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1. Experimental procedures
General remarks

The following spectroscopic and analytical instruments were used: digital polarimeter, P-
2200 (Jasco, Tokyo, Japan); Fourier-transform infrared spectrometer, FT/IR-470 Plus (JASCO,
Tokyo, Japan); '"H NMR and '*C NMR, AVANCE III 400 (Bruker, Germany) at 400 and 101 MHz
respectively or AVANCE III 500 (Bruker, Germany) at 500 and 126 MHz respectively; HPLC,
Model 600E with a Model 2487 UV detector (Waters, Milford, Ma, USA); mass spectrometer for
FAB-MS (matrix, 3-nitrobenzyl alcohol), IMS700 (JEOL, Tokyo, Japan). Chemical shifts of 'H
NMR are reported relative to TMS (8 0.00) in CDCls and residual solvents of CD;OD (6 3.31)
and pyridine-ds (6 8.74). Multiplicity is indicated by one or more of the following: s (singlet); d
(doublet); t (triplet); q (quartet); m (multiplet), br (broad). Chemical shifts of 3*C NMR are
reported relative to CDCl; (6 77.23), CD;OD (8 49.15) and pyridine-ds (6 150.35). Analytical
thin-layer chromatography was performed with Silica gel 60 F»s4 (Merck, Darmstadt, Germany).
Wakogel C-200 (silica gel, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and
CHROMATOREX BW-300 (silica gel, Fuji Silysia Chemical, Ltd., Aichi, Japan) were used for
column chromatography. Anhydrous solvents were purchased from Wako Pure Chemical
Industries. All other materials were obtained from Tokyo Chemical Industry Co., Ltd., Aldrich

Inc. or other chemical suppliers, and used without further purification.

Screening of PKC ligands from PubChem database
The KNIME software and its nodes including RDKit Fingerprint, Similarity Search and

XLogP were used for the selection.

1) Machine learning

First, we conducted the literature survey on studies describing the biological activity of PKC
Cl domain ligands from 1979 to 2017, which provided 1,146 compounds, including 21
unpublished compounds or results from our group. Of these compounds, 110 were phorbol-type,
24 were daphnane-type, 79 were ingenol-type, 171 were teleocidin-type, 127 were bryostatin-
type, 60 were aplysiatoxin-type, 75 were diacylglycerol (DAG)-type and isobenzofuranones, 401
were DAG-lactones, and 99 were other class of compounds including iridals and vibsanins. Then,
we labeled these compounds either as “strong” (339 molecules) or “weak or inactive” (805
molecules) based on the threshold of 10 nM of binding inhibition constant, K;, for PKCd and its
C1B domain, and the reported other biological activities. We also augmented the latter negative
dataset with 131 hypothetical inactive ligands created by deoxygenation of natural PKC ligands’
primary or secondary hydroxy group required for the binding to PKC.
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We used the DeepChem library' for the binary classification with graph convolutional
network (GCN). Because the DeepChem library takes only planer structures, the number of
molecules in the dataset decreased to 1,127. End-to-end supervised learning using the above
dataset provided the binary classifier with 0.908 of the area under the curve (AUC) value. GCN
is a machine-learning model widely used for in silico screening of compounds due to its ability
to extract effective features from chemical structures in the form of graph data structures.> We
also evaluated conventional machine-learning models based on fingerprints: random forest and
fully connected (non-graphical) deep neural network using the Morgan fingerprints (1,024 bits,
radius = 2). These models showed the AUC values of 0.879 and 0.875, respectively, which were
less accurate than GCN. Therefore we employed GCN as our machine-learning model for
compound screening.

We conducted the first screening from the PubChem database that contained approximately
97 million compounds. The first screening afforded many false-positive results (score > 0.7)
judging from our experience. Therefore, we added those apparent false positive compounds,
which have molecular weights less than 300 and contain sulfonamide or phosphate moiety, to the
dataset as negative data. Then, we conducted the supervised learning and the second screening
from the PubChem database, which provided 7,595 molecules with score > 0.7. Removing

stereoisomers from these results provided 5,055 molecules with unique planer structures.

2) Selection with Tanimoto coefficient of circular fingerprint with known PKC ligands and

XLogP values

We calculated the Tanimoto coefficient between the Morgan fingerprints (1,024 bits, radius
= 2; equivalent to ECFP4) of the 5,055 molecules and twelve known PKC ligands (Figure S1)
which are TPA, 6,7-epoxy-TPA, daphnetoxin, ingenol 3-angelate, teleocidin B-4, benzolactam-
V8-310, 1,2-dioctanoyl-sn-gylcerol, a DAG-lactone,’® vibsanin A, bryostatin 1, aplysiatoxin and
10-Me-aplog-1. Then, we excluded molecules with a Tanimoto coefficient > 0.3 either with 12
reference ligands to afford 2,536 molecules. Then, we selected molecules with XLogP values

from 2.5 to 8, which provided 1,506 molecules.

3) Manual selection

We visually inspected the chemical structures of the filtered 1,506 molecules, and selected
fifteen compounds as PKC ligand candidates (Figure S2). The selection criteria were the balance
and arrangement of hydrophobic and hydrophilic parts, the existence of a primary or secondary

hydroxy group, and the existence of other hydrogen bond acceptors.
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TPA (PMA) 6,7-Epoxy-TPA Daphnetoxin

Ingenol 3-angelate Teleocidin B-4 Benzolactam-V8-310

(0] (0] :

(0] N (0]
O{

OH 0 OH

DAG (diC8) DAG-lactone Vibsanin A

Bryostatin 1 (Bryo 1) Aplysiatoxin (ATX) 10-Me-aplog-1

Figure S1 Structures of the known PKC ligands used as reference compounds for the similarity

search.
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Alotaketal A
(0.998) (0.991)

(0.989) (0.984)

7,8-epoxyphorbaketal A (0.977)
(0.982)

(0.963) (0.920)

Alotaketal B
(0.989)

(0.983)

(0.973)

(0.886)

OH

(0.860) (0.860)

(0.783)

Figure S2 Structures of the finally selected fifteen candidates for PKC ligands. Values in

parentheses are scores from the second machine-learning screening.
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Molecular modeling study and prediction of the free energy of binding

The following software and servers were used for the calculation: the Avogadro (version
1.2.0) software,* the OpenBabel (version 3.1.0) program,’ the MGLTools (version 1.5.7) software,
the AutoDock (version 4.2.6, GPU version) program,®’ the CHARMM-GUI server,*!° the
GROMACS (version 2021.2) software,!! the AmberTools 21 package,'? the PPM 3.0 program,'?
and the PyMOL program.'* Amber ff14SB,'> ZAFF,'® LIPID17 and GAFF2 (with AM1-BCC
charge) force fields were used for the MD simulation.

Three-dimensional structures of 1, 2 and S1-S6 (Figure S3) were created using the Avogadro
software and energetically minimized with an MMFF94 force field. The docking simulation of
these compounds with the PKCo-C1B domain (PDB id. 1PTR) was performed as described
previously.'® Among 1,000 docking pose obtained for each molecule, the lowest energy result
with a primary hydroxy group forming hydrogen bonds with Thr-242 and Leu251 was used as an
initial binding pose for the subsequent molecular dynamics (MD) simulation.

The MD simulation of each ligand bound to the PKC3-C1B domain in the presence of a
phophatidylserine bilayer was performed to provide 100 ns of MD trajectory for each ligand as
described previously.!” The free energy of binding was estimated by combining the free energy of
binding from the MMPBSA calculation and the free energy of membrane transfer from the PPM

program as described previously.!®
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Figure S3 Structures of compounds used for molecular modeling study and prediction of the

free energy of binding.
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Table S1  Predicted free energy of binding between 1, 2, or S1-S6, and PKCo-C1B domain.

AE AGe . Predicted AG°

Compound MM-PBSA transfer bind
(A) (A +B)
(B)

s1 -102037 9.9 ~20.1 L
a keal mol
(1.0159) (0.2) (1.0) calmo

<2 ~9.4492 -10.3 ~19.7 L
keal mol
(0.9829) (0.3) (1.0) calmo

. ~11.7347  -10.1 ~21.9 L
keal mol
(1.0494) (0.2) (1.1) cal mo

s ~9.4573 -9.9 -19.3 L
keal mol
Loy (02) (1.0) cal mo

S ~5.7628 ~11.4 ~17.1 L
keal mol
(1.0465) (0.3) (1.1) calmo

<4 ~5.1981 ~10.7 ~15.9 L
keal mol
(0.9775) (0.3) (1.0) caimo

S ~4.4289 ~10.7 ~15.1 .
keal mol
(1.0122) (0.2) (1.0) calmo

S6 ~4.7291 ~11.1 ~15.8 .
keal mol
(1.0001) (0.3) (1.0) calmo

@ Values in parentheses are standard errors of the mean: n = 1,000 for A, and n =25 for B.

b Calculated by the PPM 3.0 program built on the local machine.
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Figure S4 Snapshots from molecular dynamics simulation of membrane-bound PKC3-C1B
domain in complex with S1, S2, 1, 2, S3, S4, S5, or S6. The PKC3-C1B domain is
depicted as line and cartoon models. The ligands are depicted as a stick model.

Yellow dashed lines represent hydrogen bonds.
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Synthesis of 1 and 2

NaClO, KH,PO, NaHCO4
o T —— o) : ——— o] :
) i CH,Cly, H,0 H dioxane, H,0 H
reflux

Cl OH

Compound S8

(R)-carvone s7 60% in 2 steps S8

To a solution of (R)-carvone (24.0 g, 160 mmol) in CH,Cl, (200 mL) and H>O (200 mL)
were added KH,POj4 (44.0 g, 323 mmol) and NaClO aqueous solution (12%, 100 mL) at 0 °C and
the resulting mixture was stirred at room temperature for 2 h. After the addition of NaClO aqueous
solution (200 mL), the resulting mixture was stirred for 3 h. Additional NaClO aqueous solution
(80 mL) was added and the reaction mixture was stirred for 2 h. The reaction was quenched with
satd. aq. Na>S,03 (250 mL). The aqueous layer was separated and extracted with CHCI3 (3 x 100
mL) The combined organic layers were dried over Na,SO4 and then concentrated in vacuo to
afford crude allyl chloride S7 (38.3 g).

To a solution of crude S7 in dioxane (100 mL) and H,O (300 mL) was added NaHCOs (33.6
g, 400 mmol). After stirring at reflux for 20 h, the reaction mixture was diluted with CHCl; (100
mL) and the aqueous layer was separated. The aqueous layer was extracted with CHCIs (3 x 100
mL) and the combined organic layers were dried over Na,SOj4 then concentrated in vacuo. The
residue was purified by column chromatography (silica gel, EtOAc/n-hexane = 1/9 to 1/1) to
afford silyl ether S8 (15.7 g, 94.6 mmol, 60% in two steps) as a yellow oil.

The data was reported previously. '8

TIPSCI, imidazole L
A _— f)
o H DMF ° H

OH OTIPS
96%
S8 3

Compound 3

To a solution of S8 (15.7 g, 94.6 mmol) in DMF (200 mL) were added imidazole (12.9 g,
189 mmol) and TIPSCI (21.0 mL, 99.1 mmol). After stirring at room temperature for 2 h, the
resulting mixture was partitioned between water (300 mL) and EtOAc: n-hexane = 1:4 solution
(4 x 100 mL). The combined organic layers were washed with brine (100 mL), dried over Na>SOs
and concentrated in vacuo. The residue was purified by column chromatography (silica gel,
EtOAc/n-hexane = 1/19) to afford silyl ether 3 (29.4 g, 91.0 mmol, 96%) as a pale yellow oil.

The data was reported previously.!”
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Compound S9

NaBH,
CeCly-7H,0
o B ———————————— HO B
H MeOH, -78 °C H

OoTIPS OoTIPS

quant., dr >19:1
3 s9

To a solution of 3 (5.23 g, 16.2 mmol) in MeOH (160 mL) under N, atmosphere was added
CeCl3-7H20 (7.24 g, 19.4 mmol) and then the reaction mixture was cooled to —78 °C. NaBH4
(739 mg, 19.5 mmol) were added to the reaction mixture and the solution was stirred at —78 °C
for 30 min, before the addition of satd. ag. NH4CI (100 mL). The resulting mixture was partitioned
between water (100 mL) and ether (4 x 100 mL). The combined organic layers were dried over
Na»SOs and concentrated in vacuo. The residue was purified by column chromatography (silica
gel, EtOAc/n-hexane = 1/9 to 1/4) to afford allylic alcohol S9 (5.36 g, 16.5 mmol, quant., dr >
19:1) as a colorless oil.

Ry: 0.36 (silica gel, EtOAc/n-hexane = 2:8).

[aly: —17.0 (¢ 1.47, CHCIL5).

IR (neat on KRS-5): 3328, 2943, 2891, 2866, 1652, 1463, 1386, 1249, 1121, 1102, 1066, 1036,
900, 882, 811, 684, 659 cm ™.

"H NMR (500 MHz, CDCl5): 8 5.50 (dd, J = 1.5, 1.5 Hz, 1H), 5.15 (d, J = 1.5 Hz, 1H), 4.89 (s,
1H), 4.22 (s, 2H), 4.19 (br-s, 1H), 2.32 (m, 1H), 2.25-2.16 (m, 1H), 2.16-2.07 (m, 1H), 2.05—
1.94 (m, 1H), 1.76 (s, 3H), 1.54 (ddd, J = 12.2, 12.2, 9.6, 1H), 1.54-1.44 (br-s, 1H), 1.22-0.99
(m, 21H) ppm.

3C NMR (126 MHz, CDCls): § 152.2, 136.4, 124.1, 107.7, 71.2, 65.3, 38.5, 36.3, 31.8, 19.2,
18.2 (6C), 12.2 (3C) ppm.

HRMS (FAB+): m/z calcd for Ci9H370,Si [M + H]" 325.2563, found 325.2567.

Compound 4

,,,,,
1 mCPBA
HO' f - -
A HO' A
CH,Cly, =20 °C A

OTIPS

o, .
s9 90%, dr 21:1

(diastereomixture)

To a solution of S9 (5.75 g, 17.7 mmol) in CH,Cl, (120 mL) under N, atmosphere was added
mCPBA (65%, 5.22 g, 19.7 mmol) at —20 °C. The reaction mixture was stirred at —20 °C for 3 h,
before the addition of satd. ag. Na»S,03 (100 mL) and satd. ag. NaHCOs (100 mL). The aqueous
layer was separated and extracted with CHCl; (3 x 50 mL). The combined organic layers were
dried over Na,SOs and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, EtOAc/n-hexane = 1/9 to 2/3) to afford diastercomixture of
epoxyalcohol 4 (5.42 g, 15.9 mmol, 90%, dr 21:1) as a colorless oil.
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Ry 0.35 (silica gel, EtOAc/n-hexane = 4:6).

IR (neat on KRS-5): 3423, 2943, 2892, 2866, 1651, 1463, 1383, 1250, 1125, 1096, 1066, 1052,
1014, 900, 883, 848, 813, 687, 661 cm™".

"H NMR (500 MHz, CDCls) of major diastereomer: § 5.10 (ddd, J = 1.6, 1.6, 1.6 Hz, 1H), 4.84
(dd, J=1.4, 1.4 Hz, 1H), 4.16 (s, 2H), 3.84 (dd, J = 10.6, 5.5 Hz, 1H), 3.16 (d, /= 5.0 Hz, 1H),
2.11-2.01 (m, 2H), 1.86—1.80 (m, 1H), 1.70 (m, 1H), 1.61 (br-s, 1H), 1.45 (s, 3H), 1.41-1.29 (m,
1H), 1.17-0.99 (m, 21H) ppm.

3C NMR (126 MHz, CDCls) of major diastereomer: & 151.0, 108.2, 72.3, 65.1, 62.4, 60.6, 36.0,
34.3,30.0, 19.3, 18.1 (6C), 12.1 (3C) ppm.

HRMS (FAB+): m/z caled for C19H3705Si [M + H]" 341.2512, found 341.2516.

Compound 5

,,,,, ) Oall
(PhSe),, NaBH,, EtOH 1,1'-carbonyldiimidazole O:<
- . - .
5 5 ¢} B
HO i then H,0,, THF, reflux HO i CH,Cl, fr
OTIPS

OTIPS OTIPS
46% in 2 steps
4 s10 5

To a suspension of diphenyl diselenide (6.60 g, 21.1 mmol) in EtOH (80 mL) at 0 °C under
N> atmosphere was added NaBH4 (1.62 g, 42.8 mmol) and the resulting mixture was stirred at
room temperature for 1 h. After the addition of epoxyalcohol 4 (13.0 g, 38.2 mmol) in EtOH (50
mL) via cannula, the reaction mixture was stirred at room temperature for 3 h. 80 mL of THF was
added and the reaction mixture was cooled to 0 °C before the addition of 50 mL of 30% aq. HO,.
The resulting mixture was warmed up to 90 °C with care. After refluxed for 2 h, the reaction was
quenched with brine (200 mL) and partitioned between ether (4 x 70 mL) and H>O (50 mL). The
combined organic layers were dried over Na,SO, and concentrated in vacuo. Purification by
column chromatography (silica gel, EtOAc/n-hexane = 1/9 to 2/3) afforded impure diol S10 (12.7
g).

To a solution of diol S10 (12.7 g) in CH»Cl» (200 mL) was added 1,1’-carbonyldiimidazole
(12.4 g, 76.5 mmol). After stirring at room temperature for 2 h, the resulting mixture was
concentrated in vacuo. The residue was purified by column chromatography (silica gel, EtOAc/n-
hexane = 1/9 to 1/4) to afford carbonate 5 (6.48 g, 17.7 mmol, 46% in two steps) as a yellow oil.
Ry 0.27 (silica gel, EtOAc/n-hexane = 2:8).

[aly: —39.0 (c 3.94, CHCL).

IR (neat on KRS-5): 2944, 2892, 2866, 1808, 1464, 1381, 1365, 1300, 1247, 1193, 1136, 1117,
1083, 1063, 1040, 1013, 997, 905, 882, 815, 771, 684, 660 cm™".

'"H NMR (500 MHz, CDCl5): & 6.06 (dd, J = 10.1, 3.0 Hz, 1H), 5.82 (dd, J = 10.1, 2.4 Hz, 1H),
5.18 (d, J= 0.8 Hz, 1H), 4.88 (s,1H), 4.49 (dd, J = 9.0, 4.8 Hz, 1H), 4.28 (d, J = 13.5 Hz, 1H),
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4.23 (d,J=13.5 Hz, 1H), 2.92 (m, 1H), 2.20 (ddd, J= 13.5, 4.9, 4.9 Hz, 1H), 1.86 (ddd, J= 13.5,
8.9, 8.9 Hz, 1H), 1.54 (s, 3H), 1.17-1.01 (m, 21H) ppm.

13C NMR (126 MHz, CDCly): § 154.0, 149.5, 135.8, 126.2, 111.4, 80.3, 79.2, 65.6, 34.8, 30.9,
25.9, 18.2 (6C), 12.2 (3C) ppm.

HRMS (FAB+): m/z caled for CaoHss04Si [M + H]* 367.2305, found 367.2300.

Compound 6
o H %\MgBr H
o= CUCN, BF;-OEt, X
o f E—— :
A THF, -78 °C HO i
oTIPS OTIPS

98%, dr >19:1
5 6

To a suspension of CuCN (3.53 g, 39.4 mmol) in dry THF (100 mL) at =78 °C under N-
atmosphere was added vinylmagnesium bromide solution (1 M in THF, 77 mL, 77 mmol)
followed by BF3-OEt; (1.8 mL, 14 mmol) and then carbonate 5 (4.68 g, 12.8 mmol) in dry THF
(30 mL) via cannula. After stirring at —78 °C for 30 min, the reaction was quenched with satd. aq.
NH4Cl1 (100 mL). The resulting mixture was filtered and separated. The aqueous layer was
extracted with ether (3 x 50 mL), and the combined organic layers were dried over Na>SO4 and
concentrated in vacuo. The residue was purified by column chromatography (silica gel, EtOAc/n-
hexane = 1/9 to 1/4) to afforded alcohol 6 (4.18 g, 12.4 mmol, 98%) as a pale yellow oil.

Ry: 0.29 (silica gel, EtOAc/n-hexane = 2:8).

[a]}: 109.2 (¢ 1.22, CHCI5).

IR (neat on KRS-5): 3318, 2943, 2891, 2866, 1638, 1463, 1385, 1251, 1114, 1066, 1013, 994,
914, 896, 883, 810, 684, 660 cm™ .

'"H NMR (500 MHz, CDCl5): 8 5.61 (ddd, J=16.9, 10.5, 8.0 Hz, 1H), 5.34 (s, 1H), 5.22 (dd, J =
3.3, 1.6 Hz, 1H), 4.99 (d, J= 7.1 Hz, 1H), 4.96 (s, 1H), 4.93 (s, 1H), 4.19-4.12 (m, 3H), 2.87 (m,
1H), 2.13(ddd,J=12.5,5.7,2.7 Hz, 1H), 2.06 (ddd, J = 12.0, 9.5, 2.6 Hz, 1H), 1.79 (s, 3H),
1.66 (ddd, J=12.3, 12.3, 9.4, 1H), 1.50 (br, 1H), 1.16-1.02 (m, 21H) ppm.

3C NMR (126 MHz, CDCls): $150.7, 141.1, 137.0, 127.3, 115.2, 109.2, 70.7, 65.5, 45.5, 42.7,
39.0,19.3, 18.3 (6C), 12.2 (3C) ppm.

HRMS (FAB+): m/z caled for C21H300,Si [M + H]" 351.2719, found 351.2724.

Compound S11
H H
A TBSOTf, 2,6-lut. A
_ TeSoTezeM.
HO' i CH,Cl,, 0°C TBSO! B
OTIPS OTIPS
94%
6 s1
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To a solution of alcohol 6 (4.18 g, 12.4 mmol) in dry CH>Cl, (100 mL) at 0 °C under N,
atmosphere were added 2,6-Iutidine (3.0 mL, 26 mmol) and TBSOTT (3.6 mL, 16 mmol). After
stirring at 0 °C for 30 min, the reaction was quenched with satd. ag. NaHCO; (100 mL). The
aqueous layer was separated and extracted with CHCI3 (3 x 50 mL). The combined organic layers
were dried over Na,SO4 and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, EtOAc/n-hexane = 1/49 to 1/19) to afforded TBS ether S11 (5.29 g,
11.7 mmol, 94%) as a yellow oil.

Ry: 0.68 (silica gel, EtOAc/n-hexane = 1:9).

[aly: 74.5 (c 4.88, CHCL).

IR (neat on KRS-5): 2944, 2892, 2866, 1639, 1463, 1389, 1362, 1346, 1252, 1089, 1069, 1006,
993, 898, 882, 866, 836, 774, 683 cm .

"H NMR: (500 MHz, CDCl5): 8 5.58 (ddd, J=17.2, 10.2, 8.1 Hz, 1H), 5.27 (d, J = 1.5 Hz, 1H),
5.20 (dd, J = 3.4, 1.6 Hz, 1H), 5.00-4.93 (m, 2H), 4.91 (d, J = 1.4 Hz, 1H), 4.21 (m, 1H), 4.17
(ddd,J=14.4,1.5,1.5Hz, 1H), 4.12 (ddd, J=14.4, 1.5, 1.5 Hz, 1H), 2.83 (m, 1H), 2.06-1.97 (m,
2H),1.76-1.63 (m, 4H), 1.16-1.03 (m, 21H), 0.90(s, 9H), 0.09 (s, 3H), 0.07(s, 3H) ppm.

BC NMR: (126 MHz, CDCls): 8 150.6, 141.3, 138.1, 126.9, 115.0, 109.0, 71.4, 65.5, 45.9, 43.4,
40.1, 26.1, 20.0 (3C), 18.4, 18.3 (6C), 12.2 (3C), —4.0, —4.7 ppm.

HRMS (FAB+): m/z caled for C27Hs520,Si:Na [M + Na]" 487.3404, found 487.3402.

Compound 8

/\B/O
5

H !

N Hoveyda-Grubbs 2nd gen. cat. NaBOj34H,0
oveyda-Grubbs 2nd gen. ca x B\O 374H,
TBSO :
A CH,Cl, TBSO A THF, H,0
reflux H

OTIPS
OTIPS

s11 8§12
H H OH
CHO ZMgBr N 42% in 3 steps, dr 1.3:1
L _ A 27% of starting material was recovered
TBSO Ifi THF, 0 °C TBSO }51 BRSM 57%
OTIPS OTIPS

7 8

To a solution of TBS ether S11 (471 mg, 1.04 mmol) in dry CH,Cl, (10 mL) under N,
atmosphere were added vinylboronic acid pinacol ester (0.35 mL, 2.1 mmol) and Hoveyda—
Grubbs 2nd generation catalyst (31.4 mg, 50.1 mmol). After the reaction mixture was refluxed
for 21 h, vinylboronic acid pinacol ester (0.40 mL, 2.36 mmol) was added. The resulting mixture
was refluxed for an additional 25 h before cooled and concentrated in vacuo. Purification by
column chromatography (silica gel, EtOAc/n-hexane = 1/49 to 1/9) afforded a mixture of S12 and
S11 (674 mg).

To a solution of a mixture of S12 and S11 in THF (10 mL) and H,O (10 mL) at 0 °C was
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added NaBOs-4H,0 (1.16 g, 7.53 mmol) and stirred vigorously at room temperature for 17 h. The
reaction was quenched with H,O (100 mL). The aqueous layer was separated and extracted with
EtOAc (4 x 100 mL). The combined organic layers were washed with brine (50 mL) and dried
over Na,SO4 then concentrated in vacuo. Purification by column chromatography (silica gel,
EtOAc/n-hexane = 1/49 to 1/9) afforded a mixture of aldehyde 7 and S11 (361 mg).

To a solution of a mixture of aldehyde 7 and S11 in THF (10 mL) at 0 °C was added
vinylmagnesium bromide solution (1 M in THF, 1.0mL, 1.0 mmol). After stirring at 0 °C for 15
min, the reaction was quenched with satd. ag. NH4Cl (10 mL). The mixture was partitioned
between ether (4 x 20 mL) and H,O (10 mL). The combined organic layers were dried over
Na»SOs and concentrated in vacuo. The residue was purified by column chromatography (silica
gel, EtOAc/n-hexane = 1/49 to 1/9) to afford alcohol 8 (215 mg, 0.434 mmol, 42% in three steps,
dr 1.3:1) and TBS ether S11 (129 mg, 0.285 mmol, 27% recovered in three steps) as a colorless
oil.

Ry 0.47, 0.42 (silica gel, EtOAc/n-hexane = 1:9).

IR (neat on KRS-5): 3383, 2943, 2891, 2865, 1648, 1463, 1388, 1362, 1344, 1252, 1079, 1006,
994, 920, 900, 882, 836, 774, 683 cm .

"H NMR (500 MHz, CDCls):

Diastereomer 1: 6 5.88-5.80 (m, 1H), 5.50 (d, /= 1.4 Hz,1H), 5.26-5.16 (m, 2H), 5.12-5.04 (m,
1H), 4.96 (d, /= 1.4 Hz, 1H), 4.29-4.10 (m, 4H), 2.47 (m, 1H), 2.07-1.94 (m, 2H), 1.71 (m, 3H),
1.67-1.53 (m, 3H), 1.45-1.32 (m, 1H), 1.18-1.01 (m, 21H), 0.90 (s, 9H), 0.08 (s, 3H), 0.06 (s,
3H) ppm.

Diastereomer 2: 8 5.80-5.72 (m, 1H), 5.44 (d,J=1.5 Hz), 2.24 (m, 1H), 5.26-5.16 (m, 2H), 5.12—
5.04 (m, 1H), 4.93 (d, J= 1.4 Hz,1H), 4.29-4.10 (m, 4H), 2.24 (m, 1H), 2.07-1.94 (m, 2H), 1.71
(m, 3H), 1.67-1.53 (m, 3H), 1.45-1.32 (m, 1H), 1.18-1.01 (m, 21H), 0.89 (s, 9H), 0.08 (s, 3H),
0.06 (s, 3H) ppm.

13C NMR (126 MHz, CDCl5):

Diastereomer 1: 6 150.5, 141.8, 137.5, 127.1, 114.2,109.6, 71.3, 70.5, 65.1, 43.8, 41.0, 40.9, 35.9,
26.1 (3C), 20.1, 18.3, 18.3 (6C), 12.2 (3C), 4.0, —4.7 ppm.

Diastereomer 2: 6 150.8, 141.1, 137.4, 127.6, 114.6, 109.5, 72.2, 71.3,65.1,43.9,41.1,41.0, 36.8,
26.1 (3C), 20.1, 18.4, 18.3 (6C), 12.2 (3C), 4.0, —4.7 ppm.

HRMS (FAB+): m/z caled for C29Hs¢O3Si:Na [M + Na]" 531.3666, found 531.3673.
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Compound 9

H  OH H  OAc
= Ac,0, Et;N. DMAP N
| - -
TBSO F CH,Cl, TBSO
oTIPS oTIPS

8 98% 9

To a solution of alcohol 8 (172 mg, 0.347 mmol) in CH,Cl, (10 mL) were added Et:N (0.30
mL, 2.2 mmol), Ac;O (0.10 mL, 1.1 mmol) and DMAP (5.9 mg, 0.048 mmol). After stirring at
room temperature for 2.5 h, the reaction was quenched with satd. ag. NaHCOs3 (10 mL). The
aqueous layer was separated and extracted with CHCI3 (3 x 10 mL). The combined organic layers
were dried over Na,SO4 and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, EtOAc/n-hexane = 1/49 to 1/9) to afford acetate 9 (188 mg, 0.341
mmol, 98%) as a colorless oil.
Ry: 0.60 (silica gel, EtOAc/n-hexane = 2:8).
IR (neat on KRS-5): 2944, 2891, 2865, 1742, 1648, 1463, 1433, 1370, 1238, 1081, 1016, 990,
901, 882, 836, 775, 683 cm ™.
"H NMR (500 MHz, CDCls):
Diastereomer 1: 6 5.73 (m, 1H), 5.49-5.40 (m, 2H), 5.34-5.08 (m, 3H), 4.94 (d, /= 1.3 Hz, 1H),
4.23-4.08 (m, 3H), 2.23 (m, 1H), 2.03 (s, 3H), 2.02-1.92 (m, 2H), 1.83 (m, 1H), 1.70 (s, 3H),
1.65-1.54 (m, 1H), 1.41-1.32 (m, 1H), 1.18-1.02 (m, 21H), 0.89 (s, 9H), 0.08 (s, 3H), 0.06 (s,
3H) ppm.
Diastereomer 2: 6 5.67 (m, 1H), 5.49-5.40 (m, 1H), 5.34-5.08 (m, 4H), 4.90 (d, /= 1.2 Hz, 1H),
4.23-4.08 (m, 3H), 2.19 (m, 1H), 2.03 (s, 3H), 2.02-1.92 (m, 2H), 1.76-1.68 (m, 1H), 1.70 (s,
3H), 1.65-1.54 (m, 1H), 1.41-1.32 (m, 1H), 1.18-1.02 (m, 21H), 0.89 (s, 9H), 0.08 (s, 3H), 0.06
(s, 3H) ppm.
13C NMR (126 MHz, CDCl5):
Diastereomer 1: & 170.5, 150.1, 137.5, 137.2, 126.4, 116.0, 109.6, 71.8, 71.2, 64.7, 43.8, 40.8,
37.9,35.6,26.1 (3C), 21.3, 20.1, 18.3, 18.3 (6C), 12.2 (3C), 4.0, —4.7 ppm.
Diastereomer 2: & 170.3, 150.2, 137.6, 136.2, 126.7, 118.1, 109.6, 74.2, 71.2, 65.1, 43.9, 40.8,
37.7,36.4,26.1 (3C), 21.6, 20.1, 18.3, 18.3 (6C), 12.2 (3C), 4.0, —4.7 ppm.
HRMS (FAB+): m/z caled for C31HssO4Si:Na [M + Na]* 573.3771, found 573.3776.

Synthesis of bicyclic compound 10

H OAc H H

OAc
N Grubbs' 2nd gen. cat.
_— =
TBSO f CH,Cl, TBSO B
H H
reflux
OTIPS OTIPS

9 98% 10
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To a solution of acetate 9 (219 mg, 0.398 mmol) in dry CH,Cl, (40 mL) under N, atmosphere
was added Grubbs’ 2nd generation catalyst (16.7 mg, 0.0197 mmol). After refluxed for 14 h, the
reaction mixture was cooled and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, EtOAc/n-hexane = 1/49 to 1/9) to afford bicyclic compound 10 (204
mg, 0.390 mmol, 98%) as a yellow oil.

Ry 0.41 (silica gel, EtOAc/n-hexane = 1:9).

IR (neat on KRS-5): 2944, 2892, 2865, 1739, 1463, 1371, 1342, 1238, 1200, 1180, 1144, 1084,
1050, 1014, 963, 882, 861, 837, 814, 775, 682 cm ™.

"H NMR (500 MHz, CDCls):

Diastereomer 1: 6 5.75 (s, 1H), 5.31-5.25 (m, 2H), 4.35-4.22 (m, 2H), 4.16 (d, /= 13.7 Hz, 1H),
2.49-2.37 (m, 1H), 2.32-1.84 (m, 3H), 2.02 (s, 3H), 1.69 (m, 3H), 1.53-1.30 (m, 2H), 1.16-1.01
(m, 21H), 0.91 (s, 9H), 0.10 (s, 3H), 0.09 (s, 3H) ppm.

Diastereomer 2: 6 5.54 (s, 1H), 5.46 (m, 1H), 5.31-5.25 (m, 1H), 4.35-4.22 (m, 2H), 4.13 (d, /=
13.5 Hz, 1H), 2.49-2.37 (m, 1H), 2.32-2.13 (m, 3H), 2.05 (s, 3H), 1.69 (m, 3H), 1.53-1.30 (m,
2H), 1.16-1.01 (m, 21H), 0.91 (s, 9H), 0.10 (s, 3H), 0.09 (s, 3H) ppm.

3C NMR (126 MHz, CDCl5):

Diastereomer 1: 6 170.9, 145.8, 137.7, 128.4, 119.9, 72.8, 67.6, 65.1, 39.7, 35.8, 35.2, 34.8, 26.1
(30), 21.6, 20.0, 18.3, 18.2 (6C), 12.2 (3C), —4.0, —4.6 ppm.

Diastereomer 2: 6 171.1, 143.3, 137.8, 128.1, 120.5, 72.7, 71.5, 64.7, 39.7, 38.7, 35.9, 35.1, 26.1
(30), 21.6, 20.0, 18.3, 18.2 (6C), 12.2 (3C), —4.0, —4.6 ppm.

HRMS (FAB+): m/z caled for C29Hs404Si:Na [M + Na]" 545.3458, found 545.3455.

Compound 11

H H 2 H H
OAc MgBr oH
Thexylborane
TBSO z THF- MeZS (10:1) TBSO THF -20°C TBSO z
H -30100°C H
OTIPS OTIPS OTIPS

30% in 2 steps, dr 1.8:1
10 "

TBSO : %

oTIPS

S14 (48%)

To a solution of bicyclic compound 10 (66.1 mg, 0.126 mmol) in dry THF (4 mL) under N,
atmosphere were added Cul (6.0 mg, 0.032 mmol) and Me-S (400 uL) and the resulting mixture
was cooled to —30 °C. After the dropwise addition of vinylmagnesium bromide solution (1 M in
THF, 200 pL, 0.20 mmol), the resulting mixture was stirred at —30 °C for 1 h. After another

addition of vinylmagnesium bromide solution (1 M in THF, 500 uL, 0.50 mmol), the mixture was
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stirred at —30 °C for 20 min and at 0 °C for an additional 1 h. The reaction was quenched with
satd. aq. NH4Cl (10 mL). The resultant mixture was partitioned between ether (4 x 10 mL) and
H>O (5 mL). The combined organic layers were dried over Na,SO4 and concentrated in vacuo.
Purification by column chromatography (silica gel, EtOAc/n-hexane = 1/19 to 1/4) afforded
impure alkene S13 (27.5 mg) and alcohol S14 (28.9 mg, 0.0601 mmol, 48%).

To a solution of alkene S13 (27.5 mg) in dry THF (5 mL) at —20 °C under N, atmosphere
was added in situ prepared thexylborane solution (1 M, 0.11 mL, 0.11 mmol). After stirring at
—20 °C for 1 h, the reaction was quenched with 30% ag. H,O» (300 pul) and 3M aq, NaOH (300
pL). The resulting mixture was stirred at room temperature for 1 h and then partitioned between
ether (4 x 10 mL) and brine (10 mL). The combined organic layers were dried over Na,SO4 and
concentrated in vacuo. The residue was purified by column chromatography (silica gel, EtOAc/n-
hexane = 1/9 to 1/4) to afforded alcohol 11 (19.3 mg, 0.0379 mmol, 30% in two steps, dr 1.8:1)

as a colorless oil.

Data of compound 11

Ry 0.24 (silica gel, EtOAc/n-hexane = 2:8).

IR (neat on KRS-5): 3357, 2943, 2893, 2864, 1717, 1463, 1388, 1362, 1342, 1251, 1082, 1007,
916, 882, 861, 837, 815, 775, 681 cm ™.

"H NMR (500 MHz, CDCls):

Diastereomer 1: 6 5.57 (d, J= 3.5 Hz, 1H), 5.29 (d, /= 1.2 Hz, 1H), 4.27 (d, J = 11.6 Hz, 2H),
4.08 (d, J=12.4 Hz, 1H), 3.71 (t, J = 6.6 Hz, 2H), 2.51-2.31 (m, 2H), 2.17-1.79 (m, 3H), 1.69
(s, 3H), 1.51-1.42 (m, 1H), 1.39-1.29 (m, 2H), 1.29-1.16 (m, 2H), 1.16—1.00 (m, 21H), 0.91 (s,
9H), 0.10 (s, 3H), 0.09 (s, 3H) ppm.

Diastereomer 2: 6 5.47 (s, 1H), 5.33 (d, /= 1.3 Hz, 1H), 4.27 (d, /= 11.6 Hz, 2H), 4.08 (d, J =
12.4 Hz, 1H), 3.71 (t, J= 6.6 Hz, 2H), 2.51-2.31 (m, 2H), 2.17-1.79 (m, 3H), 1.69 (s, 3H), 1.51—
1.42 (m, 1H), 1.39-1.29 (m, 2H), 1.29-1.16 (m, 2H), 1.16-1.00 (m, 21H), 0.91 (s, 9H), 0.10 (s,
3H), 0.09 (s, 3H) ppm.

3C NMR (126 MHz, CDCl;):

Diastereomer 1: 6 139.0, 137.4, 129.7, 126.7, 73.1, 65.7, 61.4, 39.9, 39.1, 36.4, 35.5, 33.8, 31.2,
26.1 (3C), 20.1, 18.4, 18.3 (6C), 12.2 (3C), —4.0, —4.6 ppm.

Diastereomer 2: 6 139.0, 137.2, 129.7, 127.1, 73.1, 65.5, 60.9, 39.9, 39.7, 39.4, 36.4, 36.2, 33.8,
26.1 (3C), 20.1, 18.4, 18.3 (6C), 12.2 (3C), —4.0, —4.6 ppm.

HRMS (FAB+): m/z caled for C29Hss03Si:Na [M + Na]* 531.3666, found 531.3661.

Data of Compound S14
Ry 0.30 (silica gel, EtOAc/n-hexane = 2:8).
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IR (neat on KRS-5): 3330, 2944, 2893, 2865. 1463, 1251, 1083, 1047, 1011, 882, 860, 837, 775,
682 cm™.

"H NMR (500 MHz, CDCls):

Diastereomer 1: 8 5.81 (s, 1H), 5.29 (s, 1H), 4.44-4.20 (m, 3H), 4.14 (dd, J=12.9, 12.9 Hz, 1H),
2.40 (m, 1H), 2.29-2.08 (m, 2H), 2.02—1.84 (m, 1H), 1.69 (br-s, 4H), 1.51-1.20 (m, 2H), 1.19-
0.98 (m, 21H), 0.91 (s, 9H), 0.09 (m, 6H) ppm.

Diastereomer 2: 8 5.62 (s, 1H), 5.30 (s, 1H). 4.44-4.20 (m, 3H), 4.14 (dd, J=12.9, 12.9 Hz, 1H),
2.40 (m, 1H), 2.29-2.08 (m, 2H), 2.02—1.84 (m, 1H), 1.69 (br-s, 4H), 1.51-1.20 (m, 2H), 1.19-
0.98 (m, 21H), 0.91 (s, 9H), 0.09 (m, 6H) ppm.

3C NMR (126 MHz, CDCl;):

Diastereomer 1: 8 143.7, 137.6, 128.9, 126.1, 72.8, 64.9, 64.7, 40.0, 38.9, 36.1, 34.1, 26.1 (3C),
20.0, 18.4, 18.3 (6C), 12.2 (3C), 4.0, —4.6 ppm.

Diastereomer 2: & 141.5, 137.6, 128.6, 123.4, 72.8, 68.9, 64.7, 39.9, 39.6, 38.2, 35.8, 26.1 (3C),
20.0, 18.4, 18.3 (6C), 12.2 (3C), 4.0, —4.6 ppm.

HRMS (FAB+): m/z caled for C27Hs5203Si;:Na [M + Na]*, 503.3353, found. 503.3356

Compound 10 from S14

H H H H
OH OAc
Ac,0, Et;N, DMAP
[
T8 : TB! :
SO i CH,Cl, SO i
oTIPS oTIPS
81%
s14 10

To a solution of S14 (150 mg, 0.312 mmol) in CH,Cl, (5 mL) were added Et;N (130 pL,
0.94 mmol) and Ac,O (60 pL, 0.63 mmol) and DMAP (4.7 mg, 0.038 mmol). The reaction
mixture was stirred at room temperature for 19 h. The reaction was quenched with satd. agq.
NaHCOs (5 mL). The aqueous layer was separated and extracted with CHCI; (3 x 5 mL). The
combined organic layers were dried over Na,SO4 and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, EtOAc/n-hexane = 1/49 to 1/9) to afford 10 (133

mg, 0.254 mmol, 81%) as a colorless oil.
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Compound S18

o
Br

®
H H H H F‘hap/\/Y
Dess-Martin periodinane

OH
pyridine CHO NaHMDS
- . - .
TBSO B CH,Cl, TBSO g THF
H 0°C H -78t0 15 °C

OTIPS OTIPS

1" 815

Dess-Martin periodinane

TBAF NaHCO;

THF
50 °C

CH,Cl,

40% in 4 steps
EiZ>19:1

S$18

To a solution of alcohol 11 (71.3 mg, 0.140 mmol) in CH>Cl, (10 mL) at 0 °C were added
pyridine (0.10 mL) and Dess-Martin periodinane (122 mg, 0.288 mmol). After stirring at 0 °C for

20 min, the reaction mixture was stirred at room temperature for 3.5 h. The reaction was quenched
with satd. ag. Na;S;03 (10 mL) and satd. ag. NaHCO3; (10 mL) and stirred for 15 min. The
aqueous layer was separated and extracted with CHCI3 (3 x 10 mL). The combined organic layers
were dried over Na,SO4 and concentrated in vacuo. Purification by column chromatography
(silica gel, EtOAc/n-hexane = 1/19 to 1/9) afforded impure aldehyde S15 (49.9 mg).

To a suspension of (4-methylpentyl)(triphenyl)phosphonium bromide (236 mg, 0.552 mmol)
in dry THF (7 mL) at —78 °C under N, atmosphere was added NaHMDS solution (1 M in THF,
0.42 mL, 0.42 mmol). After the resulting mixture was stirred at =78 °C for 30 min, aldehyde S15
(49.9 mg) in dry THF (3 mL) was added via cannula. After stirring at —78 °C for 2 h, the reaction
mixture was gradually warmed up to 15 °C over 17 h. The reaction was quenched with satd. aq.
NH4CI (10 mL). The resultant mixture was partitioned between ether (4 x 10 mL) and H»O (5
mL). The combined organic layers were dried over Na,SO4 and concentrated in vacuo.
Purification by column chromatography (silica gel, EtOAc/n-hexane = 1/99 to 1/19) afforded
impure alkene S16 (88.3 mg).

To a solution of alkene S16 (88.3 mg) in dry THF (10 mL) under N> atmosphere was added
TBAF solution (1M in THF, 0.70 mL, 0.70 mmol). After stirring at room temperature for 1 h, the
reaction mixture was stirred at 50 °C for 16 h. After cooling to room temperature, the reaction
was quenched with satd. ag. NH4Cl (10 mL). The resultant mixture was partitioned between
EtOAc (4 x 10 mL) and H>O (5 mL). The combined organic layers were dried over Na,SO4 and
concentrated in vacuo. Purification by column chromatography (silica gel, EtOAc/n-hexane = 1/1
to 9/1) afforded impure diol S17 (24.3 mg).
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To a solution of S17 (24.3 mg) in CH,Cl, (10 mL) were added NaHCO3 (122 mg, 1.45 mmol)
and Dess-Martin periodinane (240 mg, 0.566 mmol). After stirring at room temperature, the
reaction was quenched with satd. aq. Na,S;03 (5 mL) and satd. ag. NaHCOs3 (5 mL). The resultant
mixture was stirred for 20 min. The aqueous layer was separated and extracted with CHCI3 (3 x
5 mL). The combined organic layers were dried over Na,SO4 and concentrated in vacuo. The
residue was purified by column chromatography twice (silica gel, EtOAc/n-hexane = 3/7 and then
1/19 to 2/3) to afford S18 (16.9 mg, 0.0563 mmol, 40% in four steps, £/Z >19:1) as a pale yellow
oil.

Ry 0.45 (silica gel, EtOAc/n-hexane = 3:7).

IR (neat on KRS-5): 3005, 2953, 2924, 2867, 2713, 2360, 2342, 1675, 1625, 1450, 1381, 1245,
1189, 1147, 1116, 924, 881, 712 cm™ .

"H NMR (500 MHz, CDCls):

Diastereomer 1: 6 9.42 (s, 1H), 6.77 (m, 1H), 6.58 (s, 1H), 5.61-5.50 (m, 1H), 5.46-5.33 (m, 1H),
3.68 (m, 1H), 2.72-2.57 (m, 2H), 2.43-2.15 (m, 3H), 2.12-1.75 (m, 4H), 1.80 (s, 3H), 1.65-1.49
(m, 1H), 1.30-1.14 (m, 3H), 0.88 (m, 6H) ppm.

Diastereomer 2: 6 9.42 (s, 1H), 6.66 (s, 1H), 6.63 (s, 1H) 5.61-5.50 (m, 1H), 5.46-5.33 (m, 1H),
3.68 (m, 1H), 2.72-2.57 (m, 2H), 2.43-2.15 (m, 3H), 2.12-1.92 (m, 4H), 1.92—-1.75 (m, 1H), 1.80
(s, 3H), 1.65-1.49 (m, 1H), 1.30-1.14 (m, 3H), 0.88 (m, 6H) ppm.

3C NMR (126 MHz, CDCl5):

Diastereomer 1: 6 199.5, 193.5, 156.0, 148.9, 141.8, 136.6, 133.3, 126.3, 41.6, 39.5, 39.0, 36.5,
35.4,32.1,31.2,27.8,25.5,22.7,22.7,15.9 ppm.

Diastereomer 2: 6 199.4, 193.6, 156.3, 148.7, 141.9, 136.4, 133.4, 125.6, 41.8, 39.6, 39.4, 39.0,
38.9, 33.7,32.5,27.8,25.5,22.7,22.7,15.9 ppm.

HRMS (FAB+): m/z caled for C20H290, [M + H]" 201.2168, found 301.2170.

Compound 1 and 2

NaBH(OAc);

benzene-AcOH (10:1)
0°Ctort.

1%

HPLC separation
dr2.1:1

To a solution of S18 (14.4 mg, 0.0479 mmol) in benzene (10 mL) was added acetic acid (1.0
mL) and the resulting solution was cooled to 0 °C. After the addition of NaBH(OAc)s (38.8 mg,
0.183 mmol), the reaction mixture was stirred at 0 °C for 1.5 h. Additional NaBH(OAc); (56.4
mg, 0.266 mmol) was added and stirred at 0 °C for 30 min and then at room temperature for 3 h.

The reaction was quenched with satd. ag. NaHCOs (10 mL). The resultant solution was stirred
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for 10 min. The aqueous layer was separated and extracted with EtOAc (3 x 10 mL). The
combined organic layers were dried over Na,SO4 and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, EtOAc/n-hexane = 1/9 to 2/3) to afford a mixture
of 1 and 2 (10.3 mg, 0.0341 mmol, 71%) as a colorless oil. Compounds 1 and 2 were purified by
HPLC (column, YMC-Pack ODS-A AA12805-2510WT; solvent, CH;CN:H,O = 7:3; flow rate,
3.0 mL/min; UV detector, 254 nm; retention time of 1, 25.8 min; retention time of 2, 29.7 min).
Ry 0.18 (silica gel, EtOAc/n-hexane = 3:7).

Diastereomer 1

[a]y: 101.1 (¢ 0.28, CHCI3).

IR (neat on KRS-5): 3414, 3005, 2954, 2924, 2868, 1673, 1450, 1365, 1250, 1021 cm™.

"H NMR (500 MHz, CD;0D): § 6.71 (s, 1H). 5.71 (s, 1H), 5.53-5.45 (m, 1H), 5.45-5.38 (m,
1H), 4.11 (d, J=12.5 Hz, 1H), 3.94 (d, /= 12.5 Hz, 1H), 2.92 (dd, /= 16.4, 3.5 Hz,1H), 2.50 (m,
1H), 2.39 (m, 1H), 2.32 (m, 1H), 2.21-2.12 (m, 3H), 2.06 (dd, J = 7.5, 7.5 Hz, 2H), 1.88 (d, J =
14.4 Hz, 1H), 1.76 (m,1H), 1.62-1.51 (m, 2H), 1.29-1.20 (m, 2H), 0.90 (d, J= 1.7 Hz, 3H), 0.89
(d, J=1.7 Hz, 3H) ppm.

BC NMR (126 MHz, CDs0OD): § 202.5, 153.1, 139.0, 136.8, 132.8, 130.1, 129.0, 64.9, 42.8, 42 4,
40.3, 36.9, 36.5, 34.2, 32.8, 29.0, 26.5, 23.1, 23.1, 15.9 ppm.

HRMS (FAB+): m/z caled for C20H310, [M + H]" 303.2324, found 303.2321.

Diastereomer 2

[a]y: 23.6 (¢ 0.17, CHCLs).

IR (neat on KRS-5): 3430, 2954, 2925, 2852, 1672, 1450, 1365, 1240, 1018 cm ™.

"H NMR (500 MHz, pyridine-ds): 8 6.55 (dd, J= 1.5, 1.5 Hz, 1H), 6.35 (dd, J = 6.0, 4.8 Hz, 1H),
5.83 (s, 1H), 5.53 (m, 2H), 4.41 (dd, J = 13.0, 5.0 Hz, 1H), 4.31 (dd, J=13.0, 3.7 Hz, 1H), 3.35
(dd, J=16.2, 3.5 Hz,1H), 2.72 (m, 1H), 2.41 (br-s, 1H), 2.35 (m, 1H), 2.29 (dd, J = 16.2, 14.3
Hz, 1H), 2.26-2.18 (m, 1H), 2.16-2.05 (m, 3H), 1.96 (br-dd, /= 11.4, 5.4 Hz, 1H), 1.85 (dd, J =
2.3, 1.4 Hz, 3H), 1.54 (m, 1H), 1.26 (m, 2H), 1.15 (dd, J = 24.0, 12.7 Hz, 1H), 0.87 (d, J = 6.7
Hz, 6H) ppm.

13C NMR (126 MHz, pyridine-ds): 8 199.9, 150.9, 140.0, 135.8, 132.2, 128.1, 128.0, 64.4, 42.8,
42.1,40.8, 39.5, 38.0, 35.5, 34.5, 28.3, 26.0, 23.1, 23.1, 16.3 ppm.

HRMS (FAB+): m/z caled for C20H3102 [M + H]" 303.2324, found 303.2318.

PKC binding assay (competitive inhibition test using [?H]PDBu)

The binding of [’H]PDBu to PKC C1 domain peptides was evaluated by the procedure of
Sharkey and Blumberg!® with modifications as reported previously?® with 50 mM Tris-maleate
buffer (pH 7.4 at 4 °C), 20 nM (for a-, B-, and y-C1A) or 13.8 nM (for 5-, €-, -, and 6-C1B) of
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peptides, 20 nM [*H]PDBu (17.16 Ci/mmol, Perkin-Elmer Life Science), 50 ug/ml, 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (Sigma-Aldrich), 3 mg/mL bovine y-globulin (Sigma-Aldrich),
and various concentrations of ligands. Binding affinity was evaluated on the basis of the
concentration required to cause 50% inhibition of the specific binding of [*H]PDBu, ICsy, which
was calculated by logit analysis using Microsoft Excel. The inhibition constant, K;, was calculated
by the equation of Goldstein and Barrett, K; = [Cso/(2[Lso]/[Lo] — 1 + [Ls0]/Ka), where [Lso] and
[Lo] are the free concentration of [’ H]PDBu at 50% and 0% inhibition, respectively.?!
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2. Comparison of K; values of PKC ligands

/\)ko o]

PDBu (S$19) Ingenol 3-benzoate (S20) Bryostatin 1 (S21)

Aplysiatoxin (S25) 10-Me-aplog-1 (S26) Kozikowski's benzolactam analogue (S27)

Figure S5 Structures of various compounds whose K; values of for inhibition of the specific
[*H]PDBu binding to PKC C1 peptides and whole-PKC.
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Table S2 K values of 1, 2 and various reported compounds for inhibition of the specific [*H]PDBu binding to PKC C1 peptides and whole-PKC.

PKC subfamilies C1 peptides

K; values (nM)!

1 2 S19 (Ka)> S20° S21%6 S227 S238 S24° S2510 S2610 S271
Conventional a-Cl1A 62 (11) 1800 (290) 1.1 0.78 7.4 20.8 550 6700 0.26 4.7 -
a-C1B 5200 (40) NT!? 5.3 3.7 7.3 4000 >10000 >10000 - - -
whole-PKCa NT NT 0.15,0.46 - 0.81 20 - - - - 14.7
B-C1A 77 (5.6) 1800 (90) 1.3 1.1 12.7 18.9 1200 9200 0.17 12 -
B-C1B NT NT 1.3 0.48 0.94 137 250 440 - - -
whole-PKCf NT NT 0.14, 0.54 - 2.2 31 - - - - 17.4
v-C1A 150 (3) 4100 (110) 1.5 0.34 3.4 138 1800 11000 0.38 5.5 -
v-C1B NT NT 1.2 0.40 2.1 213 1600 420 - - -
whole-PKCy NT NT 0.37,1.80 - 2.2 91 - - - - 40.7
Novel 5-C1A 1200 (50) NT 51.9 10.4 53 1900 >10000 - - - -
5-C1B 460 (23) >4000 0.53 0.17 0.60 8.3 16 15 0.20 0.46 -
whole-PKC§ NT NT 0.71,0.76 - 1.1 12 - - - - 122
e-C1A NT NT 5.6 2.7 2.1 4110 >10000 - - - -
e-C1B 590 (24) >7000 0.81 0.14 15.6 7.7 14 29 0.63 2.0 -
whole-PKCe NT NT 0.63,0.56 - 3.0 6.6 - - - - 142
n-Cl1A NT NT 43 1.6 3.8 3770 >10000 - - - -
n-C1B 280 (21) >4000 0.45 0.11 2.1 5.5 12 25 0.11 0.45 -
whole-PKCn NT NT 0.58,0.95 - 2.2 4.8 - - - - -
0-C1B 520 (45) >6000 0.72 0.24 1.4 8.7 12 12 0.11 0.54 -
whole-PKCO NT NT - - 1.5 - - - - - -
Ratio (K; for PKCa-C1A/K; for PKC3-C1B) 0.13 - 2.1 4.6 12 2.5 34 450 1.3 10 0.1213
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3. 'H, 13C and 2D NMR spectra
'"H NMR spectrum of S9 (500 MHz, 297.0 K, CDCl;, 0.26 M)
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'"H NMR spectrum of 4 (500 MHz, 297.0 K, CDCl;, 0.13 M)
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'"H NMR spectrum of 5 (500 MHz, 297.0 K, CDCl;, 0.16 M)
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'"H NMR spectrum of 6 (500 MHz, 297.0 K, CDCl;, 0.12 M)
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'"H NMR spectrum of S11 (500 MHz, 297.0 K, CDCl;, 0.080 M)
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'"H NMR spectrum of 8 (500 MHz, 297.0 K, CDCl;, 0.053 M)
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'"H NMR spectrum of 9 (500 MHz, 297.0 K, CDCl;, 0.065 M)
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'"H NMR spectrum of 10 (500 MHz, 297.0 K, CDCls;, 0.069 M)
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'"H NMR spectrum of 11 (500 MHz, 297.0 K, CDCl;, 0.076 M)
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! H NMR spectrum of S14 (500 MHz, 297.0 K, CDCl;, 0.10 M)
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'"H NMR spectrum of S18 (500 MHz, 297.0 K, CDCl;, 0.11 M)
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'"H NMR spectrum of 1 (500 MHz, 297.0 K, CD;OD, 0.042 M)
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COSY spectrum of 1 (500 MHz, 297.0 K, CD;0D, 0.042 M)
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Edited-HSQC spectrum of 1 (500 MHz, 297.0 K, CD;0D, 0.042 M)
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HMBC spectrum of 1 (500 MHz, 297.0 K, CD;OD, 0.042 M)
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NOESY spectrum of 1 (500 MHz, 297.0 K, CD;OD, 0.042 M)
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'"H NMR spectrum of 2 (500 MHz, 297.0 K, pyridine-ds, 0.020 M)
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COSY spectrum of 2 (500 MHz, 297.0 K, pyridine-ds, 0.020 M)
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Edited-HSQC spectrum of 2 (500 MHz, 297.0 K, pyridine-ds, 0.020 M)
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HMBC spectrum of 2 (500 MHz, 297.0 K, pyridine-ds, 0.020 M)
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NOESY spectrum of 2 (500 MHz, 297.0 K, pyridine-ds, 0.020 M)
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4. IR spectra
IR spectrum of S9 (neat on KRS-5)
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IR spectrum of 5 (neat on KRS-5)
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IR spectrum of S11 (neat on KRS-5)
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IR spectrum of 9 (neat on KRS-5)
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IR spectrum of 11 (neat on KRS-5)
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IR spectrum of S18 (neat on KRS-5)
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IR spectrum of 2 (neat on KRS-5)
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5. MS data
MS data of S9 (FAB+, NBA, acetone)

[ Elemental Composition ] 1

Page:

Data : 370-46-1-001 Date 02-Nov-2021 15:05
Sample: 370-46-1

Note NBA, Acetone

Inlet Direct Ion Mode FAB+

RT 1.00 min Scanf: 6

Elements : C 19/0, H 40/0, © 2/0, Si 1/0

Mass Tolerance 1000ppm, 3mmu if m/z < 3, S5mmu if m/z > 5

Unsaturation (U.S.) -0.5 - 30.0 s9
Observed m/z Int% Err [ppm / mmu] U.S. Compositicn

325.2567 19.6 +1.1 / +0.4 2.5 C 19 H37 02 &8i
[ Theoretical Ion Distribution ] Page: 1

Molecular Formula :

Cl9 H37 02 Ssi

(m/z 325.2563, MW 325.5871, U.S. 2.5)
Base Peak 325.2563, Averaged MW 325.5833(a), 325.5845 (w)
m/z INT.
325.2563 100.0000 *%% %k ko hk % gk & & K 5k K ok K ok ok ok ok ke ok ok ok K o ok kR K e ek Kk kR ek kR kR
326.2589 26.2721 Fkkddkkkkdokkokkkk
327.2575 6.9675 *¥kx
328.2590 1.0609 =*
329.2612 0.1112
330.2635 0.0090
331.2660 0.0006
[ Mass Spectrum 1
Data : 37@-456-1-P@1 Date : B2-Nov-2B21 15:08
Sample: 378-96-1
Note : NBR,Fcetone
Inlet : Direct Tan Mode : FAB+
Spectrum Type : Normal Ion [MF-Linear]
RT : B.56 min Scant : (4,B)
B mez 133.0000 Int. : 231.45
Output msz range : 15.B262 to 4@8.355@ Cut Level : B.8@ %
2426975 133
188 ’
98 4 387
80 f
78 -
58
5B 185
4p
9] 154 281
38 -| 1
20 -
41 325
h 263 ;
18
. 196 221 237
ol FUAAMTIR AR 0 L O T O R | WY " M, .‘|‘|‘ R A
20 4B 6@ B@ 18R 2@ 148 |6@ 8@ 2P@ 22@ 24P 25@ 280 3@@ 320 34@ 360 388 480

m/z
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MS data of 4 (FAB+, NBA, acetone)

[ Elemental Composition ] Page: 1
Data : 370-48-1-001 Date : 02-Nov-2021 15:44
Sample: 370-48-1

Note : NBA,Acetone

Inlet : Direct Ion Mode : FAB+
RT : 0.00 min Scan#: 1
Elements : C 19/0, H 40/0, O 3/0, Si 1/0
Mass Tolerance : 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5 .
Unsaturation (U.S.) : -0.5 - 30.0
Observed m/z Int% Err [ppm / mmu] U.S. Composition
341.2516 100.0 +1.1 / +0.4 2.5 C 19 H 37 O3 81
[ Theoretical Ion Distribution ] Page: 1

Molecular Formula : Cl9 H37 03 Si
(m/z 341.2512, MW 341.5865, U.S. 2.5)
Base Peak : 341.2512, Averaged MW : 341.5827(a), 341.5838 (w)

m/z INT.
341 .2512 100.0000Q ¥k %k % ok K ok b ok o sk s ok ok ok ok ok ok s de ke ok ok ok ok ok sk ok e ke ok ok e ok ok ok ok ok ok e ok ok ke ok ok ok ok ok ok ok ok e e ok ok

342 ,.2538 26.3102 **xkkkkkhkthhrik

343.2525 7.1780Q **x%*
344 .,2541 1.1162 *
345.2562 0.1256
346.2584 0.0111
347.2607 0.0008

[ Mass Spectrum ]
Data : 378-48-1-08! Date : B2-Nov-2@21 15:17
Sample: 37B-48-1
Note : NBA,Acetone
Inlet : Direct Ton Mode : FAB+
Spectrum Type : Normal Ion [MF-Linear]
RT : B.56 min Scan# : (4,6)
BP : msz 167.B2EQ Int. : 189.B1
Output m/z range : 15.0983 to 5P@.B453 Cut Level : B.99 %
1151465 167
188 [

|
'IEW |
|
98 - |

341
187 149 B
B@ .

297

59 183
50 o

28—

48 - e

S

[
|
E
i
|
| ’253
! |
| L | | 363 .
A Wi . |
L ikl EJ I R A T U T e

20 4B BB B9 188 120 1490 16Q 182 209 220 2480 260 2BO 3BB 320 34@ 368 380 480 420 448 460 4680 50
mez
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MS data of 5 (FAB+, NBA, acetone)

[ Elemental Composition ]

Data 381-13-1-001 Date 02-Nov-2021 16:06
Sample: 381-13-1

Note NBA, Acetone

Inlet Direct Ion Mode FAB+

RT : 1.00 min Scanft: 6

Elements C 20/0, H 40/0, O 4/0, 8i 1/0

Mass Tolerance 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5
Unsaturation (U.S.) -0.5 - 30.0

Err [ppm / mmu)
-1.3 / -0.5

Observed m/z Int%
367.2300 36.1

[ Theoretical Ion Distribution ]
Molecular Formula C20 H35 04 Si
(m/=z

U.s.

367.2305,

Composition
4.5 C 20 H 35 0 4 Si

MW 367.5810, U.S. 4.5)

Page: 1

Base Peak 367.2305, Averaged MW 367.5773(a), 367.5785 (w)
m/z INT.
367 _2305 100 . 0000 R EE S SRR SRS SRR EE SR RS EEEEEE R SRS EE SRS R SRR EEEEEE S SRS L
368.2331  27.4605 *xkkkkkkkokkkkkkk
369.2320 7.6815 *¥x&*
370.2337 1.2539 *
371.2356 0.1534
372.2378 0.0150
373.2401 0.0012
[ Mass Spectrum ]
Data : 3B1-13-1-B@l Date : B@2-Nov-2@21 15:358
Sample: 3B1-13-1
Note : NBR,Acetone
Inlet : Direct lon Mode : FRB+
Spectrum Type : Normal Ion [MF-Linear]
RT : B.42 min Scant : (4,5)
BP : msz 131.0800 Int. : §577.12
Output m/z range : 14.6610 to 489.3550 Cut Level : 2.8@ %
6051584 131
188 1
98 +
8O -
78 A
68 4
58—
a8
38 4 323
e
18 - 59 {91 [1@3 - 278 (3@5 367
327 4143 ‘ ‘ o ‘ || M5 a3 pgr 235 261 ‘ ‘ | 363, 383
g af\ UL I ‘L. ml |".""-L‘m"-‘."m'l”-‘ H-hlw J |w\|| H||m|l||-m TS AN ly L bl v M
28 4@ [315] Ba 128 128 148 168 1882 2@a 228 249 28 280 328 328 348 368 3@ 488
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MS data of 6 (FAB+, NBA, acetone)

[ Elemental Composition ] Page: 1
Data : 370-88-1-001 Date : 02-Nov-2021 16:54
Sample: 370-88-1

Note : NBA,Acetone

Inlet : Direct Ion Mode : FAB+
RT : 0.20 min Scanf: 2
Elements : C 21/0, H 40/0, O 2/0, 8i 1/0
Mass Tolerance : 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5
Unsaturation (U.S.) : -0.5 - 30.0 6
Observed m/z Int% Err [ppm / mmu] U.S. Composition
351.2724 24 .2 +1.3 / +0.5 3.5 C 21 H 39 0 2 si
[ Theoretical Ion Distribution ] Page: 1

Molecular Formula : C21 H39 02 Si

(m/z 351.2719, MW 351.6250, U.S. 3.5)
Base Peak : 351.2719, Averaged MW : 351.6211(a}, 351.6222(w)

m/z INT.
351.2719 100.0000 #**kkFxkkkdkhhhkh kA r kA kAR AR KA KR I AR A IR K AR IR AR K AR KR AR AR AR A AR * Kk K

3522746 28_4965 KEXKAKKKAAITXXT T K X kK

353.2735 7.5643 FExk
354.2749 1.2191 *
355.2771 0.1357
356.2794 0.011e
357.2819 0.0008

[ Mass Spectrum ]

Data : 37@-86-1-B@1 Date : B2-MNov-2B21 16:16
Sample: 37@-8B-1

Note : NBA,Acetone

Inlet : Direct Ion Mode : FAB+
Spectrum Type : Normal Ion [MF-Linear]
RT : B.42 min Scant : (3,5)
BP : mr/z 159.0200 Int. : 355.24
Qutput msz range : 14.6253 to 48@.8894 Cut Level : B.89 %
3724916 158
128 —
a8
80 -
7@
58

289
/ 387
[ 351

187 196 p 267 ‘ ‘ |
T 239 247 ‘ 373 399
| | ‘WMMMHM‘VII usdeptabsnspallo M b ST TR
2e an 5@ B2 1B@ 128 14 1E@ 189 2P@ 2@ 24@ 26@  P8@ 3P0 32@ 34D 36@  3B@ 409
msz
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MS data of S11 (FAB+, NBA, acetone + aq. Nal)

[ Elemental Composition ]

Data : 381-37-1-002 Date 05-Nov-2021 14:52
Sample: 381-37-1

Note : NBA,Acetone+Nalaq.

Inlet Direct Ion Mode FAB+

RT 0.00 min Scanf: 1

Elements c 27/0, H 60/0, O 2/0, Si 2/0, Na 1/0

Mass Tolerance

1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5

‘Unsaturation (U.S.) -0.5 - 30.0 s11
Observed m/z Int% Err(ppm / mmu] U.S. Composition
487.3402 6.9 -0.3 / -0.1 3.5 C27 H 52 02 8i 2 Na
[ Theoretical Ion Distribution ] Page: 1
Molecular Formula C27 H52 02 Si2 Na
(m/z 487.3404, MW 487.8694, U.S. 3.5)
Base Peak 487.3404, Averaged MW 487.8643(a), 487.8656 (w)
m/z INT.
487 .3404 100.0000 %%k &k k% ko sk % vk ok & %k ok K ok sk ok sk sk I 3k ok o ok ok ok ok ok ok Sk ok ok ok ok e ok sk ko R ok e ok ok
4883428 40_2334 *khkkkhkkkdkhhhkhhkhhkhkrxik
489.3416 14.7935 *xkkdkkdkkk
490.3425 3.4504 *=*
491 .3426 0.6464
492.3434 0.0947
493.3449 0.0108
494 .3468 0.0010
[ Mass Spectrum 1]
Data : 3B1-37-1-Na-Bal Date : B2-Nov-2@21 17:13
Sample: 381-37-1
Note : NBA,Acetone+Nalag.
Inlet : Direct Ion Mode : FRB+
Spectrum Type : Mormal len [MF-Linear)
RT : B.42 min Scan# : (4,5)
BP : msz 73.B200 Int. 172.96
Qutput m7z range : 13.8330 to 585.5931 Cut Level : B.88 %
1813548 73
182 — 3
98 -
B2 +
78 4
B8 +
so 7S
4@ 4
384 SC{
'283
233 249 i . 487
S 331 333 421 463
! .|||‘\\h‘u.|.l Jl i ‘i'. J i ‘n.\lf y ‘.393\ 4.?? - 4.?9 i ‘\

t | | I B T t T
308
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MS data of 8 (FAB+, NBA, acetone + aq. Nal)

[ Elemental Composition ] Page: 1
Data : 381-47-1-001 Date : 07-Sep-2021 15:08

Sample: 381-47-1
Note : NBA,Acetone+Nalaq.

Inlet : Direct Ion Mode : FAB+

RT : 0.40 min Scanft: 3

Elements : C 29/0, H 60/0, O 3/0, 8i 2/0, Na 1/0
Mass Tolerance : 1000ppm, 2mmu if m/z < 3, S5mmu if m/z > 5 e
Unsaturation (U.S.) : -0.5 - 30.0

Observed m/z Int% Err[ppm / mmu) U.S. Composition

531.3673 100.0 +1.4 / +0.7 3.5 C29H56 0381 2 Na

[ Theoretical Ion Distribution ] Page: 1

Molecular Formula : C29 H56 03 Si2 Na
(m/z 531.3666, MW 531.9226, U.S. 3.5)
Base Peak : 531.3666, Averaged MW : 531.9170(a), 531.9182 (w)

m/z INT.
531 3666 100 0000 kA kA AR KA A AT A A I Ak kA h Ak kb hkkhhhhhhkdhrrhhhrhhdhdhhhhdohhhd

532.3690 42.4959 kkkkkkkkkkkkk Kk kK Ak KXk K xK
533.3681 15.9175 *¥xEkxxwkok*

534.3690 3.8755 #**
535.3693 0.7579
536.3702 0.1173
537.3716 0.0145
538.3735 0.0015
539.3755 0.0001

[ Mass Spectrum 1

Data : 3B1-47-1-Na-BAl Date : B7-Sep-2B21 14:53
Sample: 381-47-1

Note : NBA,Acetone+Nalag.

Inlet : Direct Ion Mode : FAB+
Spectrum Type : Narmal lan [MF-Linearl
RT : 2.14 min Scant : (2,3)
BF : mz 73.0000 Int. : 162.94
Output m/z range : 14.4825 to GB@.815S Cut Level : B.88 %
1788436 73
188 — !
| |
1 ;
58 1
| |
80 |
|
|
531
78 4 { '
| 1
6@ - |
|
|
58|
2
223 VoETS 317 a3 377 587 547
Moo (o 7 L W o
ot L\‘M‘A‘IMLMMLJ“L PRI RN ST TR W WO | W :
208 250 360 358 420 458 508 550 508

m/z
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MS data of 9 (FAB+, NBA, acetone + aq. Nal)

[ Elemental Composition ]

Data : 381-52-1-001 Date : 07-Sep-2021 15:57
Sample: 381-52-1

Note : NBA,Acetone+Nalag.

Inlet : Direct Ion Mcde : FAB+
RT : 1.20 min Scan#: 7
Elements : C 31/0, H 60/0, O 4/0, Si 2/0, Na 1/0
Mass Tolerance : 1000ppm, 3mmu if wm/z < 3, Smmu if m/z > 5
Unsaturation (U.S.) : -0.5 - 30.0
Observed m/z Int$ Err[ppm / mmu] U.S. Composition
573.3776 100.0 +0.8 / +0.5 4.5 C 31 HG58 04 Si 2 Na
[ Theoretical Ion Distribution ] Page: 1

Molecular Formula : C31 HS58 04 Si2 Na
(m/z 573.3771, MW 573,9599, U.S. 4.5)
Base Peak : 573.3771, Averaged MW : 573.9540(a), 573.9552 (w)

m/z INT.

573.3771 100.0000 ¥kkkkkkkkhkhhkhdhrhhhhk kA RKRKRK KRR IR I A Ik hkddkhhdrhhrhrdrhrhhrd
574 .3796 44,7585 *kkkkkkkkkkhkkkkkkkkkrkbkdk

575.3790 17.0927 ***FkFxkikkk

576.3799 4,3310 **¥*

577.3803 0.8815 *
578.3812 0.1435
579.3827 0.0120
580.3845 0.0021
581.32865 0.0002

[ Mass Spectrum ]

Data : 381-52-1-8@) Date : @7-Sep-2@21 15:2B
Sample: 3B1-52-1

Note : NBA,Acetone+Nalag.

Inlet : Direct Ion Mode : FABH
Spectrum Type : Normal Ion [MF-Linear)
RT : B.56 min Scan¥ : (4,B)
BP : m/z 73.08600 Int. : 143.83
Output msz range : 14.7749 to 651.7144 Cut Level : B.BB %
1588282 73
188 — T
96 -
8@+
28 - 573
|
E@ + |
|
58—

263 ae
235 | 315 38
- N 491
375 a9 7 ! 549
' | ; o 5m7 i S98 ga?
R TR O O R Y RPN A WU, AT OV W | S 5
g,
258 308 3508 408 458 588 558 [o150%) 650

msz
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MS data of 10 (FAB+, NBA, acetone + aq. Nal)

[ Elemental Composition ]

Data : 381-56-1-001 Date : 07-Sep-2021 16:14
Sample: 381-56-1

Note : NBA,Acetone+Nalaq.

Inlet : Direct Ton Mode : FAB+
RT : 0.60 min Scani: 4
Elements : C 29/0, H 60/0, O 4/0, 81 2/0, Na 1/0
Mass Tolerance : 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5 "
Unsaturation (U.S.) : -0.5 - 30.0
Cbserved m/z Int%  Err[ppm / mmu] U.S. Composition
545.3455 100.0 -0.7 / -0.4 4.5 C 29 H54 O 4 Si 2 Na
[ Theoretical Ion Distribution ] Page: 1

Molecular Formula : C29 H54 04 Si2 Na
(m/z 545.3458, MW  545.9061, U.S. 4.5)
Base Peak : 545.3458, Averaged MW : 545.9006(a}), 545.9019 (w)

m/z INT.

545 .3458 100.0000 ***kkkkkkkkhhkhkhhkkkkhxrkkhk kXX F AR FXFRAR AR AR R R h R hh kb dhrdk
546.34823 42,5340 *kkkkkkkkkkkkkkkhkhkkkKhokk

547.3474 16.1342 FxkwFEkAK

548.3484 3.9668 **

549.3487 0.7913

550.3496 0.1254
551.3511 0.0161
552.3529 0.0017
553.3549 0.0002

[ Mass Spectrum ]

Data : 3B1-56-1-881 Date : B7-Sep-2B21 16:@8

Sample: 3B1-56-1

Note : NBA,Rcetone+Nalag.

Inlet : Direct Ion Mode : FRAB+

Spectrum Type : Normal Ion [MF-Linearl

RT : @.2B min Scan# @ (2,4)

BP : msz 157.0008 Int. : BS.7I

Output msz range : 14.4825 1o GB@.BISS Cut Level : B.B@ %
342653 157

188 —

58 -|
an |
70 -
5@ -
87 173

40

38 289

59

20 4
287 463

485

B2
417 419 ]
o i
T T

229 231 55

7 -’ i 0 s U-J,lll‘u]lm A .IIMI. sl 'S ||. sl " b 1l

s ;
L] 188 158 2pa 258 300 358 4@a 450 508 558 608
mez
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MS data of 11 (FAB+, NBA, acetone + aq. Nal)

[ Elemental Composition ] Page: 1
Data : 381-69-1-001 Date : 07-Sep-2021 16:52
Sample: 381-69-1

Note : NBA,Acetone+Nalag.

Inlet : Direct Lo Ion Mode : FAB+

RT : 0.40 min Scang: 3
Elements : C 29/0, H 60/0, O 3/0, 8i 2/0, Na 1/0
Mass Tolerance : 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5 1
Unsaturation (U.S.) : -0.5 - 30.0
Observed m/z Int%  Err[ppm / mmu] U.S. Composition
531.3661 100.0 -0.8 / -0.4 3.5 C29 H56 03 8i 2 Na
[ Theoretical Ion Distribution ] Page: 1

Molecular Formula : C29 H56 03 Si2 Na
(m/z 531.3666, MW 531.9226, U.S8. 3.5)
Base Peak : 531.3666, Averaged MW : 531.9170(a), 531.9182 (w)

m/z INT.
5313666 lOD_OOOO Fhxhkhkkhkhkhkhhhkhhhhrddhhhhhhddhdrhhhdhhhhhdddhhhdhdhhdhhhhhdddik

532.3690 42,4959 k% kkokkkkkok ok kok ok ok ok Kok ok ok Kk ok ok
533.3681 15.9175 #**Fkkx&xk

534.3690 3.8755 **
535.3693 0.7579
536.3702 0.1173
537.3716 0.0145
538.3735 0.0015
539.3755 0.0001

[ Mass Spectrum 1
Data : 381-65-1-8@1 Date : B7-Sep—2821 16:28
Sample: 381-69-1

Note : NBR,FAcetone+Nalag.

Inlet : Direct Ion Mode : FRAB+
Spectrum Type : Normal lon (MF-Linear]

RT :
BP

2.78 min Scan# : (5,7)
msz 531.00808 Int. : 151.27

Output msz range : 16.1766 to 70@.7544 Cut Level : B.8B %

1586133 531
188 1

73
88 H

68

58+

48 4

583
| BBl

333 |

235 EB?\‘ESS 553

|
|
i
14 375 4p| 472 l 560 548
i) st u‘ s -U-.“.HL Ii AT N it li‘\l\. e, ol .Jln‘.l\..h.l. s AR |
588

T f =
258 s} 358 128 456

558 50a 658 78d

m/z
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MS data of S14 (FAB+, NBA, acetone + aq. Nal)

[ Elemental Composition ]

Data : 381-89-2-001 Date
Sample: 381-89-2

Note : NBA,Acetone+Nalaqg.

Inlet : Direct Ion Mode

RT : 1.00 min Scant

FAB+

Elements : C 27/0, H 60/0, O 3/0, Si 2/0, Na 1/0

Mass Tolerance
Unsaturation (U.S.) : -0.5 - 30.0

Observed m/z Int% Err [ppm / mmu] U.S.
503.3356 100.0 +0.7 / +0.3 3.5

[ Theoretical Ion Distribution ]

Molecular Formula : C27 H52 03 Si2 Na
(m/z 503.3353, MW

Base Peak : 503.3353, Averaged MW

m/z INT.

503.8688,
503.8636(a),

Composition
C 27 H52 03 51 2 Na

U.s.

1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5

08-Mar-2022 16:18

3.5)

503.8649 (w)

S14

Page: 1

503.3353 100.0000 ** XAk kX kA a kAR K ARARKKRK KRR KKK KKRKARKR A KKK KRR IR E I IR K H A KKK K
S504.3377 40.2715 **xFxkXkRKx KKK KKK KKK F X KK

505.3366 15.0093 ##**x&xxk&x%

506.3375 3.5367 **
507.3377 0.6773
508.3385 0.1018
509.3400 0.0121
510.3419 0.0012

[ Mass Spectrum 1]

Data : 381-89-2-Na-8@1 Date : @B-Mar-2822 15:42
Sample: 3B1-83-2

Mote : NBA,PAcetone+halag.

Inlet : Direct Ion Mode : FAB+
Spectrum Type : Mormal Ton [MF-Lingarl
RT : 8.42 min Scan# : (3,B6)
BP i msz 157.0008 Int. : 173.64
Output msz range : 14.8381 to 558.B46@ Cut Level : B.82 %
1828715 157
198 — |
73

e

B8 - |

7@

E@

584

583
48 -
30 59
115 289
28
87
23 287 463
g m 176 | 231 479
225 235 ‘ | i
. - 347
| ; 371 419 437 ‘ “
E—lh—édq»-ylll-J-hj‘JJ Ll;,l. ﬂuu y Ll umuJI.uI il Lm‘u sl Hﬁ- I.Il\\‘ n‘h b : S || s | N
B 188 158 28a 258 3008 358 428 458 52 558
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MS data of S18 (FAB+, NBA, acetone)

[ Elemental Composition ]

Data 381-98-1-001 Date 12-0Oct-2021 15:58
Sample: 381-398-1
Note NBA, Acetone
Inlet : Direct Ion Mode FAB+
RT : 2.20 min Scan#: 12
Elements C 20/0, H 40/0, O 2/0
Mass Tolerance 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5 °
Unsaturation (U.S.) -0.5 - 30.0 18
Observed m/z Int% Err[ppm / mmu] U.S5. Composition
301.2170 100.0 +0.7 / +0.2 6.5 C20H 2% 0 2

[ Theoretical Ion Distribution ]

Page: 1

Molecular Formula C20 H29 02
(m/z 301.2168, MW 301.4491, U.S. 6.5)
Base Peak 301.2168, Averaged MW 301.4463(a), 301.4471 (w)
m/z INT.
301.2168 100.0000 **%kkkkkkkkdkkhhkhkkkhhhhh XA KRR AR K I KK FAK KK KKK AR KK I RK XKk khkk*
302.2201 22.3209 **kkkdkrkkdkkkk
303.2231 2.7683 *%
304.2259 0.2480
305.2287 0.0174
306.2315 0.0010
[ Mass Spectrum ]
Data : 381-38-1-8@1 Date : 12-0ct-2821 15:45
Sample: 3B81-98-1
Note : NBA,Rcetone
Inlet : Direct Ion Mode : FAB+
Spectrum Type : Normal Ion [MF-Linearl
RT : B.56 min Seark : (4,6)
BF : msz 321.0282 Int. @ 241.56
Output msz range : 13.6622 to 6524.3386 Cut Level : 2.88 %
2532918 391
160 -
9m
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MS data of 1 (FAB+, NBA, acetone)

[ Elemental Composition ]

Data : 381-105-1-001

Sample: 381-109-1

Note NBA, Acetone

Inlet Direct

RT 0.20 min

Elements C 20/0, H 40/0, O 2/0

Page: 1
Date 05-Nov-2021 15:31
Ion Mode FAB+
Scan#: 2

[¢]

A

Mass Tolerance 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5 oH
Unsaturation (U.S.) -0.5 - 30.0
1
Observed m/z Int%  Err([ppm / mmu] U.S. Composition
303.2321 44 .1 -1.0 / -0.3 5.5 C 20 H 31 O 2
[ Theoretical Ion Distribution ] Page: 1
Molecular Formula C20 H31 02
(m/z 303.2324, MW 303.4649, U.S. 5.5)
Base Peak 303.2324, Averaged MW 303.4619(a), 303.4627 (w)

m/z INT.
303.2324 100.0000 **kdkkhhhkhkh kb khkh kAR R AR AR A AR K AR IR IR R AR KRR kA h Rk khkkkkk k&
304,2358 22.3209 *kddkkkkddhkkik
305.2388 2.7683 **
306.2416 0.2480
307.2444 0.0174
308.2472 0.0010
[ Mass Spectrum 1
Data : 381-1@9-1-@81 Date : @5-Nov-2B21 15:15
Sample: 381-1@9-1
Note : NBA,Acetone
Inlet : Direct Ion Mode : FAB+
Spectrum Type : Normal Ton [MF-Linear]
RT : 8.42 min Scan# : (4,35)
B : mez 154.0880 Int. : 267.28
Qutput mrsz range : 16.3168 to 614.65188 Cut Level : B.90
2802679 154
128 - [
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i 136
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MS data of 2 (FAB+, NBA, acetone)

[ Elemental Composition ] Page: 1
Data : 381-109-2-001 Date 05-Nov-2021 15:49

Sample: 381-109-2
Note : NBA,Acetone

Inlet Direct Ion Mode FAB+

RT 0.00 min Scan$#: 1

Elements C 20/0, H 40/0, O 2/0

Mass Tolerance 1000ppm, 3mmu if m/z < 3, Smmu if m/z > 5 OH
Unsaturation (U.S.) -0.5 - 30.0

2
Observed m/z Int%  Err[ppm / mmu] U.S. Composition
303.2318 100.0 -1.9 / -0.6 5.5 C20H 31 0 2
[ Theoretical Ion Distribution ] Page: 1
Molecular Formula C20 H31 02
(m/z 303.2324, MW 303.4649, U.S. 5.5)
Base Peak : 303.2324, Averaged MW 303.4619(a), 303.4627 (w)
m/z INT.

303 .2324 100 . 0000 ok kA kA A Ak A A A A A A A A A A A A A AR A A I R A A A AR A KRR A A AR AR ARAKA KRR AR AN A RARA K

304.2358 22.3209 **kkkkkkkdkkkx

305.2388 2.7683 *%*

306.2416 0.2480

307.2444 0.0174

308.2472 0.0010
[ Mass Spectrum ]
Data : 381-183-2-881 Date : @5-Nov-2@821 15:43
Sample: 381-183-2
Note : NBA,Rcetone
Inlet : Direct Ion Mode : FRB+
Spectrum Type : Normal Ion [MF-Linear]
RT : .42 min Scan# : (4,3)
BF : m/z 303.8000 Int. : 22B.33
Output mrz range : 14.5339 to B21. 1048 Cut Level : 2.88 %
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6. Green chemistry metrics

Reference: Q. H. Pho, M. Escriba-Gelonch, D. Losic, E. V. Rebrov, N. N. Tran and V. Hessel,
ACS Sustainable Chem. Eng. 2021, 9, 4755.

Raw material: a substrate (1 eq.) of the reaction.

Product: a product of the reaction.

Auxiliary reagents: All reagents used for the reaction, except for solvents.

Solvents: All organic solvents used for the reaction, extraction and purification, except for water.

Water: All water used for the reaction, as a quencher and for washing the organic extracts.

CY: Chemical yield.

RME: Reaction mass efficiency, which is the mass of product divided by the mass of raw material.
CE: Carbon economy, which is the mass of carbon in the product divided by the total mass of
carbon in the raw material.

AE: Atom economy, which is the molecular weight of the product divided by the molecular weight
of raw material and auxiliary reagents.

E-factor: E factor is the mass of wastes produced considering the reaction, extraction, purification,
including raw material (subtracted the mass of product), auxiliary reagents and solvent, yet
excluding water, divided by the mass of product.

MP: Mass productivity, which is the mass of product divided by the mass of all input materials
including raw material, auxiliary reagents, solvent, and even water.

MI: Mass intensity, which is an inversely defined metrics as to mass productivity (MP).

SI: Solvent intensity, which is the mass intensity (MI) only considering solvents as input materials.
EMY: Effective mass yield, which is the mass of product divided by the mass of raw material and
auxiliary reagents.

RMI: Reaction mass intensity, which is an inversely defined metrics as to effective mass yield
(EMY).
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Table S3 Green metrics calculation.

Reactions
Ideal
Metrics  Unit Carvone
value 8 S8—>3 3—>89 S9—>4 4—>5 5>6 6—>S11 S11—>8 8—>9 9—=>10 10—>11 S14—>10 11—>S18 S18—>1&2
CYy % 100 60 96 quant. 90 46 98 94 42 98 98 30 81 40 71
RME % 100 65 >100  >100 94 50 89 >100 46 >100 93 29 89 24 72
CE % 100 59 92 >100 90 49 >100 >100 45 >100 92 30 88 28 71
AE % 100 37 76 44 69 41 46 64 33 67 37 49 65 13 59
E-factor kg/kg 0 32 7.0 25 30 75 42 26 160 72 260 480 51 2800 960
MP % 100 0.26 1.0 0.41 0.20 0.14  0.39 0.40 0.023 0.11 0.13 0.013 0.10 0.0038 0.010
MI kg/kg 0 380 99 250 500 700 260 250 4400 930 790 7800 1000 27000 10000
ST kg/kg 0 300 84 210 470 640 230 230 3600 880 780 6500 970 23000 9100
EMY % 100 10 62 41 49 13 21 48 8.7 37 87 10 42 1.5 9.4
RMI kg/kg 0 10 1.6 2.5 2.0 7.8 4.9 2.1 12 2.7 1.2 9.6 24 68 11
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