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ABSTRACT

Boron neutron capture therapy (BNCT) represents a cutting-edge approach in cancer treatment, offering
a promising avenue to enhance cure rates for patients resistant to conventional therapies. A critical factor
for successful BNCT is the development of boron drugs with exceptional tumor selectivity. In this study,
we synthesized a novel benzothiazole derivative, potassium (4-(benzo[d]thiazol-2-yl)-2,6-difluorophenyl)
trifluoroborate (B13), incorporating boron and fluorine. Following its synthesis, we radiolabeled the drug with
18F via a 1?F/*8F isotope exchange reaction, producing *®F-B13 with good radiochemical purity and yield. Notably,
theradiotracer demonstrated significant uptake in U87MG tumors, as evidenced by PET imaging. Biodistribution
analysis revealed a substantial accumulation of boron (4 ppm) in U87MG tumors 1h post-intravenous injection.
Moreover, it showcased significant tumor/muscle ratios (2.04) 2 h post-injection. While the tumor selectivity of
B13 did not meet the stringent standards for BNCT, its potential as a BNCT tracer remains promising. Notably,
the tumor/muscle ratio remained elevated up to two hours post-injection, suggesting future avenues for
optimization and clinical translation.
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B BGAIE Bls) A&t BE SUAIE7E o e
A S8AE Tk HEA = AW EF0lA ofr] At &
YA (L-type amino acid transporter 1, LAT-1)E 53| 55
Ao g Al Wg2 SoJ7Itks, 9). T12]aL, BPAS] #idl 31
2o A EA(PF)E =3 F-BPA (4-Borono-2-"F
fluoro-L-phenylalanine)E ©]-&3} BPAS] AU EEE
PET(positron emission tomography) 342 &2 2915}l o]
£ BNCTA ] o] &3h(10, 11).

T84, BPAE AU HiE £ dE S wEE AIRE
o] Zal AU g0l FE A7 Ark4). EZH A el
EAot= B2 5L H0: B304 E8ATE Eof5]
o] TF Ael4do] A5k 7s/do] ATH(12). H:0: 2
] benzeneboronic acid?] BE-A0h= XAAA] X8 HE-S-
of oI5t A=, "F-BPA €} o] meta-9|X|0]| F-X]&7|7}
Ue Aol E5ast 3ol o etk Hivk )lal
(13), wehA B2} 1271 TH2F-BPA 7} BPAY AU &
ZE FgsHA HoE o glvks o] lth(10). 132
2, T AEES FFA7171 13t A W Aol =2
BA0oFRY] AT X7 oJokET NekojorEe] A
Z7}F F AR B4 00 oFE0] 7ol " a sttt
B Ao M= A7) dFE BPAS] EAHS FESH
= MEE FEQ BNCT 9JoF&2l flEAtolotE 7|4l
&

gdo] Sl delznestER U, T
Rt B2 A7F HALEof 9lok(14, 15). W&
AtolotE Ao B4t E4E EASh= BI3 2 BNCT
SoFFo g ARSd 4 Q& Wit ofEt YAV EAE B
Aot g AV OloE o B AT 4 glol, Am/A
dojofgol FUT EALRE A= 2 E Eo] 7Hs
sttt mhebA 2 AEe WlRAtolokE 7He] Ba-EA
SHE, B13 9 AMEATE £4] € "F-BI3S 5kl
BNCT 9|9F&0 24 &8 7Hs/d& H718f ol
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Materials and Methods

General remarks
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c}. "F Aol = Sep-Pak® Light Plus QMA Cartridge (part
no. WAT023525)& A&3513ict. §H4 S, B139] &=
T BHL 345 HA A2otE 15 (high performance
liquid chromatography, HPLC, Waters)E ©|-&5}0] o]F0]
a1, ZrH-2 XTerra® Shield RP18 (OBDTM Prep Column,
125A, 10 pm, 10 mm x 250 mm)S AFE5F3 01, o] 54k A
(0.1% TFA in water)?} 0|54} B (0.1% TFA in acetonitrile)
E o489 R | mL/minC & E#ZF9]t}; gradient,
3% B to 10% B in 15 min, 10% B to 75% B in 10 min, 75%
B to 95% B in 10 min. A& EA4L2 7| RE 0|23} &
oF E.30-7|(electrospray ionization mass spectrometer, ESI-
MS, Thermo Scientific, ISQ-EM)< ©]-&5}0] o]Fo]x 11,
HE SEAYS S=9AE o FERE Y] 54l

(KIRAMS 2022-0145) 2| ]| wh2} =3P =] i},
Synthesis and Characterization

2-(3,5-difluoro-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)benzo[d]thiazole (2).
Pressure flask©]] 4-bromo-3,5-difluoro-benzaldehyde (1, 4.80
g, 21.7 mmol)2} 2-aminobenzenethiol (2.72 g, 21.7 mmol)
£ DMSO (50 mL)°]l 37}5}o] 140°CoflA] 2417t E<L it
St 7] ¥Fg-ES A2 71A] A5 4, filter 5o B2 HF
SES E2 Aojdl 3 (20 mL x 3), 2, 6.50 g (yellow solid,
91.8%)2 At} 'H-NMR (400 MHz, DMSO-ds) & 8.20 (d,
J=8.0 Hz, 2H), 7.96 (d, ] = 7.6 Hz, 2H), 7.50-7.62 (m, 2H);
ESI-Mass m/z 327.7[M+H]".

2-(3,5-difluoro-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)benzo[d]thiazole (3).
Na(g) 3ol Al 2-(3,5-difluoro-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)benzo[d]thiazole (2, 6.00 g, 18.4
mmol)& dioxane (100 mL)°]| &0]3., bis(pinacolato)
diboron (9.34 g, 36.8 mmol), Pd(dppf)CL..CH2Cl: (1.50 g,
1.84 mmol), KOAc (5.42 g, 55.19 mmol)= H7}3t 3 80°C
oA 16A17F &<t wut AT 7] W= filter &,
filtrate S 55511 Silica-gel column chromatography (SiOz,
Petroleum ether/EtOAc = 100/0 ~ 10/1)E 43§35} 3,
4.50 g (white solid, 65.5%)2 A3Itt. 'H-NMR (400 MHz,



CDCLs) § 8.09 (d, T = 8.0 Hz, 1H), 7.93 (d, ] = 8.0 Hz, 1H),
7.60 (d, J = 7.6 Hz, 2H), 7.50-7.53 (m, 1H), 7.43-7.46 (m,
1H), 1.41 (s, 12H).

Potassium [4-(1,3-benzo[d]thiazol-2-yl)-
2,6-difluorophenyl]trifluoroborate (B13).
2-(3,5-difluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)benzo[d]thiazole (3, 3.5 g, 9.38 mmol)= MeOH
(70 mL)9]| =0]37, KHF: (3 M solution, 12.50 mL, 37.5
mmol) 7} &, 25°CoA] 1 Azt &<t wxtstelet. §Hg
T S3ES 5=519] E(50 ml x 2) I} methyl tert-butyl
ether (30 mL x 2) & A oWich. A7] ¥HS-E-S DMF (150
mL)o 0] 2] ¢k= B2 filter oFo] A| A5l filtrate
L %%3lo] DCM (20 mL x 4), DCM/DMF (20 mL, 6/1
(vIv)) 2 Hojujo] 98%9] &= 2 B13, 0.51 g (white solid,
16.5%)<S A9Jct. 'H NMR (400 MHz, DMSO-ds) § 8.15 (d,
J=8.0 Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.53-7.58 (m, 2H),
7.50-7.53 (m, 1H), 7.45-7.49 (m, 1H), 7.34-7.40 (m, 2H); "F
NMR (376 MHz, DMSO-ds) 5 101.38(s), 132.63 (d,J =11.3
Hz); ESI-Mass m/z 314.0 [M]..

Radiochemical synthesis of '®F-B13.

"F-fluoride= =t st AlO]ZREE
(PETtraceTM 16.5 MeV GE Healthcare, WI, USA)OJ 4]
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*O(p.n)°F H¥t-3of| ozl AJAJ =] k. “F-fluoride S A
317] 913l Sep-Pak”™ Waters Accell™ Plus QMA cartridge
o] aqueous potassium carbonate (0.5 M, 10 mL)<} Milli-Q
water (15 mL)& HAs] HAA EH|3eh. A
= QMA 7FE A0 "F, "0 EFH(1 mL)E FYstaL
Kryptofix 2.2.2 2%(1 mL)S FY5to] “F-fluride/K2.2.2
= FEoUTh ACNS &4 715t 100°CoflA] A4
7}AE 0]85k0] PF-fluride/K2.2.2S FH|EZSFE AXA]
7t B139] HpALA A 9122 VFNF 59914 73
-3 (isotope exchange)2 0]-&51%.0H, o] A W F3l
7led 7I¥E arste] AstaArk(ie, 17). B13 (1 mg)<
THF (50 uL)2} 1 M HCI (15 pL)of| 50, pHE 22 Y11
8F_fluride (703 MBq)°]l 7} 3, 85°COllA] 1587+ ¥F-S-A
713, 5% NHsOH (2 mL) -84 #7l5ko] vr-a-& &
AlZIt} 10 mL EtOH I} 10 mL waterS S3}A|A A X235t
C18 Sep-Pak” cartridgeo] A17] ¥H-3-5-2 #7}51 11 EtOHS
E8Z0] free "F-fluride 7} A A "F-B13S 95% ©o]A} &=
T2 AAk(Figure 2). FAS}SHS £ X+ aluminum TLC
o HF--& & (1 uL) & &, ACN : water =95 : 5 -2
Z7R8}0] radio-TLC AU &2 45T

2 (T

A

In vivo PET/CT

4~623 9] male BALB/c FE0F2-A0] 3/H 20 5 x
10°9] US7TMG A|EE 1a}5Al sttt F49] F17t 5

SH
NH; BPD, Pd(dppf)Clp, KOAC
Br _— B -
7 @E 4 '
o) DMSO Dioxane
F F
1 2
F F
S 0 KFH; s K+ F
Y B — = B—F
N\ V/ \
N o MeOH N F
F F
3 B13

Scheme 1. Synthesis of B13.
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F 18 19 F
S F S 18k
o Moods
N F ™ nggc;’lution N F
F F
B13 8F-B13

Scheme 2. Radiosynthesis of *F-B13.

-7 mm7 H9E ) 7ol ol §aGITh 2040] O AR A 00 b b

2 ZYntHE §F G go] “F-B13 (200 uCi, 7.4 MBq) ] -! ’

£ weg] WMo g FARSE X PET/CT (nanoScan®, Mediso i . i

Medical Imaging Systems, Hungary) G4+ 855139t (n 1 II|

~2.0-608,90~ 120 ¥4 IS ASsiL 08§ | | :

0 & g|o]E]E ¥o] 3D-OSEM (three-dimensional ordered ° vl |

subset expectation maximization)®}'¥]-& 0]-8-5}o] FAS A i .. 3

45tk ; | :

O —

In vivo biodistribution of BNCT drugs 0 50 100 150 200

Position (mm)
4~65% 9] male BALB/c F==0F9-2A9] SJH %[0 5 x 10° B 8000 ,

o] USTMG AIES 3514t siict. $9] 374035 - |

0.7 em7} EI91 6] 7ol o] §3HSATE. BI3 (14 me)& & s

i (DMSO 20 pL, Tween80 20 pL, saline 160 pL)of| =-of uf

© A(male, 6W, 25 g BW)ol B733AKip.) 3F3ith (n = 2). ¥ e

FA 5 1 A Aol ez} RS HEelel D O

& Zaf=ul AFF EA4(Inductively coupled plasma mass s

spectrometry, ICP-MS) 0. & B-49] oFS =451t} A

AL 3,5, 10, 20, 40, 60 ppb B o] 8-5to] 1511, AHZ3} " ——

HE ¥&E 890 10 ppb Y (Yitrium)o] W& EEEHS ('J rrr 5'0 R 5100 LA 150 A
Position (mm)

o] BA519] 0 1 &= ICP-MS (NexION 350D, Perkin

Elmer)& AH&-5F Tt
Results and Discussion
U B4 BEXE= UF/F 3994 18 Uk (isotope

exchange)& 0]-851%1.0H, pH 1.5 ~ 33 E£9] A Z A9
A gt AFA| 2} Ato| E R E E0f| A A 428} A E Q]
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Figure 1. The radiochemical purity analysis obtained
by radio-TLC-scanner: (A) **F-B13 (crude), and (B) "F-
B13 (purified). The elution solvent used was ACN :
Water =95 © 5.

BE_fluride ion& ©]-85}o] BFS0] Yojuttiyl H 11 E| o] Q)
TH(16, 17). "F-B132 Afo| 2R EZ0| A A/d € "F-fluoride
s 0]‘8"8]'05' Scheme 20" _Q_Q_F‘H_ Eﬂi T')g—/lgﬂ 9{‘1\1, Hc]_/\]_ﬁ_
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Figure 2. PET imaging and biodistribution data of *F-B13. (A) Coronal (top) and axial (bottom) PET images of
U87MG tumor-bearing mice at 10, 30, 60, 100, and 120 min after ¥F-B13 intravenous injection. White arrows
indicate tumor sites. (B) Quantitative analysis of '®F-B13 uptake in the brain, kidney, liver, muscle, and tumor

derived from small-animal PET imaging.

SHA 8- 25%, HIALSFEHA &k 95% SItH(Figure 1).
ZTEZA] 51} A& =4 H specific activity+= 41.3 MBq/
mgO & A=At

Figure 22 15} £9F R dlof "F-B13S X724
T, 2AZ7HA] @& PET/CT Q73 &, A%, 7h 25,
oj|A]9] ROI £-4] A3tolc}, 12|31 24]7H9] PET &%
B3t woll "F7L AFH = gEASH d4do] A o
ooz "F-BAF o] MYH 02 A E UL PET 4=

710 Aotk A& Hol 3t}

"F-B139] BrainAl 3= FAF & 108, 0.15 + 0.01; 30
£ 0.11 £ 0.02; 60£, 0.10 + 0.04; 1005, 0.09 + 0.05; 120
£, 0.09 + 0.05 %ID/gO. 2, FA} T3080] 7} =2 AT
£ KBt} Kidney= FAF 3 108, 2.36 + 0.11; 305, 1.87
+0.03; 60, 1.88 + 0.10; 100, 1.97 + 0.18; 1208, 1.98 +
0.22 %ID/gC &, FAF A F0] =2 AT 7} 2A77HA] F-A4]
= AR HolFQIt) Livero|A: FAL 3 108, 5.18
+0.10; 305, 5.26 + 0.64; 605, 4.45 + 0.69; 100%, 331 +
1.41; 1205, 3.12 + 1.34 %ID/g O & 30&0] 7F& =9k 4
At FAohs S A Muscle oA FAF S 108,
0.31 + 0.05; 60, 0.18 + 0.00; 1205, 0.12 + 0.03 %ID/g2.
B FAo|F A&A 07 FAaste AFS EATE Tumor
L ZA} 3105, 0.42 + 0.00; 305, 042 + 0.11; 605, 0.35 +
0.09; 1005, 0.27 + 0.05; 1205, 0.24 + 0.04 %ID/gO.& A}

A

-~

o

52, z oy N
O

e, ;3 ()

ol A& 07 7Hashs TG KA BNCT oJekEo
2AX9] 52 B7IsI] HsiMe SG0IA 7IEolide] oF
B 2 _9_—0—]—11 u]— }_Oh/x4 /\J-z 2] _cq H]% E?‘)‘]— = Jg_s].r,}_
AN Bl FFAIZ] B &2 HlER T4aEol &
HH NS I SYAE AR A4 Al mElE 24s)
SHHA SYAZE A= ] fiteltt. oA o 2e S
dE219] vlgo] 3 ol Zlo] 7HE AFAo|ti(18, 19).
PET 9Ato 2 golst *F-B139] tumor/musclel] B]= FA}
T 108, 1.36; 3042, 1.66; 60, 1.94; 100+, 1.88; 120+, 2.08
@XPQ O g 2751} o]+ B13S BNCT 9JeFZo g
& 7FsdE HojF= 2ol ofE &3S w9 E1
7] AZF ZoF B A =1 2 2As51= 50| &3} A4S
o BNCT®] 912 Z7bA|Z 5= 9l eejo] s

FYol 2T F2I "FBI3] A5 R AL B2
ARo] AAEF O, FF Yol ALl T2A

EEA] Y7 W Eo 2 o FEr). E3L, W2 HARSet
A P (25%)% Asf o] HAFA7E o] FUEo]
JJ’% 1421 8A49] §hgo] A== a1} Q)
AFETHQ20, 21). o]’ BAS =551
o] AbESh= AFA| S E0f WA 5=
¢ 852 S7HE £ 9 Aot Wz
B A= o} golr 4 4287 (aryl hydrocarbon
W= S0zttt 4 A UTh?22).

_I

¥ X
m{n
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¥
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MH’ R >i ru>J
VE olo
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[=2]
L

m1h
m2h

F.
L

B ppm (Mg/g tissue)
w

Blood Tumor

Figure 3. Boron concentrations in organs of U87MG
tumor-bearing mice 1 and 2 hours after intraperitoneal
injection of 500 mg/kg dose of B13.

Figure 3-& 33} £9F R dlof| 500 mg/kgl & B13S E7}
ZAHi.p )R T, 1 AIZE, 2 A1710]) Bt Fopo] EAsH
B4EES et FAF & 14719 45T blood,
6.17 £ 0.99; tumor, 4.16 = 1.99 pg/gC| AL, 2 A7+ A< &
25+ Dblood, 6.63 = 1.79; tumor, 4.41 + 1.99 ug/gO 2 =+
AL & 147 H]8f| 24| 71o]] E N} FFof| EASHH= B4
oF=9] F7t S715k3Ath Hl5 B139] BNCT &JofFo=
AREE7] AsiA AT EE S B4 EE(20-35 pg/e)
o BEIAAGE FARE, FAH, 21 5o 24

25} 9l o 71 ARHEOe] BES B8 A% A s

S
I

/g0l BNCTY] 72 TH5A1714]

L Z A5, tumor/muscleH]-&0] A} T 2X7H74A] §A]

T A3F0 & Hol 35 BNCT QJeFE 0 20 889 9|3

27 HA3} A7 B2 sl HRItk(26-28).

AN
B2 B139| %% Al
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Conclusion

1o

43491 BNCTE S8l SPHe0] 12 B4
oFEETl ohet o]o] AV BEE GO ANE 4 9
£ 55U 72| A9 2JoREo] o] WaHolth £

oA B0} BA7} HE 2L WEAololE &
EAS A7 D ST, 5% HEL o] § A W £
ST WA EAE VFF 59
ofaf o] I HL, ol WA HA| A, F
3 F2E §22 % 9lo] 71E2] BPATF KW £A
IR 4 AQich BF PR @ 24 A5} A7
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