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Experimental Procedures
General Considerations

Methyl 6-oxohexanoate, ' rel-(1R, 4E, pR)-cyclooct-4-en012, rel-(1R, 4E, pS)-cyclooct-4-
enol’, and 2,5-dioxopyrrolidin-1-yl 5-0x0-5-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-
yl)pyridin-3-yl)amino)pentanoate® were prepared by known procedures. Anhydrous
methylene chloride was dried through a column of alumina using a solvent purification
system. Commercial pyridine was redistilled over KOH, and then stored under nitrogen
with 4A molecular sieves. All other reagents were purchased from commercial sources
and used without further purification. Chromatography was performed on the normal
phase using Silicycle 40-63D, 60A. An APT pulse sequence was used for °C NMR,
where the secondary and quaternary carbons appear ‘up’ (u), and tertiary and primary
carbons appear ‘down’ (dn). Kinetic measurements involving 3,6-diphenyl-s-tetrazine
were measured using a UV-Vis spectrophotometer fitted with a circulating water jacket.
Stopped-Flow kinetics were measured using an SX18MV-R stopped-flow
spectrophotometer (Applied Photophysics Ltd.) with temperature control. Fluorescence
kinetics were measured using a Horiba Yobin Yvon FluoroMax®-4. The phosphate D,O

buffer solution at pD 7.4 was prepared by dissolving sodium dihydrogen phosphate
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hydrate (NaH,PO4-H,0, 0.077 g) and disodium hydrogen phosphate (Na,HPOy4, 0.204 g)
in 20 mL D,O to make a 0.1 M solution, and then adjusting to pD 7.4 by adding DCI.
The pD values were measured on an ATI PerpHect LogR pH meter (model 310). pH
readings were converted to pD by adding 0.4 units.*

Photoisomerization Apparatus

Photoisomerizations were carried out using a Southern New England Ultraviolet
Company Rayonet® reactor model RPR-100 or RPR-200, equipped with 8 low-pressure
mercury lamps (2537 A). Photoisomerizations were carried out in a quartz flask
(Southern New England Ultraviolet Company). Biotage® SNAP cartriges (Biotage part
No. FSKO0-1107) were used to house silica gel and the AgNO;-impregnated silica gel.
The bottom of the column was interfaced to PTFE tubing (1/8” OD x 0.063” ID, flanged
with a thermoelectric flanging tool), equipped with flangeless nylon fittings (1/4-28
thread, IDEX part no. P-582), using a female luer (1/4-28 thread, IDEX part no. P-628).
The top of the column was interfaced using a male luer (1/4-28 thread, IDEX part no. P-
675). The pump used for recirculating solvents through the photolysis apparatus was
purchased from Fluid Metering, Inc. (FMI pump model RP-D equipped with pumphead
FMI R405). Adapters for interfacing the FMI pump to the PTFE tubing were purchased
from IDEX (part no. U-510).

Preparation of Silver Nitrate Impregnated Silica Gel

Flash silica gel (90 g, Silicycle cat # R12030B, 60 A) was suspended in 100 mL
of water in a 2 L round bottom flask. The flask was covered with aluminum foil and a
silver nitrate (10 g) solution in water (10 mL) was added. The resulting mixture was
thoroughly mixed. Water was evaporated under reduced pressure on the rotavap (bath
temperature ~ 65 °C) using a bump trap with a coarse fritted disk. To remove the
remaining traces of water, toluene (2 x 200 mL) was added and subsequently evaporated
by rotary evaporation. The silver nitrate impregnated silica was then dried under vacuum

overnight at room temperature.
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(1R,28,Z2)-Cyclooct-5-ene-1,2-diol (4)

0s0,4, NMO OH
1:1:1 THF:acetone:H,O OH

0°C-rt,48h 4

The following procedure has been modified from Cha et al>: Osmium tetroxide (1.85 mL,
4% wt. in water, 0.29 mmol) was added dropwise to a stirring solution of N-
methylmorpholine-N-oxide (10.0 g, 85.5 mmol) and cyclooctadiene (19.5 g, 181 mmol)
in THF:acetone:water (1:1:1, 450 mL) at 0 °C. After the addition was complete, the
mixture was stirred at room temperature for 48 h. Sodium metabisulfite (0.76 g) and
Florisil (9.84 g) slurried in 66 mL water was added and stirred for 30 minutes, and the
mixture filtered through a pad of celite. The filtrate was neutralized with 1N H,SOj, and
concentrated to remove all organics. The resulting aqueous solution was adjusted to pH 2
with 1N H,SO, and extracted with three 400 mL portions of ethyl acetate. The combined
ethyl acetate extracts were washed with brine, dried over Na,SOs, and concentrated into
an off-white solid. Silica gel chromatography (70% ethyl acetate in hexanes) provided
diol 4 as a white solid (2.82 g, 19.9 mmol, 23%). 'H NMR spectra agreed with
previously reported data.’ 8y(CDCls, 400 MHz) 5.76-5.64 (m, 2H), 4.07-3.99 (m, 2H),
2.58-2.45 (m, 2H), 2.15-1.98 (m, 4H), 1.91-1.76 (m, 2H). 3c(CDCl3, 101 MHz) 130.1
(dn), 75.2 (dn), 32.0 (u), 23.0 (u).

((2s,3aR,9aS8,7)-3a,4,5,8,9,9a-Hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol (syn-
5) and ((2r,3aR,9a8,72)-3a,4,5,8,9,9a-Hexahydrocycloocta|d][1,3]dioxol-2-
yDmethanol (anti-5)

HO
(0]
OH O\/L'L
OH PTSA, PhMe,
4 80 °C, 90 min syn-5 1:1dr  anti-5

p-Toluenesulfonic acid monohydrate (887 mg, 4.66 mmol) was added to a stirring

solution of 4 (3.48 g, 24.5 mmol) and glycolaldehyde dimer (1.40 g, 11.7 mmol) in

S-3



toluene (40 mL). The mixture was stirred at 80 °C for 90 min and then cooled to room
temperature. The mixture was diluted with H,O (200 mL) and extracted with CH,Cl, (3 x
200 mL). The combined organics were washed with sodium bicarbonate (sat. aq., 300
mL), brine (300 mL), dried over sodium sulfate, filtered and concentrated under reduced
pressure. The crude material was purified by silica gel chromatography (10-30% EtOAc
in hexane) to afford the dioxolanyl alcohol 5 as a pale yellow oil as a 1:1 mixture of
inseparable diasterecomers (3.73 g, 83%). NMR peaks attributable to syn-5: g (CDCl3,
400 MHz) 5.66 — 5.60 (m, 2H), 4.93 (t, 1H, J 3.1), 4.24 — 4.17 (m, 2H), 3.68 (dd, 2H, J
6.5,3.0),2.58 = 2.43 (m, 2H), 2.18 — 2.02 (m, 4H), 2.02 — 1.92 (m, 2H), 1.80 (t, 1H, J
6.5). 3¢ (CDCl3, 101 MHz) 129.4 (dn), 101.2 (dn), 79.4 (dn), 63.4 (u), 28.6 (u), 23.6 (u).
NMR peaks attributable to anti-5: 5y (CDCls, 400 MHz) 5.60 — 5.54 (m, 2H), 5.20 (t, 1H,
J3.4),4.33 -4.25 (m, 2H), 3.59 (dd, 2H, J 6.6, 3.4), 2.66 — 2.58 (m, 2H), 2.24 — 2.18 (m,
4H), 1.92 — 1.88 (m, 2H), 1.75 (t, 1H, J 6.6). 6¢(CDCl3, 101 MHz) 128.7 (dn), 100.5
(dn), 79.4 (dn), 64.2 (u), 27.1 (u), 23.8 (1). Vmax(CDCl3)/cm™ 3447, 3013, 2943, 2879,
1136, 1058, 990, 720. HRMS (LIFDI-TOF) m/z: [M'] caled. for C1oH ;405" 184.1094;
found 184.1104.

Diastereoselective Synthesis of ((2s,3aR,9aS5,2)-3a,4,5,8,9,9a-
hexahydrocycloocta|d][1,3]dioxol-2-yl)methanol (syn-5)

HO,T/\O

OH O\/I’MOH O OH
OH p-TsOH 0]
THF,
4 rt., 48 h dr.12:1  syn-5

p-Toluenesulfonic acid monohydrate (0.144 g, 0.759 mmol) was added to a solution of 4
(0.540 g, 3.80 mmol) and glycolaldehyde dimer (0.228 g, 1.90 mmol) in THF (50 mL)
and stirred at room temperature for 48 hours. The mixture was diluted with CHCl; (150
mL) and washed with saturated NaHCO;. The organics were separated and dried over
NaySOy, filtered, and concentrated. The crude oil was purified by silica gel
chromatography (10-30% EtOAc in hexanes) to afford the title compound as a clear,

colorless oil as a 12:1 mixture of diastereomers (0.347 g, 1.88 mmol, 50% yield).
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Vimax(CDCly)/em™ 3427, 3013, 2943, 2878, 1653, 1482, 1384, 1229, 1160, 1134, 1058,
991, 882, 721.

Methyl 5-((2r,3aR,9aS8,72)-3a,4,5,8,9,9a-hexahydrocycloocta|d][1,3]dioxol-2-
yl)pentanoate (S1)

OM
MeOJ\/\/\H/ " e
OH o O>_/_/_<O
(0]

OH  Lb.TsOH, THF, r.t,, 24 h
4 28 :1dr

Compound 4 (0.600 g, 4.22 mmol) and methyl 6-oxohexanoate' (0.730 g, 5.07 mmol)
were dissolved in THF (50 mL). p-Toluenesulfonic acid monohydrate (80 mg, 0.42
mmol) was then added and the solution was stirred overnight at room temperature. After
24 hours the starting material was consumed (TLC monitoring). The solution was diluted
with CHCIl; (150 mL) and transferred into a separatory funnel and washed with saturated
NaHCOs3 (15 mL). The organic layer was separated and dried over Na;SOy, filtered, and
concentrated by rotary evaporation into a pale yellow oil. The oil was purified by flash
column chromatography using 15% EtOAc/hexanes to obtain the title compound as a
pale yellow oil (0.910 g, 3.40 mmol, 81% yield). du(CDCls, 400 MHz) 5.66 — 5.55 (m,
2H), 4.82 (t, 1H, J 4.7), 4.16 —4.07 (m, 2H), 3.66 (s, 3H), 2.55 — 2.40 (m, 2H), 2.31 (t,
2H,J17.5),2.14 —2.00 (m, 4H), 1.99 — 1.87 (m, 2H), 1.72 — 1.58 (m, 4H), 1.50 — 1.38 (m,
2H). d¢(CDCls, 101 MHz) 174.2 (u), 129.6 (dn), 102.4 (dn), 79.1 (dn), 51.7 (dn), 34.4
(u), 34.1 (), 29.0 (u), 25.0 (u), 23.8 (), 23.6 (1). Vmax(CDClz)/cm™ 2947, 2866, 1739,
1435, 1367, 1197, 1163, 1128, 1093, 1041, 722. HRMS (LIFDI-TOF) m/z: [M'] calcd.
for C1sHp404" 268.1669; found 268.1691.
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5-((2r,3aR,9a8,72)-3a,4,5,8,9,9a-Hexahydrocycloocta|d][1,3]dioxol-2-yl)pentanoic
acid (6)

OMe OH
O EtOH, rt., 24 h 0
S >50 - 1 dr 6

To a solution of S1 (0.800 g, 2.99 mmol) in ethanol (30 mL) was added 1M NaOH (6
mL). The solution was stirred at room temperature for 24 hours. The solution was
concentrated by rotary evaporation and the residue was diluted with CHCl; (45 mL) and
transferred into a separatory funnel. The organics were washed with 1N HCI (45 mL),
dried over MgSOQy, filtered, and concentrated to give 0.668 g (2.63 mmol, 88% yield) of
the title compound as a white solid. The product was used without further purification.
Mp 90-93 °C. ou(CDCls, 400 MHz) 10.7 — 10.0 (br s, 1H), 5.68 — 5.54 (m, 2H), 4.83 (t,
1H, J4.7),4.18 — 4.06 (m, 2H), 2.56 — 2.41 (m, 2H), 2.37 (t, 2H, J 7.5), 2.15 - 2.00 (m,
4H), 2.00 — 1.87 (m, 2H), 1.74 — 1.62 (m, 4H), 1.53 — 1.42 (m, 2H). 6c(CDCls, 101
MHz) 178.5 (u), 129.6 (dn), 102.3 (dn), 79.1 (dn), 34.3 (u), 33.8 (u), 29.0 (u), 24.8 (uv),
23.7 (u), 23.6 (1). Vmax(CDCl3)/em™ 3015, 2946, 2926, 2880, 2860, 1700, 1466, 1314,
1258, 1207, 1128, 1092, 1002, 946. HRMS (LIFDI-TOF) m/z: [M+H] calcd. for
C14H2304" 255.1591; found 255.1574.

General photoisomerization procedure

The (Z)-cyclooctene derivative (0.012-0.024 M in solvent) and methyl benzoate (2.0
equiv.) were dissolved in the chosen solvent in a quartz flask. After sparging the contents
with N, for 15 minutes, the flask was placed in a Rayonet® reactor and connected via
PTFE tubing to a column (Biotage® SNAP) and an FMI pump. The bottom of the
column was packed with dry silica gel, and the top of the column was packed with silver
nitrate impregnated silica. Any remaining space between the silica and the cartridge cap
was filled with cotton. The column was flushed with the reaction solvent, followed by
equilibration with the reaction mixture via circulation with the FMI pump (~100 mL per
minute). The solution in the quartz flask was then irradiated at 254 nm under continuous

flow for the indicated time. After the reaction is complete, the SNAP cartridge was
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washed with additional solvent, and then dried by a stream of compressed air. The
cartridge contents were emptied into an Erlenmeyer flask and stirred with ammonium
hydroxide and methylene chloride for 10 minutes. The silica gel was filtered, and the
filtrate transferred to a separatory funnel. The organic layer was separated, and the
aqueous layer was extracted with CH,Cl,. The organic layers were combined, washed
with water, dried (MgSQ.), filtered, and concentrated to provide the crude trans-

cyclooctene products. Flash silica gel chromatography afforded pure trans-cyclooctenes.

((2s,3aR,9aS8,F)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol (syn-
3a) and ((2r,3aR,9a8,E)-3a.4,5,8,9,9a-hexahydrocycloocta|d][1,3]dioxol-2-
yDmethanol (anti-3a)

O>MN/OH hv 254 nm, PACOOMe ~ H-: O: PR he O>IM/OH
0 1:1 Et,O:Hexanes, r.t., 26h (0] (0]

1dr active removal of trans-isomer syn-3a 141 dr anti-3a

syn/anti -5

The general photoisomerization procedure was followed using 5 (syn/anti = 1:1) (2.02 g,
11.0 mmol) in 1:1 ether/hexanes (500 mL) and methyl benzoate (2.99 g, 22.0 mmol), in a
500 mL quartz tube. A 100 g Biotage® SNAP column was filled with normal silica gel
(5 inches) and the remaining space packed with 10% silver impregnated silica (24.2

g). The column was connected to the pump as described in the photoisomerization
apparatus and flushed with 1:1 ether:hexanes. The apparatus was then set-up with the
quartz tube and equilibrated for 15 min while being degassed. The lamps were turned on
and irradiation was carried out for 26 h, at which point only trace starting material
remained by TLC. The tubing was disconnected from the quartz flask, and the column
was flushed with ether (200 mL) and dried under air flow. After the silica in the column
was dry, it was stirred in ammonium hydroxide (200 mL) and methylene chloride (200
mL) for 10 min. The silica was filtered and the layers were separated. The aqueous layer
was extracted with additional methylene chloride (200 mL). The combined organic
layers were washed with water (100 mL), dried (MgSQO,), filtered, and concentrated to
give a pale yellow oil. Purification by flash silica gel chromatography (30%-60% Et,O in
hexanes) afforded the title compounds as an oil in a 1:1 mixture of inseparable

diastereomers (1.31 g, 7.11 mmol, 65% yield). The oil solidified after overnight storage
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at -20 °C. Mp 41-49 °C. NMR peaks attributable to syn-3a: dy(CDCls, 400 MHz) 5.69—
5.46 (m, 2H), 4.86 (t, 1H, J 3.0), 4.07-3.90 (m, 2H), 3.71-3.61 (m, 2H), 2.48-2.36 (m,
1H), 2.35-2.08 (m, 3H), 1.95-1.80 (m, 2H), 1.77-1.62 (m, 2H), 1.63—1.49 (m, 1H).
dc(CDCls, 101 MHz) 136.5 (dn), 131.3 (dn), 100.7 (dn), 83.0 (dn), 80.9 (dn), 63.0 (u),
38.9 (u), 33.9 (u), 31.5 (u), 25.7 (u). NMR peaks attributable to anti-3a: dy(CDCls, 400
MHz) 5.69-5.49 (m, 2H), 5.13 (t, 1H, J 3.6), 4.13—4.07 (m, 1H), 4.06-3.97 (m, 1H),
3.61-3.53 (m, 2H), 2.47-2.30 (m, 2H), 2.30-2.10 (m, 2H), 1.89-1.73 (m, 2H), 1.73-1.66
(m, 2H), 1.66—1.57 (m, 1H). 6¢(CDCl;,101 MHz,) 136.4 (dn), 131.1 (dn), 100.7 (dn),
84.0 (dn), 79.5 (dn), 63.9 (dn), 39.3 (u), 32.0 (u), 24.9 (1). Vmax(CDCls)/cm™ 3323, 2972,
2942,2922, 2861, 1638, 1542, 1506, 1450, 1364, 1308, 1236, 1179, 1159, 1095, 850,
748,701, 680. HRMS (LIFDI-TOF) m/z: [M '] caled. for C;oH;603" 184.1094; found
184.1089. The products can be separated by silica gel chromatography after
derivatization with p-nitrobenzoyl chloride. Subsequent hydrolysis provided the title

products in their diastereomerically pure form.

Alternate preparation of ((2s,3aR,9aS$,F)-3a,4,5,8,9,9a-
hexahydrocycloocta|d][1,3]dioxol-2-yl)methanol (syn-3a)

Oj OH  hy 254 nm, PhCOOMe ~ H'» O: OH
Oo 1:1 Et,0O:Hexanes, r.t.,zlh (o)
active removal of trans-isomer

12:1 dr 14:1 dr
syn-5 syn-3a

The general photoisomerization procedure was followed using syn-5 (12:1 dr) (0.217 g,
1.18 mmol) in 1:1 ether/hexanes (100 mL) and methyl benzoate (0.321 g, 2.36 mmol), in
a 150 mL quartz tube. A 25 g Biotage® SNAP column was filled with normal silica gel
(2.5 inches) and the remaining space packed with 10% silver impregnated silica (2.60

g). The column was connected to the pump and flushed with 1:1 ether:hexanes. The
apparatus was then set-up and equilibrated. Irradiation was carried out for 4 h, at which
point only trace starting material remained by GC monitoring. The tubing was
disconnected from the quartz flask, and the column was flushed with 1:1 ether:hexanes
(100 mL) and dried under air flow. After the silica in the column was dry, it was stirred

in ammonium hydroxide (50 mL) and methylene chloride (50 mL) for 10 min. The silica

S-8



was filtered and the layers were separated. The aqueous layer was extracted with
additional methylene chloride (20 mL). The combined organic layers were washed with
water (50 mL), dried (MgSOQ.), filtered, and concentrated to give a pale yellow oil.
Purification by flash silica gel chromatography (30%-60% Et,O in hexanes) afforded the
title compound as a white solid in a 14:1 mixture of inseparable diastereomers (0.129 g,
0.700 mmol, 59% yield). Mp 62-63 °C. NMR peaks attributable syn-3a: dy(CDCls, 600
MHz) 5.67-5.58 (m, 1H), 5.59-5.48 (m, 1H), 4.86 (t, 1H, J 3.0), 4.04-3.92 (m, 2H),
3.71-3.62 (m, 2H), 2.46-2.38 (m, 1H), 2.36-2.24 (m, 1H), 2.25-2.19 (m, 1H), 2.21-2.11
(m, 1H), 1.94-1.77 (m, 2H), 1.75-1.61 (m, 2H), 1.61-1.52 (m, 1H). 8c(CDCls, 101
MHz) 136.5 (dn), 131.3 (dn), 100.7 (dn), 83.0 (dn), 80.9 (dn), 63.0 (u), 38.9 (u), 33.9 (u),
31.5 (u), 25.7 (U).Vimax(CDClz)/em™ 3462, 2928, 2859, 1637, 1448, 1355, 1206, 1139,
1059, 991, 903, 839.

(1R,2S8,E)-Cyclooct-5-ene-1,2-diol (9)

OH
OH hy254nm, Phcoome  H @
OH 1:1Et,0:Hex, rt., 22h OH

active removal of trans-isomer 9

4

The general photoisomerization procedure was followed using compound 4 (0.502 g,
3.53 mmol) in 1:1 hexanes:Et,O (300 mL), and methyl benzoate (0.961 g, 7.06 mmol) in
a 500 mL quartz tube. A 25 g Biotage® SNAP column was filled with normal silica gel
(2.5 inches), then topped with 10% silver impregnated silica (7.80 g). Irradiation was
carried out for 22 h. The tubing was disconnected from the quartz flask, and the column
was flushed with ether (100 mL) and dried under air flow. After the silica in the column
was dry, it was stirred in ammonium hydroxide (100 mL) and methylene chloride (100
mL) for 10 min. The silica was filtered and the layers were separated. The aqueous layer
was extracted with additional methylene chloride (100 mL). The combined organic
layers were washed with water (50 mL), dried (MgSO.), filtered, and concentrated. After
isolation, the residue was dissolved in ether and passed through a short plug of silica to
provide the title compound as a white solid (0.196 g, 1.39 mmol, 39% yield). Mp 130-
131°C. du(CDCls, 400 MHz) 5.72 (ddd, 1H, J 14.7, 9.4, 5.0), 5.43 (ddd, 1H, J 15.5, 11.3,
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3.3),4.01-3.92 (m, 1H), 3.69 (d, 1H, J 10.1), 2.42-2.09 (m, 5H), 2.07-1.97 (m, 1H),
1.83-1.66 (m, 3H), 1.56 (s, IH). 8¢(CDCls, 101 MHz) 135.2 (dn), 130.5 (dn), 79.2 (dn),
77.6 (dn), 38.0 (u), 37.9 (), 32.2 (1), 27.9 (1). Vama(CDClz)/em™ 3583, 3287, 2921,
1441, 1262, 1043, 992, 979, 971, 883, 794. HRMS (LIFDI-TOF) m/z: [M'] calcd. For
CsH140," 142.0988; found 142.0986.

5-((2r,3aR,9a8,E)-3a,4,5,8,9,9a-Hexahydrocycloocta[d][1,3]dioxol-2-yl)pentanoic
acid (3b)

OH OH
0 >_/—/_<o hu 254 nm, PACOOMe o) >_/—/_<o
o EtZQ, rt., 11h _ o
6 active removal of trans-isomer 3b

The general photoisomerization procedure was followed using 5-((2r,3aR,9aS,2)-
3a,4,5,8,9,9a-hexahydrocycloocta[d][ 1,3]dioxol-2-yl)pentanoic acid (0.500 g, 1.97 mmol)
and methyl benzoate (0.535 g, 3.93 mmol) in ether (150 mL) in a 250 mL quartz tube. A
25 g Biotage® SNAP column was filled with normal silica gel (2.5 inches), then topped
with 10% silver impregnated silica (4.34 g). Irradiation was carried out for 11 h. The
tubing was disconnected from the quartz flask, and the column was flushed with ether
(100 mL), then ethanol (300 mL), followed by saturated methanolic ammomia (100 mL,
produced by bubbling ammonia in methanol for 30 min). The methanolic ammonia
solution was then concentrated by rotavap to obtain the title compound as an oily residue.
The crude residue was purified by flash silica gel chromatography (50% Et,O in hexanes)
to provide the title compound as a white solid (0.180 g, 0.708 mmol, 36% yield). Mp 78-
80 °C. du(CDCls, 400 MHz) 10.58 (s, 1H), 5.68-5.56 (m, 1H), 5.56-5.44 (m, 1H), 4.74
(t, IH, J4.6), 3.96-3.78 (m, 2H), 2.44-2.32 (m, 3H), 2.30-2.22 (m, 1H), 2.20-2.07 (m,
2H), 1.94-1.78 (m, 2H), 1.74-1.60 (m, 5H), 1.59—-1.41 (m, 3H). 6c(CDCl3, 101 MHz)
178.7 (u), 136.5 (dn), 131.4 (dn), 101.7 (dn), 82.7 (dn), 80.6 (dn), 38.9 (u), 34.0 (u), 33.8
(), 33.5 (), 31.5 (u), 26.0 (u), 24.7 (u), 23.5 (1). Vmax(CDClz)/cm™ 2928, 2860, 1734,
1707, 1419, 1134, 990. HRMS (LIFDI-TOF) m/z: [M'] caled. For C14H»04" 254.1513;
found 254.1506.



((2r,3aR,9aS8,F)-3a,4,5,8,9,9a-Hexahydrocycloocta|d][1,3]dioxol-2-yl)methyl (4-
nitrophenyl) carbonate (syn-7) and ((2s,3aR,9aS$,F)-3a,4,5,8,9,9a-
hexahydrocycloocta|d][1,3]dioxol-2-yl)methyl (4-nitrophenyl) carbonate (anti-7)

NO,
o & o«j%No2 O_O_NOZ
g o~ o~
o)
e,

0} OH CI)J\ (0] o) (e} O
H S/ = HoQHT S/ —
fe} pyridine, CH,Cl,, rt, overnight o o
3a

anti-7 syn-7

(1.1:1drn)
A solution of 4-nitrophenyl chloroformate (60 mg, 0.299 mmol) in dry CH,Cl, (1 mL)
was added dropwise by syringe to a 1.1 : 1 mixture of isomers of 3a (50 mg, 0.271 mmol)
and dry pyridine (54 mg, 0.678 mmol) in 5 mL CH,Cl,. The mixture was stirred for 20 h
at room temperature and then quenched by addition of saturated NH4Cl. The resultant
layers were separated and the aqueous layer was extracted 2 times with CH,Cl,. The
combined organic layers were dried over MgSQOy, filtered, and concentrated into a
residue. The crude residue was purified by flash silica gel chromatography (10% Et,O in
hexanes) to afford syn-7 (25 mg, 0.072 mmol) and anti-7 (28 mg, 0.080 mmol) as white
solids (53 mg total, 0.152 mmol, 56% yield).
Anti diastereomer: mp 79-82 °C. dy(CDCl;, 400 MHz) 8.28 (d, 2H, J9.2), 7.39 (d, 2H,
J9.2),5.71-5.50 (m, 2H), 5.38-5.30 (m, 1H), 4.22 and 4.21 (ABX multiplet, 2H, J5 =
11.4, Jux=4.7,Jpx=3.7), 4.16-4.10 (m, 1H), 4.09-4.02 (m, 1H), 2.49-2.30 (m, 2H),
2.31-2.12 (m, 2H), 1.93-1.75 (m, 2H), 1.74-1.58 (m, 2H). 8¢(CDCl;, 101 MHz) 155.6
(u), 152.5 (u), 145.6 (u), 136.5 (dn), 131.0 (dn), 125.5 (dn), 121.9 (dn), 98.2 (dn), 84.0
(dn), 79.2 (dn), 68.5 (u), 39.1 (u), 32.1 (u), 31.8 (u), 24.9 (1). Vmax(CDCls)/cm™ 2930,
1770, 1722, 1617, 1594, 1525, 1492, 1349, 1266, 1217, 1142, 1063, 980, 860.
Syn diastereomer: mp 93-96 °C. 3u(CDCls, 400 MHz) 8.28 (d, 2H, J9.2), 7.38 (d, 2H,
J9.2),5.71-5.59 (m, 1H), 5.59-5.48 (m, 1H), 5.06 (t, 1H, J 3.6), 4.31 (d, 2H, J 3.6),
4.07-3.92 (m, 2H), 2.50-2.36 (m, 1H), 2.36-2.22 (m, 2H), 2.22-2.09 (m, 1H), 1.97-1.79
(m, 2H), 1.79-1.56 (m, 1H). 8c(CDCls, 101 MHz) 155.6 (u), 152.5 (u), 145.5 (u), 136.6
(dn), 131.2 (dn), 125.5 (dn), 122.0 (dn), 98.3 (dn), 83.2 (dn), 81.1 (dn), 68.6 (u), 38.8 (u),
33.7 (u), 31.5 (u), 25.5 (u). Vmax(CDCl3)/em™ 2931, 2861, 1771, 1723, 1617, 1594, 1525,



1493, 1443, 1349, 1218, 1156, 1067, 990, 860, 774. HRMS (LIFDI-TOF) m/z: [M']
caled. for C17HoNO; " 349.1156; found 349.1161.

((2r,3aR,9aS8,F)-3a,4,5,8,9,9a-Hexahydrocycloocta|d][1,3]dioxol-2-yl)methyl (37-0x0-
41-(2-oxohexahydro-1H-thieno|3,4-d]imidazol-4-yl)-3,6,9,12,15,18,21,24,27,30,33-
undecaoxa-36-azahentetracontyl)carbamate (8)

o © o’ o 5
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To a 5 mL round bottomed flask equipped with a stir bar was added anti-7 (5.2 mg, 0.015
mmol) and CH,Cl, (2 mL) . Amine-PEG11-Biotin (14.7 mg, 0.018 mmol, purchased
from Thermo Scientific) and diisopropylethylamine (3.8 mg, 0.030 mmol) were added
sequentially and the mixture was stirred at room temperature for 11 h. The solution was
concentrated by rotary evaporation into a yellow residue. The residue was purified by
flash silica gel chromatography (10% MeOH in CH,Cl,) to provide the title compound as
a colorless residue (10.8 mg, 0.011 mmol, 73% yield). du(MeOD, 600 MHz) 5.68-5.56
(m, 2H), 5.16 (t, 1H, J 4.2), 4.49 (dd, 1H,J 7.8, 4.7),4.31 (dd, 1H, J 7.9, 4.5), 4.14-4.08
(m, 1H), 4.08-4.02 (m, 1H), 3.96 and 3.95 (4BX multiplet, 2H, J45 = 11.5, Jux = 4.9, Jpx
=3.6), 3.67-3.62 (m, 39H), 3.65-3.59 (m, 5H), 3.54 (dt, 5H,J 7.9, 5.5), 3.36 (t, 2H, J
5.5),3.28 (t,2H, J 5.5), 3.24-3.17 (m, 1H), 2.93 (dd, 1H, J 12.7, 5.0), 2.71 (d, 1H, J
12.6), 2.37 (dt, 1H, J 13.3, 6.8), 2.33-2.26 (m, 1H), 2.25-2.19 (m, 2H), 2.22-2.13 (m,
2H), 1.91-1.81 (m, 1H), 1.79-1.70 (m, 2H), 1.72-1.56 (m, 4H), 1.45 (p, 2H, J 7.8).
Vimax(MeOD)/em™ 3738, 3584, 3342, 2918, 2860, 1702, 1543, 1452, 1350, 1259, 1102.
HRMS (LIFDI-TOF) m/z: [M+Na]" caled. For C4sHgoN4O17SNa’ 1003.5131; found
1003.5143.



tert-Butyl (37,41-dioxo-41-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-
yl)amino)-3,6,9,12,15,18,21,24,27,30,33-undecaoxa-36-azahentetracontyl)carbamate
(12)
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Diisopropylethylamine (11 mg, 0.087 mmol) was added to O-(2-aminoethyl)-O’-[2(Boc-
amino)ethyl]decaethylene glycol (33 mg, 0.052 mmol) in 4 mL dry CH,Cl,. 2,5-
Dioxopyrrolidin-1-yl 5-0x0-5-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-
yl)amino)pentanoate (20 mg, 0.043 mmol) was added in one portion and the mixture
stirred for 30 min, after which TLC indicated the reaction was complete. The solution
was concentrated by rotary evaporation and the residue purified by silica gel
chromatography (3%-5% MeOH in CH,Cl,) to obtain compound 12 as a purple solid (31
mg, 0.031 mmol, 72% yield). 'H and >C NMR spectra agreed with previously reported
data.’ 8y(CDCls, 400 MHz) 9.68 (s, 1H), 8.98 (m, 2H), 8.73 (dd, 2H), 8.64 (dd, 1H),
8.01 (td, 1H), 7.58 (ddd, 1H), 6.70 (s, 1H), 5.07 (s, 1H), 3.62 (m, 42H), 3.52 (t, 2H), 3.47
(g, 2H), 3.30 (q, 2H), 2.58 (t, 2H), 2.37 (t, 2H), 2.10 (m, 2H), 1.43 (s, 9H). 0c(CDCls,
151 MHz) 173.1 (u), 172.7 (u), 163.5 (u), 163.4 (u), 150.9 (dn), 150.2 (u), 143.8 (u),
142.1 (dn), 138.7 (u), 137.5 (dn), 126.5 (dn), 126.4 (dn), 125.1 (dn), 124.3 (dn), 70.5 (u),
70.5 (u), 70.5 (u), 70.5 (u), 70.5 (u), 70.4 (u), 70.4 (u), 70.2 (u), 70.1 (u), 69.7 (u), 53.7
(dn), 42.0 (u), 40.4 (u), 39.3 (u), 36.1 (u), 35.0 (u), 28.4 (dn), 25.6 (u), 21.5 (u), 12.0 (dn).
Vimax(CDCl3)/em™ 3324, 2916, 1701, 1662, 1582, 1538, 1436, 1393, 1385, 1250, 1105,
954, 593. HRMS (LIFDI-TOF) m/z: [M+Na]" calcd. for C4sH73NgO;sNa" 1014.5118;
found 1014.5119.



General procedure for UV-Vis kinetic analysis between trans-cyclooctenes and 3,6-

diphenyl-s-tetrazine

N =N
N-N

MeOH, 25 °C

The reaction between trans-cyclooctenes and 3,6-diphenyl-s-tetrazine was monitored by
UV-Vis spectroscopy at 282 nm under pseudo-first order conditions. The trans-
cyclooctene (0.7 mL, 200 uM in methanol) was added to the tetrazine (0.7 mL, 20 uM in
methanol) and quickly mixed in a 1 mL cuvette. The final concentrations were 100 uM
for the trans-cyclooctene and 10 uM for the tetrazine. Analysis was carried out in
triplicate at 298 K. For each run, UV-Vis spectra were acquired every 5 seconds for 600-
1200 seconds. The kops was determined by nonlinear regression analysis of the data
points using Prism software (v. 6.00, GraphPad Software Inc.). Results are displayed in
table 1.
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Fig. 1 (A) Reaction of 3b with 3,6-diphenyl-s-tetrazine at 298 K monitored at 282 nm.
(B) Reaction of 9 with 3,6-diphenyl-s-tetrazine at 298 K monitored at 282 nm.
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TCO kobs (S_l) kz (M-IS-I) tl/z

9 41x10° +-8.1x10° |41 +/-8.1x107 170.3 +/- 3.6

3b 52x 107 +/-3.0x 10* |520+/-3.0 133+/-1.4

Table 1. Rate constants for the reaction of trans-cyclooctenes with 3,6-diphenyl-s-
tetrazine at 25°C in methanol measured under pseudo first order conditions using a UV-

Vis spectrophotometer. Values were determined from the average of three runs.

General Procedure for the stopped-flow kinetic analysis of frans-cyclooctenes and 12
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The reaction between trans-cyclooctenes and the PEGylated tetrazine 12 was measured
under pseudo-first order conditions with 10 equivalents of TCO in water by following the
exponential decay of the tetrazine at 322 nm over time using an SX 18MV-R stopped-
flow spectrophotometer (Applied Photophysics Ltd.). Solutions were prepared for the
TCO (1 mM in water) and the tetrazine (0.1 mM in water) and thermostatted in the
syringes of the spectrophotometer before measuring. An equal volume of each was
mixed by the stopped flow device resulting in a final concentration of 0.05 mM tetrazine
and 0.5 mM TCO. The only exception was PEGylated s-TCO 14 (0.32 mM in water),
which was measured with tetrazine (0.062 mM) at a final concentration of 0.160 mM and
0.031 mM respectively. Data was recorded for 0.1-5 seconds, depending on the trans-
cyclooctene used, and performed in triplicate at 298 K. The k,,s was determined by
nonlinear regression analysis of the data points using Prism software (v. 6.00, GraphPad

Software Inc.). Results are displayed in table 2 and figure 2.
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Fig. 2 Stopped-flow monitored reaction of 12 with (A) 11, (B) 13, (C) anti-3a, and (E)
14 at 298K monitored at 322 nm. (D) Duplicate experiment of anti-3a with 12. (F)

Duplicate experiment of 14 with 12.



Stopped-flow kinetic analysis of syn-3a and 12
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The general procedure for the stopped-flow analysis of trans-cyclooctenes was followed
using syn-3a (1 mM to 6 mM in water) and 12 (0.1 mM in water). Final concentrations
were 0.05 mM for the tetrazine and 0.5 mM to 3.0 mM TCO. Each measurement was
carried out in triplicate and the average of the observed rates k was plotted against the
concentration of syn-3a to obtain the bimolecular rate constant k, from the slope of the
plot. This set was then duplicated and the mean k, reported as 366,000 (+/- 15,000) M"'s’
! (Figure 3, Table 2).
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Fig 3. Determination of the bimolecular rate constant k from the stopped-flow monitored
reaction of syn-3a and 12. (a) The exponential plot of the reaction of 12 with 10
equivalents of syn-3a at 298 K monitored at 322 nm. (b) The observed rates k’ of
duplicate sets of measurements were plotted against the concentration of syn-3a to obtain

the bimolecular rate constant k, from the slope of the plot. The mean of the two sets of

measurements is reported.



TCO k, (M's™)

11 (equatorial) 22,600 +/- 40

13 (axial) 80,200 +/- 200
syn-3a*’ 366,000 +/- 15,000
anti-3a° 318,000 +/- 2900
14° 3,300,000 +/- 40,000

Table 2. Rate constants k; for the reaction of various trans-cyclooctenes with PEGylated
tetrazine 12 at 25°C in water measured in triplicate under pseudo first order conditions
(10 equivalents of TCO) using a stopped-flow spectrophotometer. *Value determined
from plot of observed rate constant, k’, and concentration of TCO using 10-60

equivalents of TCO. "Values were determined from the average of two runs.



Stopped flow kinetic analysis of 3a and 10
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The general procedure for the stopped flow analysis of trans-cyclooctenes was followed
using 3a (1 mM to 5 mM) and 10 (0.1 mM) in 55:45 H,O:MeOH. Final concentrations
were 0.5 mM to 2.5 mM for the TCO and 0.05 mM for the tetrazine. Each measurement
was carried out in triplicate and the average of the observed rates k was plotted against
the concentration of 3a to obtain the bimolecular rate constant k, from the slope of the
plot. This set was then duplicated and the average k; reported as 167,000 (+/- 7,000) M
gl (Figure 4).
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Fig 4. Determination of the bimolecular rate constant k from the stopped-flow monitored
reaction of 3a and 10. (a) The exponential plot of the reaction of 10 with 10 equivalents
of 3a at 298 K monitored at 320 nm. (b) The observed rates k’ of duplicate sets of
measurements were plotted against the concentration of 3a to obtain the bimolecular rate

constant k from the slope of the plot. The mean of the two sets of measurements is

reported.



In vitro Kinetic analysis of tetrazine containing GFP (2) with 3b

Compound 3b (4.52 mg, 0.178 wmol) was dissolved in 10 mL 1:4 EtOH:1x PBS to make
a 1.78 mM solution. A solution of GFP-tetrazine 2 (1 mL, 3.32 mg/mL in 1x PBS) was
diluted with 10 mL 1x PBS to make a 0.012 mM solution. The TCO and GFP solutions
were further diluted 10x with 1x PBS to obtain 0.178 mM and 0.0012 mM solutions
respectively. Kinetic trials were initiated by adding 30 uL TCO solution to 20 uL of
GFP-tetrazine solution in a 50 uL fluorescence cuvette and monitored by observing the
fluorescence increase of the cuvette using a Horiba Jobin Yvon FluoroMax®-4
fluorometer. Fluorescence was measured at 22°C in 2 second increments using the
following instrument parameters: excitation 488 nm with 2 nm slit, emission 506 nm with
5 nm slit, 0.1 second integration time. Measurements were carried out in triplicate and
rate constants were determined using Prism software (v. 6.00, Graphpad Software Inc).
The kops Was 1.05 x 107 (+/- 6.74 x 10) s and the second order rate constant was
calculated to be 99 (+/- 0.6) M™'s". An identical procedure was performed with syn-3a in
which the kops was 1.01 x 107 (+/- 3.32 x 10”) with a second order rate constant k, = 95
(+/-03)M's™.
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Fig. 4 In vitro reaction of GFP-tetrazine 2 with (a) 3b and (b) syn-3a monitored by

fluorescence increase of product
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In vitro labeling of GFP-tetrazine 2 with 3b

HO O

GFP-tetrazine 2 (20 uL, 0.2 mg/mL in water), was incubated with 3b (30 uL, 0.3 mg/mL
in 1:1 water:1x PBS) for 5 minutes at room temperature. The sample was desalted using
a protein spin desalting column and analyzed by mass spectrometry (Q-TOF MS). A

sample with GFP-tetrazine without trans-cyclooctene was run in parallel (Figure 5).
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Fig. 5 In vitro labeling of GFP-1 with 3b. (A) Q-TOF MS analysis shows a single major
peak at 27975 Da which signifies GFP-1 without the incubation of TCO while (B) shows
a single major peak at 28201 Da which shows the expected molecular weight difference

of 226 Da from GFP-1 demonstrating specific conversion to GFP-1-TCO.
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In vivo labeling of GFP-tetrazine 2 with syn-3a

4 N
N?le
Me OH

GFP-tetrazine 2 was expressed in DH10b E. coli as previously described.” A cell pellet
from 100 mL of expression was thawed on ice and resuspended in 50 mL of PBS. The
cells were washed by centrifugation at 5000 rcf and suspended in 5 mL PBS buffer pH
7.5. Washed cells (2.5 mL) containing GFP-tetrazine 2 in PBS buffer was incubated with
syn-3a at a final concentration of 900 uM (final total reaction volume was 2.6 mL). The
reaction was run for 2 hrs at room temperature. The unreacted syn-3a was removed by
pelleting the cells before the GFP-tetrazine 2 was purified with BD-TALON cobalt ion-
exchange chromatography as described below. Control reactions with GFP-tetrazine 2
(no syn-3a added) were run in parallel and purified under identical conditions.

For BD-TALON cobalt ion-exchange chromatography, the cell pellet was
resuspended in wash buffer (50 mM sodium phosphate, 300 mM sodium chloride, pH 7).
Cells were lysed using a microfluidizer while cooled on ice. The lysate was clarified by
centrifugation, applied to 0.3 mL bed-volume resin, and bound for 30 min. Bound resin
was washed with >50 volumes wash buffer. Protein was eluted from the bound resin with
0.5 mL aliquots of elution buffer (50 mM sodium phosphate, 300 mM sodium chloride,
150 mM imidazole pH 7) until the resin turned pink and the color of the eluent the
column was no longer green. The elution concentrations were checked with a Bradford
protein assay. The protein was desalted into 20 mM ammonium acetate using PD10

columns and analyzed by mass spectrometry (ESI-MS-Tof, Figure 6).
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Fig. 6 MS characterization of GFP-tetrazine labeled with syn-3a in vivo. ESI-MS of
proteins; GFP-tetrazine 2, and GFP-tetrazine-syn-3a, 16a, demonstrates specific and near
quantitative labeling of GFP-tetrazine. (A) ESI-MS-Tof analysis of GFP-tetrazine shows
a single major peak at 27975.0 Da +1 Da. This shows the expected molecular weigh
difference of 144 Da from native indicating a single efficient incorporation of 15 at the
expected site. (B) ESI-MS-Tof analysis of GFP-tetrazine incubated with syn-3a shows a
single major peak at 28130.0 Da +1 Da. This shows the expected molecular weight
difference of 155 Da from GFP-tetrazine demonstrating specific and near quantitative
conversion to 16a. Each sample did show a small peak at -131 =1 Da indicating minor

amounts of peptidase-based removal of N-terminal methionines and 422 sodium adducts.
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Stability of 3a in methanol-d,

A solution of 3a (1:1 syn:anti, 0.092 g, 0.500 mmol) in methanol-d, (1 mL) was
monitored by "H NMR to observe the stability of 3a. After 3 days, 5% of the cis-isomers
were observed. After 7 days, 85% of syn-3a remain and 83% of anti-3a remain. A

waterfall plot of the NMR spectra is displayed.

Stability of syn-3a in phosphate buffered D,O (pD =7.4)

A solution of syn-3a (3.2 mg, 0.017 mmol) in phosphate buffered D,O (1 mL, pD =7.4)
was added 4-methoxybenzoic acid (2.8 mg, 0.018 mmol) as an internal standard and
monitored by "HNMR to observe the stability of syn-3a. No isomerization was observed

after 14 days. A waterfall plot of the NMR spectra is displayed.

Stability of syn-3a in mercaptoethanol in D,O (pD =7.4)

To a solution of syn-3a (5.5 mg, 0.030 mmol) in phosphate buffered D,O (pD = 7.4, 1
mL) was added 2-mercaptoethanol (2.0 uL, 0.030 mmol) and transferred to an NMR
tube. 4-Methoxybenzoic acid (4.5 mg, 0.030 mg) was added as an internal standard. The
solution was monitored by 'HNMR to observe the isomerization of syn-3a to syn-5. After
24 hours, 45 % of syn-3a remained. Results were plotted using Prism software (v. 6.00,

Graphpad Software Inc, Fig 7). A waterfall plot of the NMR spectra is displayed.

100

% TCO

504

c L] L] 1
0 10 20 30

time (h)

Fig. 7 Stability profile of syn-3a (30 mM) in the presence of mercaptoethanol (30 mM) in
phosphate buffered D,O (pD = 7.4).
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Stability of 3a in mercaptoethanol in phosphate buffer (pH = 6.8)

To a solution of 3a (1:1 syn:anti, 11.8 mg, 0.064 mmol) in 2.1 mL phosphate buffer (pH
6.82) was added an equimolar amount of mercaptoethanol (5.0 mg, 4.4 pL, 0.064 mmol)
at room temperature. Aliquots of the solution were taken and titrated with 3,6-di-(2-
pyridyl)tetrazine (5.0 mM, 0.2 mL) to determine the concentration of trans-cyclooctene

in the mixture. The trans-cyclooctene 3a was stable for 6 hours and gradually isomerized

thereafter (Table 3).

Time (h) Cis:trans
1 0:100
3 0: 100
6 0:100
8 16:84
24 16:84
28 20:80
31 32:68
48 44:56
6 days 80:20

Table 3. Stability of 3a (30 mM) in the presence of mercaptoethanol (30 mM) in
phosphate buffer (pH = 6.82). Cis:trans ratios were measured by titration of the reaction

mixture with 3,6-di-(2-pyridyl)-s-tetrazine.

Stability of syn-3a and s-TCO with mercaptoethanol in methanol-d,

To a solution of syn-3a (5.5 mg, 0.030 mmol) in methanol-d, (1 mL) was added 2-
mercaptoethanol (2.1 pL, 0.30 mmol) with mesitylene (4.14 pL, 0.030 mmol) as an
internal standard. Isomerization of syn-3a to syn-5 was monitored by '"HNMR. After an
induction period of 10 hours, 92% of syn-3a isomerized to syn-5 over a 14 hour period,
with a half-life of 5.3 hours. An identical experiment was performed with s-TCO (4.6 mg,
0.030 mmol) in parallel. After an 8 hour induction period, s-TCO completely isomerized
in 4 hours with a half-life of 1.4 hours. Results were plotted using Prism software (v.

6.00, Graphpad Software Inc, Fig 8). Waterfall plots of the NMR spectra is displayed.
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100

-~ % syn-3a
= %s-TCO

% TCO

0 10 20 30
time

Fig. 8 Stability profiles of syn-3a, and s-TCO with mercaptoethanol (30 mM) in
methanol-d4

Stability of TCOs with glutathione in D,O (pD 7.4)

To a solution of syn-3a (1.86 mg, 0.010 mmol) in phosphate buffered D,O (pD 7.4, 1
mL) was added glutathione (3.08 mg, 0.010 mmol) and transferred to an NMR tube. 4-
Methoxybenzoic acid (1.53 mg, 0.010 mmol) was used as an internal standard. The
solution was monitored by 'HNMR to observe the isomerization of syn-3a to syn-5. An
identical experiment was performed with 9 (1.41 mg, 0.010 mmol) and 3b (2.60 mg,
0.010 mmol), monitoring for isomerization to 4 and 6, respectively. Results were plotted
using Prism software (v. 6.00, Graphpad Software Inc, Fig 9). Waterfall plots of the
NMR spectra are displayed.

(a) (b)
|
100 100-
-~ % syn-3a
3 = %3b §
e 50- < 50
% 9
c | L] L] L] | c L] L] L] L] |
0 2 4 6 8 10 0 20 40 60 80 100
time (h) time (h)

Fig. 9 Stability profiles of (a) syn-3a, 3b, and (b) 9 with glutathione (10 mM) in
phosphate buffered D,O (pD = 7.4)
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Stability of syn-3a in rabbit reticulocyte lysate

Syn-3a (1.9 mg, 0.010 mmol) was dissolved in a solution of rabbit reticulocyte lysate (1
mL, 10% solution in phosphate buffered D,O, pD = 7.4) and transferred to an NMR tube.
4-Methoxybenzoic acid (1.6 mg, 0.011 mmol) was added as an internal standard.
Isomerization of syn-3a to syn-5 was monitored by 'HNMR and results plotted using
Prism software (v. 6.00, Graphpad Software, Fig 10). A waterfall plot of the NMR
spectra is displayed.

100+
o
2
°\o 50+
0 T T T 1
0 50 100 150 200

time (h)

Fig. 10 Stability profiles of syn-3a (10 mM) with rabbit reticulocyte lysate (10% in
phosphate buffered D,O, pD = 7.4)

Stability of syn-3a in Human Blood Serum

Compound syn-3a (10.0 mg, 0.054 mmol) was added to human blood serum (10 mL,
from human male AB plasma) and stirred for 24 hours. Stirring was stopped and the
solution extracted with CH,Cl, (4 x 5 mL), dried with MgSOQy, filtered, and concentrated.
The residue was purified by silica gel chromatography using a pipet column, recovering 8
mg of syn-3a. An "H NMR spectrum showed syn-3a without any sign of isomerization.
Another experiment was performed where syn-3a (10.0 mg, 0.054 mmol) was allowed to
stir in human blood serum (10 mL) for 4 days. An 'H NMR analysis of the crude residue

after extraction showed 3% isomerization of syn-3a. The 'H NMR spectra are displayed.
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Partition Coefficient (logP) of syn-3a

Syn-3a (5.30 mg, 0.029 mmol) was added to a 1:1 solution of octanol:water (2 mL) and
stirred vigorously for 12 hours. The phases were separated and the organic phase was
dried with Na,SO4. Both layers were then titrated with a 5 mM solution of 3,6-di-(2-
pyridyl)-s-tetrazine. The organic phase was found to contain 27 mM of syn-3a, while the

aqueous phase contained 3 mM. LogP was calculated to be 0.95.
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Computational Studies
la

MO6L/6-311+G(d,p) RESULTS

Pre-reaction complex
E=-1071.834713 a.u.

Zero-point correction= 0.417495 (Hartree/Particle)
Thermal correction to Energy= 0.440255

Thermal correction to Enthalpy= 0.441199

Thermal correction to Gibbs Free Energy= 0.364152

Sum of electronic and zero-point Energies= -1071.417219
Sum of electronic and thermal Energies= -1071.394458
Sum of electronic and thermal Enthalpies= -1071.393514
Sum of electronic and thermal Free Energies= -1071.470561

Charge = 0 Multiplicity = 1

-0.23549 3.73252 0.74154
0.2352 3.73259 -0.74132
-1.40039 1.46761 1.2528
14003 14678 -1.25266
-0.56636 1.33096 0.02104
0.56633 1.331 -0.02094
-1.54103 3.00303 1.10002
1.54078 3.00324 -1.09988
-0.37236 4.78214 1.04627
0372 4.78224 -1.04598
-0.80553 1.24327 2.1506
0.80548 1.24343 -2.15047
-1.24345 1.01819 -0.91097
1.2434 10182 091109
0.57654 3.37456 1.38742
-0.5768 3.3746 -1.38723
-2.37706 0.98793 1.34372
237701 0.98821 -1.34358
-1.96418 3.4363 2.02095
1.96381 3.43655 -2.02085
-2.27535 3.19913 0.31242

TN EZT T TITT DT IZID T D OOOOOO0OOON
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227514 3.19943 -0.31234
0.72693 -1.59651 -1.13781
-0.72686 -1.59668 1.13774
1.31476 -1.67677 0.05528
-1.31469 -1.67683 -0.0553
0.64223 -1.5975 1.18799
-0.64216 -1.59738 -1.18806
2.72699 -1.17644 0.09857
3.34468 -0.83792 1.31119
3.51728 -1.34575 -1.05259
4.72836 -0.73444 1.38298
2735 -0.70834 2.197

4.89229 -1.24457 -0.97516
3.02458 -1.60427 -1.9792
5.51156 -0.95855 0.24501
5.20689 -0.4965 2.33026
549109 -1.41607 -1.8542
6.5936 -0.89621 0.31221
-2.7269 -1.17652 -0.09861
-3.34453 -0.83775 -1.3112
-3.51723 -1.34612 1.05246
-4.72821 -0.73425 -1.38303
-2.7348 -0.70798 -2.19694
-4.89224 -1.24493 0.97499
-3.02457 -1.60487 1.97904
-5.51146 -0.95862 -0.24514
-5.2067 -0.4961 -2.33028
-5.49108 -1.41664 1.85396
-6.59349 -0.89627 -0.31237

E=-1071.813504 a.u., Im.Freq=513.5374 cm-1

Zero-point correction=
Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies= -1071.444919

0.418486 (Hartree/Particle)
0.439644

0.440588
0.368585
-1071.395018
-1071.373860
-1071.372916

Charge = 0 Multiplicity = 1

oNoNoNoNoNONe

2.9839138557,-0.6003566039.-0.4898325309
2.9838815403,0.6004616293,0.4899791075
0.7090767753,-1.8358880876,-0.2400334413
0.7090128584,1.8359030017,0.2400137507
0.1523268817,-0.5897939883,0.370744052
0.1523070884,0.5898059735,-0.3707912721
2.2344932718,-1.8590720256,-0.0403347522
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2.2344512275,1.8591567988,0.0404707013
4.0235515443,-0.889365551,-0.6747982301
4.0235027368,0.889513073,0.6749681979
0.4747658893,-1.8508584854,-1.3114277341
0.4746134394,1.8508767145,1.3113891897
0.3195265768,-0.4800500084,1.4437881417
0.3195459336,0.4800601393,-1.4438350358
2.6059538293.-0.2807281473,-1.4704357874
2.6058859196,0.2808268607,1.47056579
0.2794439514,-2.7419108795,0.1985842303
0.2793690206,2.7418970201,-0.1986497365
2.627835636,-2.7293129193,-0.5772832211
2.6276976276,2.7293672585,0.5775414029
2.450576023,-2.0434994131,1.0201745785
2.4506614362,2.0436730229,-1.0199953729
-2.315259485,1.2073127362,0.5837822457
-2.3152505476,-1.2074507983 ,-0.583861521
-1.9154844585,1.0219332906.-0.7288251793
-1.9154387654,-1.0220476877,0.7287204851
-2.3061131679,-0.1679959533 ,-1.3303386668
-2.3060858393,0.1678559916,1.3302592895
-1.8552062766,2.2088946935 .-1.6020949545
-1.5566486811,2.0540099024,-2.9587210739
-2.0646155874,3.492838847,-1.0897085122
-1.473218787,3.1627244699,-3.7896886689
-1.4069878804,1.0540566019.-3.3542290565
-1.9834915527,4.5995052501 ,-1.9260974168
-2.3031717104,3.6059185616,-0.037478893
-1.6874228326,4.439008452,-3.2759930957
-1.245246506,3.0319277525 ,-4.8428726273
-2.1550578804,5.5922353421 ,-1.5218375207
-1.6251230647,5.305421365,-3.9266862627
-1.8550761313,-2.2089722846,1.6020010827
-1.5563502793,-2.0540182778.,2.9585800154
-2.0645800728,-3.4929307365,1.0896989892
-1.4727965662 ,-3.1626920374,3.7895860636
-1.4066551131,-1.0540352682,3.3540095904
-1.9833357985,-4.5995584324,1.9261290332
-2.3032894673,-3.6060604352,0.0375098043
-1.687064554,-4.4390009846,3.2759733878
-1.2446793435,-3.0318462585,4.842732893
-2.1549645866,-5.5923061409,1.5219402843
-1.6246766677,-5.3053846238,3.926697257
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BB P
3a

Pre-reaction complex
E=-1374.937312 a.u.

Zero-point correction= 0.465576 (Hartree/Particle)
Thermal correction to Energy= 0.493038

Thermal correction to Enthalpy= 0.493982

Thermal correction to Gibbs Free Energy= 0.404957

Sum of electronic and zero-point Energies= -1374.471736
Sum of electronic and thermal Energies= -1374.444274
Sum of electronic and thermal Enthalpies= -1374.443330
Sum of electronic and thermal Free Energies= -1374.532355

Charge = 0 Multiplicity = 1
2.6295947423,-1.6324602141,0.7745353484
1.8790045566,0.8214275608,0.5221418207
-0.2768644399.-1.817268531,-0.9490154305
0.7901386571,0.3162143598,-0.3577579012
0.0046736595,-0.7010062143,0.0103320203
3.015152508.,-0.2103101603,0.3365960131
1.1037514752,-2.3549130217 -1.3728992723
1.5659304753,0.8358763017,1.5739075569
-0.8200004225,-1.481759012,-1.8404035002
0.932163939,0.4916637601 ,-1.4278971482
-0.1108573001,-0.9127300855,1.0750077914
2.2276967982,1.8258777648,0.2645969576
-0.8856738727,-2.6012301235,-0.4870089385
3.8813662485,0.0778714624,0.9408023224
1.5864496758,-1.6177429282,-2.0238752475
3.3531672321,-0.2130060024,-0.7076503278
1.0051755145,-3.2720931472,-1.9635102964
-2.6562027376,1.1302699706.-1.0334434556
-1.6661353263,2.1194621244,1.2685879509
-2.738596327,0.4662080816,0.1374383266
-1.2492476085,2.5417386247,0.0577069702
-2.4326404809,1.0593067587,1.3115107271
-1.8986707586,2.1960081237.-1.0753293957
2.0618949542,-2.6718487619,-0.2296042689
1.6150819306,-3.4690015792,0.3943575932
1.9793902894,-1.5653730962,1.6548780718
-0.1720309558,3.5279292166,-0.0169460752
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0.3314414044,3.9207155432,-1.2631258585
0.399051877,4.0483563691,1.1509623014
1.3877384263,4.8167079034,-1.3367543483
-0.1154823101,3.5118236177,-2.1626962532
1.452512555,4.9477961056,1.0697706656
0.0061850714,3.7350513296,2.1121980524
1.9509118125,5.3329295366,-0.1721422559
1.7752235421,5.115065164 ,-2.3057246177
1.8893366264,5.3492460309,1.9783948573
2.7779633888,6.0331424313,-0.2327624006
-3.327080145,-0.8729709975.,0.1500622142
-3.3483382109,-1.6211505638,1.3336007757
-3.8236193882,-1.4392500198 ,-1.0304450562
-3.8553238934,-2.9126778623,1.3326518815
-2.9606206462,-1.1755931634,2.2436765328
-4.3317563094,-2.7301856796,-1.0234912457
-3.8018957513,-0.8549399716,-1.9438149908
-4.3477512585,-3.4708571585.,0.1554874354
-3.8668830653,-3.4879937794,2.2528960138
-4.7166102106,-3.162731119,-1.9415085027
-4.7416211407 -4 4822076654 ,0.1568036676
4.2483596577,-3.174483052,0.1635112829
4.4877897561,-4.5535998984.,0.7423774832
5.0795188912.-4.4402897951,1.6620420768
3.5170548946.-4.9940194599,1.0156669963
3.7997779321,-2.3374741422,1.214596052
3.2593121979.-3.1564640423.-0.8366459371
5.1658596241,-5.3149312889.-0.2356716319
5.291360878,-6.2026967612,0.1047188023
5.1754151978,-2.7929506934 ,-0.2923261653

T Too0oO0oOIXIXZTOONODITTITOZTOZIOOOOD T TOTZTOQOZOOON

TS

E=-1374.920065 a.u., Im.Freq=481.7573i cm-1

Zero-point correction= 0.466367 (Hartree/Particle)
Thermal correction to Energy= 0.492309

Thermal correction to Enthalpy= 0.493253

Thermal correction to Gibbs Free Energy= 0.408852

Sum of electronic and zero-point Energies= -1374.453698
Sum of electronic and thermal Energies= -1374.427756
Sum of electronic and thermal Enthalpies= -1374.426812
Sum of electronic and thermal Free Energies= -1374.511213

Charge = 0 Multiplicity = 1

C 0.4541571216,2.8560115422,-0.7834743742
1.7190011636,0.6030002027,-0.756121553
-1.3747686508,0.8313825263,1.1701364122
0.7629993963,-0.0068027548.,0.2193999542
-0.6001917299,0.1844485195,0.0525523649

oHoNoNe
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1.7683632321,2.1201947251,-0.5026802734
-0.707568409,2.1635045347,1.5353814017
1.383213018,0.4136255488,-1.783857931
-1.3873355572,0.186540993,2.0564590766
1.1216367867,-0.0523051411,1.2503205786
-0.9234737323,0.4438555561,-0.9569398163
2.7251810051,0.1873469021,-0.6578653523
-2.4175785787,0.9877226752,0.8774101257
2.5198001303,2.5593819457,-1.1660089931
0.2693647142,1.9765583465,1.9953168528
2.1081274118,2.3235015345,0.5208351537
-1.3037009063,2.6818251999,2.2929590503
-0.9571113591,-2.3618095344,1.0526289426
0.4009234381,-2.353787937,-1.2602397721
-1.45951458.-1.779968617,-0.0978197321
1.0234750954.-2.1904659102.-0.0379710751
-0.8650819065,-2.1556943222 -1.293315797
0.3077745488,-2.5657814615,1.0849472092
-0.5148691302,3.1364885661,0.3841454301
-1.4976716451,3.370893713,-0.0646288433
-0.0648325573,2.3682504054 ,-1.6167295969
2.4867808523,-2.3307648493,0.0149901488
3.1469384827.-2.3229459791,1.2479575453
3.2350830185,-2.4224690009,-1.1626539368
4.5316216003,-2.4089050191,1.2998797426
2.5615470184,-2.2593102157,2.1597453698
4.6197616273,-2.5103047735,-1.1047759673
2.7161602277,-2.4292659842,-2.1151561465
5.2722922927,-2.5012499701,0.1246257665
5.0356364167,-2.4046531263,2.261110654
5.193199615,-2.5861717446,-2.023216436
6.3548753934,-2.5669211538,0.1676510603
-2.9016409073,-1.4750869367,-0.1294637934
-3.4881412587,-0.9894366811,-1.301788035
-3.6828838529,-1.6195007936,1.0201940854
-4.8354158523,-0.6534717963,-1.3217067056
-2.8786931721,-0.8916916035,-2.1951252145
-5.0307780791,-1.2849255585,0.9941668248
-3.2220019575,-2.004114701,1.9233989174
-5.6100298076,-0.7982962626,-0.1738086738
-5.284302459,-0.2796981545,-2.2366061164
-5.6326928039.-1.4053108244,1.8893842042
-6.6627549046,-0.5351905801,-0.1915312918
0.5979712428,5.0655989744,-0.1183359207
-0.2723159832,6.2308838855,-0.539486282
0.0934194388,6.5956226797,-1.5101451829
-1.3023820155,5.8698030281,-0.678776897
-0.1803086266,7.216185669,0.4680232926
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-0.7515677313,7.9484769352,0.228877348
0.054144295,4.3177555404,0.9452428893
0.7160992752,4.1916018219,-1.2271810366
1.5808258652,5.4322033563,0.215732125
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THNMR analysis of the stability of 3a (1:1 syn:anti)
600 mHz in MeOH-d,
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THNMR analysis of the stability of syn-3a . ..
in D,O (pD = 7.4) 600 mHz = 4-methoxybenzoic acid
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THNMR analysis of the stability of syn-3a in mercaptoethanol . L
600 mHz in D,O (pD = 7.4) = 4-methoxybenzoic acid
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IHNMR analysis of the stability of syn-3a in mercaptoethanol

* — .
600 mHz in MeOH-d, = mesitylene
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THNMR analysis of the stability of s-TCO in mercaptoethanol . .
600 mHz in MeOH-d, = mesitylene
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THNMR analysis of the stability of syn-3a with glutathione
in D,O (pD =7.4) 600 mHz
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'HNMR analysis of the stability of 3b with glutathione
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THNMR analysis of the stability of 9 with glutathione
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THNMR analysis of the stability of syn-3a with rabbit reticulocyte
lysate (10% in D,O, pD =7.4) 600 mHz

* = 4-methoxybenzoic acid
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syn-3a in Human
Blood Serum after 24 hrs, 'H NMR 600 MHz in C,D,

* = mesitylene
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syn-3a in Human
Blood Serum after 4 days, 'TH NMR 600 MHz in C,D,

* = mesitylene
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