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Design, synthesis of silylboranes and their bioorthogonal activation
of N-oxide prodrugs
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Abstract: The rate constant of the bioorthogonal cleavage reaction is a critical parameter for its in vivo
translation and application. Building upon the bioorthogonal decaging chemistry of silylborane and N-oxide, this
study conducted structural optimization toward silylborane to obtain derivatives with higher second-order rate
constants. The structure-reactivity relationships studies revealed that introducing electron-withdrawing groups onto
the phenyl ring of the silylbenzyl moiety significantly enhanced the cleavage reaction rate. Furthermore, several
silylboranes were successfully identified with fast reaction kinetics (k, > 10° L-mol'-s"). A representative derivative
2b (k, = 239 L-mol"'s") was able to efficiently and specifically activate the N-oxide based fluorescent probe and
prodrug of tamoxifen at the cellular level. In summary, this work provides an efficient cleavage reaction tool for the
design of bioorthogonal prodrugs for in vivo applications.
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Figure 1 Main research content of this paper: Structural optimiza-

tion towards silylboranes and design of N-oxide-based prodrug
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A) The synthesis of N-oxide-based probe and prodrug

Tamoxifen 3

B) The synthesis of silylboranes derivatives
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Figure 2 Synthetic route of the final products. Reaction conditions, a: Mel, K,CO,, DMF, 60 °C, 6 h; b: m-CPBA, DCM, 0 °C, 2 h; c: Mg,
Me,SiHCI, 1,, dry THF, N,, 60 °C, reflux, 2 h; d: Bis(2,4-dimethylpentane-2, 4-glycolato) diboron/bis (pinacolato) diboron, Pt/C (5%),

cyclohexane, 80 °C, 24 h
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Table 1 The second-order reaction rate constants of silylboranes with N-oxide. *The rate constant was measured in 50% CH,CN/PBS

(pH = 7.4) at room temperature
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Figure 3  Effects of the water ratio on the cleavage rate constant

of 1b with 2a (T'=25 °C)
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Figure 4 Cellular imaging studies using silylboranes and an N-oxide probe. A: Cytotoxicity of borosilicate ester 2b in A549 cells (24 h);
B: Imaging of A549 cells treated with borosilicate ester 2b (80 umol-L™") and nitroxide probe 1b (10 pmol-L™). Scale bar = 50 pm
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Figure 5 Activation of an N-oxide-based tamoxifen prodrug by silylborane. A: The HPLC traces of the reaction between 2b (500 umol-L™")
and prodrug 3 (100 umol-L™) in 20% CH,CN/PBS (pH = 7.4) after 5 min; B: The anti-proliferative activity of silylborane 2b (100 pumol-L™)

with tamoxifen prodrug 3 in 4T1 cells (24 h)
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1H), 6.37 (s, 1H), 3.64 (s, 6H), 2.47 (s, 3H).
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2H), 7.19~7.17 (m, 3H), 3.72 (s, 1H), 2.62 (t, J = 6 Hz,
2H), 1.71~1.57 (m, 2H), 0.62 (d, J = 6 Hz, 2H), 0.02
(s, 6H)-
132 2-(ZHEHSE)BPE)ETRE Qe-1) LMl
R, 72 % 89%. 'H NMR (300 MHz, CDCL,) d,: 7.58~
7.44 (m, 1H), 7.44~7.42 (m, 1H), 7.22~7.18 (m, 2H),
4.01 (s, 1H), 2.46 (s, 2H), 0.13 (s, 6H).
133 3-(ZHEEE)FE)KTHRE 1) Tl
R, 72 % 86%. 'H NMR (300 MHz, CDCl,) §,: 7.38~
7.32 (m, 2H), 7.32~7.26 (m, 2H), 3.95 (s, 1H), 2.20 (s,
2H), 0.08 (s, 6H).
1.3.4 Q-8FE)THERER 2h-1) LEMHIR, =%
93%. 'H NMR (300 MHz, CDCl,) d,: 7.20~7.04 (m,
4H), 3.97 (s, 1H), 2.17 (s, 2H), 0.09 (s, 6H).
1.3.5 G-8%FE)THERER Qi-1) Lok, =%
92%. 'H NMR (300 MHz, CDCl,) §,;: 7.20~7.06 (m,
1H), 6.79~6.72 (m, 3H), 3.95 (s, 1H), 2.15 (s, 2H), 0.07
(s, 6H).
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TR, 75 % 90%. 'H NMR (300 MHz, CDCL,) 6,;:
7.06~7.05 (m, 4H), 3.94 (s, 1H), 2.16 (s, 2H), 0.07
(s, 6H).
1.3.7 GS5-WERFE)FTE)ZFEER 20-1) L
R, 2% 91%. 'H NMR (300 MHz, CDCL,) 6,;: 7.61~
7.60 (m, 1H), 7.47~7.45 (m, 2H), 3.98 (s, 1H), 2.31 (s,
2H), 0.10 (s, 6H).
1.3.8 G-8FE)"HERELK 2q-1) LR, /=%
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(300 MHz, CDCL,) §,;: 7.26~7.14 (m, 2H), 7.08~7.04 (m,
2H), 2.17 (s, 2H), 1.30~1.20 (m, 12H), 0.17 (s, 6H).
142 (4,4,6,6-T0FRE-1,32-— F & MMEIF S 2-5)=
BREFTEER 2b) LR, % 26%. 'HNMR
(300 MHz, CDCL,) 6,: 7.17~7.15 (m, 2H), 7.10~6.89
(m, 3H), 2.11 (s, 2H), 1.79 (s, 2H), 1.28 (s, 12H), —0.04
(s, 6H); "C NMR (150 MHz, CDCl,) 6,: 144.23, 130.79,
130.60, 126.26, 72.53, 51.36, 33.85, 27.37, -2.17; HRMS
(ESI) m/z Calced. for C,H,,BO,Si [M+H]" 290.187 3,
found 290.187 1,
143 —HEQG-EFERE)4,4,55-MHAE-1,3,2-=
SZMZIRR-2-F) AT (2¢) L EMHLIR, P53 35%.
'H NMR (300 MHz, CDCL,) 6,: 7.25~7.21 (m, 5H),
3.33 (s, 2H), 2.57 (s, 2H), 1.17 (s, 12H), 0.55 (s, 2H),
-0.01 (s, 6H); "C NMR (100 MHz, CDCL,) J.: 143.23,
129.05, 128.79, 126.20, 117.87, 82.54, 39.55, 37.57,
24.50, 24.48, 17.16, —1.06; HRMS (ESI) m/z Calcd. for
C,,H,,BO,Si [M+H]', 304.203 0, found 304.203 0.
144 —HEA-FZH)4,4,55-MFFE-1,32--5F
ZWRRIR K 2-E)FERR Q@A) L AR, 7R 41%.
'H NMR (400 MHz, CDCL,) 6, 7.24~7.19 (m, 2H),
7.10~7.03 (m, 3H), 2.34~2.28 (m, 1H), 1.42~1.40 (m,
3H), 1.22 (s, 12H), -0.01 (s, 6H); "C NMR (100 MHz,
CDCL,) 6. 146.29, 127.94, 127.07, 124.18, 83.19, 77.34,
77.02, 76.70, 28.24, 37.03, 24.98, 15.56, —5.17, —5.73;
HRMS (ESI) m/z Caled. for C,H,BO,Si [M+H] ",
290.187 3, found 290.187 1.
145 2-(ZFFHE@4,4,55- MR X 1,32- — & %
FR-2-B) )R E)KERE 2¢) B, =2
28%. 'H NMR (400 MHz, CDCL,) d,;: 7.53~7.13 (m,
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4H), 2.48 (s, 2H), 1.22 (s, 12H), 0.10 (s, 6H); “C NMR
(100 MHz, CDCL,) 6.: 145.95, 132.62, 132.21, 129.14,
124.43,118.95,111.23,83.50,37.01,24.10,-4.01; HRMS
(ESI) m/z Caled. for C,;H,,BNO,SiNa [M+Na]" 324.156 7,
found 324.157 1,

1.4.6 3-(ZFFE (4,4,5,5-H B E-1,3,2- " F 2 M A5
N-2-E)REE)RE)ERE 2 A Ol 7% 31%.
'"H NMR (300 MHz, CDCL,) d,;: 7.48~7.21 (m, 4H), 2.20
(s, 2H), 1.21 (s, 12H), 0.05 (s, 6H); °C NMR (100 MHz,
CDCl) d.: 143.80, 133.78, 132.62, 129.88, 128.84,
120.44, 113.14, 84.67, 26.15, 26.11, —3.10; HRMS (ESI)
m/z Caled. for C,;H,,BNO,Si [M+H]" 302.174 8, found
302.175 0

1.4.7 4-(ZEHE 4,4,5,5- B E-1,3,2- " F 2 WA
K-2-E)EEE)BRE)ERER Qg AGEE, PR 43%.
'H NMR (300 MHz, CDCL,) 6,: 7.48~7.45 (m, 2H),
7.16~7.14 (m, 2H), 2.26 (s, 2H), 1.21 (s, 12H), 0.05 (s,
6H); "C NMR (150 MHz, CDCl,) d.: 150.40, 134.58,
131.52, 121.91, 109.79, 86.10, 28.14, 27.02, —2.39; HRMS
(ESI): Caled. for C,,H,BNO,Si [M+H]": 302.174 8,
found 302.175 5,

1.4.8 (4,4,5,5-TUFRE-1,3,2- —F Z-MIZFRK-2-5) —H
BEQ-\8FE)FELR 2h) HBOEHPR, % 53%. 'HNMR
(300 MHz, CDCL,) d,;: 6.99~6.97 (m, 4H), 2.24 (s, 2H),
1.37 (s, 12H), 0.16 (s, 6H); °C NMR (150 MHz, CDCl,)
d.: 161.06, 159.46, 130.84, 126.09 (d, J., = 7.5 Hz),
124.07 (d, J., = 16.5 Hz), 114.92, 82.12, 23.91, 19.36,
-1.88; HRMS (ESI) m/z Calcd. for C,;H,,BFO,Si [M+
H]" 294.162 3, found 294.162 4.

1.4.9 (4,4,5,5-P0FA%E-1,3,2-— ST ER 1% -2-55) — FR
EG-mFE)ER Qi) Bk, 7% 52%. 'HNMR
(300 MHz, CDCL,) d,;: 7.13~6.77 (m, 3H), 2.18 (s, 2H),
1.22 (s, 12H), 0.05 (s, 6H); °C NMR (150 MHz, CDCl,)
d.: 163.65, 143.64, 129.32, 129.26 (d, J.,. = 9 Hz),
123.79, 114.92, 114.79, 110.70 (d, J., = 19.5 Hz),
83.38, 24.98, 24.59, —4.19; HRMS (ESI) m/z Calcd. for
C,.H,,BFO,Si [M+H]" 294.162 3, found 294.162 3.
1.4.10 (4,4,5,5-0FA£-1,3,2- — G 2 RIFK-2-H) =
FEU-FTFTEER 2j) Bk, r~%52%. 'HNMR
(300 MHz, CDCL,) d,;: 6.99~6.93 (m, 4H), 2.15 (s, 2H),
1.38 (s, 12H), 0.05 (s, 6H); "C NMR (150 MHz, CDCl,)
d.: 161.00, 159.41, 136.22, 129.22 (d, J., = 7.5 Hz),
114.61 (d, J., = 21 Hz), 83.30, 24.96, 24.58, 24.55,
23.79, -4.26; HRMS (ESI) m/z Calcd. for C,H,,BFO,Si
[M+H] 294.162 3, found 294.162 2.

1.4.11 (4,4,5,5-F0ERE-1,3,2- — F 2 MRZ IR K -2-5) =
FEU-CREER)FTH)EE Q) LEuRk, 7%
33%. 'H NMR (300 MHz, CDCl,) d,;: 7.10~7.04 (m,
4H), 2.17 (s, 2H), 1.20 (s, 12H), 0.06 (s, 6H); *C NMR
(150 MHz, CDCL,) d.: 146.00, 139.79, 129.09, 120.72,
83.34, 24.92, 24.54, 24.26, - 4.20; HRMS (ESI) m/z
Caled. for C,H,BF,0,Si [M+H] " 360.154 0, found
360.153 9.

1.4.12 (4,4,5,5-F0FA£-1,3,2- — F & 23R 1% -2- )
ZHEGRTEFREER Q) AAEFEK, =R
53%. 'H NMR (300 MHz, CDCl,) d,;: 7.19~6.97 (m,
4H), 2.13 (s, 2H), 1.28 (s, 9H), 1.20 (s, 12H), 0.06 (s,
6H); °C NMR (150 MHz, CDCL,) d.: 146.44, 137.49,
127.80, 124.90, 83.19, 34.15, 31.44, 24.97, 24.60, 24.00,
-4.05; HRMS (ESI) m/z Calcd. for C,,H,,BO,Si [M+H]"
332.234 3, found 332.234 6.

1.4.13 (4,4,5,5-F0FA£-1,3,2- — F T 2R 1% -2-K)
ZHEQ-ZE&HRETE)EK Cm) LOaMR, R
43%. 'H NMR (300 MHz, CDCL,) §,;: 7.54~7.14 (m,
4H), 2.40 (s, 2H), 1.24 (s, 12H), 0.04 (s, 6H); *C NMR
(150 MHz, CDCI,) d.: 140.47, 131.16, 130.70, 125.92,
125.89, 125.85, 125.81 (q, J., = 12 Hz), 123.84, 83.31,
77.21, 77.00, 76.78, 25.01, 24.94, 21.38, —3.72; HRMS
(ESI) m/z Calcd. for C,H,,BF,0,Si [M+H]" 344.159 1,
found 344.159 2,

1.4.14 (4,4,5,5-T0FF £-1,3,2- — F 2T 24 3R 1K -2- )
ZHEG-ZABFEFTE)ER 2en) LR, 7R
42%. 'H NMR (300 MHz, CDCL,) d,: 7.42~7.10 (m,
4H), 2.24 (s, 2H), 1.20 (s, 12H), 0.06 (s, 6H); *C NMR
(150 MHz, CDCI,) d.: 141.93, 131.41, 130.53, 130.41,
130.20, 130.06 (q, J.., = 21 Hz), 128.31, 124.66, 124.64,
120.71, 120.69, 83.40, 37.02, 24.90, 24.53, —4.24; HRMS
(ESI) m/z Calcd. for C,H,,BF,0,Si [M+H]" 344.159 1,
found 344.158 8.

1.4.15 (4,4,5,5-FOEA£-1,3,2- — F 2T 23R X -2- )
ZEHEQGS-NEHREBEE)TE)ER 200 LOEMIR, =
#33%., 'HNMR (300 MHz, CDCL,)d,;: 7.56~7.52 (m,
3H), 2.31 (s, 2H), 1.20 (s, 12H), 0.07 (s, 6H); "C NMR
(150 MHz, CDCL,) d,: 147.28, 133.58, 133.37, 133.15 (q,
Jop = 66 Hz), 132.93, 131.02, 127.37, 137.57, 124.29,
123.76, 120.34, 86.12, 27.37, 26.92, 26.58, —2.48; HRMS
(ESI) m/z Calcd. for C,H,,BF,0,Si [M+H]" 412.146 5,
found 412.146 5.

1.4.16 (4,4,5,5-M0FR £-1,3,2- — F 2T 22 3R 1% -2-5)
—HEQEFTE)ER @p) HBEHIR, 7F K 43%.
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'HNMR (300 MHz, CDC,) §,: 7.26~7.25 (m, 1H), 7.16~
6.94 (m, 3H), 2.36 (s, 2H), 1.22 (s, 12H), 0.08 (s, 6H);
C NMR (150 MHz, CDCL,) d.: 139.82, 133.34, 130.67,
129.90, 126.97, 137.89, 83.97, 37.66, 37.28, 22.72,
-3.08; HRMS (ESI) m/z Caled. for C,,H,,BCIO,Si [M+
H]" 310.132 7, found 310.133 6.
1.4.17 (4,4,5,5-P9FF £-1,3,2- — & A2 ER K -2-5)
“HEG-ESFTEHELE 2q), BEHIK, FE 42%.
'H NMR (300 MHz, CDCL,) d,: 7.13~6.89 (m, 4H), 2.15
(s, 2H), 1.22 (s, 12H), 0.05 (s, 6H); °C NMR (150 MHz,
CDCl,) J.: 143.10, 133.78, 129.19, 128.05, 126.30,
123.98, 83.40, 24.99, 24.58, 24.55, —4.20; HRMS (ESI)
m/z Calcd. for CH,,BCIO,Si [M+H]" 310.132 7, found
310.133 6.
1.4.18 (4,4,5,5-P9FF £-1,3,2- — & T IR K -2-5)
CHEQ-BHEFTE)ER @Qr) LR, 7 E 31%.
'H NMR (300 MHz, CDCL,) d,;: 7.04~6.98 (m, 4H), 2.37
(s, 3H), 2.19 (s, 2H), 1.21 (s, 12H), 0.06 (s, 6H); °C NMR
(150 MHz, CDCI,) d.: 139.30, 134.63, 129.95, 128.78,
137.54, 123.98, 83.24, 24.97, 21.33, 20.42, -3.61; HRMS
(ESI) m/z Calcd. for C,H,,BO,Si [M+H]" 290.187 3,
found 290.187 7.
1.4.19 (4,4,5,5-P9FF £-1,3,2- — & AR ER K -2-5)
“HEG-BETE)ER 2s) LOEHIR, R 28%.
'H NMR (300 MHz, CDCl,) J,,: 7.08~6.87 (m, 4H), 2.28
(s, 3H), 2.14 (s, 2H), 1.22 (s, 12H), 0.05 (s, 6H); "C NMR
(150 MHz, CDCL,) d.: 138.76, 137.67, 129.06, 128.12,
137.38, 124.94, 117.29, 82.08, 26.56, 24.42, 23.96,
20.52, —1.93; HRMS (ESI) m/z Calcd. for C,,H,,BO,Si
[M+H]" 290.187 3, found 290.187 7.
1.5 BIA3IMER

W Aih 2L 25 (200 mg, 0.538 mmol, 1 equiv.) ¥ T
DCM (5 mL) #, T 0 °C F 218 il A mCPBA [139.34 mg
(% & 85%), 0.807 mmol, 1.5 equiv.], T 1% i B T i ¢
2 h, R R PGS G, AR IR RLR, R AR R A E BT (=
AH B HE =100 1) 2 Eaib SR &9, 7= %
90%. 'HNMR (400 MHz, CDC,) d,;: 7.35 (d,J= 4.0 Hz,
2H), 7.24 (d, J = 4.0 Hz, 1H), 7.22 (s, 1H), 7.18~7.16
(m, 2H), 7.13~7.10 (m, 3H), 6.80 (d, J = 8.0 Hz, 2H),
6.54 (d, J = 8.0 Hz, 2H), 4.41~4.38 (m, 2H), 3.82~
3.76 (m, 2H), 3.37 (s, 6H), 2.45 (q, J = 8.0 Hz, 2H), 0.92
(t, J = 8.0 Hz, 3H); "C NMR (100 MHz, CDCI,) 4
167.26, 155.39, 143.68, 142.36, 142.01, 138.00, 136.85,
132.23, 129.78, 129.56, 128.29, 128.06, 126.76, 126.29,
113.45, 69.55, 61.71, 58.92, 29.17, 13.67; HRMS (ESI)

m/z Caled. for C,H,,NO, [M+H]" 388.227 1, found
388.227 2.
2 ZRRNENDFBHONESE

A SR R — 93 71 55 77 1K e T R T S
BEEMII NS 7755 4. BARSR, 1 %6, B4 mL
PBS Z& ¥ (pH = 7.4) 553.99 mL Z 54, I 10 pL
&P 1b 5 (3.2 mmol-L™Y), i 1b it &K R
4 ymol-L's B H 4NFAT LI, %250 M IMAAIF
R 2a~2s R YL GV ZE B (4 mmol-L™Y),
RFE IS5 PBS IARFALL 101, f 2a~2s (1 3K 5
73 91°4°80.100. 120 #1140 pmol-L™". ¥4 1b FIE R 5 &
&) (2a~2s) WIS ABUR A DLE 3R, 8 i
AR F-320 B 40 06 6 BETHAE 25 °C26 1 T, 1450 nm
Qb SERTIE S G AR AL . BT 15 3l )1 % R 4 Prism
A AL R, 38 I 0L e O 5 B - I ) il 2R 3R A1 — 22
SNBSS R R ko D% kS 2a~2s WK
ATERAE R A3 M, TSR 2R B — 2% I IS 2 Bk o
3 YRS

H /N BRUFL IR 4H R (4T 1) SR 2 10% KT g 4
3% (FBS) M1 1% XL (5 % & -8 % %) K RPMI1640
SEAREFREE, T 37 °C.5% CO,H I RE F- 40 o JRG 7%
SEG AT 24 h, H Ak H0A K A 6 40 i A G I i 8 9%
F=LLAESL 10 000 ™40 1R 25 FE M T 96 FLEF =R .
P R I A 0 R B A6 5 40 22 75 T DMISO L 1] J BV, Bl
J& F TG L3 RPMI1640 35 77 5= 5 55 76 R, 1 AR % 52 58
1 DMSO &k FE AN HEIT 1%. W H 2.4.6.8 110 umol-
L' SN2 PERR B, i BERR S 24 h ), BERR T
ZiRE TR, FHPBS P4l i 3 ko REALINA 100 pL 7
10% CCK-8 iR (155 7 5, 4k 445 9% 1~4 he e ff
FH 2 D RE B bR A AE 450 nm AL 5E W' EE (optical den-
sity, OD) 1, AT 75404 28 J Ak 7 A Ab 22, AR T i 2 X
THE AR EE N I 4H B AA TS 2R .

a0 M 7 s K (%) = (OD%%@H -
(OD yypnpmn — OD s ppagmen) % 100%
4 YHPERRKI&SCIE

SCEG T 24 h, K AS49 40 DLE B % R T 6 1L
B IR b . 4 BB AL A 10 A 2b ¥ % T DMSO H it
il it £V, B S A o A SR AT AR, . IR B
3K FR A I A 1b B 2540 (10 pmol-L7). 1b
(10 pmol-L™") 5 2b (80 umol-L™") BEA AL FHL . & 2H4H
MIFE 37 °C 5% CO, %M FHFE 3 hiG, ;A B AR,
1 FH B IR 6 2% v (PBS) Tl e B5 7 4L 3 Ik, B LI
1 mL ¥ if RPMI 1640 K5 77 5 . # o, K H %8 7] LMS
710 BUEOE LR £ B AT 9 BB R £ .

OD . ggan)/
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B & TTMK: Z= 40K B RO 52 1 WE L B B, it WLy
S8 A [ U K ST R DTEAT SR TR L I PR R 20 B
A2 [R5 K ST S0 SR SORE B TR BT B BT RROAS

FUTMIR: AT A AEH P IAAMFAER G PR R
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