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Tetrazine bioorthogonal click-to-release reaction for releasing peptides
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Abstract: This paper aimed to investigate the release efficiency of peptide at carbon terminal triggered by
tetrazine bioorthogonal click-to-release reaction, and further explored the potential application of this reaction in
functional modification and mild cleavage in solid-phase peptide synthesis. Thirteen peptide derivatives modified
by trans-cyclooctene (TCO) were designed and synthesized, which were reacted with tetrazine to release the
peptides. The results showed that the release rates of peptide were 90.0% to 97.7% in one hour. The strategy has
good compatibility with the functional side-groups and the length of peptides, which expands the applications scope
of tetrazine bioorthogonal click-to-release reaction. At the same time, a novel bifunctional trans-cyclooctene
molecule was designed and synthesized. The active peptide GIRLRG was modified by fluorophore on the solid-
phase resin, and released through tetrazine click-to-release reaction under mild condition, providing a new strategy
for the solid-phase modification and release strategy of the peptide.
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Figure 2 Design of tetrazine derivatives
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Figure 4 Synthesisof bifunctional TCO derivatives. Reagents and conditions: a) Imidazole, DCM, r.t., 2 h, 90.0%; b) DCM, 0 C-r.t.,18 h,
70.0%; c) THF, 70 C, 4 h, 70.0%; d) 1) MsCl, Et,N, DCM, r.t,, 2 h; 2) NaN;, DMF, 70 C, 48 h; 3) Ph,P, DCM, r.t., 12 h, 50.0%; e) EDCI,
HOBT, DIPEA, DCM, r.t., 4 h, 70.0%; f) THF, r.t., 2 h, 80.0%; g) 254 nm UV, EA, Et,0, r.t., 12 h, 8a1/8a2: 20.0%, 8b1/8b2: 23.0%
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Figure 6 Determination of reaction release rates of TCO-Gly-Gly with different tetrazines. Reaction conditions: tetrazines (1.5 eq.),
PhCOMe (1.0 eq.) as internal standard, 1% HCOOH in H,O/EtOH (1:4) (0.2 mmol-L™), r.t.; M: Only one isomer was exhibited
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Figure 7 Determination of the reaction release efficiency of TCO-peptides with tetrazine S1 [reaction conditions: tetrazine S1 (1.5 eq.),
PhCOMe (1.0 eq.) as internal standard, 1% HCOOH in H,O/EtOH (1:4) (0.2 mmol-L™), r.t.]. A: The release rates of TCO-dipeptides of
which the first amino acid is different; B: The release rates of TCO-dipeptides of which the second amino acid is different; C: The release

rates of TCO-tripeptides; D: The release rates of TCO-tetrapeptides
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Figure 8 Fluorescence imaging. A: TCO-GIRLRG-resin material; B: TCO-GIRLRG-resin materialattached with fluorescein; C: Resin

material after treated with tetrazine S1; D: Fluorescence of cleavage fluid: 1) H,O/EtOH (1:4) as control, I1) cleavage fluid
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W H BT T AR R AR AR . £ B RS

VG R R b 2 TORR R UL, BTSN 3 S a r
ali; W B 2R IR R A A A 550 e B 22 i
HHFEER AR B EAREA R AR ME R B
HARAF
1 TCO-BkHI& R

AR SCR R TE A BRRBE R 7R O % 2-5
Ft— 2 U 3£ 4% 1 (20.0 mg, 0.16 mmol).DCC (66.0 mg,
0.32 mmol). DMAP (1.2 mg, 0.01 mmol) I # & ¥
Fmoc £ 37 i 2 3£ R (0.32 mmol) & T 10 mL Y Jz Wik
BN, B BEEIMATRR S BT (DCM) %57
2mL, FEiR M FIRM2 he TLC WM B, 45 8 58
4> )5, DCM ZEHY, WA S AN pesk, WA LA, FJoK
TR BN T 15 ik 4, L REIR I Ve 0 B (PECEA = 4:1),
UEIRAR, 2. @ ¥ E—P TCO-H A=) &
F-10 mL A SR, TN 2 mL F DCM ¥ 714 L 58 4
B, SRJE N 0.2 mL 8 — 2 0%, T S A RN
Ah. TLC MMM, £ SN TE 4 5, SON I F2E 060 75
weds, I EEHT T 2. @ ¥ LB EH
mi ~ Fmoc fR 37 Y 2 58 R 538 — ik L = ik (0.32 mmol).
EDCI (61.3 mg, 0.32 mmol).HOBT (43.2 mg, 0.32 mmol)
BT 10 ML BE W, BARYT, I 3 mL 1
DCM ¥ 5, [t J5 2% 1% 3 i DIPEA (41.4 mg, 0.32 mmol),
TERmE&M TR 2h, TLC WM B, £ K8 584 )5,
DCM Fike s M, WAL PRI, W HLAH, FE/K
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T B AN T 5 IR 4, S RE ARV 4> 55 (PECEA=1:1),
PR AR, 15 2IAH R H bR =4

b &%) T1 (TCO-Asp-Gly), UL % 64.3%; *H NMR
(400 MHz, CDCl,) ¢ 7.76 (d, J = 8.0 Hz, 2H), 7.60 (d,
J=3.9Hz, 2H),7.40 (t, J=8.1 Hz, 2H), 7.31 (t, ) = 8.0 Hz,
2H), 6.99 (t, J = 7.8 Hz, 1H), 5.84~5.71 (m, 1H), 5.60~
5.39 (m, 3H), 4.91~4.85 (m, 1H), 4.40 (d, J = 8.2 Hz,
2H), 4.23 (t, J = 8.0 Hz, 1H), 3.96 (s, 2H), 3.03~2.95
(m, 1H), 2.77~2.82 (m, 1H), 2.45~2.46 (m, 1H), 2.06~
1.99 (m, 3H), 1.87~1.73 (m, 1H), 1.70~1.66 (m, 2H),
1.48~1.46 (m, 1H), 1.41 (s, 9H), 1.09~1.00 (m, 1H),
0.83~0.77 (m, 1H); *C NMR (101 MHz, CDCl,) §
170.03, 169.68, 168.78, 156.53, 143.95, 141.42, 132.81,
129.94, 127.85, 127.23, 125.25, 120.10, 82.08, 75.22,
67.49, 48.91, 47.24, 44.49, 40.52, 37.36, 36.04, 36.01,
29.11, 28.13, 24.33; ESI-HRMS (m/z): 599.273 2 [M+
Na]*.

1k &%) T2 (TCO-Phe-Gly), # % 69.5%; H NMR
(400 MHz, CDCl,) ¢ 7.75 (d, J = 7.8 Hz, 2H), 7.58 (d,
J=8.0Hz, 2H), 7.40 (t,J=8.1 Hz, 2H), 7.30 (t, ) = 8.0 Hz,
2H), 7.26~7.18 (m, 3H), 7.13 (t, J = 7.9 Hz, 2H), 6.66~
6.60 (m, 1H), 5.77~5.67 (m, 1H), 5.57 (s, 1H), 5.47 (s,
1H), 5.38 (s, 1H), 4.96 (s, 1H), 4.38 (d, J = 4.1 Hz, 2H),
4.21 (t, J = 7.8 Hz, 1H), 3.88~3.87 (m, 2H), 3.14~3.13
(m, 2H), 2.46~2.43 (m, 1H), 2.02~1.83 (m, 4H), 1.70~
1.58 (m, 2H), 1.51~1.44 (m, 1H), 1.04~0.93 (m, 1H),
0.81~0.73 (m, 1H); C NMR (101 MHz, CDCl,) §
170.54, 168.68, 156.60, 143.90, 141.40, 135.80, 133.18,
132.81, 129.84, 129.37, 128.66, 127.84, 127.20, 125.20,
120.09, 75.11, 67.42, 53.39, 47.18, 44.49, 40.50, 38.23,
36.10, 35.91, 29.06, 24.21; ESI-HRMS (m/z): 575.252 2
[M+Na]*.

b &) T3 (TCO-Tyr-Gly), UK 3 70.2%; 'H NMR
(400 MHz, CDCI,) 6 7.75 (d, J = 8.0 Hz, 2H), 7.58 (d,
J=7.9Hz,2H),7.40 (t,J=8.1Hz, 2H), 7.31 (t, J = 7.7 Hz,
2H), 7.01 (t, J = 8.0 Hz, 2H), 6.86 (d, J = 11.6 Hz, 2H),
6.41 (dd,J=19.7,8.1 Hz, 1H), 5.79~5.72 (m, 1H), 5.52~
5.45 (m, 2H), 5.38 (s, 1H), 4.94~4.88 (m, 1H), 4.39 (d,
J=7.8Hz, 2H), 4.22 (t, J = 8.1 Hz, 1H), 3.92~3.86 (m,
2H), 3.15~3.09 (m, 2H), 2.46~2.45 (m, 1H), 2.03~
1.83 (m, 4H), 1.68~1.65 (m, 2H), 1.50~1.46 (m, 1H),
1.30 (s, 9H), 1.05~0.96 (m, 1H), 0.82~0.74 (m, 1H);
13C NMR (101 MHz, CDCl,) ¢ 170.52, 168.50, 156.59,
154.74, 143.93, 141.44, 132.83, 130.47, 129.92, 129.88,
127.88, 127.24, 125.23, 124.29, 120.13, 78.53, 75.12,

67.47, 53.49, 47.23, 44.56, 40.57, 37.64, 36.15, 36.03,
29.10, 28.97 24.28; ESI-HRMS (m/z): 647.309 2 [M+
Na]*.

1k &%) T4 (TCO-GIn-Gly), 1z % 88.2%; 'H NMR
(400 MHz, CDCl,) ¢ 7.74 (d, J = 7.6 Hz, 2H), 7.56~
7.54 (m, 2H), 7.39 (t, J = 8.1 Hz, 2H), 7.30~7.19 (m,
17H), 7.13~7.08 (m, 1H), 6.93 (s, 1H), 5.84~5.73 (m,
1H), 5.53~5.40 (m, 2H), 5.26~5.24 (m, 1H), 4.58~
454 (m, 1H), 4.33 (d, J = 7.8 Hz, 2H), 4.18 (t, J = 8.0 Hz,
1H), 3.76 (s, 2H), 2.46~2.39 (m, 2H), 2.31~2.22 (m,
1H), 2.05~1.94 (m, 3H), 1.89~1.83 (m, 1H), 1.73~
1.63 (m, 4H), 1.50~1.44 (m, 1H), 1.10~1.00 (m, 1H),
0.82~0.74 (m, 1H); ¥C NMR (101 MHz, CDCl,) §
171.49, 170.83, 169.23, 156.52, 144.64, 143.95, 141.41,
132.75, 129.94, 128.82, 128.10, 127.84, 127.22, 125.26,
120.09, 74.89, 70.84, 67.33, 52.55, 47.23, 44.40, 40.64,
36.08, 35.94, 33.39, 29.13, 27.32, 24.28; ESI-HRMS
(m/z): 798.352 1 [M+Na]*.

k& ¥ T5 (TCO-Gly-Gly), I % 72.0%; 'H NMR
(400 MHz, CDCl,) 6 7.74 (d, J = 8.0 Hz, 2H), 7.58 (d,
J=3.7Hz,2H),7.39 (t,J=8.1 Hz, 2H), 7.30 (t, J = 7.8 Hz,
2H), 6.60 (s, 1H), 5.84~5.76 (m, 1H), 5.58 (s, 1H), 5.48
(d, J = 19.5 Hz, 1H), 5.45 (s, 1H), 4.42 (d, J = 8.3 Hz,
2H), 4.22 (t, J = 8.0 Hz, 1H), 4.10 (t, J = 4.2 Hz, 2H),
3.92 (s, 2H), 2.48~2.45 (m, 1H), 2.04~1.99 (m, 3H),
1.96~1.88 (m, 1H), 1.74~1.66 (m, 2H), 1.52~1.48 (m,
1H), 1.11~1.02 (m, 1H), 0.83~0.75 (m, 1H); *C NMR
(101 MHz, CDCL,) 6 169.32, 169.00, 156.75, 143.87,
141.44, 132.75, 130.09, 127.86, 127.22, 125.18, 120.12,
75.08, 67.37, 47.26, 44.53, 41.55, 40.57, 36.04, 36.00,
29.11, 24.19; ESI-HRMS (m/z): 485.205 0 [M+Na]*.

& W) T6 (TCO-Gly-Asp), Y % 84.6%; *H NMR
(400 MHz, CDCl,) 6 7.75 (d, J = 8.1 Hz, 2H), 7.58 (d,
J=75Hz 2H), 7.40 (t, )= 8.0 Hz, 2H), 7.31 (t, I = 7.6
Hz, 2H), 7.02 (s, 1H), 5.98 (d, J = 8.3 Hz, 1H), 5.85~
5.78 (m, 1H), 5.52~5.46 (m, 2H), 4.59 (s, 1H), 4.42 (d,
J=7.9 Hz, 2H), 4.23 (d, J = 8.0 Hz, 1H), 4.10~4.01 (m,
2H), 2.89 (d, J = 16.3 Hz, 1H), 2.64 (dd, J = 15.9 Hz,
4.1 Hz, 1H), 2.48~2.46 (m, 1H), 2.07~1.96 (m, 3H),
1.91~1.85 (m, 1H), 1.73~1.61 (m, 2H), 1.54~1.48
(m, 1H), 1.45 (s, 9H), 1.12~1.03 (m, 1H), 0.83~0.75
(m, 1H); 3C NMR (101 MHz, CDCl,) § 171.19, 170.85,
168.57, 156.19, 143.87, 141.45, 132.72, 130.13, 127.88,
127.25, 125.22, 120.15, 82.10, 74.89, 67.50, 51.22,
47.29, 41.81, 40.61, 37.54, 36.05, 35.99, 29.14, 28.18,
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24.19; ESI-HRMS (m/z): 615.245 6 [M+Na]*.

1k &%) T7 (TCO-Gly-Phe), i % 68.2%; ‘*H NMR
(400 MHz, CDCL,) ¢ 7.76 (d, J = 8.1 Hz, 2H), 7.52 (t,
J=7.8 Hz, 2H), 7.39 (t, J = 8.0 Hz, 2H), 7.31~7.21 (m,
7H), 6.43 (s, 1H), 5.82~5.75 (m, 1H), 5.52~5.47 (dd,
J =19.8, 4.1 Hz,1H), 5.44 (s, 2H), 4.50 (s, 1H), 4.41 (t,
J =85 Hz, 1H), 4.32 (s, 1H), 4.17 (t, J = 8.0 Hz, 1H),
4.05~3.92 (m, 2H), 3.11 (s, 2H), 2.48~2.46 (m, 1H),
2.04~1.96 (m, 3H), 1.91~1.83 (m, 1H), 1.73~1.62 (m,
2H), 1.55~1.44 (m, 1H), 1.10~1.03 (m, 1H), 0.83~
0.76 (m, 1H); 3C NMR (101 MHz, CDCl,) ¢ 171.19,
168.68, 156.14, 143.87, 141.43, 136.44, 132.69, 130.12,
129.40, 128.86, 127.84, 127.23, 127.20, 125.17, 120.10,
74.98, 67.22, 56.23, 47.25, 41.61, 40.57, 38.58, 36.03,
55.99, 29.11, 24.19; ESI-HRMS (m/z): 575.251 6 [M+
Na]*.

k&9 T8 (TCO-Gly-Gly-Val), 1% 67.3%; 'H NMR
(400 MHz, CDCL,) 6 7.74 (d, J = 8.1 Hz, 2H), 7.58 (t,
J=7.8Hz, 2H),7.38 (t,J = 8.0 Hz, 2H), 7.29 (t, J = 8.4 Hz,
2H), 7.09 (s, 1H), 7.02 (s, 1H), 5.81~5.72 (m, 1H), 5.65
(s, 1H), 5.46 (dd, J = 15.7 Hz, 4.0 Hz, 1H), 5.39 (s, 1H),
4.43~4.33 (m, 2H), 4.19 (t, J = 8.1 Hz, 1H), 4.05~3.97
(m, 5H), 2.44~2.41 (m, 1H), 2.15~2.11 (m, 1H), 2.01~
1.93 (m, 3H), 1.89~1.81 (m, 1H), 1.68~1.59 (m, 2H),
1.52~1.42 (m, 1H), 1.08~0.94 (m, 7H), 0.80~0.72
(m, 1H);*C NMR (101 MHz, CDCL,) 6 172.14, 169.08,
169.05, 156.86, 143.94, 141.44, 132.67, 130.13, 127.87,
127.25, 125.21, 120.11, 74.97, 67.26, 60.93, 47.32,
43.03, 41.52, 40.56, 36.03, 35.99, 30.91, 29.11, 24.17,
19.40, 18.14; ESI-HRMS (m/z): 584.273 3 [M+Na]*.

& ¥ T9 (TCO-Gly-Gly-Lys), Yt % 70.0%;
'H NMR (400 MHz, CDCl,) 6 7.74 (d, J = 8.0 Hz, 2H),
7.58 (s, 2H), 7.38 (t, J = 7.8 Hz, 2H), 7.29 (t, J = 8.4 Hz,
2H), 7.12 (s, 1H), 7.05 (s, 1H), 5.82~5.72 (m, 2H), 5.46
(dd, J =16.1, 4.0 Hz, 1H), 5.37 (s, 1H), 4.76 (s, 1H), 4.38
(d, J = 4.6 Hz, 2H), 4.20~4.13 (m, 2H), 4.03 (s, 2H),
3.99 (s, 2H), 3.08 (s, 2H), 2.44~2.40 (m, 1H), 2.01~
1.93 (m, 3H), 1.89~1.82 (m, 2H), 1.68~1.58 (m, 3H),
1.48~1.42 (m, 14H), 1.08~0.99 (m, 1H), 0.80~0.72
(m, 1H);3C NMR (101 MHz, CDCI,) § 172.70, 169.27,
169.13, 156.86, 156.48, 143.92, 141.42, 132.63, 130.16,
127.86, 127.23, 125.22, 120.10, 79.33, 74.93, 67.26,
55.46, 47.27, 43.04, 41.46, 40.54, 39.91, 36.01, 35.97,
31.67, 29.75, 29.10, 28.57, 24.16, 22.61; ESI-HRMS
(m/z): 713.351 9 [M+Na]*.

tb & ¥ T10 (TCO-Gly-Gly-Leu), Yt # 78.0%;
'H NMR (400 MHz, CDCl,) 6 7.73 (d, J = 8.0 Hz, 2H),
7.56 (t, J = 8.1 Hz, 2H), 7.37 (t, J = 8.5 Hz, 2H), 7.28 (t,
J = 7.9 Hz, 2H), 7.22 (s, 1H), 7.12 (s, 1H), 5.81~5.71
(m, 1H), 5.66 (t, J = 4.7 Hz, 1H), 5.42 (d, J = 15.5 Hz,
1H), 5.37 (s, 1H), 4.42 (d, J = 8.0 Hz, 2H), 4.21~4.16
(m, 2H), 4.07~3.92 (m, 4H), 2.43~2.40 (m, 1H), 2.01~
1.93 (m, 3H), 1.87~1.80 (m, 1H), 1.67~1.41 (m, 6H),
1.07~0.99 (m, 1H), 0.92~0.86 (m, 6H), 0.79~0.71
(m, 1H); 3C NMR (101 MHz, CDCL,) ¢ 173.24, 169.35,
169.11, 156.68, 143.91, 141.41, 132.62, 130.15, 127.84,
127.21, 125.17, 120.08, 74.90, 67.18, 53.97, 47.28,
43.07, 41.46, 40.53, 36.00, 35.96, 29.08, 24.83, 24.15,
23.04, 21.97; ESI-HRMS (m/z): 598.289 5 [M+Na]*.

b & W T11 (TCO-Ala-Gly-Lys), U % 65.9%;
'H NMR (400 MHz, MeOD) § 7.83 (d, J = 8.0 Hz, 2H),
7.69 (d, J = 7.6 Hz, 2H), 7.44 (t, J = 8.2 Hz, 2H), 7.35 (t,
J = 8.3 Hz, 2H), 5.94~5.88 (m, 1H), 5.57 (dd, J = 19.6,
8.2 Hz, 1H), 5.39 (t, J = 4.0 Hz, 1H), 4.53~4.37 (m,
3H), 4.28~4.25 (m, 1H), 4.07~3.86 (m, 3H), 3.09 (t,
J = 7.8 Hz, 2H), 2.48~2.44 (m, 1H), 2.08~1.97 (m,
3H), 1.92~1.81 (m, 1H), 1.77~1.71 (m, 2H), 1.68~
1.63 (m, 1H), 1.56~1.39 (m, 18H), 1.22~1.11 (m, 1H),
0.92~0.85 (m, 1H); C NMR (101 MHz, MeOD) §
175.43, 173.19, 171.26, 158.70, 158.57, 145.22, 142.61,
133.31, 131.72, 128.80, 128.20, 126.18, 120.94, 79.87,
75.81, 67.97, 56.91, 43.31, 41.31, 41.02, 36.93, 36.82,
32.16, 30.73, 30.58, 30.02, 28.81, 26.90, 25.23, 24.12,
17.56; ESI-HRMS (m/z): 727.368 3 [M+Na]*.

k4% T12 (TCO-Gly-Gly-Phe-Gly), 1 % 60.9%;
'H NMR (400 MHz, CDCl,) 6 7.74 (d, J = 8.2 Hz, 2H),
7.57 (d, J = 7.6 Hz, 2H), 7.41~7.33 (m, 3H), 7.31~
7.25 (m, 3H), 7.25~7.07 (m, 6H), 5.97 (s, 1H), 5.75 (t,
J =16.5 Hz, 1H), 5.41 (d, J =12.8 Hz, 1H), 5.37 (s, 1H),
4.82 (s, 1H), 4.35 (d, J = 8.3 Hz, 2H), 4.19 (t, J = 8.1 Hz,
1H), 4.03~3.93 (m, 6H), 3.12~2.99 (m, 2H), 2.42~
2.39 (m, 1H), 2.00~1.80 (m, 4H), 1.66~1.60 (m, 2H),
1.46~1.43 (m, 1H), 1.05~0.97 (m, 1H), 0.78~0.70
(m, 1H); 3C NMR (101 MHz, CDCl,) ¢ 171.43, 169.70,
169.23, 169.07, 156.91, 143.92, 141.42, 136.40, 132.68,
130.16, 129.42, 128.73, 127.88, 127.22, 127.17, 125.25,
120.13, 75.01, 67.44, 54.76, 47.21, 44.60, 43.11, 41.58,
40.53, 38.55, 36.01, 35.96, 29.08, 24.16; ESI-HRMS
(m/z): 689.295 2 [M+Na]*.

1k4 ) T13 (TCO-Ala-Gly-Gly-Leu), 1 % 68.8%;
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'H NMR (400 MHz, CDCl,) 6 7.72 (d, J = 8.1 Hz, 2H),
7.61~7.51 (m, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.34~7.22
(m, 4H), 7.14~7.04 (m, 1H), 5.81~5.70 (m, 2H), 5.48~
5.41 (m, 1H), 5.36 (s, 1H), 4.59 (t, J = 8.4 Hz, 1H), 4.43~
4.39 (m, 2H), 4.26 (s, 1H), 4.18 (t, J = 8.2 Hz, 1H), 4.04~
3.92 (m, 4H), 2.44~2.41 (m, 1H), 2.05~1.94 (m, 3H),
1.89~1.81 (m, 1H), 1.68~1.63 (m, 4H), 1.54~1.48 (m,
1H), 1.41 (d, J = 8.0 Hz, 2H), 1.37 (d, J = 8.2 Hz, 2H),
1.08~0.99 (m, 1H), 0.90 (s, 6H), 0.80~0.72 (m, 1H);
13C NMR (101 MHz, CDCI,) 6 173.61, 172.20, 169.44,
168.62, 156.80, 143.95, 141.42, 132.77, 130.48, 127.86,
127.25, 125.20, 120.11, 74.87, 67.21, 53.84, 48.44,
47.29, 43.44, 42.99, 41.23, 40.59, 36.04, 35.97, 29.13,
24.82, 24.14, 23.07, 22.05, 18.37; ESI-HRMS (m/z):
669.325 8 [M+Na]"*.

2 WINEEHL TCOMIE R

21 HEW289E  7E500 mL 5B o 1-
$25£-2,6-38 9% —H5 (10.0 g, 80.0 mmol). AL ] Ik — I
Skt (18.0 g, 120.0 mmol). K M: (10.9 g, 160.0 mmol)
1200 mL [f) DCM, =i F & 3 h, TLC (PE:DCM =
3:1) MR S SRR o SO 45 R In N DCM 100 mL Fi
PR LR, VAT S AN BRI PR IR WA A LAE, FITEK
R A T 5, Bl €, IR 46, 2 R i AR SR > B (PE),
PR A AR, 43 BI9R 5K IR VR 17.3 g, 3R 90.0%.
'H NMR (400 MHz, CDCL,) 6 5.57~5.54 (m, 2H), 5.47
(s, 2H), 5.05~5.00 (m, 1H), 2.57 (d, 1H), 2.43~2.27
(m, 3H), 2.24~2.10 (m, 2H), 0.89 (s, 9H), 0.08 (s, 6H);
13C NMR (101 MHz, CDCI,) 6 135.13, 128.83, 127.22,
126.09, 77.48, 70.16, 38.86, 28.43, 26.08, 18.47, —4.51.
22 EMIHIAR 7 250 mL B B in A4k
4% 2 (10.0 g, 42.0 mmol) A1 DCM 50 mL, = iz # £
5 min, i) S0 2K R (8.0 g, 46.2 mmol) #5180 mL
) DCM, 7£ 0 ‘C F 22 1% hn T S M H, 29 30 min i
5E. FEIRMPE 18 h, TLC I BRSO M FEA 5E 420 43
ol FE R R T i R S B 7K I R (100 miLx 3) T 1 e i &
BN KV (100 mLx3). 7 AT AL AN (100 mLx3) P ik,
WeBEA HUAH, FI TG /K BRBR AN T8, HhiE, W4, S rERAE
Vet 4y B (PECEA = 60:1), Jik K46, 159 3% 25 € i iR
WAk 7.5 g, 0% 70.0%. H NMR (400 MHz, CDCl,) o
5.54~541 (m, 2H), 4.81~4.71 (m, 1H), 3.18~2.92
(m, 2H), 2.40 (s, 1H), 2.19 (s, 3H), 2.10 (s, 1H), 1.74 (s,
1H), 0.85 (s, 9H), 0.08 (s, 6H); *C NMR (101 MHz,
CDCl,) ¢ 135.81, 125.88, 66.92, 57.38, 54.91, 38.92,
28.83, 25.98, 24.30, 18.38, -4.44.

23 KEMsaTAb AR TERA B A B

) 500 mL XU # ke i 4, AN AL B R (4.5 g,
117.0 mmol), i F 2 BARY, Hok H B T UK 4
H, B S 0N T DY A W 150 mL. # ik & 4 3
(10.0 g, 39.0 mmol) ¥ T 50 mL T4 fty DU & Wk g o, 76
0 C N4zt hn, iR F i+ 20 min, 5 & T 70 C
WMRM4h, RMEH G, B RSHAE RO C, &2
% 7K (4.5 mL) . 15% (1) & A b 84 3% W (4.5 mL).
K (135 mL). fE=R FHFE4 h, ER AW TIRED N
F o, AR IO I B R T K B ER AN, 78 o T B
30 min. JhJE, A VLA AL, 13 20O SO A
7.09 (3a:3b=2:3), Itk 70.0%. LTt H4litk, B
HEHT TP R,

24 EM5aFfsbERK O fE 250 mL [H K B
WA E ) da i Ab YR AW (5.0 g, 19.0 mmol) 5 =
Z.J¥% (8.2 mL, 58.0 mmol) 7 100 mL DCM HiE 4, %
HA0 C, L2123 I F % & (9.1 mL, 58.0 mmol), £
0 ‘C N i £ [ B2 30 min, 2R J5 FHilE & = i 4k 82 it i
2he JRMEEEHG, DR A4, 19 B RO & G 75 3 — 0
aith, BEMH TN - HKRMN. @ % ESH7RET
50 mL DMF ¥ ¥, K [ & NaN, (3.8 g, 58.0 mmol) 7>
TN ARG IAAE 60 C, Hifk2 K. AHESR
J&, I\ 150 mL 7KK I B2, FH 2Tk (100 mLx3) A2 HY,
G A NUAR, FKEEE—IX, 285 - EKBR RN T 18 F
BUE, W iR 4, 281 SR AT BRI 43 B8 (PE), #8H ik 4i
R RNR B AR 3.1 g, LK 55.0%. @ ¥ L
) (3.0 g, 7.8 mmol) Al = 2K 3 B (36.7 g,140.0 mmol)
T THF (100 mL) H, 7EZ R TR . TLC B
SN SEA S, TR AR AR B £V A, N IE C ke J5 A 8 4
M R o i I 2 T A, DR R R TR A, 28 e A e e 4
% (DCM:CH,0H = 20:1), # &k 45, 15 201k 28 itk
Witk 1.4 g, 03 50%. 5a: '*H NMR (400 MHz, CDCl,)
8 5.47 (t, J = 2.3 Hz, 2H), 4.57~4.54 (m, 1H), 3.77~
3.73 (m, 1H), 2.31 (s, 1H), 1.97~1.93 (m, 1H), 1.93~
1.61 (m, 4H), 1.59~1.48 (m, 2H), 0.88 (s, 9H), 0.06 (s,
6H); *C NMR (101 MHz, CDCl,) § 135.87, 132.59,
70.54, 66.15, 47.39, 38.44, 32.07, 29.81, 26.42, 18.39,
-4.66. 5b: *H NMR (400 MHz, CDCI,) 6 5.65 (t, J =
2.0 Hz, 2H), 4.77~4.74 (m, 1H), 3.80~3.77 (m, 1H),
2.25~1.95 (m, 3H), 1.91~1.68 (m, 4H), 1.49~1.46 (m,
1H), 0.88 (s, 9H), 0.06 (s, 6H); C NMR (101 MHz,
CDCl,) 6 135.28, 132.15, 74.48, 72.85, 37.32, 35.94,
33.81, 28.82, 25.96, 22.51, —4.54.

25 HEHeaFfiebrI&E M £ 100 mL B Kb i
AL & ¥ 5a F1 5b & &%) (2.0 g, 7.8 mmol). EDCI
(3.0 g,15.6 mmol).HOBT (2.1 g,15.6 mmol), i £ 45 &
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SARYT, N 20 mL -5 ¥ DCM {5 2 82 9 5 45 1 il
SRJE Ay BN © B 5L F G (2.3 mL, 15.6 mmol) #il
DIPEA (2.6 mL, 15.6 mmol), 7£ & i F &% 4 he TLC
I 256 4 Ja , K BRI IR, WO R A LA F K B
RN T 18 IR 4, S IR AE PRI 4> B (PE:CEA = 1:1),
VB W i, £330 3R B8 A R W AR 3.1 g, WK 70.0%.
6a: *H NMR (400 MHz, CDCI,) ¢ 5.84 (d, J = 7.3 Hz,
1H), 5.67~5.63 (m, 1H), 5.48~5.41 (m, 1H), 4.61~
4,57 (m, 1H), 4.01~3.96 (m, 1H), 3.65 (s, 3H), 2.32~
2.20 (m, 2H), 2.14~1.90 (m, 5H), 1.71~1.62 (m, 2H),
1.64~1.59 (m, 5H), 1.53~1.49 (m, 1H), 1.43~1.41 (m,
1H), 0.88 (s, 9H), 0.05 (s, 6H); 3C NMR (101 MHz,
CDCl,) ¢ 174.01, 170.90, 137.28, 126.44, 68.73, 51.65,
46.96, 45.03, 36.55, 33.84, 32.10, 25.99, 25.43, 25.27,
25.09, 24.58, 18.30, —4.55; ESI-HRMS (m/z): 420.2545
[M+Na]*. 6b: *H NMR (400 MHz, CDCl,) 6 5.67 (d,
J=3.3Hz, 1H), 5.64~5.59 (m, 1H), 5.44~5.40 (m, 1H),
4.65~4.59 (m, 1H), 3.87~3.82 (m, 1H), 3.63 (s, 3H),
2.32~2.28 (m,1H), 2.25~2.18 (m, 2H), 2.15~2.01 (m,
4H), 1.82~1.77 (m, 2H), 1.62~1.54 (m, 5H), 1.52~1.49
(m, 2H), 0.82 (s, 9H), 0.08 (s, 6H); *C NMR (101 MHz,
CDCl,) ¢ 174.00, 170.97, 135.61, 127.73, 68.75, 51.61,
46.96, 44.87, 36.44, 33.77, 31.94, 25.96, 25.20, 24.45,
22.51, 18.31, -4.66; ESI-HRMS (m/z): 420.255 9 [M+
Na]*.

26 EMTaFTbMER KE Y 6afl6b )R
% (2.0 g, 5.0 mmol) ¥ F 20 mL PU & Wk 05 95 91
B J5 i\ 5 mL () TBAF (1 mol- L™ PU S kIR V&, T
FEI NP4 he TLC W I B 58 45 e, NV 4
J&, BIN 100 mL P& Z B e, KBk — k. US4R
A HLAH I JE K B B AN T 458 S VR 4, 48 ek T A e Bt 20
(PE:EA=1:3), WL 4i, 192/ ¥ 119 (7Ta:7b =
4:5), W % 80.0%. 7a: 'H NMR (400 MHz, CDCL,) 6
6.09 (d, J = 8.0 Hz, 1H), 5.68~5.64 (m, 1H), 5.50~
5.43 (m, 1H), 4.64~4.61 (m, 1H), 3.91~3.89 (m, 1H),
3.63 (s, 3H), 2.33~2.28 (m, 2H), 2.23~2.02 (m, 5H),
1.85~1.71 (m, 2H), 1.66~1.57 (m, 5H), 1.53~1.49 (m,
1H), 1.44~1.39 (m, 1H); 3C NMR (101 MHz, CDCl,) ¢
174.11, 171.16, 136.07, 127.15, 67.60, 51.66, 46.96,
44.88, 36.38, 34.93, 33.39, 25.75, 25.43, 24.58, 18.30;
ESI-HRMS (m/z): 284.1861 [M+H]* . 7b: 'H NMR
(400 MHz, CDCIl,) 6 5.75~5.68 (m, 2H), 5.49~5.45 (m,
1H), 4.78~4.68 (m, 1H), 3.90~3.86 (m, 1H), 3.64 (s,
3H), 2.30~2.26 (m, 2H), 2.22~2.05 (m, 4H), 1.96~
1.85 (m, 1H), 1.82~1.75 (m, 1H), 1.71~1.68 (m, 1H),

1.62~1.57 (m, 5H), 1.52~1.46 (m, 2H), 1.40~1.33 (m,
1H); 2C NMR (101 MHz, CDCl,) ¢ 174.01, 170.98,
135.61, 127.73, 68.74, 51.61, 50.16, 36.44, 35.82, 35.25,
33.76, 31.94, 25.96, 24.96, 18.34; ESI-HRMS (m/z):
284.186 4 [M+H]*.

27 f&48al.8a2.8b1.8b2MIE M KiLEWTo
(200.0 mg, 0.7 mmol). 2% H & Hfig (200.0 mg, 3.5 mmol)
B T 250 mL By A 9 A, N 100 mL 1R A 7
(Et,0:EA = 10:1) % fif, 7F 254 nm 4 BRI, B0
30 min f] 8.0 g ) AgNO, fif: Jist k1o €, I8 ¥k 4k 21 6 |
MIEM 12 he Yo AgNO, iEfiE, HITR & V47 (DCM:
Z K =3:1) 100 mL K W PR RE i b 0 = g i, i
LG HUAH, JKAHFH DCM A HL 3 Ik, & I HLAH, G
IR R T4 ik 4, SRR IR AL P i 4> 2 (PEEA =
100), 9 R W4, 15 3 774 46.0 mg (8b1:8b2 = 5:3),
5% 23.0%. [ B ¥ 5 3% 0T DLAS 46 4 4 8al il 8a2
(8al:8a2 = 2:3), Y% 20.0%. 8al:'H NMR (400 MHz,
CDCL,) 6 5.79 (d, J = 7.6 Hz, 1H), 5.71~5.67 (m, 1H),
5.57~5.50 (m, 1H), 4.78~4.66 (m, 1H), 4.02~3.95 (m,
1H), 3.67 (s, 3H), 2.35~2.32 (m, 2H), 2.27~2.19 (m,
1H), 2.15~2.10 (m, 4H), 1.87~1.75 (m, 2H), 1.70~
1.62 (m, 6H), 1.57~1.53 (m, 1H), 1.48~1.41 (m, 1H);
13C NMR (101 MHz, CDCI,) ¢ 174.50, 170.89, 135.87,
127.69, 67.92, 51.72, 46.94, 44.79, 36.55, 33.81, 32.34,
25.41, 25.27, 25.11, 24.51; ESI-HRMS (m/z): 284.186 0
[M+H]*. 8a2: H NMR (400 MHz, CDCL,) 6 7.12 (s,
1H), 6.00~5.93 (m, 1H), 5.70 (d, J = 15.4 Hz, 1H), 4.64
(s, 1H), 4.12~4.07 (m, 1H), 3.67 (s, 3H), 2.39~2.27
(m, 6H), 2.23~2.20 (m, 2H), 2.01~1.94 (m, 1H), 1.91~
1.80 (m, 2H), 1.70~1.66 (m, 5H), 1.52~1.41 (m, 1H);
13C NMR (101 MHz, CDCl,) 6 174.23, 171.62, 133.97,
130.80, 72.41, 51.71, 47.04, 46.96, 36.42, 34.82, 33.89,
31.51, 29.40, 25.40, 24.70; ESI-HRMS (m/z): 284.186 3
[M+H]*. 8bl: 'H NMR (400 MHz, CDCL,) 6 5.77~
5.70 (m, 1H), 5.57 (d, J = 4.1 Hz, 1H), 5.48~5.41 (m,
1H), 4.31~4.20 (m, 2H), 3.68 (s, 3H), 2.38~2.35 (m,
3H), 2.28~2.23 (m, 3H), 2.20~2.12 (m, 4H), 2.08~
2.01 (m, 1H), 1.75~1.63 (m, 5H), 1.59~1.50 (m, 1H);
13C NMR (101 MHz, CDCl,) 6 174.22, 171.76, 135.78,
131.55, 75.38, 51.81, 45.25, 41.07, 38.30, 36.57, 33.79,
30.64, 30.18, 25.44, 24.55; ESI-HRMS (m/z): 306.168 3
[M+Na]*. 8b2: *H NMR (400 MHz, CDCI,) ¢ 6.08~
6.00 (m, 1H), 5.66 (d, J = 16.0 Hz, 1H), 5.59 (d, J =
3.8 Hz, 1H), 4.63 (s, 1H), 3.67 (s, 3H), 3.45~3.43 (m,
1H), 2.49~2.46 (m, 1H), 2.37~2.32 (m, 3H), 2.15~
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2.10 (m, 3H), 2.10~1.94 (m, 2H), 1.90~1.78 (m, 3H),
1.64~1.59 (m, 5H); ¥CNMR (101 MHz, CDCL) o
174.12, 171.10, 134.98, 131.13, 70.31, 53.91, 51.71,
42.57, 39.99, 36.42, 34.04, 33.81, 33.79, 25.18, 24.51;
ESI-HRMS (m/z): 306.168 1 [M+Na]*.

PEE TUAK: M2 RS PS5 B F R B, BT
75, EBES N LI ST HET S5 v [ A 41 FTR
& i, ERRR AR SGE S, REE M L EE
TR AT A

MRS AEH 7 YIAL TR 28 4 R
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