(B)-4-(2-(2-(2-(dimethylamino)ethyl)-1,3-dioxo0-2,3-
dihydro-1H-benzoldelisoquinolin-6-yl) hydrazinyl) -4-oxobut-2-
enoic acid. 2 ¥Y ZFe2=3(RBF)9] Product 6(20 mg, 0.04715
mmol, 1 eq), THF(1 mL)E& #H7}st4 ice bath oA wukgic},
LiOH(3.353 mg, 0.14 mmol, 3 eq= DW o] &35 RBF el
dropwise & HAH3] Y=t}. RT oA over night ¥-% 3 5 1M HCI
10 W<&E H71E ¥3 ¥ HPLC 2 Prep 38t AAg). Yield: 52%
'H NMR (500 MHz, DMSO-ds) J:9.82 - 9.77 (m, 1H), 8.68 (d, J =

8.4 Hz, 1H), 8.48 (d, J= 7.2 Hz, 1H), 8.31 (d, J = 8.3 Hz, 2H), 8.20
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(s, 1H), 7.79 - 7.75 (m, 1H), 6.92 (d, J = 8.4 Hz, 1H), 6.89 (s, 1H),
6.68 (d, J= 15.6 Hz, 1H), 4.15 - 4.12 (m, 1H), 3.33 (s, 10H), 2.21

(s, 2H), 1.24 (s, 4H).
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Figure 29. Product 2

(BE)-4-((2-((2-(2- (dimethylamino)ethyl) -1,3-dioxo-2,3-
dihydro-1H-benzoldelisoquinolin-6-yl)amino)ethyl)amino) -4-
oxobut-2-enoic acid. RBF9] Product 10(20 mg, 0.044 mmol, 1 eq),
THF(1 mL)E 37}8te ice bathellA m¥Hgkt}h, LiOH(3.16 mg, 0.134
mmol, 3 eq)S DWe| £335l9] RBFe| dropwise® HH3] Y&=t}.
RTA over night ¥ & ¥ 1M HCl 10%<&S H7gd. ws ¥
HPLCZ Prepste] AAIg}. Yield: 68% 'H NMR (500 MHz, dmso) 4 ':
8.60 (t, /= 6.6 Hz, 2H), 8.41 (d, J = 7.3 Hz, 1H), 8.23 (d, J = 8.4
Hz, 1H), 7.85 (t, /= 5.3 Hz, 1H), 7.69 - 7.64 (m, 1H), 6.85 (d, J =
8.7 Hz, 1H), 6.66 (d, J = 15.5 Hz, 1H), 6.38 (d, J = 15.5 Hz, 1H),
4.13 (t, J= 6.8 Hz, 2H), 3.49 (dd, J = 17.8, 8.0 Hz, 4H), 2.55 (t, J

= 6.8 Hz, 2H), 2.24 (s, 6H).
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Figure 30. Product 3

(B)-4-((2-((2-(2-(dimethylamino) ethyl) -5-nitro-1,3-dioxo-
2,3-dihydro-1H-benzoldelisoquinolin-6-yl)amino) ethyl)amino) -
4-oxobut-2-enoic acid. RBF9] Product 11(50 mg, 0.1 mmol, 1 eq),
THEF(1 mL)E #7849 ice bathelA ¥k, LiOH(7.23 mg, 0.3
mmol, 3 eq)s DWe| £335te] RBFe] dropwise®Z HH3| Y&t}
RTelA over night ¥h& ¥ ¥ 1M HCl 50%&s 7. W3 F
HPLCZ Prepsle] AA|gc}. Yield: 48% 'H NMR (500 MHz, DMSO-
ds) J: 8.99 (s, 1H), 8.77 (d, J = 1.4 Hz, 1H), 8.62 (d, J = 8.5 Hz,
1H), 8.43 (d, J= 7.4 Hz, 1H), 7.95 - 7.91 (m, 1H), 7.71 (t, J = 8.0
Hz, 1H), 5.69 (d, J = 15.7 Hz, 1H), 5.50 (d, J = 16.0 Hz, 1H), 4.23
- 4.20 (m, 2H), 3.86 (s, 2H), 3.29 - 3.27 (m, 2H), 3.07 (s, 2H),

2.55 (s, 6H).
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Figure 31. Product 4

6-bromo-2-(2-(dimethylamino)ethyl) -1H-benzolde] isoquino-
line-1,3(2H) -dione. 4-Bromo-1,8-naphthalic anhydride(3 g,
10.83 mmol, 1 eq)° N,N-Dimethylethylenediamine(1.42 ml,
13.00 mmol, 1.2 eq) & 1.4-dioxane 100mL °]4 140C 7}¥€ 3573}4
4 AZ¢ ¥k-3-RY} (Org. Biomol. Chem. 2013, 11, 378-382). vt ¥
ice bath A WZrste] AA ] A7|H ¢ A3t €& edcH. 55
95%. Cream-colored  solid. ESI-MS: m/z calcd for
Ci6Hi5BrN.O,+H [(M+H")]1:347.0. Anal. Calcd for CisHi5BrN20»
(346.03). 'H NMR (500 MHz, DMSO-ds) J: 8.60 — 8.55 (m, 2H),
8.35(d, J=7.9 Hz, 1H), 8.23 (d, J= 7.9 Hz, 1H), 8.00 (dt, J = 33.2,
16.6 Hz, 1H), 4.15 (t, J= 6.9 Hz, 2H), 2.55 - 2.35 (m, 2H), 2.20 (s,

6H).
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Figure 32. Product 5

2-(2-(dimethylamino) ethyl) -6-hydrazinyl-1H-benzol[de]
isoquinoline-1,3(2H) -dione. Product 4(3g, 8.67mmol, leq)®l
hydrazine (25ml, %)< 7134 130T 7}E {3t 2 A w53
(J. Org. Chem. 2005. 70. 10875-10878). ¥+5 ¥ ice bath °lA
Wzhste] AA ] A7 At AFAstq 4= @& 55 87%. Orange
solid. ESI-MS: m/z calcd C;sH1sN4O+H' [(M+H")]1:299.1. Anal.
Calcd for Ci16HisN402(298.14). '"H NMR (500 MHz, DMSO-d;) '
9.14 (s, 1H), 8.61 (d, J = 7.3 Hz, 1H), 8.41 (d, J = 8.4 Hz, 1H),
8.28 (d, J = 8.6 Hz, 1H), 7.65 - 7.59 (m, 1H), 7.24 (d, J = 8.6 Hz,
1H), 4.67 (s, 2H), 4.14 — 4.10 (m, 2H), 2.49 - 2.45 (m, 2H), 2.20

(s, 6H).
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Figure 33. Product 6

ethyl(£)-4-(2-(2-(2-(dimethylamino)ethyl)-1,3-dioxo0-2,3-
dihydro-1H-benzoldelisoquinolin-6-yl) hydrazinyl) -4-oxobut-2-
enoate. 3 WA 25 mL RBF 9] Ethyl hydrogen fumarate(48.28 mg,
0.335 mmol, 1 eq), EDC - HCI(77.06 mg, 0.402 mmol, 1.2 eq),
18]35 HOBt(54.31 mg, 0.402 mmol, 1.2 eq) & DMF ¢l 9j4 1 A7k
¢ vksgkth. £ WA RBF © Product 5 § 47 DMF ¢ 594 0C=
3o R WHA RBF oA dbs & 225 5 A RBF ° dropwise
AH3] Y=o RT A 2 A7 95 F column 3t £t 55
34%, 'H NMR (500 MHz, CDCls) J: 9.63(s, 1H), 9.07(s, 3H),
7.93(dd, J= 18.4, 7.3 Hz, 4H), 7.66 (d, J= 8.1 Hz, 1H), 7.32 - 7.20
(m, 6H), 7.04 (dd, J= 15.5, 9.8 Hz, 3H), 6.56 (d,/= 8.2 Hz, 2H),

4.37 - 4.25 (m, 8H), 4.17 (dd, J= 14.1, 7.0 Hz, 2H), 2.91 (s,4H),
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2.53 (s, 11H), 1.38 (t, J= 7.1 Hz, 5H), 1.30 — 1.20 (m, 7H), 0.87

(dd, J= 159.9, 9.0Hz, 3H).

Product 7
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Figure 34. Product 7

6-bromo-2-(2-(dimethylamino)ethyl) -5-nitro-1H-benzoldel
isoquinoline-1,3(2H) -dione. Product 4(1 g, 2.89 mmol, 1 eq)®l
H»,SO4 10 mL, NaNO; (0.24 g, 2.85 mmol, 1 eq)S 23 ice bath ¢4
30 €, A2 3 A2+ wHkgY. W F A7k DW 100 mL o d3As)
RE=t}. Sodium carbonate & £3}A71 ¥ filtration g}, 55 74%.
Brown solid. '"H NMR (500 MHz, DMSO-d;) J: 8.81 (s, 1H), 8.76
(d, J = 8.6 Hz, 1H), 8.70 (d, J = 7.3 Hz, 1H), 8.16 - 8.12 (m, 1H),

4.15 (t, J= 5.4 Hz, 2H), 2.55 (t, J= 6.5 Hz, 2H), 2.23 (s, 6H).
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Figure 35. Product 8

6-((2-aminoethyl)amino) -2-(2- (dimethylamino)ethyl) -1H-

benzoldelisoquinoline-1,3(2H) -dione. Product 4(346.03 mg, 1
mmol, 1 eq)® Ethylenediamine(133.56 L, 2 mmol, 2 eq) &
methoxyl ethanol(8 mL)d| =4 130C 7}¥9 #5F3}ey over night
"33t} (scientific reports/5:8488/DOI: 10.1038/srep08488). Hk-&

¢ column 3l 83}, $5F: 86%
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Figure 36. Product 9

6-((2-aminoethyl)amino) -2-(2-(dimethylamino) ethyl) -5-
nitro-1H-benzoldelisoquinoline-1,3(2H) -dione. Product
7(392.21 mg, 1 mmol, 1 eq)® Ethylenediamine(133.56 xL, 2
mmol, 2 eq)& methoxyl ethanol(3 mL)¢| ¥4 130T 7}2 357314
1 A7y wkg3ke  (scientificreports/5:8488/DOI:  10.1038/srep
08488). W& F ice bath oA WYzt3te] ZAA el A7IH 7t o731

ds 9=y, 55 58%
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Figure 37. Product 10

ethyl(£)-4-((2-((2-(2-(dimethylamino)ethyl) -1,3-dioxo-2,3~
dihydro-1H-benzol[delisoquinolin-6-yl)amino) ethyl)amino) -4 -
oxobut-2-enoate. 3 WA RBP ¢l Ethyl hydrogen fumarate(72.06
mg, 0.5 mmol, 1 eq), EDC - HCI(115.02 mg, 0.6 mmol, 1.2 eq),
a¥]3x HOBt(81.06 mg, 0.6 mmol, 1.2 eq) & DMF ¢ ¢4 RT A
1 A7} 5-¢F wk-g-3). & WA RBF © Product 8(72.06 mg, 0.5 mmol,

1 eq) &9 DMF ¢ JoJA 0CE FH|3t}t. 3 WHA RBF oA {5 3

-

E2& 5 WA RBF 9 dropwise & HAH3] @&=t}. RT oA 1 A7+ ¥k

2 column 39 223}, 55 47%,
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Figure 38. Product 11

ethyl(B)-4-((2-((2-(2-(dimethylamino) ethyl) -5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzoldelisoquinolin-6-yl)amino)ethyl)
amino) -4-oxobut-2-enoate. R WA RBP ¢l Ethyl hydrogen
fumarate(72.06 mg, 0.5 mmol, 1 eq), EDC - HC1(115.02 mg, 0.6
mmol, 1.2 eq), 282 HOBt(81.06 mg, 0.6 mmol, 1.2 eq) S DMF °l|
oA RT °lA 1 A7 ¢ w53, 5 HA RBF | Product 9(185.7
mg, 0.5 mmol, 1 eq) €% DMF ¢ o 0C=® ZH|st}. 3 HA
RBF ©llA ®k3 gk 245 5 WA RBF ¢l dropwise & HH3] Y&

RT ¢4 over night ¥+ & column 3} g3}, £E55: 55%,
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1.8-Naphthalimide-based fluorescent sensor

sensor 1
;\1/
@) N O
HN .
N OH

Figure 39. Sensor 1
(E)-2-(2-(dimethylamino)ethyl) -6-(2-((1-hydroxynaphthalen
-2-yl)methylene) hydrazinyl) -1H-benzol[delisoquinoline-1,3(2H)
-dione product 5 (120 mg, 0.4 mmol, 1 eq)°] 1-hydroxy-2-
naphth-aldehyde(82.65 mg, 0.48 mmol, 1.2 eq)$} ethanol 15

mL & 37}gH5] 80CelA 5 hr 7}E#87F8 5 column 34 e},



sensor 2

Figure 40. Sensor 2

(E)-2-(2-(dimethylamino) ethyl) -6-(2-(quinolin-8-ylmeth
ylene) hydrazinyl) -1H-benzoldelisoquinoline-1,3(2H) -dione
product 5 (298.35 mg, 1 mmol, 1 eq)® quinoline-8-
carboxaldehyde(157.17 mg, 1 mmol, 1 eq)® ethanol 30 mL <

H7ste] 90ColA 3 hr 78353 F column 3o £ 3},
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Figure 41. Sensor 3
(E)-2-(2-(dimethylamino) ethyl) -6-(2- ((8-hydroxyquinolin-2-
yl)methylene) hydrazinyl) -1H-benzol[delisoquinoline-1,3(2H) -
dione product 5 (100 mg, 0.335 mmol, 1 eq)®] 8-hydroxy-2-
quinoline-carboxaldehyde (59.2 mg, 0.335 mmol, 1 eq)2} ethanol

10 mL < H7F3F32 90C oA 4 hr 72353 5 column 3} &8 3sit},



2.2. Cell imaging

AE] FFE RAW 264.7 7 NIH 3T3 cell & KCLB ¢4 F¢3}9
AH8-31%13, 8 well chambered coverglass °l Z+ well 3 20,000 49
AMEE 37 A FdeI® ¢ F A¥S ARG, A5 wiAE AAT
A wjz] 200 L2 A=Y, RAW 264.7 cell 8] 3$ AEP-P1, AEP-
P2, Control-T & ZF well ol 5 «M(5 mM, 0.2 L) 50 ¥ =g 3 F
lysotracker 1xM(1 mM, 0.2 xL) 5 ¥ 8 ¥ PBS & A3z

#993}3ict. NIH 3T3 cell ¢ 7Z$ inhibitor 50 M50 mM, 0.2 «L)

r

g FH g AT 9 T wiekrle] R3gitk. AEP-P1, AEP-P2,
Control-T ¥ Z well o] 5 pM(B mM, 0.2 x«L) A3 FH
lysotracker 100 nM(100 «M, 0.2 L) g ¥ PBS & A¥3x
#Z4d3t. AEP-P1 & 294 wls =28 g 10 ¥ Ad NEM 50

£M(50 mM, 0.2 ¢L)= AT H T2HE FY3HA AW3504-.

2.3. Cell labeling

AE] FFE RAW 264.7 & AHE3138%, 24 well plate ol Z+ well 2
400,000 F¢ AEE 35 A FHeld ¥ 5 AIE AP A&
MRS AlA & 5 A MAE 300 L A AYET. TE2BO Fxo g
0.3 L & (1 mM, 2.5 mM, 5 mM)< stz mg7)eA 1 A7
B33 1 A2 F el E AIAE 5 PBS € AHEske AlF @), sample

buffer & ZF well ¢ 50 L 2 Yo]&E F 3lo]gl-g o]&3}l9 sample
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buffer 7} MEe] §Y7|E% sho] mjo]a 2 FHo| HolEt}, ztzte] EnE
98°ColH 3 Eritk HojFwA 10 £7 712D gel & E9F H 7 Fol

20 LA 2ske] A7YE B}

2.4. UV-vis and fluorescence measurements with metal ions and
anions

sensor ¢ stock solution & 10 mM & & AH&319 ). sensor 1.5

g < DMSO 1.10 mL, sensor 2.5 mg DMSO 1.14 mL, sensor 3 2.4
mg 529.60 L & A£3t9c). 2 4L 10 mM sensor solution & 4 mL
MeCN, 9:1 MeCN £9% 7138322 10 mM HEPES buffer (pH7.4) Z+
Sulel] 5 «M FEZ 3A3t A3tk MCl*xH,0 (M=Mn**, Co2’,
Ni2'1 mmol), MCl, (M=Pb**, Cd2*, Hg2'1 mmol), MSO, (M=Fe*,
Cu2'1 mmol), AgNO; (1 mmol), CrCl; (1 mmol), Zn(NOj3), (1
mmol), TBAM (M=CN’, F, ClI, B, I, NO3;, HSO,/ 1 mmol),
NaOH(1 mmol), NaOAc(1 mmol), and Fes(SO4)3(1 mmol) Z+Z 10
mM 895 959, 2+ #2898 0.2 L 2 200 L ¢ sensor 7}
| AElod = Suel] 2elste] F33} ¥FFE micro plate reader 71&
A3l RT oA =AY, =3 Job's plot # detection limits

S8k tH(15).
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2.5. 'H NMR of sensor with F, CN™, and Hg?".
olo]Z2 FHo sensor & TBAF, TBACN, =+ HgCl, 0.1 mmol &

DMSO-ds; 600 pL o £313te) NMR HH &7 'HNMR < =A%},
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Abstract

Development of chemical probes for the detection of

ion levels and enzyme activity in biological systems

Yeo-Kyung La
Department of Next-generation applied Science
Graduate School of

Sungshin University

Small molecule chemical probes that can detect various
bioactive molecules, such as ions, enzymes and cofactors are of
great interest to many scientists in the field of chemistry and
biology, since these probes can serve as a valuable tool to study
various biochemical processes in living organisms and
environment. In this study, we aim to design and synthesize such

chemical probes to study ion levels and enzyme activity. First, we

- 74 -



developed several thiophene-substituted aza-BODIPYs, and
evaluated their optical properties. All synthesized aza-BODIPYs
showed a significant bathochromic shift (20-30 nm) compared to
previously developed NIR fluorophores. Second, we developed
activity—-based probes that can show enhanced fluorescent signals
upon reacting with a specific enzyme. These probes selectively
labeled asparaginyl endopeptidase in cell extracts and intact live
cells compared to a previously developed control probe, but also
demonstrated specific signal enhancement in live cell imaging
experiments. Third, we developed 1,8-naphthalimide
chemosensors for dual-sensing of multiple analytes. These
sensors contain a hydrazone linker with a bicyclic receptor group
that can show chromogenic signals toward anions and fluorogenic
signals toward metal ions. We believe that these sensors respond
to anions and cations by two distinct mechanisms, thus enabling

dual-mode detection of multiple analyte.
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