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General information

All reactions involving air- or moisture-sensitive reagents and/or intermediates were
carried out under argon atmosphere using Schlenk techniques. All dry solvents were
either freshly distilled or purchased from a commercial supplier in extra-dry grade. Dry
dichloromethane (DCM), chloroform (CHCI3), and 1,2-Dichloroethane (DCE) were
distilled from a suspension with calcium hydride (CaHy). Tetrahydrofuran (THF, 99.9%,
SuperDry, stabilizer free, with molecular sieves), N,N’-dimethylformamide (DMF,
99.8%, SuperDry) and methanol (MeOH, 99.9%, SuperDry, with molecular sieves)
were purchased from J&K Scientific. Acetonitrile (CH3CN, 99.9%, SuperDry, with
molecular sieves) was purchased from Meryer. Reagents were purchased at the highest
commercial quality from Bidepharm, Leyan, Aladdin, and TCI and used without further
purification unless otherwise stated. Cu(OTf), was purchased from Aladdin. Sonidegib
was sourced from HwrkChem, while BMS-202 was acquired from Bidepharm.
Analytical thin layer chromatography (TLC) was performed on precoated silica gel 60
GF254 plates. Flash column chromatography was performed using Tsingtao silica gel
(300-400 mesh). Visualization of TLC was achieved by the use of UV light (254 nm),
iodine, or KMnOs-stain. NMR spectra were recorded on Bruker AVANCE 400
spectrometer at 400 MHz for 'H NMR, 101 MHz for '*C NMR, and 376 MHz for '°F
NMR in CDCI3 or ds-DMSO with tetramethylsilane (TMS) as internal standard. The
chemical shifts are expressed in ppm, and coupling constants are given in Hz. Data for
'H NMR are recorded as follows: chemical shift (ppm), multiplicity (s, singlet; d,
doublet; t, triplet; q, quartet; p, pentet, m, multiplet; br, broad), coupling constant (Hz),
integration. Data for '*C NMR are reported in terms of chemical shift (5, ppm). High-
resolution mass spectral analysis (HRMS) data were obtained using Thermo
Scientific™ Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer.
Enantiomeric excess (e.e.) was determined using Agilent LC12601II high-performance
liquid chromatography (HPLC) with a Hitachi detector (A = 210, 230, 254, 273 nm).
Column conditions are reported in the experimental section below.
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1. Supplementary tables for experiments

Table S1 | Reaction condition optimization with BCB B1 and ethyl coumarin-3-
carbaoxylate C1: screening of different ligands

F
. COEt L* (10 mol%) CO,Me
o) . @\/I Cu(OTf), (10 mol%) EtOZC
o Yo DCM, -20 °C, Ar O '
B1 c1
Ph Ph | X
\_< o) o
1 T o ”
Ph—S—NH N— 7 N
Il / \—N N
NH N~ o) - , N
L*4 P L*6 P S L*7
NH PArz \ N =
A Ar=9- anthracenyl L*8,R=R"'=H
L*3 L*9, R=Ph,R'=H
L*1, Ar= Ph H L*10, R = 4-Bu-Ph, R' = H
L*2, Ar = 3,5-(Ph),Ph \ H L*11, R = 4-'Bu-Ph, R' = Ph
N L*12, R = R' = 4-Bu-Ph

Entry Ligand Time (h) Yield of 7 (%)b E.e. (%)C Yield of D1(%)"
1 L1 40 N.R. - trace
2 L2 40 N.R. - trace
3 L"3 40 trace - trace
4 L4 40 50 0 trace
5 L5 40 22 48 trace
6 L"6 60 19 23 55
7 L7 60 46 10 35
8 L"8 60 82 12 trace
9 L9 60 85 48 trace
10 L"10 60 85 60 trace
11 L"11 60 83 67 trace
12 L"12 60 85 84 trace

aReaction conditions: B1 (0.0525 mmol, 1.05 equiv.), C1 (0.05 mmol, 1 equiv.), Cu(OTf)2 (10 mol%), ligand (10
mol%), and dry DCM (0.5 mL) -20 °C under Ar;
"Yield was based on 'H NMR analysis of the crude products using CH2Br: as an internal standard;

°E.e. values were based on chiral HPLC analysis.
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Table S2 | Reaction condition optimization with BCB B1 and ethyl coumarin-3-
carbaoxylate C1: screening of different Lewis acids.

) EO,C o
CO,Et L*12 (10 mol%) MeO,C
o) . @\/I 2 LA (10 mol%) . O s g
O (0] DCM, -20 °C, Ar, 60 h
B1 Cc1 F AA O
Entry  Lewis acid Yield of 7 E.e.of 7 Yield of 1AA E.e. of 1AA
)" (%)° (%)° (%)°
1 Sc(OTH)s 82 0 _ i
2 Zn(OT1), 90 30 6 g8
3 Ni(OTf)2 81 74 13 %3
4 Cu(ClO4)26H20 90 78 _ i
5 Cu(OTH), 85 84 } -

aReaction conditions: B1 (0.0525 mmol, 1.05 equiv.), C1 (0.05 mmol, 1.0 equiv.), Lewis acid (10 mol%), L*12 (10
mol%), and dry DCM (0.5 mL) -20 °C for 60 h under Ar;
"Yield was based on 'H-NMR analysis of the crude products using CH2Br> as an internal standard;

°E.e. values were based on chiral HPLC analysis.
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Table S3 | Reaction condition optimization with BCB B1 and ethyl coumarin-3-
carbaoxylate C1: screening of different solvents.

F
L*12 (10 mol%)

CO,Et
(0] + ©\/I 2 Cu(OTf), (10 mol%)
o o solvent, -20 °C, Ar, 60 h

B1 c1
Entry Solvent Yield of 7 (%)° E.e. of 7 (%)°
1 DCM 85 84
2 THF 85 44
3 PhCI 42 49
4 CHCl; 60 59
5 PhCF; 40 72

aReaction conditions: B1 (0.0525 mmol, 1.05 equiv.), C1 (0.05 mmol, 1.0 equiv.), Cu(OTf)2 (10 mol%), L*12 (10
mol%), and dry solvent (0.5 mL) -20 °C for 60 h under Ar;
"Yield was based on 'H NMR analysis of the crude products using CH2Br: as an internal standard;

°E.e. values were based on chiral HPLC analysis.
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Table S4 | Reaction condition optimization with BCB and ethyl coumarin-3-
carbaoxylate C1: screening of different BCBs.

F
L*12 (10 mol%)
o) . @fICOzEt Cu(OTf), (10 mol%)
0 X0  DCM,-20°C, Ar, 60 h
BCB c1
F-O~ ?'iN/N f\N/N\
= -%-OMe 'T‘ Q N’
B1 B2 B3 B4
Entry BCB Yield of BCH (%)° E.e. of BCH (%)°
1 Bl 85 84
2 B2 50 98
3 B3 57 96
4 B4 95 97
5 B5 95 95

aReaction conditions: BCB (0.0525 mmol, 1.05 equiv.), C1 (0.05 mmol, 1.0 equiv.), Cu(OTf)2 (10 mol%), L*12 (10
mol%), and dry DCM (0.5 mL) -20 °C for 60 h under Ar;
"Yield was based on 'H NMR analysis of the crude products using CH2Br: as an internal standard;

°E.e. values were based on chiral HPLC analysis.
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2. Supplementary figures for experiments

@\4“;@3@\@( ©=> @orjé

1,4-disubstituted 1,3-disubstituted = m-substituted o-substituted 1 2.disubstituted 1,5-disubstituted
BCHs BCHs benzenes | )  benzenes BCHs BCHs
not chiral chiral Z chiral chiral
23 2
— 1 or 1 4
1,2,3-trisubstituted 1,2,3-trisubstituted 1,2,4-trisubstituted
benzenes BCHs BCHs
chiral chiral

Figure S1 | Chiral saturated bicyclic hydrocarbon bioisosteres available for ortho-,
meta-disubstituted and 1,2,3-trisubstituted benzenes.
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A). Intermolecular [217 + 20] cycloadditions of BCBs with phenols,bicyclic aza-arenes,1,3-dienes, or alkenes via radical pathways

R7
— "VE, O 2 , 3 Photocatalysis: Brown (2022), Glorius (2022-2024)

N + or ({B} @5 Pyridine-boryl radical catalysis: Li (2022), Wang (2023)

BCBs Olefi t 1 7y Sml, catalysis: Procter (2023)

efin components 7 Titanium catalysis: Shi (2023)
1.5~3.0 equiv. 1.0 equiv. Racemic BCHs
or
1.0 equiv. 2.0~5.0 equiv.

B). Lewis acid (LA)-catalyzed intermolecular [217 + 20] cycloaddition of BCBs with ketenes and indoles

295
P o
= . 1 2 [Feng, Deng, Studer (2023) ]

BCBs Olefin components

1.5 equiv. 1.0 equiv. Racemic BCHs
or

1.0 equiv. 2.0~4.0 equiv.

C). Visible light-driven intramolecular crossed [21T + 217] photocycloaddition of 1,5-dienes

JL. ) Mykhailiuk (2020)

N [217 + 21] [ N Rigotti & Bach, Fessard & Salomé (2022)
fo. 1 7 Walker, Mykhailiuk, Neesborg, Brown (2023)

Brown (2024)

Substituted 1,5-dienes Racemic BCHs

Figure S2. State-of-the-art strategies for the construction of the racemic BCHs
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Figure S3 | The X-ray structure of 12.
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3. General procedure for the synthesis of substrates

3.1 Synthesis of bicyclo[1.1.0]butanes (BCBs) substrates

e
A3

7

F
%
B2
%
B6
Cl B
%
B10
F4CO

Cl

B16

!

B20

F
% O
B1 B3
F
% o
B5 B7
I
B9 B11
Bu F.
B13 B14 B15
F
s
o)
% @>§L S
B17 B18 B19
Br. Me
0 0 0
F
B21 B22 B23
Figure S6 | Overview of BCBs substrates.

BCB substrates B1!, B4, B62, B8-B10? and B122 are known compounds.

General Procedure 1.1

Br ) HO
R A n-BulLi, THF X Li| © < > COH = CO,H conc. HCI (aq.)
| — < - >|plL — > _
~  AL-78°C,1h Ry Ar, -78 °C, THF ~ Ri__ | toluene, rt., 6 h
S1 tort.,1h s2

O

Cl CO.H W Cl R”/ / o
2 HN—N 7z NaHMDS, Ar N
R DMAP, EDCI, DCM R”\ ‘ THF, 0°C,0.5h
0°Ctort.,12h thenrt., 0.5 h

3 S4 BCBs

A

/

Step 1: Following the literature procedure,? to a solution of substituted bromobenzene
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(S1, 42 mmol, 2.1 equiv.) in dry THF (40 mL) was added n-BuLi (2.4 M, 2.1 equiv.)
dropwise at -78 °C under argon. The mixture was stirred for at least 1 h at -78 °C, and
a solution of 3-oxocyclobutane-1-carboxylic acid (20 mmol, 1.0 equiv.) in dry THF (10
mL) was added dropwise at -78 °C. Then, the solution was allowed to warm to room
temperature, stirred for another 1 h, and quenched with a sat. solution of NH4Cl1 (10 mL)
and H,O (10 mL). The organic layer was separated and washed with water (20 mL).
The combined aqueous layers were acidified with HCI (1 M) to pH = 1 and extracted
with EtOAc (3 x 20 mL). The combined organic layers were washed with brine (30
mL), dried over anhydrous Na>SOs, filtered, and concentrated in vacuo. The crude
product S2 was used for the next step without purification.

Step 2: Following the literature procedure,?* to a solution of S2 (17 mmol, 1.0 equiv.)
in toluene (17 mL) was added conc. HCI (17 mL) dropwise at room temperature. The
resulting mixture was stirred for 6 h at room temperature. The organic phase was
separated and concentrated in vacuo to give compound S3. The crude product was used
for the next step without purification.

Step 3: Following the literature procedure,?? the above crude product 83 (1.0 equiv.)
was added to a round-bottomed flask, followed by 3,5-dimethyl-1H-pyrazole (1.1
equiv.), DMAP (1.0 equiv.), and DCM (0.3 M). The resulting solution was then cooled
to 0 °C. EDC hydrochloride (1.2 equiv.) was added, and the solution was stirred at room
temperature overnight. The product mixture was transferred to a separatory funnel with
DCM and then washed with 1N HCI solution (2 times) and brine (2 times). The organic
phase was dried over anhydrous Na>SOs, filtered, and concentrated in vacuo to afford
a crude product, S4, which was used directly in the next step.

Step 4: Following the literature procedure,?® NaHMDS (2M in THF, 1.2 equiv.) was
added to a solution of S4 (1.0 equiv.) in dry THF (0.5 M) under argon. The reaction
mixture was stirred at 0 °C for 0.5 h and then allowed to warm to room temperature for
an additional 0.5 h. The mixture was quenched with a saturated NH4Cl solution,
followed by water and then extracted with EtOAc. The combined organic layers were
dried over anhydrous Na>SOs, filtered, and concentrated in vacuo. The mixture was
purified by column chromatography on silica gel to afford BCBs (10%-45%, over 4
steps).
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General Procedure 1.2

1
o L
CO,H SOCl,, n-hexane COCl LIN-N
R-- 65°C,2h R" DIPEA, DCM
0°Ctort,4h

NaHMDS, Ar

—_—
R-- N=N  ge°c,THF, 12h

R3A%)\

BCBs

Following the literature procedure,' 83 (15.5 mmol, 1.0 equiv.), hexane (20 mL), and
DMF (1 drop) were added to a 100 mL round bottom flask. Thionyl chloride (SOClo,
38.75 mmol, 2.5 equiv.) was added dropwise over 10 min at room temperature. The
mixture was stirred for 2 h at 65 °C. The solvent was concentrated in vacuo to afford a
crude product, S5, which was used directly in the next step.

Following the literature procedure,' substituted pyrazole (18 mmol, 1.2 equiv.) and
N,N-diisopropylethylamine (DIPEA, 15 mmol, 1 equiv.) were added to a vial and
dissolved in CH2Cl; (20 mL), then the solution was cooled to 0 °C. A solution of S5 (15
mmol, 1 equiv.) in CH2Cl> (20 mL) was added dropwise. The mixture was then warmed
to room temperature and stirred for 4 h. The reaction mixture was washed with water,
and then the organic layer was dried over anhydrous Na>SOs, filtered, and concentrated
in vacuo to give the crude product S4, which was used in the next step without further
purification.

Following the literature procedure,? S4 (15 mmol, 1.0 equiv.) was added to a 100 mL
vial and dissolved in 30 mL THF under argon. NaHMDS (2M in THF, 18 mmol, 1.2
equiv.) was added, and the mixture was stirred at 0 °C overnight. The mixture was
quenched with sat. NH4Cl (10 mL) and water (10 mL), and then extracted with EtOAc
(3 x 20 mL). The combined organic layers were dried over anhydrous Na>SOs, filtered,
and concentrated in vacuo. The mixture was purified by column chromatography on
silica gel to give BCBs (1.1-8.0 mmol, 11%-56%, over 4 steps).

BCB substrates B4, B6-B12, and B14 were prepared according to General Procedure
1.1, and B3, B5, B15-B17, and B20-B23 were prepared according to General
Procedure 1.2.

Methyl 3-(4-fluorophenyl)bicyclo[1.1.0]butane-1-
carboxylate (B1)

Q The title compound was prepared according to the literature
procedure?.
'H NMR (400 MHz, CDCl3) 6 7.29 — 7.21 (m, 2H), 6.99 (t, J
= 8.6 Hz, 2H), 3.49 (s, 3H), 2.88 (s, 2H), 1.60 (s, 2H).

B1
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13C NMR (101 MHz, CDCl3) 6 169.9, 162.1 (d, J = 246.1 Hz), 129.4 (d, J = 3.3 Hz),
127.5 (d, J=8.4 Hz), 115.5 (d, J=21.6 Hz), 51.8, 35.9, 32.3, 22.9.

1YF NMR (376 MHz, CDCl3) § -115.1 (s, 1F).

The analytical data are consistent with those reported in the literature.?

General synthesis of substrate B2

F
MeNH(OMe)+HCI

o 'PrMgCI (2M in THF) o}
THF, 0°C, 0.5 h

B1 B2

According to the literature procedure,* MeNH(OMe)-HCI (117 mg, 1.2 mmol, 1.2
equiv.) and ‘PrMgCl (1.2 mL, 2M in THF, 2.4 mmol, 2.40 equiv.) were sequentially
added to the solution of B1 (206 mg, 1.0 mmol, 1.0 equiv.) in dry THF (5 mL) at 0 °C.
After stirring at 0 °C for 0.5 h, the reaction was quenched by saturated NH4Cl solution
(5 mL). The aqueous layer was extracted with EtOAc (3 x 5 mL). The combined organic
layers were washed with brine (5 mL), dried over anhydrous Na,SOs, filtered, and
concentrated in vacuo. The residue was purified by flash silica gel column
chromatography to afford the product B2.

3-(4-fluorophenyl)-N-methoxy-/V-
methylbicyclo[1.1.0]butane-1-carboxamide (B2)
Q 'H NMR (400 MHz, CDCl3) 4 7.35 — 7.26 (m, 2H), 7.01 (t,
J =8.8 Hz, 2H), 3.68 (s, 3H), 3.13 (s, 3H), 2.96 (s, 2H), 1.62
(s, 2H).
13C NMR (101 MHz, CDCls) 6 169.1, 161.9 (d, J = 245.4
Hz), 129.9 (d, J = 3.2 Hz), 127.8 (d, J = 8.1 Hz), 115.4 (d, J = 21.7 Hz), 61.3, 36.8,
33.5, 32.0, 22.1.
F NMR (376 MHz, CDCl3) 6 -115.8 (s, 1F).
HRMS (ESI) m/z calcd. for C13H1sFNO2 [M+H]" 236.1082 , found 236.1085.

B2

(3-(4-fluorophenyl)bicyclo[1.1.0]butan-1-yI)(1H-
pyrazol-1-yl)methanone (B3)
0 'H NMR (400 MHz, CDClIs) 6 8.08 (dd, J = 2.8, 0.7 Hz,
1H), 7.71 — 7.62 (m, 1H), 7.27 (dd, J = 8.8, 5.2 Hz, 2H),
6.94 (t, J = 8.7 Hz, 2H), 6.31 (dd, J = 2.9, 1.5 Hz, 1H), 3.52
(t, J=1.3 Hz, 2H), 1.93 (t, J = 1.3 Hz, 2H).
13C NMR (101 MHz, CDCls) 6 167.2, 162.3 (d, J = 246.9 Hz), 143.8, 128.8, 128.5 (d,
J=3.2Hz),128.0 (d, J =8.2 Hz), 115.6 (d, J = 21.8 Hz), 108.4, 39.2, 38.8, 25.3.
9F NMR (376 MHz, CDCl3) 6 -114.1 (s, 1F).
HRMS (ESI) m/z calcd. for C14aH12NaFN20O [M+Na]" 265.0747, found 265.0749.

B3
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(3,5-dimethyl-1H-pyrazol-1-yl)(3-(4-

" fluorophenyl)bicyclo
Q -[1.1.0]butan-1-yl)methanone (B4)
IH NMR (400 MHz, CDCl3) § 7.29 — 7.22 (m, 2H), 6.94
B4 (t, J=8.6 Hz, 2H), 5.83 (s, 1H), 3.36 (s, 2H), 2.21 (d, J =

3.4 Hz, 6H), 1.86 (s, 2H).
13C NMR (101 MHz, CDCl3) 6 166.9, 160.2 (d, J = 246.4 Hz), 149.5, 141.7, 127.1 (d,
J=3.0Hz), 126.0 (d,J=8.2 Hz), 113.4 (d, /=21.8 Hz), 108.2, 36.9, 36.0, 24.2, 11.9,
11.8.
19F NMR (376 MHz, CDCl3) § -116.6 (s, 1F).
The analytical data are consistent with those reported in the literature.?

(3-(4-fluorophenyl)bicyclo[1.1.0]butan-1-yI)(3-phenyl-

F
1H-pyrazol-1-yl)methanone (B5)
3 IH NMR (400 MHz, CDCls) § 8.12 (d, J = 2.8 Hz, 1H),
7.87 (d, J= 7.4 Hz, 2H), 7.50 — 7.38 (m, 3H), 7.30 (dd, J
B5

= 8.6, 5.3 Hz, 2H), 6.93 (t, J = 8.6 Hz, 2H), 6.67 (d, J =
2.8 Hz, 1H), 3.61 (s, 2H), 1.97 (s, 2H).

13C NMR (101 MHz, CDCL3) § 167.2, 162.4 (d, J = 246.9 Hz), 155.2, 132.1, 130.1,

129.1, 128.8, 128.6 (d,J=3.1 Hz), 128.0 (d, /= 8.3 Hz), 126.2, 115.7 (d, J=21.9 Hz),

106.1, 39.4, 38.9, 25.5.

19F NMR (376 MHz, CDCls) & -114.2 (s, 1F).

HRMS (ESI) m/z calcd. for CaoH1sFN2O [M+H]* 319.1241, found 319.1242.

(3,5-dimethyl-1H-pyrazol-1-yl)(3-

o phenylbicyclo[1.1.0]butan-1-yl)methanone (B6)
'"H NMR (400 MHz, CDCl3) & 7.32 — 7.20 (m, 5H), 5.84 (s,
1H), 3.39 (s, 2H), 2.24 (s, 3H), 2.16 (s, 3H), 1.90 (s, 2H).
B6

13C NMR (101 MHz, CDClz) 8 169.1, 151.4, 143.6, 133.2,
128.4,127.2, 126.3, 110.0, 38.9, 38.8, 26.5, 13.85, 13.81.
The analytical data are consistent with those reported in the literature.

(3,5-dimethyl-1H-pyrazol-1-yl)(3-(2-fluorophenyl)-

o bicyclo-[1.1.0]butan-1-yl)methanone (B7)
"H NMR (400 MHz, CDCl3) & 7.30 (td, J=7.8, 1.8 Hz, 1H),
F 7.23-7.15 (m, 1H), 7.06 (td, J= 7.6, 1.2 Hz, 1H), 6.97 (ddd,
B7

J=11.2,8.2, 1.1 Hz, 1H), 5.90 (s, 1H), 3.31 (d, J = 1.0 Hz,
2H), 2.33 (d, J= 0.7 Hz, 3H), 2.24 (s, 3H), 1.90 (d, /= 0.8
Hz, 2H).
I3C NMR (101 MHz, CDCl3) 8 169.2, 161.6 (d, J=248.9 Hz), 151.6, 143.7, 130.0 (d,
J=3.3 Hz), 128.7 (d, /= 8.3 Hz), 124.1 (d,/=3.6 Hz), 121.2 (d, /= 12.4 Hz), 115.7
(d,J=21.8 Hz), 110.3,40.5 (d, /= 3.6 Hz), 33.4 (d, /= 1.6 Hz), 23.9, 14.0, 13.8.
F NMR (376 MHz, CDCl3) § -115.5 (s, 1F).
HRMS (ESI) m/z calcd. for C16H16FN20 [M+H]" 271.1241, found 271.1244.
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(3,5-dimethyl-1H-pyrazol-1-yl)(3-(3-fluorophenyl)-

o bicyclo-[1.1.0]butan-1-yl)methanone (B8)
F 'H NMR (400 MHz, CDCl3) § 7.26 — 7.19 (m, 1H), 7.08
(d,J=7.8Hz, 1H), 7.05-6.99 (m, 1H), 6.91 (td, J = 8.4,
B8

2.3 Hz, 1H), 5.87 (s, 1H), 3.38 (s, 2H), 2.24 (d, J = 2.7
Hz, 6H), 1.89 (s, 2H).
13C NMR (101 MHz, CDCls) 6 168.5, 162.8 (d, J = 245.8 Hz), 151.6, 143.7, 136.1 (d,
J=8.2Hz),129.9 (d, J = 8.5 Hz), 122.0 (d, J = 2.8 Hz), 114.1 (d, J = 21.3 Hz), 1134
(d, J=22.8 Hz), 110.2, 38.8, 37.4 (d, J = 1.6 Hz), 26.9, 13.9, 13.8.
F NMR (376 MHz, CDCl3) 6 -113.1 (s, 1F).
The analytical data are consistent with those reported in the literature.?

(3,5-dimethyl-1H-pyrazol-1-yl)(3-(3-

methoxyphenyl)-bicyclo[1.1.0]butan-1-
MeO & yl)methanone (B9)
'H NMR (400 MHz, CDCl3) 8 7.17 (t,J = 8.0 Hz, 1H),
B9

6.88 (dd, J=7.7, 0.8 Hz, 1H), 6.84 — 6.81 (m, 1H),
6.76 (ddd, /=8.2,2.5,0.7 Hz, 1H), 5.85 (s, 1H), 3.74
(s, 3H), 3.37 (s, 2H), 2.23 (s, 3H), 2.21 (d, /= 0.6 Hz, 3H), 1.88 (s, 2H).
13C NMR (101 MHz, CDCl3) 8 169.0, 159.6, 151.4, 143.7, 134.8, 129.4, 118.9, 113.0,
111.8, 110.0, 55.1, 38.9, 38.7, 26.5, 13.9, 13.8.
The analytical data are consistent with those reported in the literature.

(3-(4-chlorophenyl)bicyclo[1.1.0]butan-1-yl)(3,5-

“ dimethyl-1H-pyrazol-1-yl)methanone (B10)
O 'H NMR (400 MHz, CDCl3) & 7.23 (s, 4H), 5.86 (s,
1H), 3.37 (t, J= 1.1 Hz, 2H), 2.23 (s, 6H), 1.89 (t, J =
1.1 Hz, 2H).
B10

13C NMR (101 MHz, CDCl3) 8 168.7, 151.6, 143.8,
133.0, 132.0, 128.6, 127.6, 110.2, 38.8, 37.7, 26.7, 14.0, 13.8.
The spectral data are consistent with those reported in the literature.?

(3-(4-bromophenyl)bicyclo[1.1.0]butan-1-yl)(3,5-

Br
dimethyl-1H-pyrazol-1-yl)methanone (B11)
2 '"H NMR (400 MHz, CDCl3) § 7.41 —7.35 (m, 2H), 7.21
—7.15 (m, 2H), 5.86 (s, 1H), 3.37 (t, J=1.1 Hz, 2H), 2.24
B11

(d, J=0.7 Hz, 3H), 2.23 (s, 3H), 1.89 (t, /= 1.0 Hz, 2H).
13C NMR (101 MHz, CDCL) & 168.6, 151.6, 143.8,
132.6, 131.5, 127.9, 121.1, 110.2, 38.8, 37.7, 26.7, 14.0, 13.8.
HRMS (ESI) m/z calcd. for C1sH1sBrN2O [M+H]" 331.0441, found 331.0440.
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(3,5-dimethyl-1H-pyrazol-1-yl)(3-(p-
tolyl)bicyclo[1.1.0]-butan-1-yl)methanone (B12)
Q IH NMR (400 MHz, CDCl3) § 7.22 — 7.15 (m, 2H), 7.07
(d,J=7.9 Hz, 2H), 5.84 (s, 1H), 3.36 (t, J= 1.1 Hz, 2H),
2.30 (s, 3H), 2.23 (s, 3H), 2.18 (d, J = 0.7 Hz, 3H), 1.88
(t, J=1.1 Hz, 2H).
I3C NMR (101 MHz, CDCl3) 6 169.2, 151.3, 143.6, 137.0, 130.0, 129.1, 126.2, 109.9,
39.3, 38.8,26.2,21.2,13.9, 13.8.
The spectral data are consistent with those reported in the literature.?

Me

B12

General synthesis of substrate B13

/©/B(OH)2

NaH, THF, Ar Bz ‘Bu

Br+ Bz” “COEt — o= > J\/k

Br 65°C,12h g, CO,Et AT Pd(PPhs)s, NaCOg
s6

toluene/H,0, 70 °C, 10 h

Bz N Rhy(Oct),
p-ABSA, DBU (0.01 mol%)
CO,Et COEt ————— >
MeCN, Ar, rt, 12 h Ar, DCM, rt, 4 h
Bu S7 Bu
Bu

S8
Bu
NaOH N/NH o]
COzEt  EtOH/H,0, CO,H ~PyBrOP, DIPEA
t,4h Ar,DCM, rt, 2 h
B13

Following the literature procedure,® ethyl 3-0x0-3-phenylpropanoate (20 mmol, 1
equiv.) was added dropwise to a solution of NaH (20 mmol, 1 equiv.) in dry THF (30
mL) at 0 °C under argon. The mixture was stirred for 1 h at room temperature until all
solids were dissolved. The reaction mixture was cooled to 0 °C, and 2,3-
dibromopropene (22 mmol, 1.1 equiv.) was added dropwise. The reaction temperature
was raised to 65 °C, and the reaction was stirred for 12 h. Upon completion, the reaction
was quenched with sat. NH4Cl (10 mL) and water (10 mL) was added. The mixture was
extracted with ethyl acetate (3 x 20 mL). The combined organic layers were dried over
anhydrous Na>SOy, filtered, and concentrated in vacuo. The mixture was purified by
column chromatography on silica gel to give S6 (18.3 mmol, 91%) as a colorless liquid.

Following the literature procedure,® S6 (3.11 g, 10.0 mmol, 1.0 equiv.), Pd(PPhs)s (578
mg, 0.5 mmol, 5 mol%), Na.COs (4.24 g, 40 mmol, 4.0 equiv.), and 4-tert-
butylphenylboronic acid (2.14 g, 12.0 mmol, 1.2 equiv.) were added to an oven-dried
Schlenk tube equipped with a magnetic stir bar. The tube was evacuated and backfilled
with argon three times. Subsequently, freshly degassed toluene (15 mL) and water (15
mL) were added via syringe. The reaction mixture was stirred at 70 <C for 10 h. Upon
completion, the solvent was removed in vacuo, and the residue was diluted with water
and then extracted with ethyl acetate. The organic layer was washed with brine, dried
over anhydrous Na>SOg, filtered, and concentrated in vacuo. The mixture was purified
by column chromatography on silica gel to give S7 (9.0 mmol, 90% yield).
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Following the literature procedure,” 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 9.0
mmol, 1 equiv.) was added dropwise to a solution of S7 (9.0 mmol, 1.0 equiv.) and 4-
acetoamidobenzenesulfonyl azide (p-ABSA, 9.0 mmol, 1.0 equiv.) in dry CH3CN (50
mL) at 0 <T under argon. Upon the initial subsiding of the exotherm, additional p-
ABSA (4.5 mmol, 0.5 equiv.) and DBU (4.5 mmol, 0.5 equiv.) were added. After an
additional 12 h, the mixture was partitioned between water and EtOAc (3 <50 mL).
The organic layer was washed with brine, dried over anhydrous Na>SOys, filtered, and
concentrated in vacuo. The mixture was purified by column chromatography on silica
gel to give S8 (1.74 g, 6.1 mmol, 68% yield).

Following the literature procedure,® under argon, dry DCM (25 mL) and Rh2(Oct)4 (390
uL, ¢ =1.00 mg/ mL in DCM, 0.01 mol%) were added to a 100 mL oven-dried flask.
S8 (5.0 mmol, 1.0 equiv.) in dry DCM (10 mL) was then added dropwise to the former
solution over 20 mins at room temperature. The reaction mixture was allowed to stir
for an additional 4 h. Upon completion (monitored by TLC), the reaction mixture was
concentrated and purified by column chromatography on silica gel to give S9 (4.0 mmol,
80% yield).

Following the literature procedure,® S9 (1.0 mmol, 1 equiv.) was dissolved in a mixture
of ethanol (4.0 mL) and water (4.0 mL). NaOH (4.0 mmol, 4 equiv.) was added, and
the mixture was stirred at room temperature for 4 h. Upon reaction completion, the
mixture was diluted with ethyl acetate and water, and the phases were separated. The
aqueous layer was acidified (pH ~ 3) and extracted with EtOAc (3 =< 10 mL). The
combined organics were dried over Na;SOa, filtered, and concentrated in vacuo to
afford the crude product S10 (0.50 mmol, 50%).

Following the literature procedure, to a solution of S10 (1.07 mmol, 1.0 equiv.) and
3,5-dimethyl-1H-pyrazole (1.18 mmol, 1.1 equiv.) in anhydrous DCM (10 mL) at room
temperature was added DIPEA (3.21 mmol, 3.0 equiv.), then bromotripyrrolidinophos-
phonium hexafluorophosphate (PyBrOP, 1.28 mmol, 1.2 equiv.). After 2 h, saturated
aqueous NaHCOs was added. The layers were separated, and the aqueous layer was
extracted with EtOAc (3 <10 mL). The combined organic layers were washed with
brine, dried over Na>SOa, and concentrated in vacuo. The mixture was purified by
column chromatography onsilica gel (PE/EtOAc = 60/1) to give B13 (0.56 mmol, 52%)
as a yellow liquid.

Bz Ethyl 2-benzoyl-4-bromopent-4-enoate (S6)
J\/p 1H NMR (400 MHz, CDCls) 5 8.08 — 8.01 (m, 2H), 7.64 — 7.57
Br COEL ' (m, 1H), 7.53 - 7.47 (m, 2H), 5.74 — 5.68 (m, 1H), 5.45 (d, J =
1.8 Hz, 1H), 4.80 (t, J = 7.1 Hz, 1H), 4.15 (qd, J = 7.1, 0.7 Hz,
2H), 3.21 - 3.05 (m, 2H), 1.18 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, CDCl3) 5 193.8, 168.5, 136.0, 133.8, 129.8, 128.83, 128.78, 120.0,
61.7, 52.5, 40.5, 14.0.

S6
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Ethyl 2-benzoyl-4-(4-(tert-butyl)phenyl)pent-4-
enoate (S7)
COEt 1 NMR (400 MHz, CDCl3) § 7.89 — 7.83 (m, 2H),
7.55 (t, J = 7.4 Hz, 1H), 7.44 — 7.38 (m, 2H), 7.35 —
7.32 (m, 2H), 7.30 — 7.25 (m, 2H), 5.26 (d, J= 1.2 Hz,
1H), 5.08 (d, J = 1.2 Hz, 1H), 4.47 (t, J = 7.2 Hz, 1H), 4.09 (q, J = 7.0 Hz, 2H), 3.22
(ddd, J=17.0, 4.5, 1.2 Hz, 2H), 1.32 (s, 9H), 1.14 (t, J = 7.2 Hz, 3H).
13C NMR (101 MHz, CDCl3) § 195.0, 169.5, 150.8, 144.7, 137.1, 136.3, 133.4, 128.7,
128.6, 126.0, 125.3, 114.3, 61.4, 53.0, 34.6, 34.5, 31.3, 14.0.

Bz

+

8
! s7

Ethyl 4-(4-(tert-butyl)phenyl)-2-diazopent-4-enoate
(S8)

COEt  1H NMR (400 MHz, CDCl3) § 7.42 — 7.32 (m, 4H), 5.47
(d, J=0.6 Hz, 1H), 5.13 (q, J= 1.2 Hz, 1H), 422 (q, J
= 7.2 Hz, 2H), 3.50 (d, J = 1.2 Hz, 2H), 1.32 (s, 9H),

%

t

Bu S8
1.26 (t,J=17.1 Hz, 3H).
I3C NMR (101 MHz, CDCl3) § 167.2, 151.1, 142.5, 136.1, 125.6, 125.4, 114.1, 60.9,
34.6,31.3, 29.0, 14.5 (Noted: the signal of C=N; was not observed).

Ethyl 3-(4-(tert-butyl)phenyl)bicyclo[1.1.0]butane-1-
carboxylate (S9)

'"H NMR (400 MHz, CDCl3) 6 7.31 (d, /= 8.7 Hz, 2H), 7.23
COEt (4, 7=8.8 Hz, 2H), 3.94 (q, J= 7.1 Hz, 2H), 2.92 (t, J= 1.2
Hz, 2H), 1.59 (t, J = 1.2 Hz, 2H), 1.28 (s, 9H), 0.91 (t, J =
7.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 6 169.90, 149.95, 130.38, 125.63, 125.34, 60.38, 35.85,
34.49,32.94,31.27,22.72, 14.35.

Bu

.

S9

(3-(4-(tert-butyl)phenyl)bicyclo[1.1.0]butan-1-y1)(3,5-
dimethyl-1H-pyrazol-1-yl)methanone (B13)

IH NMR (400 MHz, CDCl3) & 7.31 — 7.27 (m, 2H), 7.23
—7.19 (m, 2H), 5.84 (s, 1H), 3.35 (s, 2H), 2.24 (s, 3H),
2.13 (s, 3H), 1.90 (s, 2H), 1.28 (s, 9H).

I3C NMR (101 MHz, CDCl3) & 169.3, 151.3, 150.3,
143.5, 130.0, 126.0, 125.3, 109.9, 39.3, 38.9, 34.5, 31.2, 26.2, 13.8, 13.6.

HRMS (ESI) m/z calcd. for C20H2sN20 [M+H]" 309.1962, found 309.1961.

Bu

o

B13

F4CO (3,5-dimethyl-1H-pyrazol-1-yl)(3-(4-
(trifluoromethoxy)-phenyl)bicyclo[1.1.0]butan-1-
] yl)methanone (B14)
'H NMR (400 MHz, CDCl3) & 7.36 — 7.29 (m, 2H),
B14 7.12 (d, J =8.4 Hz, 2H), 5.86 (s, 1H), 3.37 (s, 2H), 2.24

(s, 3H), 2.20 (s, 3H), 1.91 (s, 2H).
13C NMR (101 MHz, CDCls) § 168.7, 151.6, 148.4, 143.8, 132.3, 127.7, 120.9, 120.4
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(9, J = 257.2 Hz), 110.2, 38.9, 37.3, 26.6, 13.81, 13.79.
19F NMR (376 MHz, CDCl3) § -57.9 (s, 3F).
HRMS (ESI) m/z calcd. for C17H16F3N20, [M+H]" 337.1159, found 337.1161.

(3-(4-fluorophenyl)bicyclo[1.1.0]butan-1-yI)(3-
methyl-1H-pyrazol-1-yl)methanone (B15)
0 IH NMR (400 MHz, CDCl3) § 7.97 (d, J = 2.7 Hz, 1H),
7.32—7.23 (m, 2H), 7.00 — 6.90 (m, 2H), 6.13 (d, J=2.7
Hz, 1H), 3.48 (s, 2H), 2.31 (s, 3H), 1.91 (s, 2H).
BCNMR (101 MHz, CDCl3) § 166.8, 162.3 (d, J=246.7
Hz), 153.7, 129.5, 128.7 (d, J = 3.1 Hz), 128.0 (d, J= 8.2 Hz), 115.6 (d, J = 21.9 Hz),
109.1, 38.8, 38.5, 25.1, 14.0.
YF NMR (376 MHz, CDCl3) & -114.4. (s, 1F)
HRMS (ESI) m/z calcd. for C1sH14FN2O [M+H]" 257.1085, found 257.1083.

B15

(3-(4-fluorophenyl)bicyclo[1.1.0]butan-1-yI)(4-
methyl-1H-pyrazol-1-yl)methanone (B16)
0 "H NMR (400 MHz, CDCl3) 6 7.83 (s, 1H), 7.50 (s, 1H),
7.27 (dt, J = 5.2, 4.0 Hz, 2H), 6.95 (t, J = 8.7 Hz, 2H),
3.47 (t,J=1.1 Hz, 2H), 2.04 (d, J= 0.6 Hz, 3H), 1.91 (t,
J=1.1 Hz, 2H).
13C NMR (101 MHz, CDCl3) § 166.9, 162.3 (d, J = 246.5 Hz), 145.4, 128.7 (d, J=3.3
Hz), 127.9 (d, J= 8.1 Hz), 126.7, 119.2, 115.6 (d, J = 22.0 Hz), 38.7, 38.5, 25.0, 8.8.
1YF NMR (376 MHz, CDCl3) & -114.4 (s, 1F).
HRMS (ESI) m/z calcd. for C15sH14FN2O [M+H]" 257.1085, found 257.1084.

B16

(3,5-diphenyl-1H-pyrazol-1-yl)(3-(4-fluorophenyl)-
F bicyclo[1.1.0]butan-1-yl)methanone (B17)
o TH NMR (400 MHz, CDCl3) § 7.89 (d, J= 7.1 Hz, 2H),
7.50 — 7.35 (m, 5H), 7.29 (d, J= 7.3 Hz, 1H), 7.19 (t, J
= 7.6 Hz, 2H), 7.05 (t, J = 8.6 Hz, 2H), 6.74 (d, J = 7.4
B17 Hz, 2H), 6.65 (s, 1H), 3.45 (s, 2H), 2.03 (s, 2H).
S3CNMR (101 MHz, CDCl3) 8 168.3, 162.6 (d, J=247.1
Hz), 153.3, 147.2, 132.0, 130.6, 129.0, 128.9 (d, /= 3.0 Hz), 128.8, 128.5, 128.2, 128.1
(d, J=8.2 Hz), 127.9, 126.2, 115.7 (d, J=22.0 Hz), 108.5, 39.7, 38.8, 26.9.
YF NMR (376 MHz, CDCl3) & -114.2 (s, 1F).
HRMS (ESI) m/z calcd. for C26H20FN2O [M+H]" 395.1554, found 395.1555.
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General synthesis of substrate B18

J\)\ / B(OH),  Pd(PPhs)s, Nay,COs, Ar
Br COZEt S toluene/H,0, 70 °C, 10 h CO,Et
Rh2 OCt)4
p-ABSA, DBU (0.01 mol%)
MeCN, Ar, rt, 12 h COE DCM, Ar, rt, 4 h

Ethyl 2-benzoyl-4-(thiophen-3-yl)pent-4-enoate (S11)
The title compound was prepared following the protocol for S7, using S6 (9 mmol, 1.0
equiv.), Pd(PPhs)s (0.45 mmol, 5 mol%), Na>COs (36 mmol, 4.0 equiv.), and thiophen-
3-ylboronic acid (10.8 mmol, 1.2 equiv.) in a mixed solvent of toluene (15 mL) and
water (15 mL). The crude product was purified through column chromatography on
silica gel, yielding S11 (8.7 mmol, 97%) as a yellow liquid.

'H NMR (400 MHz, CDCls3) § 7.95 - 7.87 (m, 2H), 7.56 (ddd,

B
‘ J=8.6,2.4,1.2 Hz, 1H), 7.49 — 7.39 (m, 2H), 7.30 — 7.24 (m,
7 COxEt  1H), 7.21 (dd, J = 2.9, 1.3 Hz, 1H), 7.17 (dd, J = 5.0, 1.3 Hz,
S S11 1H), 5.35 (s, 1H), 5.06 (d, J = 0.9 Hz, 1H), 4.58 (t, J = 7.2 Hz,

1H), 4.12 (g, J = 7.1 Hz, 2H), 3.18 (d, J = 7.2 Hz, 2H), 1.15
(t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, CDCls) & 194.8, 169.4, 141.6, 139.5, 136.3, 133.5, 128.7, 128.6,
125.9, 120.9, 113.6, 61.5, 53.0, 34.6, 14.0.

Ethyl 2-diazo-4-(thiophen-3-yl)pent-4-enoate (S12)

N . .
2 The title compound was prepared following the protocol for
74 ’ COzEt S8, using S11 (8.7 mmol, 1.0 equiv.), p-ABSA (13.1 mmol,
S S12 1.5 equiv.), DBU (13.1 mmol, 1.5 equiv.), and dry CH3CN

(50 mL). The crude product was purified by column
chromatography on silica gel, yielding S12 (6.46 mmol, 74 %) as a yellow liquid.
'H NMR (400 MHz, CDCls) 8 7.37 — 7.22 (m, 3H), 5.50 (s, 1H), 5.10 (s, 1H), 4.24 (q,
J=7.1Hz, 2H), 3.45 (d, J =0.5 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H).
I3C NMR (101 MHz, CDCl3) 6 167.1, 140.4, 137.6, 125.9, 125.6, 121.4, 113.4, 61.0,
29.3, 14.5 (Noted: the signal of C=N; was not observed).

S Ethyl 3-(thiophen-3-yl)bicyclo[1.1.0]butane-1-carboxylate
\ | o) (B18)
The title compound was prepared following the protocol for B13,
using S12 (6.46 mmol, 1.0 equiv.), Rha(Oct)s (0.5 mL, ¢ = 1.00
mg/ mL in DCM, 0.01 mol%), and dry DCM (40 mL). The crude
product was purified by column chromatography on silica gel, yielding B18 (5.4 mmol,
83 %).

'"H NMR (400 MHz, CDCl3) § 7.27 (dd, J= 5.0, 3.0 Hz, 1H), 7.15 (dd, /= 3.0, 1.3 Hz,

B18
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1H), 6.97 (dd, J = 5.0, 1.3 Hz, 1H), 3.97 (q, J = 7.1 Hz, 2H), 2.87 (t, J = 1.0 Hz, 2H),
1.65 (s, 2H), 1.00 (t, J= 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) 8 169.7, 134.7, 126.1, 125.3, 121.2, 60.5, 37.3,29.9, 21 4,
14.4.

HRMS (ESI) m/z calcd. for C11H130,S [M+H]* 209.0631, found 209.0631.

General synthesis of substrate B19
u PdCIz(PPh , Cul, PPhy co,Et PABSA.DBU CO,Et
CO,Et EtN, THF, Ar, 50 °C, 16 h MeCN, Ar, rt, 12 h
/ \
2(Oct), N’N
10 01 mol"/ ) _ NaOH o N\ o
DCM, Ar, t, 4 h "EOH/H,0, 1t, 4 h F’yBrOP DIPEA
DCM, Ar, 1t, 2 h

B19

V.

Following the literature procedure,* an oven-dried flask containing a stirring bar was
charged with S6 (5.0 mmol, 1 equiv.), ethynylbenzene (5.0 mmol, 1 equiv.),
PdCI2(PPhs). (0.2 mmol, 4 mol%), Cul (0.3 mmol, 6 mol%), and PPhs (0.2 mmol, 4
mol%) under argon. To the mixture was added dry THF (5.0 mL) and EtsN (7.0 mL),
and the resulting mixture was stirred at 50 <C for 16 h. The reaction was then quenched
with sat. NH4ClI solution. The reaction mixture was extracted with ethyl acetate. The
combined extracts were washed with brine, dried over Na>SOs, filtered, and
concentrated in vacuo. The mixture was purified by column chromatography on silica
gel to give S13 (3.9 mmol, 78%) as a yellow liquid.

Ethyl 2-diazo-4-methylene-6-phenylhex-5-ynoate
N2 (S14)
Z CO,Et  The title compound was prepared following the
protocol for S8, using S13 (3.9 mmol, 1.0 equiv.), p-
S14 ABSA (5.9 mmol, 1.5 equiv.), DBU (5.9 mmol, 1.5
equiv.), and dry CH3CN (30 mL). The crude product
was purified through column chromatography on silica gel, yielding (3.15 mmol, 81 %)
as a yellow liquid.
'H NMR (400 MHz, CDCls) 6 7.43 (ddt, J = 3.9, 2.9, 1.5 Hz, 2H), 7.36 — 7.28 (m, 3H),
552(q,J=1.1Hz, 1H),5.43(q, J=1.5Hz, 1H), 4.24 (q,J=7.2 Hz, 2H), 3.24 (t, J =
1.2 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H).
13C NMR (101 MHz, CDCls) 6 166.9, 131.6, 128.5, 128.3, 127.2, 122.8, 122.5, 90.3,
88.3, 61.0, 31.3, 14.5 (Noted: the signal of C=N; was not observed).
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Ethyl 3-(phenylethynyl)bicyclo[1.1.0]butane-1-

carboxylate (S15)
The title compound was prepared following the protocol for
NS oet S9, using S14 (3.15 mmol, 1.0 equiv.), Rha(Oct)s (0.25 mL,
¢ =1.00 mg/ mL in DCM, 0.0001 equiv.), and dry DCM (40
s15

mL). The crude product was purified by column

chromatography on silica gel, yielding S15 (2.3 mmol, 73 %).
'H NMR (400 MHz, CDCls) 6 7.43 — 7.38 (m, 2H), 7.38 — 7.23 (m, 3H), 4.24 (q, J =
7.1 Hz, 2H), 2.70 (t, J = 0.9 Hz, 2H), 1.60 (d, J = 0.8 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, CDCls) 6 169.2, 131.9, 128.25, 128.24, 122.8, 84.0, 81.7, 61.1,
40.9, 21.6, 18.1, 14.8.

(3,5-dimethyl-1H-pyrazol-1-yl)(3-

(phenylethynyl)bicyclo-[1.1.0]butan-1-
yl)methanone (B19)
\\ Q The title compound was prepared following the
protocol for B13, using S16 (1.08 mmol, 1 equiv.),
B19

PyBrOP (1.3 mmol, 1.2 equiv.), 3,5-dimethyl-1H-
pyrazole (1.2 mmol, 1.1 equiv.), and dry DCM (10 mL).
The crude product was purified by column chromatography on silica gel, yielding B19
(0.78 mmol, 72 %) as a yellow oil.
'H NMR (400 MHz, CDCl3) & 7.40 —7.35 (m, 2H), 7.27 (dd, J= 5.2, 3.4 Hz, 3H), 5.97
(s, 1H), 3.11 (s, 2H), 2.53 (s, 3H), 2.25 (s, 3H).
I3C NMR (101 MHz, CDCls) 6 168.3, 151.9, 144.1, 131.9, 128.3, 128.2, 122.7, 110.6,
84.0, 83.3, 43.8, 24.0, 23.1, 14.2, 13.9.
HRMS (ESI) m/z calcd. for C1gH17N20 [M+H]" 277.1336, found 277.1337.

cl (3-(4-chlorophenyl)bicyclo[1.1.0]butan-1-yI)(3,5-
diphenyl-1H-pyrazol-1-yl)methanone (B20)
? IH NMR (400 MHz, CDCl3) & 7.92 — 7.86 (m, 2H),
7.47(dd, J=17.9, 5.6 Hz, 4H), 7.44 — 7.40 (m, 1H), 7.30
520 —7.24 (m, 3H), 7.20 (t, J= 7.5 Hz, 2H), 6.70 — 6.66 (m,

2H), 6.65 (s, 1H), 3.45 (s, 2H), 2.04 (s, 2H).

13C NMR (101 MHz, CDCls) § 168.1, 153.3, 147.3, 132.4, 132.0, 131.8, 130.6, 129.0,
128.8, 128.5, 128.2, 127.94, 127.90, 126.2, 121.5, 108.5, 39.2, 38.7, 27.5.

HRMS (ESI) m/z calcd. for C2sH20CIN2O [M+H]" 411.1259, found 411.1259.

(3-(4-bromophenyl)bicyclo[1.1.0]butan-1-yI)(3,5-
diphenyl-1H-pyrazol-1-yl)methanone (B21)
Q 'H NMR (400 MHz, CDCl3) 8 7.92 — 7.86 (m, 2H),
7.49 —7.44 (m, 2H), 7.43 — 7.39 (m, 1H), 7.32 (s, 4H),
7.27(d,J=17.4Hz, 1H), 7.19 (t,J= 7.5 Hz, 2H), 6.72
—6.67 (m, 2H), 6.64 (d, J = 3.8 Hz, 1H), 3.44 (s, 2H),

Br

B21

2.03 (s, 2H).
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13C NMR (101 MHz, CDCls) & 168.2, 153.3, 147.3, 133.5, 132.0, 131.8, 130.6, 129.1,
128.9, 128.8, 128.5, 128.2, 127.9, 127.7, 126.2, 108.5, 39.3, 38.8, 27.5.
HRMS (ESI) m/z calcd. for C2sH20BrN20 [M+H]" 455.0754, found 455.0756.

(3,5-diphenyl-1H-pyrazol-1-yl)(3-(p-tolyl)bicyclo-
Me [1.1.0]butan-1-yl)methanone (B22)
0 !H NMR (400 MHz, CDCls3) & 7.89 (dd, J = 8.4, 1.4
Hz, 2H), 7.48 —7.43 (m, 2H), 7.42 — 7.37 (m, 1H), 7.30
(d, J=8.2 Hz, 2H), 7.26 — 7.21 (m, 1H), 7.16 (dd, J =
B22 8.5,0.7 Hz, 2H), 7.10 (t, J = 7.7 Hz, 2H), 6.63 (s, 1H),
6.62 — 6.58 (m, 2H), 3.46 (t, J = 1.4 Hz, 2H), 2.37 (s,
3H), 2.02 (t, J = 1.5 Hz, 2H).
13C NMR (101 MHz, CDCls) § 168.6, 153.1, 147.1, 137.5, 132.1, 130.6, 129.7, 129.5,
128.9, 128.8, 128.3, 128.2, 127.7, 126.3, 126.2, 108.2, 41.0, 38.7, 27.1, 21.2.
HRMS (ESI) m/z calcd. for C27H2sN20 [M+H]" 391.1805, found 391.1805.

(3,5-diphenyl-1H-pyrazol-1-yl)(3-(2-

o fluorophenyl)bicyclo-[1.1.0]butan-1-yl)methanone
(B23)
F 'H NMR (400 MHz, CDCl3) & 7.86 (dd, J=8.2, 1.3 Hz,
B23 2H), 7.45 (dd, J= 7.9, 6.5 Hz, 2H), 7.42 — 7.37 (m, 2H),

7.30 — 7.27 (m, 1H), 7.26 — 7.20 (m, 3H), 7.12 (dd, J =
7.6, 1.1 Hz, 1H), 7.06 — 7.00 (m, 3H), 6.68 (s, 1H), 3.47 — 3.41 (m, 2H), 1.98 (s, 2H).
13C NMR (101 MHz, CDCl3) & 168.7, 161.8 (d, J = 249.4 Hz), 153.2, 147.2, 132.0,
130.9,129.9 (d,J=3.3 Hz), 129.01, 128.99 (d, J= 8.4 Hz), 128.8, 128.5, 128.4, 127.9,
126.2,124.3 (d, J=3.7 Hz), 121.1 (d, J = 12.1 Hz), 116.1 (d, J=21.6 Hz), 108.6, 40.5,
40.4,35.0 (d, J= 1.8 Hz), 25.3.

19F NMR (376 MHz, CDCl3) & -114.8 (s, 1F).

HRMS (ESI) m/z calcd. for Co6H20FN2O [M+H]" 395.1554, found 395.1554.
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3.2 Synthesis of coumarin substrates

X @Cf @(I @(I
CO,Et @(j “ac CO,H
c1
@(I @(I @(I o -
COzMe COZIPI' COZIBU COZBn Br

cs c1oo
0
c110 €120 c13 0 c14 O
=
mcozEt F ZNco,Et cCl ZNCo,Et  Br CO,Et
F c15 c16 c17 c18
0.0 0__0 0__0 0.0
x X JO P JO P
Me CO,Et  O,N CO,Et  MeO CO,Et MeO,C CO,Et
c19 c20 c21 €22
Br F Me
=
Br COE Z > Co,Et 7> C0,Et COE
c23 Cc24 c25 Cc26
o o O 0__0
H
@I’(N\)\ ‘ 7 CO,Et
o
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Figure S7 | Overview of coumarin substrates.

Coumarin substrates C1-C10, C13, C15-C19, C21-C26, and C28 were known
compounds. Substrates C1 and C3-C5 were commercially available and were used as
received.

General Procedure 2.1

0 0 o) o)
Ny YoH —S50Ck Ny gy| —ROH or RNHy N OR or X" “NHR
80°C,4h EtN, DCM, rt., 12 h
0 Yo o o 0 o 0 Yo

According to literature protocols®!? with slight modifications, a mixture of 2-oxo-2H-
chromene-3-carboxylic acid (570 mg, 3 mmol, 1 equiv.) and SOCI; (1.3 mL, 18 mmol,
6 equiv.) was stirred at 80 °C for 4 h. Excess SOCI> was removed in vacuo, yielding 2-
ox0-2H-chromene-3-carbonyl chloride, which was used directly in the subsequent step
without further purification.

A solution of the intermediate (3 mmol) in dry DCM (6 mL) was added dropwise to a
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mixture of alcohol or amine (3.6 mmol, 1.2 equiv.)and EtsN (0.1 mL, 0.75 mmol, 0.25
equiv.) in dry DCM (6 mL) at 0 °C. The reaction mixture was stirred at room
temperature for 12 h until TLC confirmed complete conversion. After the removal of
the solvent, the residue was purified by flash silica gel column chromatography to
afford the product.

General Procedure 2.2

N @ECHO+ <C02Et Lprolne EI\ICOQH
| o |

"y CO,Et 90 °C,0.5h o0
According to literature protocols,'® a mixture of 2-hydroxybenzaldehyde (1.0 equiv.),
diethyl malonate (1.0 equiv.), and L-proline (10 mol%) was heated at 90 °C for 0.5 h.

Upon completion (monitored by TLC), the reaction mixture was cooled and
recrystallized from ethanol to obtain yellow-colored crystalline coumarin derivatives.

General Procedure 2.3

L CHO+ <C02Et piperidine, AcOH I COLE
R EtOH, refl. . N U __

OH  CO.Et 0”0

According to the literature procedure,'* diethyl malonate (1.8 mL, 12 mmol, 1.2 equiv.),
piperidine (0.1 mL, 1 mmol, 0.1 equiv.), and glacial acetic acid (one drop) were added
to the appropriate salicylaldehyde derivatives (10 mmol, 1.0 equiv.) in ethanol (12 mL).
The mixture was refluxed for 4-30 h until the disappearance of the starting materials
(monitored by TLC). After adding 50 mL of ice water, the crystalline solid formed was
filtered, washed with cold 50% ethanol, and recrystallized from 50% ethanol to obtain
the solid crystals. If the crystals were impure, column chromatography on silica gel
(PE/EtOAc) was used for purification to obtain the desired product (40-85%).

O. _O Ethyl 2-ox0-2H-chromene-3-carboxylate (C1)

@I The title compound was prepared from 2-hydroxybenzaldehyde
Z CO,Et (2.1 mL, 2.44 g, 20 mmol), diethyl malonate (3.0 mL, 3.20 g,

20 mmol), and L-proline (230 mg, 2 mmol) following General

Procedure 2.2. Purification by recrystallization from ethanol afforded the product C1

(3.4 g, 15.6 mmol, 78 % yield) as an off-white solid.

'"H NMR (400 MHz, CDCl3) & 8.54 (s, 1H), 7.70 — 7.59 (m, 2H), 7.40 — 7.30 (m, 2H),

443 (q,J=7.2Hz, 2H), 1.42 (t,J= 7.2 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 8 163.0, 156.7, 155.2, 148.6, 134.3, 129.5, 124.8, 118.3,

117.9, 116.8, 62.0, 14.2.

The spectral data are consistent with those reported in the literature®®.

C1
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Methyl 2-oxo0-2H-chromene-3-carboxylate (C6)

0.0 The title compound was prepared from 2-oxo-2H-chromene-
N NCOouMe 3-carboxylic acid (570 mg, 3 mmol) and MeOH (150 pL, 3.6
ce ° mmol) following General Procedure 2.1. Purification by

flash column chromatography (PE/EtOAc = 2/1) afforded the
product C6 (554 mg, 2.71 mmol, 90% yield) as a white solid.
'H NMR (400 MHz, CDCls) & 8.58 (s, 1H), 7.71 — 7.59 (m, 2H), 7.41 — 7.30 (m, 2H),
3.97 (s, 3H).
The spectral data are consistent with those reported in the literature.®

0. _0O Isopropyl 2-o0xo0-2H-chromene-3-carboxylate (C7)
@I The title compound was prepared from 2-oxo-2H-chromene-3-

= co,Pr carboxylic acid (570 mg, 3 mmol) and i-PrOH (280 pL, 3.6
c7 mmol) following General Procedure 2.1. Purification by flash

column chromatography (PE/EtOAc = 3/1) afforded the product C7 (39 mg, 2.32 mmol,

77% yield) as a white solid.

'TH NMR (400 MHz, CDCl3) & 8.47 (s, 1H), 7.70 — 7.58 (m, 2H), 7.40 — 7.29 (m, 2H),

5.27 (hept, J= 6.3 Hz, 1H), 1.40 (d, J= 6.3 Hz, 6H).

The spectral data are consistent with those reported in the literature.®

General synthesis of substrate C8

@OH . <COQtBU Piperidine, AcOH @O)\io
CO,Bu t-BuOH, refl., 14 h a CO,/Bu

CHO
Cs8

According to the literature procedure,!’ 2-hydroxybenzaldehyde (366 mg, 3 mmol, 1.0
equiv.), di-tert-butyl malonate (649 mg, 3 mmol, 1.0 equiv.), piperidine (37 uL, 0.375
mmol, 12.5 mol%), and acetic acid (2 drops) were added to t-BuOH (1.5 mL). The
reaction was refluxed for 14 h until the disappearance of 2-hydroxybenzaldehyde was
confirmed by TLC. Upon cooling to room temperature and solvent removal, the residue
was purified by flash silica gel column chromatography (PE/EtOAc = 10/1) to afford
the product C8 (230 mg, 31%) as a white solid.

0. .0 Tert-butyl 2-oxo-2H-chromene-3-carboxylate (C8)

@I IH NMR (400 MHz, CDCls) § 8.40 (s, 1H), 7.66 — 7.57 (m,
; . C0yBu  2H),7.37-7.29 (m, 2H), 161 (s, 9H)

13C NMR (101 MHz, CDCls) & 162.0, 156.8, 155.0, 147.4,

133.9,129.3,124.7, 119.7, 118.0, 116.7, 82.9, 28.1.
The spectral data are consistent with those reported in the literature.!’
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Benzyl 2-oxo-2H-chromene-3-carboxylate (C9)

0.0 The title compound was prepared from 2-oxo-2H-chromene-3-
A Nco-Bn carboxylic acid (570 mg, 3 mmol) and BnOH (380 pL, 3.6
(of:] 2 mmol) following General Procedure 2.1. Purification by flash

column chromatography (PE/EtOAc = 3/1) afforded the
product C9 (428 mg, 1.53 mmol, 51% yield) as a white solid.
'H NMR (400 MHz, CDCls) 6 8.54 (s, 1H), 7.68 — 7.62 (m, 1H), 7.60 (dd, J = 7.8, 1.3
Hz, 1H), 7.48 (d, J = 6.7 Hz, 2H), 7.44 — 7.28 (m, 5H), 5.39 (s, 2H).
13C NMR (101 MHz, CDCl3) 6 162.8, 156.6, 155.3, 148.9, 135.4, 134.5, 129.6, 128.7,
128.5, 128.4, 124.9, 118.0, 117.9, 116.8, 67.5.
The spectral data are consistent with those reported in the literature.®

General synthesis of substrate C10

0] o) 0] (0]
BrCH,CH,Br, Et;N PO
OH -
= DMF., rt., 6h ~"gr
0 (0]

Cc10

According to the literature procedure,® 2-oxo-2H-chromene-3-carboxylic acid (190 mg,
1 mmol, 1.0 equiv.) was mixed with 1,2-dibromoethane (345 uL, 4 mmol, 4.0 equiv.)
and triethylamine (280 pL, 2 mmol, 2.0 equiv.) in DMF (5 mL) and stirred at ambient
temperature for 6 h. Water (10 mL) was added, and the mixture was extracted with
ethyl acetate (3 x5 mL). The combined organic extracts were washed twice with
saturated NaCl solution, dried over anhydrous Na.SOg, filtered, and concentrated in
vacuo. The residue was purified by silica gel chromatography (PE/EtOAc = 10/1) to
afford C10 as a white solid (180 mg, 60%).

2-bromoethyl 2-0x0-2H-chromene-3-carboxylate (C10)

00 TH NMR (400 MHz, CDCl3) 5 8.58 (s, 1H), 7.72 — 7.61 (m,

@;;[”/O\/\Br 2H), 7.42 — 7.31 (m, 2H), 4.66 (t, J = 6.2 Hz, 2H), 3.66 (t,
o) J=6.2 Hz, 2H).

c10 I3C NMR (101 MHz, CDCl3) 4 162.4, 156.5, 155.3, 149.3,

134.7,129.7, 125.0, 117.8, 117.5, 116.9, 64.9, 28.3.
The spectral data are consistent with those reported in the literature.®

But-3-en-1-yl 2-oxo-2H-chromene-3-carboxylate (C11)

O° The title compound was prepared from 2-oxo-2H-
©/\;[H/ON chromene-3-carboxylic acid (570 mg, 3 mmol) and 3-
o] Buten-1-ol (310 pL, 3.6 mmol) following General

c11 Procedure 2.1. Purification by flash column
chromatography (PE/EtOAc = 5/1) afforded the product C11 (710 mg, 2.91 mmol, 97%

yield) as a white solid.
!H NMR (400 MHz, CDCl3) & 8.51 (s, 1H), 7.70 — 7.58 (m, 2H), 7.40 — 7.30 (m, 2H),
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5.88 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 5.23 — 5.09 (m, 2H), 4.41 (t, J = 6.8 Hz, 2H),
2.60 — 2.48 (m, 2H).

13C NMR (101 MHz, CDCl3) § 163.0, 156.6, 155.2, 148.6, 134.4, 133.7, 129.5, 124.8,
118.2,117.9, 117.6, 116.8, 64.9, 33.0.

HRMS (ESI) m/z calcd. for C1aH1304 [M+H]" 245.0809, found 245.0808.

3-(trimethylsilyl)prop-2-yn-1-yl 2-oxo-2H-
OO T™MS  chromene-3-carboxylate (C12)
= . :
= O\/ The title compound was prepared according to General
0 Procedure 2.1.
c12 TH NMR (400 MHz, CDCl3) § 8.61 (d, J= 1.8 Hz, 1H),
7.72 —7.62 (m, 2H), 7.41 — 7.33 (m, 2H), 4.96 (s, 2H), 0.20 (s, 9H).
I3C NMR (101 MHz, CDCls) 8 162.5, 157.0, 155.8, 149.9, 135.3, 130.3, 125.6, 118.3,

117.9, 117.4,99.0, 93.5, 54.5, 0.3.
HRMS (ESI) m/z calcd. for C1sH1704Si [M+H]" 301.0891, found 301.0892.

General synthesis of substrate C13

O T™S 0
P 0/ _TBAF, THF _ o _F
rt., 12 h
o) o)
c12 c13

Following a modified literature procedure,*® TBAF (1.0 M in THF, 2 mL, 2.0 mmol,
2.0 equiv.) was added dropwise to a solution of C12 (1 mmol, 1.0 equiv.) in anhydrous
THF (5 mL). Then, the mixture was stirred for 12 h at room temperature. Upon
completion (monitored by TLC), the reaction mixture was concentrated in vacuo,
dissolved in EtOAc, and washed three times with water. The organic phase was washed
with brine, dried, filtered, and concentrated. The residue was purified by silica gel
chromatography (PE/EtOAc) to afford C13.

Prop-2-yn-1-yl 2-oxo-2H-chromene-3-carboxylate (C13)
00 IH NMR (400 MHz, CDCl3) § 8.61 (s, 1H), 7.73 — 7.61 (m,
Q;ZE’(O\/// 2H), 7.41 - 7.32 (m, 2H), 4.95 (d, J = 2.5 Hz, 2H), 2.56 (t, J
o = 2.5 Hz, 1H).
c13 13C NMR (101 MHz, CDCls) 6 162.1, 156.4, 155.3, 149.5,
134.8,129.7, 125.0, 117.7,117.2, 116.9, 77.1, 75.6, 53.2.

The spectral data are consistent with those reported in the literature.®
Pent-4-yn-1-yl 2-oxo-2H-chromene-3-carboxylate

Op© (C14)
% O\/\/ The title compound was prepared from 2-oxo-2H-
o

chromene-3-carboxylic acid (380 mg, 2 mmol) and 4-
C14 pentyn-1-ol (223 pL, 2.4 mmol) following General
Procedure 2.1. Purification by flash column chromatography (PE/EtOAc = 10/1)
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afforded the product C14 (251 mg, 0.98 mmol, 49% yield) as a white solid.

'H NMR (400 MHz, CDCls) 6 8.54 (s, 1H), 7.70 — 7.59 (m, 2H), 7.40 — 7.31 (m, 2H),
447 (t,J =6.2 Hz, 2H), 2.42 (td, J = 6.9, 2.4 Hz, 2H), 2.08 — 1.94 (m, 3H).

13C NMR (101 MHz, CDCl3) 6 163.1, 156.6, 155.3, 148.8, 134.4, 129.5, 124.9, 118.2,
117.9, 116.8, 83.0, 69.2, 64.4, 27.5, 15.3.

HRMS (ESI) m/z calcd. for C1sH1304 [M+H]" 257.0809, found 257.0808.

Ethyl 5-fluoro-2-oxo-2H-chromene-3-carboxylate (C15)

0.__0O
The title compound was prepared according to General
“co,Et  Procedure 2.3.

F TH NMR (400 MHz, CDCl3) & 8.74 (s, 1H), 7.62 (td, J = 8.4,
6.2 Hz, 1H), 7.17 (dd, J=8.5, 0.5 Hz, 1H), 7.10 — 7.00 (m, 1H),

4.43 (q,J=7.1 Hz, 2H), 1.42 (t, J= 7.1 Hz, 3H).
13C NMR (101 MHz, CDCl3) 8 162.6, 159.3 (d, J = 258.9 Hz), 155.9, 155.4 (d, J= 4.3
Hz), 141.4 (d,J = 4.0 Hz), 134.8 (d, /= 9.9 Hz), 118.5 (d, J= 1.3 Hz), 112.6 (d, J= 4.0
Hz), 110.6 (d, J= 19.6 Hz), 108.4 (d, J = 18.8 Hz), 62.2, 14.2.
1F NMR (376 MHz, CDCls) § -116.5 (s, 1F).
The spectral data are consistent with those reported in the literature.?

C15

= 7.1 Hz, 3H).

Ethyl 6-fluoro-2-oxo-2H-chromene-3-carboxylate (C16)
The title compound was prepared according to General
Procedure 2.3.

TH NMR (400 MHz, CDCl3) 6 8.46 (s, 1H), 7.41 — 7.33 (m,
2H), 7.32 - 7.27 (m, 1H), 4.43 (q, J=7.2 Hz, 2H), 1.42 (t, J

The spectral data are consistent with those reported in the literature.?

= 7.1 Hz, 3H).

Ethyl 6-chloro-2-o0xo0-2H-chromene-3-carboxylate (C17)

The title compound was prepared according to General
Procedure 2.3.

'"H NMR (400 MHz, CDCl3) & 8.44 (s, 1H), 7.62 — 7.57 (m,
2H), 7.35—-7.30 (m, 1H), 4.43 (q, J=7.1 Hz, 2H), 1.42 (t, J

The spectral data are consistent with those reported in the literature.?!

o
Br Z > Co,Et

Cc18

Hz, 3H).

Ethyl 6-bromo-2-oxo0-2H-chromene-3-carboxylate (C18)
The title compound was prepared according to General
Procedure 2.3.

"H NMR (400 MHz, CDCls) 8 8.43 (s, 1H), 7.78 — 7.70 (m,
2H), 7.27 (s, 1H), 4.42 (q, J=7.2 Hz, 2H), 1.41 (t, J = 7.2

I3C NMR (101 MHz, CDCl3) 8 162.7, 156.0, 154.0, 147.0, 137.0, 131.5, 119.5, 119.4,

118.6,117.4,62.2, 14.2.

The spectral data are consistent with those reported in the literature.??
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Ethyl 6-methyl-2-oxo0-2H-chromene-3-carboxylate (C19)

0.0 The title compound was prepared according to General
_ Procedure 2.3.
Me COzEt

1o H NMR (400 MHz, CDCl3) & 8.48 (d, J = 0.6 Hz, 1H),
7.45 (dd, J=8.6, 2.2 Hz, 1H), 7.39 (d, /= 2.0 Hz, 1H), 7.27
(s, TH), 4.42 (q, J = 7.1 Hz, 2H), 2.43 (s, 3H), 1.41 (t, J= 7.1 Hz, 3H).
The spectral data are consistent with those reported in the literature.?*

Ethyl 6-nitro-2-oxo-2H-chromene-3-carboxylate (C20)

0.0 The title compound was prepared according to General
= Procedure 2.3.
O,N CO,Et

c20 'H NMR (400 MHz, CDCl3) 8 8.59 (s, 1H), 8.57 (d, J =
2.6 Hz, 1H), 8.50 (dd, J=9.1, 2.7 Hz, 1H), 7.51 (d, J =
9.1 Hz, 1H), 4.45 (q, J="7.1 Hz, 2H), 1.43 (t, J=7.1 Hz, 3H).
I3C NMR (101 MHz, CDCl3) 8 162.0, 158.3, 154.9, 146.9, 144.2, 128.6, 125.2, 120.6,
118.1, 117.8, 62.6, 14.2.
HRMS (ESI) m/z calcd. for C12Hi1o0NOs [M+H]" 264.0503, found 264.0503.

Ethyl 6-methoxy-2-oxo0-2H-chromene-3-carboxylate

SO U
The titl d d ding to GP 2.3.
MeO P COLEt e title compound was prepared according to

c21 H NMR (400 MHz, CDCl3) § 8.49 (s, 1H), 7.32 — 7.26
(m, 1H), 7.26 — 7.21 (m, 1H), 7.01 (d, J = 2.8 Hz, 1H),
4.42 (t, 2H), 3.87 (s, 3H), 1.45 — 1.38 (m, 3H).
I3C NMR (101 MHz, CDCls) 8 163.1, 156.9, 156.3, 149.7, 148.4, 122.6, 118.5, 118.1,
117.9, 110.6, 62.0, 55.9, 14.2.
The spectral data are consistent with those reported in the literature.?

3-ethyl 6-methyl 2-0x0-2H-chromene-3,6-

/©/\O/v[° dicarboxylate (C22)
MeO,C = CO,E! The title compound was prepared according to General

C22 Procedure 2.3.
TH NMR (400 MHz, CDCl3) 8 8.57 (s, 1H), 8.35 (d, J =
2.1 Hz, 1H), 8.30 (dd, J = 8.7, 2.0 Hz, 1H), 7.41 (d, /= 8.7 Hz, 1H), 4.43 (q, J = 7.1
Hz, 2H), 3.97 (s, 3H), 1.42 (t, J=7.1 Hz, 3H).
I3C NMR (101 MHz, CDCl3) 8 165.2, 162.6, 157.7, 155.9, 148.1, 135.0, 131.5, 127.0,
119.2, 117.6, 117.1, 62.2, 52.6, 14.2.
HRMS (ESI) m/z calcd. for C14Hi306 [M+H]" 277.0707, found 277.0707.

Br Ethyl 6,8-dibromo-2-oxo-2H-chromene-3-carboxylate
The title compound was prepared according to GP 2.3.

Br o 23/ CO,Et  'H NMR (400 MHz, CDCl3) & 8.39 (s, 1H), 7.98 (d, J=2.2

Hz, 1H), 7.70 (d, J=2.2 Hz, 1H), 4.43 (q, J= 7.2 Hz, 2H),
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1.41 (t,J=7.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 6 162.3, 154.9, 151.0, 146.6, 139.5, 130.7, 120.2, 120.0,
117.2,111.4, 62.4, 14.2.

The spectral data are consistent with those reported in the literature.?*

E 0. O Ethyl 7-fluoro-2-oxo-2H-chromene-3-carboxylate (C24)
m The title compound was prepared according to GP 2.3.

Z co,Et 'H NMR (400 MHz, CDCls) 8 8.54 (s, 1H), 7.66 (dd, J =
8.5, 6.0 Hz, 1H), 7.15 — 7.03 (m, 2H), 4.42 (q, /= 7.1 Hz,
2H), 1.41 (t,J=7.1 Hz, 3H).
13C NMR (101 MHz, CDCl3) 6 166.1 (d, J = 258.0 Hz), 162.8, 156.6 (d, J = 13.5 Hz),
156.2, 148.1, 131.4 (d, /=109 Hz), 116.9 (d, /= 3.2 Hz), 114.7 (d, /= 2.6 Hz), 113.3
(d, J=23.2 Hz), 104.4 (d, /= 25.7 Hz), 62.0, 14.2.

19F NMR (376 MHz, CDCls) § -100.2 (s, 1F).
The spectral data are consistent with those reported in the literature.?®

F Ethyl 8-fluoro-2-oxo-2 H-chromene-3-carboxylate (C25)
O. _O The title compound was prepared according to GP 2.3.
'H NMR (400 MHz, CDCl3) § 8.53 (d, J= 1.3 Hz, 1H), 7.49 —
=

CO,Et  7.37 (m, 2H), 7.35 — 7.24 (m, 1H), 4.43 (q, J="7.1 Hz, 2H), 1.42
€25 (t, J=7.1 Hz, 3H).
13C NMR (101 MHz, CDCl3) 8 162.7, 155.2, 149.1 (d, J = 253.6 Hz), 147.9 (d, J=2.7
Hz), 143.3 (d, J= 11.7 Hz), 124.7 (d, J = 6.5 Hz), 124.6 (d, J = 4.0 Hz), 120.5 (d, J =
17.2 Hz), 119.6 (d, /= 1.3 Hz), 119.3, 62.2, 14.2.
19F NMR (376 MHz, CDCl3) § -132.3 (s, 1F).
The spectral data are consistent with those reported in the literature.?

Ethyl 8-methyl-2-0x0-2 H-chromene-3-carboxylate (C26)

Me The title compound was prepared according to GP 2.3.
00 TH NMR (400 MHz, CDCls) & 8.53 (s, 1H), 7.51 (d, J= 7.4 Hz,
¥ CO,E! 1H), 7.47 (d, J="7.7 Hz, 1H), 7.25 (t, J = 7.6 Hz, 1H), 4.44 (q,
C26 J=17.1 Hz, 2H), 1.44 (t, J=7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) 8 163.2, 156.9, 153.6, 148.9,
135.6, 127.2,126.4, 124.4, 118.0, 117.7, 61.9, 15.4, 14.2.
The spectral data are consistent with those reported in the literature.'*

N-isobutyl-2-0x0-2H-chromene-3-carboxamide (C27)

00 The title compound was prepared according to GP 2.1.
= H\)\ 'TH NMR (400 MHz, CDCl3) 3 8.89 (s, 1H), 8.86 (br s, 1H),
o 7.70 —7.60 (m, 2H), 7.40 — 7.32 (m, 2H), 3.28 (dd, /= 6.8,
c27 5.9 Hz, 2H), 1.90 (hept, J = 6.7 Hz, 1H), 0.97 (d, J = 6.7

Hz, 6H).
I3C NMR (101 MHz, CDCl3) 6 161.5, 161.4, 154.3, 148.2, 133.9, 129.7, 125.2, 118.6,
118.5, 116.6,47.2, 28.4, 20.2.
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The spectral data are consistent with those reported in the literature.?

Ethyl 3-oxo0-3H-benzo[flchromene-2-carboxylate (C28)

SN2 The title compound was prepared from 2-hydroxy-1-

O _ naphthaldehyde, diethyl malonate, and L-proline following
O COREL GP 2.2. Purification by flash column chromatography

c28 (PE/EtOAc) afforded the product C28 as an off-white solid.

'H NMR (400 MHz, CDCls) 6 9.34 (s, 1H), 8.34 (d, J = 8.4

Hz, 1H), 8.11 (d, J = 9.0 Hz, 1H), 7.98 — 7.92 (m, 2H), 7.76 (ddd, J = 8.4, 7.0, 1.3 Hz,

2H), 7.62 (ddd, J=8.1, 7.0, 1.1 Hz, 2H), 7.48 (dd, J = 9.0, 0.6 Hz, 1H),4.48 (9, J=7.1

Hz, 3H), 1.46 (t, J = 7.1 Hz, 4H).

13C NMR (101 MHz, CDCl3) 6 163.6, 156.9, 156.0, 144.5, 136.1, 130.2, 129.5, 129.3,

129.1, 126.6, 121.5, 116.7, 116.5, 112.3, 62.1, 14.3

The spectral data are consistent with those reported in the literature.?’
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3.3 Synthesis of other substrates

o o) o) o)
Ci‘)/COZMe COMe F COMe  ClI CO,Me
| | | |
X 0 o) )
c29

C30 C31 C32

Figure S8 | Overview of other substrates.

Substrate 2-pyrone C29 is commercially available. Chromone substrates C30-C32%8
are known compounds.

General Procedure of substrates C30-C32

? o o o o
R POC|3, DMF R NaC|02, NH2803H R OH
DMF, 0°Ctort, 15 h r A DCM/H,0 |
OH o 0°Ctort, 20 h o
s17 13 s1o
o o
SOCl, MeOH R oMo
0°Ctort, 12h |
0
€30-C32

Compounds C30-C32 were prepared following a modified procedure described in the
literature®®?°, with C30 serving as an example.

Step 1: A solution of o-hydroxyacetophenone (S17, 6.81 g, 50 mmol) in DMF (100 ml)
was cooled to 0 °C in an ice bath. Phosphoryl chloride (POCl;, 9.3 mL, 100 mmol, 2
equiv.) was then added dropwise for 10 min at 0 °C. The reaction mixture was allowed
to warm to room temperature slowly in the cooling bath. After stirring for 15 h, the
mixture was slowly poured into ice water (500 mL) with constant stirring until complete
precipitation. The produced solid was filtered and washed with cold water and Et20,
yielding chromone-3-carboxaldehyde (S18, 7.22 g, 41.4 mmol) as a yellow solid. The
aldehyde intermediate was used directly in the next step without purification.

Step 2: Chromone-3-carboxaldehyde (S18, 2.09 g, 12 mmol) was dissolved in DCM
(130 mL). Sulfamic acid (NH2SO3H, 5.83 g, 60 mmol, 5 equiv.) and water (115 mL)
were added to the reaction mixture. The resulting mixture was then cooled to 0 °C in
an ice bath. A solution of sodium chlorite (NaClO., 4.34 g, 48 mmol, 4 equiv.) in water
(80 mL) was then added dropwise at 0 °C. The mixture was allowed to warm to room
temperature and was stirred for 20 h. The reaction mixture was extracted with DCM (3
x 50 mL). The combined organic layers were dried over anhydrous Na,SO4 and
concentrated in vacuo to afford chromone-3-carboxylic acid (S19, 1.73 g, 9.1 mmol) as
a slightly yellow solid.

Step 3: Employing a slightly modified procedure from the literature,?® chromone-3-
carboxylic acid (S19, 570 mg, 3 mmol) was dissolved in MeOH (30 mL). Thionyl
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chloride (SOCl,, 5.7 mL, 75 mmol, 25 equiv.) was added dropwise to the stirred
solution at 0 °C. The mixture was then allowed to warm to room temperature and was
stirred for 12 h. The solution was concentrated in vacuo and purified by flash column
chromatography (PE/EtOAc = 3/1 to 2/1) to afford methyl 4-oxo-4H-chromene-3-
carboxylate (C30, 560 mg, 2.75 mmol, 92% yield) as an off-white solid.

o Methyl 4-0x0-4H-chromene-3-carboxylate (C30)
co,Me 'HNMR (400 MHz, CDCls) & 8.70 (s, 1H), 8.30 (dd, J = 8.0,
@513/ 1.5 Hz, 1H), 7.72 (ddd, J = 8.6, 7.2, 1.6 Hz, 1H), 7.49 (dd, J =
15.9, 7.9 Hz, 2H), 3.94 (s, 3H).
The spectral data are consistent with those reported in the

(0]
C30

literature.?®

Methyl 6-fluoro-4-oxo-4H-chromene-3-carboxylate (C31)
. ? CO,Me The title compound was prepared from 1-(5-fluoro-2-
m hydroxyphenyl)ethan-1-one (771 mg, 5 mmol) following the
o) General Procedure described above. Purification by flash
Cc31 column chromatography (PE/EtOAc =4/1 to 3/1) afforded the
product C31 (356 mg, 1.60 mmol, 32% yield over 3 steps) as an off-white solid.
'H NMR (400 MHz, CDCls3) 6 8.71 (s, 1H), 7.91 (dd, J = 7.8, 2.4 Hz, 1H), 7.54 (dd, J
=8.9,3.9Hz, 1H), 7.45 (dd, J = 11.4, 4.7 Hz, 1H), 3.94 (s, 3H).
13C NMR (101 MHz, CDCl3) 6 172.6 (d, J = 1.7 Hz), 163.8, 162.2, 160.2 (d, J = 248.7
Hz), 151.8 (d, J = 1.6 Hz), 126.5 (d, J = 7.7 Hz), 122.5 (d, J = 25.6 Hz), 120.4 (d, J =
8.2 Hz), 115.4, 111.6 (d, J = 24.1 Hz), 52.5.

F NMR (376 MHz, CDCl3) 6 -113.2 (s, 1F).
The spectral data are consistent with those reported in the literature.?®

o Methyl 6-chloro-4-oxo-4H-chromene-3-carboxylate
cl CO,Me (C32),
| The title compound was prepared from 1-(5-chloro-2-
0 hydroxyphenyl)ethan-1-one (853 mg, 5 mmol) following
C32 the General Procedure described above. Purification by flash

column chromatography (PE/DCM = 3/1 to 0/1) afforded the product C32 (506 mg,
2.12 mmol, 42% yield over 3 steps) as a pale-yellow solid.

'H NMR (400 MHz, CDCls) & 8.69 (s, 1H), 8.23 (s, 1H), 7.66 (d, J = 8.6 Hz, 1H),
7.48 (d, J = 8.8 Hz, 1H), 3.94 (s, 3H).

I3C NMR (101 MHz, CDCl3) 4 172.2, 163.6, 162.2, 153.9, 134.5, 132.4, 126.0 (d, J =
11.4 Hz), 119.9, 116.1, 52.6.

The spectral data are consistent with those reported in the literature®®.
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4. Synthesis of the chiral ligands

Chiral ligands L*1-L"5 were synthesized according to our previous reports.>’ Chiral
ligands L"6—L"7 were purchased from Bidepharm. Chiral ligands L*8-L"10 were
synthesized following a published procedure.’! Chiral ligands L*11-L*12 were
prepared using a modified method.*

Ph Ph o o | X

0 Q Phjs‘)fN\H N— </' \\Z © N
P N N |
1 0 / S . <_/N

e
NH  N— o
OMe /% _ L*4 ipy L*6 ipr ph: L*7
N R R
[ NH PAr; A Ar=9- anthracenyl "\0%0 L*8,R=R"'=H
N~ O%\Cj o U L*9, R = Ph, R' = H
7 L*10, R = 4-Bu-Ph, R" = H
. N—§~Fh @ L*11, R = 4-Bu-Ph, R' = Ph
L*2, Ar = 3,5-(Ph),Ph © L*12, R = R" = 4-Bu-Ph
R R

L*1, Ar = Ph

Figure S9 | Overview of the chiral ligands.

Synthesis of chiral Box ligands L"11 and L"12

NH; _ N__O NBS,TFA, H
triphosgene \|// conc. HZSO4 Br
OH  Ar, Et;N, DCM 0 T o0C.2nh
0°Ctort,1.5h
S20 or s21
H o

Ar-B(OH),, Cs,CO4 N

Pd(OAc),, X-Phos, Ar Ar \ol// KOH, EtOH/H,0

MeCN/H,0, 90 °C, 24 h 100 °C,6h
$23, Ar = Ph $25, Ar = Ph
$24, Ar = 4-Bu-Ph $26, Ar = 4-'Bu-Ph

Step 1: S21 was synthesized by a published procedure.®* S20 (3.73 g, 25 mmol, 1.0
equiv.) was dissolved in CH2Cl> (100 mL) under argon. The temperature was lowered
to 0 °C before the addition of triphosgene (2.67 g, 10 mmol, 0.4 equiv.) and NEt3 (7.0
mL, 50 mmol, 2.0 equiv.). Stirring was continued at 0 °C for 1.5 h. The mixture was
concentrated to 25 mL and washed with NH4CI (10 mL) and H,O (2 x 10 mL). The
combined aqueous layers were extracted with DCM (2 x 15 mL). The organic layers
were combined, dried over Na;SOs, and concentrated to give S21 (23.75 mmol, 95%)
as a white solid.

Step 2: S22 was synthesized by a published procedure.’'® S21 (3.5 g, 20 mmol, 1.0
equiv.) was added in one portion to a mixture of CF3CO;H (20 mL) and conc. H>SO4
(5.6 mL) at 0 °C. N-Bromosuccinimide (3.91 g, 22 mmol, 1.1 equiv.) was added in
portions and the resulting yellow suspension was stirred at 0 °C for 2 h. Water (70 mL)
was slowly introduced, and the mixture was neutralized by carefully adding solid NaOH
at 0 °C. The mixture was extracted with EtOAc (3 x 50 mL), and the combined organic
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phases were dried over Na;SO4 and concentrated to give S22 (19.6 mmol, 98%) as a
white solid.

Step 3: S22 (15.5 mmol, 1.0 equiv.), Pd(OAc): (0.155 mmol, 1 mol%), X-Phos (0.31
mmol, 2 mol%), Cs2CO3 (31 mmol, 2.0 equiv.), and phenylboronic acid (18.6 mmol,
1.2 equiv.) were added to an oven-dried Schlenk tube equipped with a magnetic stir bar.
The tube was evacuated and backfilled with argon three times. Subsequently, freshly
degassed MeCN (70 mL) and H>O (23 mL) were added via a syringe. The reaction
mixture was stirred at 85 °C for 24 h. Upon completion, the mixture was diluted with
water and then extracted with EtOAc. The organic layer was washed with brine, dried
over anhydrous Na,SOg, filtered, and concentrated in vacuo. The mixture was purified
by column chromatography (eluted with PE/EtOAc = 1/2) to give S23 (15.3 mmol, 98%)
as a white solid.

S24 was prepared following the same procedure.

Step 4: S25 was synthesized by a published procedure.’? S23 (3.84 g, 15.3 mmol, 1.0
equiv.) and KOH (3.78 g, 67.3 mmol, 4.4 equiv.) were dissolved in a mixture of EtOH
(38.3 mL) and H>O (38.3 mL), and then heated at 100 °C for 6 h. The solution was
cooled to room temperature and concentrated in vacuo to remove EtOH. The residue
was extracted with EtOAc (3 x 30 mL), concentrated in vacuo, and purified by flash
silica gel chromatography (eluted with EtOAc/MeOH = 1/2). Crude product S25 (15.0
mmol, 98%) was obtained as a brown solid, which was used directly for the next step
without further purification.

S26 was prepared following the same procedure.

Synthesis of L*11

0} O,
NH NH<xHCI .

Ph EtOMOEt 4'Bu-BnBr, NaH, Ar ...
—_— - -
OH THF Ar, 50°C, 24 h THF, 0°Ctort., 12h 1 SN

s27
Ph S28 Ph L*11

Ph Ph
S27 was synthesized following a literature procedure with some modifications.** S27
(3.45 g, 15.3 mmol, 1.0 equiv.) and diethyl malonimidate dihydrochloride (1.51 g, 6.5
mmol, 0.42 equiv.) and dry THF (70 mL) were added to an oven-dried Schlenk tube
equipped with a magnetic stir bar. The reaction mixture was stirred at 50 °C for 20 h,
then cooled to 0 °C. Aqueous sodium bicarbonate (0.5 M, 80 mL) was slowly added.
The resulting precipitate was collected by filtration, washed with water (2 X 20 mL),
and dried in vacuo to afford the crude product S28 (3.15 mmol, 41.1%) as a brown solid,
which was used directly for the next step without further purification.

To a solution of S28 (482.6 mg, 1.0 mmol, 1.0 equiv.) in dry THF (30 mL) was added
NaH (172.0 mg, 60% in mineral oil, 7.17 mmol, 7.17 equiv.) in portions at 0 °C under
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argon. The mixture was stirred at 0 °C for 30 minutes. A solution of p-tert-butyl benzyl
bromide (1.11 g, 4.89 mmol, 4.89 equiv.) in dry THF (15 mL) was added dropwise, and
the resulting mixture was stirred for 6 h at room temperature. Sat. NH4Cl solution (10
mL) and water (30 mL) were added, and the mixture was repeatedly extracted with
CHxCl, (3 x 60 mL). The combined organic phases were dried over NaxSO4 and
concentrated in vacuo. The crude product was purified by silica gel column
chromatography (eluted with PE: EtOAc = 5:1) to afford the pure chiral ligand L*11
(0.83 mmol, 83%) as a white solid.

By ! l ‘Bu
FOOE OF M o
NH  NH «xHCI >N N . </| \
S NN

Bu .
O NH; EtOMOEt o O 4'Bu-BnBr, NaH, Ar \ O
= - ==, bbbl b A
O’ oH THF, Ar, 50 °C, 24 h THF, 0°Ctort, 12 h
529 o S30 O o L*12 O

Synthesis of L*12

S30 was synthesized by a published procedure with some modifications.*> $29 (3.4 g,
12 mmol, 1.0 equiv.) and diethyl malonimidate dihydrochloride (1.32 g, 5.7 mmol, 0.48
equiv.) and dry THF (50 mL) were added to an oven-dried Schlenk tube equipped with
a magnetic stir bar. The reaction mixture was stirred at 50 °C for 20 h, then cooled to
0 °C. Aqueous sodium bicarbonate (0.5 M, 60 mL) was slowly added. The mixture was
concentrated in vacuo to remove THF. The resulting precipitate was collected by
filtration, washed with water (2 x 30 mL), and dried in vacuo to afford the crude product
S30 (4.88 mmol, 85 %) as a reddish brown solid, which was directly used for the next
step without further purification.

To a solution of S30 (2.9 g, 4.88 mmol,1.0 equiv.) in dry THF (90 mL) was added NaH
(1.37 g, 60% in mineral oil, 24.4 mmol, 5.0 equiv.) in portions at 0 °C under argon. The
mixture was stirred at 0 °C for 30 minutes. A solution of p-tert-butyl benzyl bromide
(2.78 g, 12.24 mmol, 2.5 equiv.) in dry THF (45 mL) was added dropwise, and the
resulting mixture was stirred for 6 h at rt. Sat. NH4Cl solution (30 mL) and water (90
mL) were added, and the mixture was repeatedly extracted with DCM (3 x 100 mL).
The combined organic phases were dried over Na>SO4 and concentrated in vacuo. The
residue was filtered, washed with EtOAc (2 x 20 mL), and dried in vacuo to afford the
product L*12 (2.7 mmol, 55 %) as a white solid. (Note: If impurities were detected in
the NMR, the product could be purified by recrystallization using petroleum ether (PE)
and dichloromethane (DCM)).
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(3aR,3a'R,8aS,8a'S)-2,2'-(1,3-bis(4-(tert-butyl)phenyl)-
propane-2,2-diyl)bis(5-phenyl-3a,8a-dihydro-8H-
indeno[1,2-d]oxazole) (L*11)

'H NMR (400 MHz, CDCl3) 8 7.76 (s, 2H), 7.64 (t, J = 8.8
Hz, 6H), 7.47 - 7.30 (m, 8H), 6.81 (d, J = 8.3 Hz, 4H), 6.67
(d, J=8.2 Hz, 4H), 5.68 (d, J = 7.9 Hz, 2H), 5.38 (t, J =
7.2 Hz, 2H), 3.40 (dd, J = 18.3, 6.8 Hz, 2H), 3.27 — 3.10
(m, 4H), 3.00 (d, J = 14.3 Hz, 2H), 1.10 (s, 18H).

13C NMR (101 MHz, CDCls) § 167.8, 149.0, 142.3, 140.8, 140.7, 139.2, 133.0, 130.1,
128.9, 127.5,127.4,127.2, 125.6, 124.6, 124.4, 83.8, 76.6, 47.8, 39.2, 38.1, 34.2, 31.3.
HRMS (ESI) m/z calcd. for CssHssN202 [M+H]* 775.4258, found 775.4264.

(3aR,3a'R,8aS,8a'S)-2,2"-(1,3-bis(4-(tert-butyl)-
phenyl)-propane-2,2-diyl)bis(5-(4-(tert-butyl)phenyl)-
3a,8a-dihydro-8H-indeno[1,2-d]oxazole) (L"12)

'H NMR (400 MHz, CDCl3) & 7.77 (s, 2H), 7.66 — 7.58
(dd, J=8.7, 7.0 Hz, 6H), 7.46 (d, J = 8.5 Hz, 4H), 7.36 (d,
J=7.9 Hz, 2H), 6.82 (d, J = 8.3 Hz, 4H), 6.65 (d, J = 8.3
Hz, 4H), 5.67 (d, J = 7.8 Hz, 2H), 5.36 (t, J = 6.8 Hz, 2H),
3.37 (dd, J =18.2, 6.7 Hz, 2H), 3.20 (d, J = 14.3 Hz, 2H),
3.13 (s, 2H), 3.01 (d, J = 14.3 Hz, 2H), 1.36 (s, 18H), 1.10
(s, 18H).

13C NMR (101 MHz, CDCls) § 167.8, 150.3, 148.9, 142.2, 140.4, 138.8, 137.8, 132.9,
130.1, 127.2, 126.8, 125.8, 125.5, 124.5, 124.2, 83.8, 76.5, 47.6, 39.1, 38.0, 34.6, 34.2,
31.4,31.3.

HRMS (ESI) m/z calcd. for Ce3H7:N202 [M+H]* 887.5510, found 887.5519.
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5. Optimization of the reaction conditions

General procedure for the reaction conditions optimization:

Under an argon atmosphere, an oven-dried, resealable Schlenk tube equipped with a
magnetic stir bar was charged with Lewis acid (0.005 mmol, 10 mol%) and chiral ligand
(0.005 mmol, 10 mol%). Subsequently, the BCB substrate (0.0525 mmol, 1.05 equiv.),
coumarin substrate (0.05 mmol, 1.0 equiv.), and anhydrous solvent (0.5 mL) were
added. The reaction mixture was then stirred at -20 <C for 60 h. Upon completion
(monitored by TLC), the reaction mixture was transferred to a flask, and the solvent
was evaporated in vacuo. Approximately 0.5 mL of CDClsz was added and thoroughly
mixed. CH2Br2 (8.69 mg, 0.05 mmol) was subsequently introduced using a micro-
syringe, followed by thorough mixing. The yield was determined by *H NMR using the
internal standard method. If required, the mixture was separated by PTLC (n-
hexane/EtOAC), and the enantiomeric excess (e.e.) was determined by HPLC.

General synthesis of substrate 1AA:

F
coEt L1210 mai%)
0 . @\/I Ni(OT), (10 mol%)
oo DCM, 20 °C, Ar, 60 h
B1 c1

Under an argon atmosphere, a magnetic stir bar-equipped, oven-dried resealable
Schlenk tube was charged with Ni(OTf)2 (1.78 mg, 0.005 mmol, 10 mol%) and L"12
(4.44 mg, 0.005 mmol, 10 mol%). Subsequently, BCB substrate B1 (10.8 mg, 0.0525
mmol, 1.05 equiv.), coumarin substrate C1 (10.9 mg, 0.05 mmol, 1.0 equiv.), and
anhydrous DCM (0.5 mL) were added. The reaction mixture was then stirred at -20 <C
for 60 h. Upon completion (monitored by TLC), the solvent was evaporated in vacuo.
The yield was determined by *H NMR using CH2Br as an internal standard. The
mixture was separated by PTLC (n-hexane/EtOAcC), and the enantiomeric excess (e.e.)
was determined by HPLC.

7,81%,74% e.e. 1AA, 13%, 83% e.e.

Ethyl 4-(3-(4-fluorophenyl)-1-(methoxycarbonyl)-
MeozECtozc O cyclobut-2-en-1-yl)-2-oxochromane-3-carboxylate
N, o (1AA)
O O HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-PrOH =
F 75/25, flow rate = 0.60 mL/min, A = 254 nm), tr (Major) =
12.10 min, tr (Minor) = 13.64 min.
'H NMR (400 MHz, CDCls) 6 7.33 — 7.23 (m, 4H), 7.16 — 7.10 (m, 1H), 7.07 (d, J =
8.1 Hz, 1H), 7.04 — 6.97 (m, 2H), 6.27 (s, 1H), 4.14 — 4.03 (m, 2H), 4.02 (d, J = 1.5 Hz,
1H), 3.93 (s, 1H), 3.69 (s, 3H), 3.14 (d, J = 13.4 Hz, 1H), 2.83 (d, J = 13.4 Hz, 1H),
1.07 (t, J =7.2 Hz, 4H).
13C NMR (101 MHz, CDCls) 6 173.1, 167.1, 163.9, 163.1 (d, J = 249.3 Hz), 151.5,
146.6, 129.7, 129.6, 129.2 (d, J = 3.1 Hz), 126.9 (d, J = 8.3 Hz), 124.8 (d, J = 2.2 H2),
124.5,119.4, 117.2, 115.5 (d, J = 21.9 Hz), 62.5, 53.4, 52.3, 49.7, 45.1, 37.2, 13.8.
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19F NMR (376 MHz, CDCl3)  -111.5 (s, 1F).

HRMS (ESI) m/z calcd. for CasHzsNaFO; [M+Na+CHsOH]* 479.1476, found

479.1483.
HPLC spectrum of rac-1AA:

DAD1 B, Sig=254,4 Ref=off (LiYJ\IA3 2024-06-29 14-07-59\2-355-3-rac.D)
mAU { Signal 2: DAD1 B, Sig=254,4 Ref=off o A E
1 i '339' & .39\'
80| Peak RetTime Type Width Area Height Area | & n &
1 #  [min] [min]  [mAU*s] [mAU] % s IR
i B [-===]------- |-=mmnmmee- [==mmmmmne- [-=------ \ [ I
1 1 12.221 MM ©.2069 1280.21582 163.11397 49.5866 |l I
40 2 13.777 MM ©.2226 1301.55969 97.4576@ 50.4134 | ! ||
20 | [ I
1 Totals : 2581.77551 208.57156 . [
o e . o /| | S ]
— : — —— , : —
2 4 6 8 10 12 14 16 min
HPLC spectrum of 1AA:
DAD1 B, Sig=254,4 Ref=off (LiYJNA3 2024-06-28 14-07-59\2-35s-3-chiral.D)
mAU- gignal 2: DAD1 B, Sig=254,4 Ref=off § rbba?’
250 - # K
1 Peak RetTime Type Width Area Height Area P
200 ] # [min] [min]  [mAU*s] [mAU] % ‘IVS
1505 "mmolememee- R [-=-mmmmne- R [-==-=m-- \ [l
E 1 12.183 MM ©.1874 3336.84766 296.82190 91.6235 ‘
100 - 2 13.643 BB ©.1972 305.06641  23.86250  8.3765 J | g
1 | )
50 - [ o
- Totals : 3641.91466 320.68440 | -
[ o | YA
| I T ! '
2 4 6 8 10 12 14 16 min
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6. Substrate scope

6.1 General Procedure A: Cu/Box-catalyzed asymmetric cycloaddition of BCBs
and substituted coumarins

CO,R? Cu(OTH), (10 mol%)
@ L*12 10 _LM2(10mol%) _
“DCM, Ar, 20°C

BCBs Coumarins

BCH 1-41

Under argon, an oven-dried, resealable Schlenk tube equipped with a magnetic stir bar
was charged with Cu(OTf)2 (7.23 mg, 0.02 mmol, 10 mol%), chiral Box ligand L"12
(17.7 mg, 0.02 mmol, 10 mol%), and anhydrous DCM (2.0 mL). The solution was
stirred for 1 h at ambient temperature, ensuring the complete dissolution of the triflate
salt and forming a homogeneous light green solution of the ligand complex. This
resulting solution was then cooled to -20 <T. BCB substrate (0.21 mmol, 1.05 equiv.)
and coumarin substrate (0.10 mmol, 1.0 equiv.) were added under positive argon
pressure. The sealed tube was stirred at -20 <. Upon completion (monitored by TLC),
the reaction mixture was concentrated in vacuo and purified by flash column
chromatography on silica gel (n-hexane/EtOAc) to afford the desired chiral BCHs.

The preparation of racemic BCH products (+)-1~41:
Cu(OTf), (10 mol%)

2
s e TS COR™ (4)-L*12 (10 mol%)
R __\ | o o DCM, Ar, rt.

BCBs Coumarins

(2)-1~41

The racemate was prepared following the same procedure described above, and the
reactions were conducted on a 0.05 mmol scale by using Cu(OTf)2 (1.81 mg, 0.005
mmol, 10 mol%) and (+)-L*12 (4.44 mg, 0.005 mmol, 10 mol%) as catalysts at room
temperature in DCM (0.5 mL) for 24-48 h. Upon completion (monitored by TLC), the
solvent was removed in vacuo, and the residue was purified by PTLC (eluent: n-hexane
/EtOAc) to give the desired product.

Ethyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-tetrahydro-
1,3-methanocyclopenta[c]chromene-3a(4H)-carboxylate
(1)

The title compound was synthesized according to General
Procedure A at -20 °C for 48 h. The product was purified by
silica gel flash column chromatography (4-7% EtOAc in n-hexane) to afford the desired
product 1 (85.1 mg, 87%) as a white solid.
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HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 10.99 min, tr (major) = 12.83 min.

IH NMR (400 MHz, CDCl3) 6 7.39 — 7.31 (m, 2H), 7.29 — 7.22 (m, 1H), 7.09 (d, J =
7.8 Hz, 1H), 7.04 — 6.92 (m, 3H), 6.48 (d, J = 7.3 Hz, 1H), 6.04 (s, 1H), 4.76 (s, 1H),
426 — 4.09 (m, 2H), 3.35 (dd, J = 9.4, 8.1 Hz, 1H), 2.51 (s, 3H), 2.40 (d, J = 7.8 Hz,
1H), 2.30 (t, J = 9.2 Hz, 1H), 2.25 (s, 3H), 2.12 (dd, J = 8.7, 1.8 Hz, 1H), 1.16 (t, J =
7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) 6 170.4, 169.3, 164.0, 162.2 (d, J = 245.8 Hz), 153.2,
150.6, 144.4, 134.0 (d, J = 3.2 Hz), 130.2 (d, J = 8.1 Hz), 129.5, 127.9, 124.9, 118.9,
117.5,114.4 (d, J=21.3 Hz), 111.3, 62.1, 60.8, 57.1, 56.7, 52.5, 48.3, 40.8, 14.3, 14.1,
13.9.

F NMR (376 MHz, CDCl3) 6 -115.1 (s, 1F).

HRMS (ESI) m/z calcd. for CosHasFN2Os [M+H]" 489.1821, found 489.1823.

HPLC spectrum of rac-1:

DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-10-05 20-46-11\2-3m-rac.D)
mAU Signal 2: DAD1 B, Sig=254,4 Ref=off g o
e o
250 Peak RetTime Type Width Area Height Area | N
; } " I
200 # [min] [min] [mAU*s] [mAU] %
ol RS [ R R I |--nmmee- \ ‘
150 1 10.876 BB ©.2161 4410.37207 317.49960 50.2532 |
100 2 12.545 BB ©.2772 4365.92529 245.88734 49.7468 |
50 Totals : 8776.29736 563.38695 [
O —— - - - _— 1L - 1 - —
T T e T T ]
0 2 4 6 8 10 12 14 mi
HPLC spectrum of 1:
DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-08-23 18-20-12\2-1b-p.D)
mAU Signal 2: DAD1 B, Sig=254,4 Ref=off > v
R @ el
600 | b o
1 hal '\q’
500 7 Peak RetTime Type Width Area Height Area | ‘@fé-
1 #  [min] [min]  [mAU*s] [maU] % I ¥
400
FIEEER P |- nef-eeeee- | -mmmeeees |-emmeeeee- [ -mmmeeen \ -
300 1 10.987 BB 9.2219 201.11708 13.97449  1.6052
200 ] 2 12.831 FM ©.3143 1.23282e4  653.65674 98.3948
1 5
100 . @
f Totals : 1.25293e4  667.63123 =
0 I S _ _ _ A L o
—— — : — : — T : |
0 2 4 6 3 10 12 14 min

Ethyl (3a8,9bS)-1-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b
-tetrahydro-1,3-methanocyclopentalc]chromene-
3a(4H)-carboxylate (2)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified
by silica gel flash column chromatography (5-8% EtOAc in n-hexane) to afford the
desired product 2 (119.7 mg, 98 %) as a white solid.

HPLC analysis: CHIRALPAK® IE-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.60
mL/min, A =254 nm), fr (major) = 12.82 min, #r (minor) = 15.84 min.

'TH NMR (400 MHz, CDCl3) 4 7.90 (d, J = 7.0 Hz, 2H), 7.52 — 7.33 (m, 10H), 7.25 (t,
J=17.5Hz, 1H), 7.09 (d, J = 8.1 Hz, 1H), 7.06 — 6.95 (m, 3H), 6.84 (s, 1H), 6.74 (d, J
=17.5 Hz, 1H), 4.96 (s, 1H), 4.29 — 4.10 (m, 2H), 3.55 (t, /= 8.7 Hz, 1H), 2.52 (d, J =
7.8 Hz, 1H), 2.33 (t,J=9.2 Hz, 1H), 2.15 (d, J=8.7 Hz, 1H), 1.19 (t, /= 7.1 Hz, 3H).

S45



13C NMR (101 MHz, CDCl3) & 169.5, 169.4, 163.9, 162.3 (d, J = 246.0 Hz), 154.5,
150.7, 147.9, 133.9 (d, J = 3.1 Hz), 131.3, 130.3, 130.2 (d, J = 8.1 Hz), 129.9, 129.8,
129.3, 129.1 (s, 4C), 128.1 (s, 2C), 128.0, 126.2 (s, 2C), 125.0, 118.9, 117.7, 114.5 (d,
J=21.4Hz), 109.9, 62.3, 60.9, 57.3, 57.0, 53.0, 48.8, 40.8, 14.0.

19F NMR (376 MHz, CDCl3) § -114.7 (s, 1F).

HRMS (ESI) m/z calcd. for C3sH30FN2Os [M+H]" 613.2134, found 613.2133.

HPLC spectrum of rac-2

DAD1 B, Sig=254,4 Ref=off (Dmh\shishilo 2023-12-07 20-23-04\1-145C-rac D}
mAU™ Signal 1: DAD1 B, Sig=254,4 Ref=off
00 =
TOOE Peak RetTime Type Width Area Height Area %
800= %  [min] [min]  [mAU*s] [mAU] % o E:
5002 ooofaeooes [ EEEEE [--mmmmm - R [-ommmoe- | fl ©
400 = 1 12.849 BB 8.2598 8742.62695 515.76501 5@.2765 \ :
300 2 2 15.884 BBA  0.3431 8646.46094 386.41922 49.7235 !
200 ¢
100 = Totals : 1.73891e4  902.18423 J
0_3 / )\ ;o r - I, A : L h . |
— — — — — : : — T — : .
2 4 6 8 10 12 14 16 min
HPLC spectrum of 2:
DAD1 B, Sig=254 4 Ref=off (Dmhishishilo 2023-12-07 20-23-04\1-149¢c-rac.D)
mAU | Signal 1: DADl B, Sig=254,4 Ref=off gf
400 ]
1 Peak RetTime Type Width Area Height Area i
3004 #  [min] [min]  [mAU*s] [maU] % I
I e B R R |---e | j
200 - 1 12.817 BB 0.2575 7897.54492 466.51675 99.6212
2 15.841 BB 0.2726 30.03006 1.71251 9.3788 |
3 | -
100 ] 3
1 Totals : 7927.57498 468.22927 / 4 0
0 2 " ., N i
— — — — — " — —
2 4 6 8 10 12 14 16 min

Ethyl (3a5,9bS)-3-(4-fluorophenyl)-4-oxo-1-(1H-
pyrazole-1-carbonyl)-1,2,3,9b-tetrahydro-1,3-
methanocyclopenta-[c]chromene-3a(4H)-carboxylate
3

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified
by silica gel flash column chromatography (5-8% EtOAc in n-hexane) to afford the
desired product 3 (62.2 mg, 68%) as a white solid.

HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), fr (major) = 10.39 min, #fr (minor) = 12.65 min.

'TH NMR (400 MHz, CDCls) & 8.26 (d, J=2.8 Hz, 1H), 7.80 (d, /= 0.8 Hz, 1H), 7.40
—7.30 (m, 2H), 7.29 — 7.23 (m, 1H), 7.14 —7.07 (m, 1H), 7.06 — 6.91 (m, 3H), 6.53 (dd,
J=2.8,1.5Hz, 1H), 6.43 (d,/J=7.2 Hz, 1H), 4.78 (d, J= 1.3 Hz, 1H), 4.27 — 4.10 (m,
2H), 3.39 (dd, J=9.5, 8.0 Hz, 1H), 2.43 (d, /= 7.8 Hz, 1H), 2.35 (t, /= 9.2 Hz, 1H),
2.19 (dd, J=8.8,2.0 Hz, 1H), 1.15 (t, /= 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) 8 169.1,168.9, 163.8, 162.2 (d, J = 246.1 Hz), 150.5,
145.1, 133.7 (d, J = 3.2 Hz), 130.1 (d, J = 8.2 Hz), 129.6, 128.7, 127.7, 125.0, 118.5,
117.6, 114.4 (d, J=21.3 Hz), 110.0, 62.2, 60.6, 57.2, 55.9, 52.6, 48.1, 40.8, 13.9.

F NMR (376 MHz, CDCl3) § -114.8 (s, 1F).

HRMS (ESI) m/z calcd. for C26H22FN2Os [M+H]" 461.1507, found 461.1507.

HPLC spectrum of rac-3:
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DADT B, Sig=254 4 Ref=off (LIYJG3 2024-02-03 17-30-0412-3aa-rac.D)

mAU = Signal 2: DAD1 B, Sig=254,4 Ref=off Y [
= e
3 o &
35 _ peak RetTime Type Width Area Height Area T g
30= #  [min] [min]  [mAU*s] [mAU] % | it
R s R e | omemeene |-oeeee !
20 . 1 16.405 BB ©.1935 ©533.44714 42.18615 50.7706
15 = 2 12.647 BB ©0.2469 517.25299 32.29483 49.2294
10 =
5= Totals : 1050.76013 74.48098
0= ~— »
. — — — ——— 71— T - - -
2 4 6 8 10 12 14 16min
HPLC spectrum of 3:
DAD1 B, Sig=254.4 Ref=off (LiYJ\IG3 2024-02-03 17-30-04\2-1m-re.D)
mAU 1 Signal 2: DAD1 B, Sig=254,4 Ref=off R
oD
4004 =]
1 Peak RetTime Type Width Area Height Area {1
300 #  [min] [min] [mAU*s] [mAU] % | '
R P e | -oemnonee R |---noo- |
200 | 1 10.393 BB 0.1964 5885.30273 462.79807 97.2866
2 12.647 BB 0.2488 164.14757 10.14598 2.7134
r~
100 3
Totals : 6049.45030 472.94405 o
4 - . , —
: : — — : . —
2 4 6 8 10 12 14 16min

Ethyl (3a5,9bS)-3-(4-fluorophenyl)-1-(3-methyl-1H-
pyrazole-1-carbonyl)-4-0xo0-1,2,3,9b-tetrahydro-1,3-
methanocyclopenta|c]chromene-3a(4H)-carboxylate
“4)

The title compound was synthesized according to
General Procedure A at -20 °C for 63 h. The product was

purified by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford
the desired product 4 (54.4 mg, 57%) as a white solid.

HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), fr (major) = 11.34 min, fg (minor) = 12.77 min.

TH NMR (400 MHz, CDCl3) & 8.14 (d, J=2.7 Hz, 1H), 7.35 (dd, J = 8.6, 5.4 Hz, 2H),

7.27 (dd, J=11.4, 4.1 Hz,
J=17.5Hz, 1H), 6.31 (d, J
=9.3,8.2 Hz, 1H), 2.41 (d

1H), 7.10 (d, J = 8.1 Hz, 1H), 7.05 — 6.92 (m, 3H), 6.49 (d,

=2.7 Hz, 1H), 4.76 (s, 1H), 4.26 — 4.12 (m, 2H), 3.37 (dd, J
,J=7.8 Hz, 1H), 2.38 — 2.28 (m, 4H), 2.17 (dd, /= 8.7, 1.7

Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) & 169.1, 168.5, 163.9, 162.2 (d, J = 245.9 Hz), 154.9,
150.6, 133.8 (d, J = 3.2 Hz), 130.1 (d, J = 8.1 Hz), 129.5, 129.4, 127.9, 125.0, 118.6,
117.5,114.4 (d,J=21.4 Hz), 110.7, 62.1, 60.7, 57.1, 55.9, 52.6, 48.0, 40.9, 14.2, 13.9.
1F NMR (376 MHz, CDCl3) & -114.9 (s, 1F).

HRMS (ESI) m/z caled. for C27H24FN20s [M+H]" 475.1664, found 475.1667.

HPLC spectrum of rac-4:

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-09-15 21-37-19\2-3x-rac.D)

mAU 4 Signal 2: DAD1 B, Sig=254
2007 peak RetTime Type Width
1504 #  [min] [min]
100_: 1 11.175 BB 9.2121
1 2 12.574 BB 9.2461
50 -
1 Totals :
0]

I
2

HPLC spectrum of 4:

,4 Ref=off 0 K
i L]
b &
Area Height Area [ i
[mAU*s] [mAU] % I |
3221.15454 237.71773 50.4186
3167.66553 200.77661 49.5814
6388.82007 438.49434
T T - T T T T T T T T T 1
4 6 8 10 12 14 min
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DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1s-p-IG3-60-40-085.D)

mAU - Signal 2: DAD1 B, Sig=254,4 Ref=off >
| @
] 5
800 = peak RetTime Type Width Area Height Area H
500 - # [min] [min] [mAU*s] [mAU] % |
400" mmmeleeeeee R | -mmmeeeees [-mmmemmees |=mmmeees |
300 — 1 11.337 BB ©9.2173 1.04299e4  745.20435 96.3362
E 2 12.767 BB ©.2534 396.66730 24.43171 3.6638
200 —- ~
] ©
100 - Totals : 1.08265e4  769.63606 o
e S _ I, LN
T T T T T
2 4 6 8 10 12 14 min

Ethyl (3a5,9bS)-3-(4-fluorophenyl)-4-oxo-1-(3-phenyl-
1H-pyrazole-1-carbonyl)-1,2,3,9b-tetrahydro-1,3-
methanocyclopenta|c]chromene-3a(4H)-carboxylate (5)
The title compound was synthesized according to General
Procedure A at -20 °C for 63 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the
desired product 5 (78.8 mg, 73%) as a white solid.

HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), fr (major) = 11.86 min, fg (minor) = 16.43 min.

TH NMR (400 MHz, CDCl3)  8.29 (d, J=2.9 Hz, 1H), 7.85 (d, J= 7.0 Hz, 2H), 7.49
—7.41 (m, 3H), 7.37 (dd, J= 8.4, 5.5 Hz, 2H), 7.26 — 7.20 (m, 1H), 7.10 (d, J= 7.7 Hz,
1H), 7.01 (t, J= 8.7 Hz, 2H), 6.94 (t, /= 7.1 Hz, 1H), 6.87 (d, /= 2.9 Hz, 1H), 6.54 (d,
J=17.6 Hz, 1H), 4.88 (s, 1H), 4.29 — 4.13 (m, 2H), 3.56 — 3.46 (m, 1H), 2.49 (d, /=17.8
Hz, 1H), 2.41 (t, J = 9.2 Hz, 1H), 2.22 (dd, J= 8.7, 1.9 Hz, 1H), 1.20 (t, /= 7.1 Hz,
3H).

I3C NMR (101 MHz, CDCl3) & 169.2, 168.8, 163.8, 162.2 (d, J = 246.2 Hz), 156.3,
150.6, 133.7 (d, J= 3.0 Hz), 131.4, 130.1 (d, J = 8.2 Hz), 130.0, 129.7 (s, 2C), 129.0
(s, 2C), 127.8, 126.3 (s, 2C), 125.1, 118.5, 117.6, 114.5 (d, J = 21.4 Hz), 107.7, 62.3,
60.7,57.4,55.9, 52.9, 48.2, 41.0, 14.0.

YF NMR (376 MHz, CDCl3) & -114.7 (s, 1F).

HRMS (ESI) m/z calcd. for C32Ha6FN2Os [M+H]" 537.1821, found 537.1825.

HPLC spectrum of rac-5:

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-09-15 21-37-1912-3w-rac.D)

mAU - Signal 2: DADL B, Sig=254,4 Ref=off 2
- ®
704 hai @
3 Peak RetTime Type Width Area Height Area T h
60 7 B . ]
E| # [min] [min] [mAU*s] [mRU] | e
03 [ I [ I \
3 " L
40 1 11.863 BB 0.2451 125 01630 123 ‘
30 2 16.419 BB 0.3969 1249. 49.11880 49.87
20—
10— Totals : 2505.82507 129.13510
01— — _ ) _ B O N Y N A, . _
T T T T T
2 4 [ 8 10 12 14 18 18 min
HPLC spectrum of 5:
DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1r-p-1G3-60-40-065.D)
mAU 3 Signal 2: DAD1 B, Sig=254,4 Ref=off b
3503 i
300 5 Peak RetTime Type Width Area Height Area ";
250 i #  [min] [min] [mAU*s] [mAU] % I
200 ] R B R [ [-=mmmmme- [==--nn-- | |
3 1 11.861 BB ©.2414 5923.46973 381.06506 96.9088
150 4 7 16.433 BB ©.3842 188.94519  7.44177  3.8912
100 3
504 Totals : 6112.41492 388.50683 I p
0{ ~ L - -
o : o . o | o o oo ! | )
0 2 4 6 8 10 12 14 16 18  min

S48



Ethyl (3a5,9bS)-3-(4-fluorophenyl)-1-(4-methyl-
1H-pyrazole-1-carbonyl)-4-0x0-1,2,3,9b-
tetrahydro-1,3-methanocyclopentac]chromene-
3a(4H)-carboxylate (6)

The title compound was synthesized according to
General Procedure A at 0 °C for 60 h. The product
was purified by silica gel flash column chromatography (5-7% EtOACc in n-hexane) to
afford the desired product 6 (60.5 mg, 64%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 70/30, flow rate = 0.55
mL/min, A =254 nm), tr (major) = 10.12 min, #r (minor) = 13.81 min.

'"H NMR (400 MHz, CDCl3) 8 7.99 (s, 1H), 7.61 (s, 1H), 7.34 (dd, J = 8.4, 5.5 Hz, 2H),
7.26 (t,J="7.6 Hz, 1H), 7.09 (d, J= 8.1 Hz, 1H), 6.98 (dd, /= 17.5, 8.5 Hz, 3H), 6.47
(d, J=17.5 Hz, 1H), 4.75 (s, 1H), 4.17 (M, 2H), 3.40 — 3.29 (m, 1H), 2.40 (d, /= 7.8
Hz, 1H), 2.32 (t,J=9.2 Hz, 1H), 2.20 — 2.10 (m, 4H), 1.15 (t, J=7.1 Hz, 3H).

I3C NMR (101 MHz, CDCI3) & 169.1, 168.5, 163.8, 162.2 (d, J = 246.0 Hz), 150.5,
146.7, 133.8 (d, /= 3.1 Hz), 130.1 (d, J= 8.1 Hz), 129.6, 127.8, 126.4, 125.0, 120.9,
118.6,117.5,114.4 (d, J=21.3 Hz), 62.1, 60.6, 57.1, 55.8, 52.6, 48.1, 40.7, 13.9, 9.0.
19F NMR (376 MHz, CDCl3) § -114.9 (s, 1F).

HRMS (ESI) m/z calcd. for C27H24FN2Os [M+H]" 475.1664, found 475.1668.

HPLC spectrum of rac-6:

DAD1 B, Sig=254.4 Ref=off (WuZL\IG3 2023-10-14 11-19-17\1-145b-rac.D)

mAU 1 Signal 2: DAD1 B, Sig=254,4 Ref=off 2
4 b
1 =] ]
1007 peak RetTime Type Width Area Height Area =
go | # [min] [min]  [mAU*s] [mAU] % I =
 JEREN P |-en]-nnmnee |-memnee- |wmmmnnneee |-eeeeee | |
804 1 10.1790 BB 0.1852 1460.97424 122.47107 49.8406
40 2 13.862 BB ©.2766 1470.31946 82.23312 50.1594
20
Totals : 2931.29370 204.70419
0 1 —_——d — — L ~ — —
- T T T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 min

HPLC spectrum of 6:

DAD1 B, Sig=254.4 Ref=off (W uZL\hao-s-IF3-70-30-055-2-18 2023-10-16 11-48-35\1-145b-10-16.D)
mAU 1 Signal 2: DAD1 B, Sig=254,4 Ref=off
1000 -

~— 10420

1 Peak RetTime Type Width Area Height Area
8001 % [min] [min]  [mAU*s] [mAU] %
[V ANEEEE] EEEEEEE [-===]-mmnme [EEEEEEREEE [--mmmmmee- [-------- |
1 18.120 BV R ©.1865 1.35084e4 1107.72925 96.1817 f
400 2 13.813 BB ©.2801 536.26575 29.78483  3.8183
] (32
200 g
Totals : 1.40446e4 1137.51328 @
o-— N —
T T T
2 4 6 8 10 12 14 min

3a-ethyl 1-methyl (3a5,9bS)-3-(4-fluorophenyl)-4-oxo-
2,3-dihydro-1,3-methanocyclopentalc]chromene-
1,3a(4H,9bH)-dicarboxylate (7)

The title compound was synthesized according to
General Procedure A at -20 °C for 60 h. The product was
purified by silica gel flash column chromatography (4-6%
EtOAc in n-hexane) to afford the desired product 7 (51.9 mg, 61%) as a white solid.
HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (major) = 9.24 min, fr (minor) = 10.13 min.

S49



'"H NMR (400 MHz, CDCl3) 8 7.39 — 7.21 (m, 4H), 7.19 — 7.08 (m, 2H), 7.04 — 6.94
(m, 2H), 4.21 — 4.09 (m, 3H), 3.72 (s, 3H), 2.97 (dd, /= 8.8, 8.1 Hz, 1H), 2.25 (d, J =
7.6 Hz, 1H), 2.20 — 2.05 (m, 2H), 1.15 (t, 3H).

13C NMR (101 MHz, CDCl3) & 170.8, 169.0, 163.7, 162.2 (d, J = 246.3 Hz), 150.5,
133.5(d,J=3.3 Hz), 129.9 (d,J=8.1 Hz), 129.7, 128.8, 124.9, 118.6, 117.5, 114.4 (d,
J=21.3Hz), 62.2,60.3, 57.5, 53.7, 51.9, 51.2, 46.4, 39.8, 13.9.

19F NMR (376 MHz, CDCl3) 5 -114.8 (s, 1F).

HRMS (ESI) m/z calcd. for C24H2,FOg [M+H]" 425.1395, found 425.1396.

HPLC spectrum of rac-7:

DAD1 B, Sig=254.4 Ref=off (LiYJUG3 2023-12-09 03-28-14\2-3ad-rac.D)

mAU : Signal 2: DAD1 B, Sig=254,4 Ref=off > 8
7 Peak RetTime Type Width Area Height Area g é
iz # [min] [min]  [mAU*s] [mAU] % ,‘
A ] B e | =mmmmmeees |-onmmeeees |-oneeee | i
10 1 9.252 BB 0.1611 426.02496 41.02916 50.0395
5 2 10.126 BB ©.1780 425.35248 37.02872 49.9605
0=
.5 Totals : 851.37744  78.05788
El - g - (- _
-10 ! | : ! ! ! : ! : | ! | i ! |
= = - = _.2 - e 4 = = 6 8 10 ulls
HPLC spectrum of 7:
DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1y-p-IG3-60-40-065.D)
mAU - Signal 2: DAD1 B, Sig=254,4 Ref=off b
] o
20 : : . e
Peak RetTime Type Width Area Height Area |
] #  [min] [min] [mAU*s ] [mAU] % (
e R e R |-mmneeee S |--mmee \
10 1 9.242 BB ©.1588 248.75966  23.79815 91.3689
2 18.130 BB 0.1742  22.74332 2.86949  8.6311 2
5 S
Totals : 263.50298  25.86764 =
[ S Y N _ o - A N
: T T T T . : : : |
2 4 6 8 10 min

Ethyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-
4-o0x0-3-phenyl-1,2,3,9b-tetrahydro-1,3-methanocyclopenta
-[c]chromene-3a(4H)-carboxylate (8)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-
hexane) to afford the desired product 8 (88.3 mg, 94%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 11.40 min, tr (major) = 14.44 min.

'H NMR (400 MHz, CDCls) 6 7.38 (d, J = 6.8 Hz, 2H), 7.35 — 7.21 (m, 4H), 7.08 (d,
J=7.4Hz, 1H), 6.96 (td, J = 7.6, 1.0 Hz, 1H), 6.48 (d, J = 7.5 Hz, 1H), 6.03 (s, 1H),
4.78 (s, 1H), 4.17 (qd, J = 7.1, 1.3 Hz, 2H), 3.38 (dd, J = 9.3, 8.2 Hz, 1H), 2.51 (s, 3H),
2.41(d,J=7.8Hz, 1H), 2.32 (t, J = 9.2 Hz, 1H), 2.24 (s, 3H), 2.14 (dd, J = 8.7, 1.9 Hz,
1H), 1.16 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) 6 170.5, 169.3, 163.9, 153.1, 150.7, 144.3, 138.2, 129.4,
128.4,127.8,127.5,127.4,124.8,119.0, 117.5,111.2, 62.0, 60.9, 57.3,57.2, 52.6, 48.2,
40.8, 14.3,14.1, 13.9.

HRMS (ESI) m/z calcd. for C2sH27N20s [M+H]" 471.1915, found 471.1916.

HPLC spectrum of rac-8:
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DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-3ab-rac-1G3-60-40-065.D)

mAU 4 Signal 2: DADl B, Sig=254,4 Ref=off © RS
70 i 3 @
604 Peak RetTime Type Width Area Height Area ‘H, ,é," :
E # (min] (min] [mEU*sS] [mAU] ¥ n
50 - | n
a0d oo lmmmmme- [====|======- | === [====mmmmmm |======-- [
03 1 11.386 MF 0.2452 1114.14429  75.72002 50.2693
2 14.273 BB 0.3337 1102.20837  51.48896 49.7307
20+
107 Totals : 2216.35266 127.20898
0 - — - —
T T T T T T
2 4 6 8 10 12 14 16min
HPLC spectrum of 8:
DAD1 B, Sig=254.4 Ref=off (LiYJIG3 2024-02-03 13-31-1112-1n.D)
mAU ] Signal 2: DAD1 B, Sig=254,4 Ref=off 5
350 , . _ &
E| Peak RetTime Type Width Area Height Area |1
8003 #  [min] [min]  [mAU*s] [mAU] % |
250
i IR [-mmmmemees R ot |-ommnee ! I
200 3 1 11.398 BB ©.2356 236.65372 15.54827  2.3594 [
1503 2 14.438 BBA  ©.3587 9793.39355 425.20459 97.6406
100 = 3
3 &
505 Totals : 1.00360e4  440.75286 pat
[ — = - - == - S
- T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 16min

Ethyl (3a5,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-
3-(2-fluorophenyl)-4-oxo-1,2,3,9b-tetrahydro-1,3-
methanocyclopenta|c]chromene-3a(4H)-carboxylate (9)

The title compound was synthesized according to General
Procedure A at -20 °C for 72 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-
hexane) to afford the desired product 9 (86.0 mg, 88%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Major) = 11.77 min, tr (Minor) = 12.56 min.

'H NMR (400 MHz, CDCL3) & 7.53 (td, J= 7.7, 1.7 Hz, 1H), 7.31 — 7.22 (m, 2H), 7.17
—7.07 (m, 2H), 7.06 — 6.93 (m, 2H), 6.50 (d, J= 7.1 Hz, 1H), 6.04 (d, J= 0.5 Hz, 1H),
481 (d,J=1.7 Hz, 1H), 4.25 — 4.12 (m, 2H), 3.28 (dd, J= 9.4, 8.2 Hz, 1H), 2.52 (d, J
= 0.6 Hz, 3H), 2.50 — 2.42 (m, 2H), 2.28 — 2.19 (m, 4H), 1.22 — 1.14 (m, 3H).

13C NMR (101 MHz, CDCls) § 170.4, 169.0, 164.0, 161.9 (d, J = 247.8 Hz), 153.1,
150.8, 144.3, 131.2 (d, J = 4.2 Hz), 129.4 (d, J = 8.8 Hz), 129.3, 127.7, 125.0 (d, J =
13.6 Hz), 124.7,123.2 (d, /J=3.2 Hz), 119.0, 117.6, 115.2 (d, J=22.3 Hz), 111.2, 62.0,
60.5,57.7,54.2,51.8,48.4,41.8, 14.2, 14.0, 13.9.

1YF NMR (376 MHz, CDCl3) & -112.0 (s, 1F).

HRMS (ESI) m/z calcd. for CogHa6FN2Os [M+H]™ 489.1821, found 489.1821.

HPLC spectrum of rac-9:

DAD1 B, Sig=254.4 Ref=off (LiYJ\IG3 2024-02-03 17-30-04\2-3z-rac.D)

mAU - Signal 2: DAD1 B, Sig=254,4 Ref=off 2 8
] ~ w
100 ~ - &
E Peak RetTime Type Width Area Height Area IR
#  [min] [min] [mAU*s] [mAU] % |
PO [ B [ P | -memeeeees | == mmmemeee [ \
1 11.783 BV ©9.2597 1862.50269 111.83262 49.9352
407 2 12,556 VB 0.2680 1867.33374 106.77483 50.0648
20 -
- Totals : 3729.83643 217.80746
0777 - — S - — —— —_ —_ — N
T T T T T T T T T T T T T
2 4 6 8 10 12 14 min

HPLC spectrum of 9:
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DAD1 B, Sig=254,4 Ref=off (LIYJG3 2024-02-03 13-31-11:2-1w.D)
mAU - Signal 2: DAD1 B, Sig=254,4 Ref=off S A
175 £ rbo;b”
150 = Peak RetTime Type Width Area Height Area s
125 #  [min] [min]  [mAU*s] [mAU] % s
B L [----]------- [--------- [-----mm-- [-------- \ |
1 1 11.772 MF ©.2759 3332.74072 201.30286 95.4517 [ o
75 2 12.558 MF ©.2964 158.80608  8.92828  4.5483 ‘ &
3 e
50 2 0 N
3 w {8‘
25  Totals : 3491.54680 210.23113 o
0 - - - > T
: : : — — — : ‘
2 4 6 8 10 12 14 min

Ethyl (3aS,9b5)-1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-
3-(3-fluorophenyl)-4-o0xo0-1,2,3,9b-tetrahydro-1,3-
methanocyclopenta|c]chromene-3a(4H)-carboxylate (10)
The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-

hexane) to afford the desired product 10 (65.2 mg, 67%) as a white solid.
HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 70/30, flow rate = 0.55

mL/min, A = 254 nm),

tr (major) =10.70 min, tr (minor) = 11.39 min.

H NMR (400 MHz, CDCl3) § 7.31 — 7.23 (m, 2H), 7.18 — 7.06 (m, 3H), 7.01 — 6.93

(m, 2H), 6.48 (d,J="7.
2H), 3.36 (dd, J= 9.5,

2 Hz, 1H), 6.04 (s, 1H), 4.76 (d,J= 1.2 Hz, 1H), 4.24 — 4.14 (m,
8.0 Hz, 1H), 2.51 (s, 3H), 2.40 (d, J= 7.8 Hz, 1H), 2.29 (t, J =

9.2 Hz, 1H), 2.25 (s, 3H), 2.14 (dd, J= 8.7, 1.9 Hz, 1H), 1.18 (t, J= 7.1 Hz, 3H).

13C NMR (101 MHz,
150.6, 144.3, 140.7 (d,

CDCL) 6 170.2, 169.2, 163.8, 162.1 (d, J = 244.8 Hz), 153.2,
J=7.6 Hz), 129.5, 128.8 (d, /= 8.1 Hz), 127.8, 124.9, 124.1 (d,

J=2.8 Hz), 118.8, 117.5, 115.6 (d, J = 22.0 Hz), 114.3 (d, J = 21.0 Hz), 111.2, 62.1,
60.9, 57.0, 56.8, 52.5, 48.2, 40.8, 14.2, 14.0, 13.9.

YF NMR (376 MHz, CDCl3) 8 -114.0 (s, 1F).

HRMS (ESI) m/z calcd. for C2sH26FN2Os [M+H]" 489.1821, found 489.1823.

HPLC spectrum of rac-10:

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-10-05 15-20-21\2-3k-rac.D)

mAU 1

8 R
Signal 2: DaDl B, Sig=254,4 Ref=off w
igna , Sig . ef=o0 g 0}% N
175 7 o8 9
150 = Peak RetTime Type Width Area Height Brea “vsz'[" “Vse’@"
4 [mi in] AU*5] [mAU] % I |1
s F Mmoo e e oMo ‘ '
1005 1 10.703 MF  0.1521 1918.73938 210.20222 49.0739
7 2 11.379 MF  0.1616 1991.15735 205.40862 50.9261
50
254  Totals 3909.89673 415.61084
04 — -— |
: . T S T . e L —_—
2 4 6 8 10 12 min
HPLC spectrum of 10:
DAD1 B, Sig=254 4 Ref=off (LIYJ\LYJ-IF3 2023-10-05 15-20-2112-1j-p.D)
mAU Signal 2: DAD1 B, Sig=254,4 Ref=off 2 &
5 P~ b
E 3 &
600 - i i ; T .9
3 Peak RetTime Type Width Area Height Area | P
500 — #  [min] [min]  [mAU*s] [mau] % s
400~  --|-m--ee- [-=--]------- [---------- [---------- [-------- | ‘
003 1 10.7064 MF  ©.1543 6838.81641 738.57550 96.3944 N
: 2 11.389 MF ©8.1856 255.80164 22.97353  3.6056 f &
200 - g
4 o« >
0= Totals : 7094.61804 761.54903 =¥
0 — - - - - - - - —
. e — e ‘
2 4 6 8 10 12 min
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Ethyl (3a5,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(3-methoxyphenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-3a(4H)-
carboxylate (11)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the desired
product 11 (64.6 mg, 65%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 14.17 min, tr (Major) = 15.44 min.

TH NMR (400 MHz, CDCl3) & 7.30 — 7.19 (m, 2H), 7.09 (d, J = 8.1 Hz, 1H), 7.03 —
6.90 (m, 3H), 6.83 (dd, J=8.2,2.1 Hz, 1H), 6.47 (d, J= 7.2 Hz, 1H), 6.03 (s, 1H), 4.77
(d, J=1.1 Hz, 1H), 4.19 (qd, J = 7.1, 2.8 Hz, 2H), 3.81 (s, 3H), 3.38 (dd, J = 9.4, 8.0
Hz, 1H), 2.51 (s, 3H), 2.41 (d, J = 7.8 Hz, 1H), 2.30 (t, J = 9.2 Hz, 1H), 2.25 (s, 3H),
2.15 (dd, J=8.8, 1.9 Hz, 1H), 1.18 (t, J=7.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 6 170.5, 169.3, 163.9, 158.8, 153.1, 150.7, 144.3, 139.7,
129.4, 128.4, 127.8, 124.7, 120.8, 119.0, 117.5, 114.2, 113.0, 111.2, 62.0, 60.9, 57.4,
56.9,55.2,52.6,48.2,40.8, 14.2, 14.1, 13.9.

HRMS (ESI) m/z calcd. for C2oH20N206 [M+H]"™ 501.2020, found 501.2021.

HPLC spectrum of rac-11:

MeO "

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-08-15 21-37-19\2-3y-rac.D)

mAU { Signal 2: DADl B, 8ig=254,4 Ref=off @ b4
] - ~
20 8 a
Peak RetTime Type Width Area Height Area
152 # [min] [min] [MAU*s] [mRU] \
{ —==l=== [ | === | ===
10 14.118 BB 0.2 4
15.42% BB O 64 4
5]
Totals 991 41 7
04—
T T T T T
2 4 6 8 10 12 14 16 mi

HPLC spectrum of 11:

DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1t-p-IG3-60-40-085.D)

mAU ] Signal 2: DAD1 B, Sig=254,4 Ref=off g
] I
200 Peak RetTime Type Width Area Height Area
] # [min] [min] [mAU*s] [mAU] %
L R P R P |-nmmenees R |-mmeeees |
1005 1 14.171 BB 9.3027 292.92532 15.87205 4.5101
] 2 15.449 BB 9.3780 6202.01416 256.62582 95.4899 -
] r~
50 <
Totals : 6494.93948 271.69787 -
o
| | — — o : — o e — r :
2 4 6 8 10 12 14 16 min

Ethyl (3a5,9bS)-3-(4-chlorophenyl)-1-(3,5-dimethyl-
1H-pyrazole-1-carbonyl)-4-0xo0-1,2,3,9b-tetrahydro-1,3-
methanocyclopenta|c]chromene-3a(4H)-carboxylate
12)

The title compound was synthesized according to General
Procedure A at -20 °C for 62 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the
desired product 12 (93.1 mg, 92%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
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mL/min, A = 254 nm), tr (Minor) =11.71 min, tr (Major) = 12.98 min.

TH NMR (400 MHz, CDCl3) 8 7.34 — 7.23 (m, 5H), 7.09 (d, J = 7.4 Hz, 1H), 6.97 (td,
J=17.6,1.1 Hz, 1H), 6.48 (d, J= 7.1 Hz, 1H), 6.04 (s, 1H), 4.75 (d, J = 1.3 Hz, 1H),
425 —4.12 (m, 2H), 3.34 (dd, J= 9.5, 8.0 Hz, 1H), 2.51 (d, J = 0.4 Hz, 3H), 2.40 (d, J
=7.9 Hz, 1H), 2.29 (t, J=9.2 Hz, 1H), 2.25 (s, 3H), 2.11 (dd, J= 8.7, 2.0 Hz, 1H), 1.17
(t, J=7.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 6 170.3, 169.2, 163.9, 153.2, 150.6, 144.3, 136.7, 133.3,
129.8,129.5,127.8,127.7,124.9, 118.8, 117.5, 111.2,62.1, 60.8, 57.1, 56.6, 52.4, 48.2,
40.8, 14.2, 14.0, 13.9.

HRMS (ESI) m/z calcd. for C2sHa6CIN2Os [M+H]" 505.1525, found 505.1525.

HPLC spectrum of rac-12:

DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-3n-rac-re-IG3-60-40-065.D)
mAU Es:gnal 2: DAD]1 B, Sig=254,4 Ref=coff

11,910
13.296

3.5 |Peak RetTime Type Width Erea Height Erea

39 4 [min] [min] [mAU*s] [mAU]
254

27
1.5

1 1Totals 125.65400 7.32272
05+

03—
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HPLC spectrum of 12:

DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1h-re-|G3-60-40-065.D)

mAU- Signal 2: DADI B, Sig=254,4 Ref=off & &
] ] &
100 . ) . ‘ S
1 Peak RetTime Type Width Rrea Height Lrea 3
1 8
80 # [min] [min] [mAU*s] [maU]
60 ‘
40 s;l«Qb
] T
20 ~
Totals 2223.209%54 122.23567 :vs‘a
0
T T — T — T —— —
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Ethyl (3a5,9bS)-3-(4-bromophenyl)-1-(3,5-dimethyl-
1H-pyrazole-1-carbonyl)-4-0xo0-1,2,3,9b-tetrahydro-
1,3-methanocyclopenta[c|chromene-3a(4H)-
carboxylate (13)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the
desired product 13 (101.9 mg, 93%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (minor) = 13.00 min, tr (major) = 14.08 min.

'"H NMR (400 MHz, CDCl3) 8 7.47 — 7.41 (m, 2H), 7.29 — 7.23 (m, 3H), 7.13 — 7.06
(m, 1H), 6.97 (td, J= 7.6, 1.1 Hz, 1H), 6.48 (d, J= 7.1 Hz, 1H), 6.04 (s, 1H), 4.74 (d,
J=13Hz, 1H),4.26 —4.11 (m, 2H), 3.34 (dd, J=9.5, 8.0 Hz, 1H), 2.51 (d,/=0.4 Hz,
3H), 2.39 (d, J= 7.9 Hz, 1H), 2.32 — 2.26 (m, 1H), 2.25 (s, 3H), 2.11 (dd, J=8.7, 2.0
Hz, 1H), 1.17 (t,J=17.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 8 170.2, 169.1, 163.9, 153.2, 150.6, 144.3, 137.2, 130.6,
130.2,129.5,127.8,124.9,121.6,118.8, 117.5, 111.2, 62.1, 60.7,57.1, 56.6, 52.4, 48.1,
40.7,14.2, 14.0, 13.9.
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HRMS (ESI) m/z calcd. for C2sH26BrN2Os [M+H]" 549.1020, found 549.1020.
HPLC spectrum of rac-13:

DAD1 B, Sig=254.4 Ref=off (LiYJ\IG3 2024-02-03 17-30-04\2-30-rac-re.D)
mAU-{ Signal 2: DAD1 B, Sig=254,4 Ref=off 3 @’ &
1 =2 = ©
50 SRR
Peak RetTime Type Width Area Height Area P
204 % [min] [min]  [mAU*s] [mAU] % " i &
R . |--ooeee |--oeee e e | .
1 1 12.964 MM 9.3091 1078.18140 58.13882 49.5751
20 2 14.037 MM 9.3686 1096.66125 50.69028 50.4249
10
1 Totals : 2174.84265 108.82910 | . .
0] § itV N . N . —
——— — T
2 4 6 8 10 12 14 16min
HPLC spectrum of 13:
DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2024-02-03 17-30-0412-1g-re.D)
mAU 1 Signal 2: DAD1 B, Sig=254,4 Ref=off N o
] 5 v
120 bid &
100 | Peak RetTime Type Width Area Height Area M éﬁ9
1 #  [min] [min]  [mAU*s] [mAU] % [
R [ [--mmenee s [--memme- |
80 1 12.999 BB ©.2737 42.69312  2.39853  1.4419
40 2 14.977 MF ©.3716 2918.29272 130.89809 98.5581
] 2
20 . @
1 Totals : 2960.98584 133.29661 o
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Ethyl (3a5,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-4-oxo0-3-(p-tolyl)-1,2,3,9b-tetrahydro-1,3-
methanocyclopentalc]chromene-3a(4H)-carboxylate
(14)

The title compound was synthesized according to General
Procedure A at -20 °C for 72 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the
desired product 14 (78.8 mg, 81%) as a white solid.

HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Minor) = 6.98 min, tr (Major) = 7.87 min.

TH NMR (400 MHz, CDCl3) § 7.31 — 7.21 (m, 3H), 7.14 (d, J = 8.1 Hz, 2H), 7.09 (d,
J=8.2 Hz, 1H), 7.00 — 6.93 (m, 1H), 6.47 (d, J = 7.6 Hz, 1H), 6.03 (s, 1H), 4.76 (s,
1H), 4.18 (q, J = 7.1 Hz, 2H), 3.44 — 3.29 (m, 1H), 2.51 (s, 3H), 2.40 (d, /= 7.8 Hz,
1H), 2.36 — 2.27 (m, 4H), 2.25 (s, 3H), 2.12 (dd, J= 8.8, 1.9 Hz, 1H), 1.17 (t, J = 7.1
Hz, 3H).

I3C NMR (101 MHz, CDCl3) 8 170.6, 169.3, 164.0, 153.1, 150.7, 144.3, 137.0, 135.2,
129.4,128.3,128.2,127.8,124.7,119.1, 117.5, 111.2,61.9, 60.8, 57.2, 57.1, 52.6, 48.3,
40.8,21.3, 14.3, 14.1, 13.9.

HRMS (ESI) m/z calcd. for C20H20N>Os [M+H]" 485.2071, found 485.2072.

HPLC spectrum of rac-14:

DAD1 B, Sig=254.4 Ref=off (LiYJ\IA3 2023-11-20 23-46-18\2-3p-rac.D)
mAU Signal 2: DADl B, Sig=254,4 Ref=off §§ 2
350 i ©
300 Peak RetTime Type Width hrea |
250 # [min] [min] [mAU*s
2009 ----1------- |====|====mmm === mm e |===mmmm-m- |====-=-- [
150*; 6.994 BB 72 &
E 95 BB 0.1146 2480.07153

100

507  rotals : 4996.15625 714.47864
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HPLC spectrum of 14:

DAD1 B, Sig=254,4 Ref=off (LiYJIA3 2023-11-21 01-00-2012-1z.D)
mAU Signal 2: DAD1 B, Sig=254,4 Ref=off 2 A
g
350 A
300 Peak RetTime Type Width Area Height Area db_q,
2850 #  [min] [min]  [mAU*s] [mAU] % &
B e P s R s |-nennees | menneees [-eenees \ i
150 1  6.982 MF 0.1117 87.56883 13.87051 2.9294 ry
2 7.868 MF 9.1239 2901.72388 390.43491 97.0706 &
100 o & \
50 R &
Totals : 2989.29271 403.50541 <%
0 - — ~—— —
T T T T T T T T T
1 2 3 4 S 6 7 8 9 mi

Ethyl (3a5,9bS)-3-(4-(tert-butyl)phenyl)-1-(3,5-
dimethyl-1H-pyrazole-1-carbonyl)-4-0x0-1,2,3,9b-
tetrahydro-1,3-methanocyclopentac]chromene-
3a(4H)-carboxylate (15)

The title compound was synthesized according to
General Procedure A at -20 °C for 72 h. The product

was purified by silica gel flash column chromatography (4-6% EtOAc in n-hexane) to
afford the desired product 15 (45.4 mg, 43%) as a white solid.

HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), fr (major) = 7.89 min, fr (minor) = 9.48 min.

TH NMR (400 MHz, CDCl3) § 7.37 — 7.23 (m, 5H), 7.10 (d, J = 8.1 Hz, 1H), 6.96 (t, J
=7.5 Hz, 1H), 6.46 (d, J= 7.6 Hz, 1H), 6.03 (s, 1H), 4.76 (s, 1H), 4.25 — 4.12 (m, 2H),
3.39 — 3.29 (m, 1H), 2.51 (s, 3H), 2.42 (d, J = 7.8 Hz, 1H), 2.30 (t, J = 9.2 Hz, 1H),
2.26 (s, 3H), 2.13 (dd, J = 8.8, 1.8 Hz, 1H), 1.33 (s, 9H), 1.18 (t, J = 7.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 8 170.6, 169.3, 164.0, 153.0, 150.7, 149.9, 144.3, 135.1,
129.3,128.0,127.7,124.7,124.4,119.1, 117.5, 111.1, 61.9, 60.8, 57.2, 57.1, 52.5, 48.3,

40.8,34.5,31.4,14.2, 14.1, 13.9.
HRMS (ESI) m/z calcd. for C32H3sN30s [M+NH4]" 544.2806, found 544.2809.
HPLC spectrum of rac-15:

DAD1 B, Sig=254.4 Ref=cff (LiYJ\lyj-2-3ac-rac-1G3-60-40-065.D)
mAU Signal 2: DADLl B, Sig=254,4 Ref=off a ©
74 @ I
] ~ <+
6 FPeak RetTime Type Width Area Height Area Il <@
5] # [min] [min] [mAU [mAU] % |
1 L | = R I I
4 1 7.88¢ EB 0o 81.21651 403 50.1521
35 2 9.456 BB 214 80.72438 5.80 49.8479
2
14 Totals 161.94 13.21115
'E ~— 3 -
h T
2 4 6 8 10
HPLC spectrum of 15:
DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1x-1G3-60-40-065.0)
mAU - Signal 2: DAD1 B, Sig=254,4 Ref=off B
5 %
| ~
gp | Peak RetTime Type Width Area Height Area [
- # [min] [min]  [mAU*s] [mAU] %
e R R R [-=smmmeeee |-mmeemneee R |
a0 1 7.885 BB 0.1677 1148.27051 104.94698 94.5603
| 2 9.482 BB 0.2191 66.05611 4.66702 5.4397
20 2
1 Totals : 1214.32661 109.61400 2l
I A — - _ 1
T T T
2 4 6 8 10
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Ethyl (3a5,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-4-0x0-3-(4- (trifluoromethoxy)phenyl)-
1,2,3,9b-tetrahydro-1,3-methanocyclopentajc]-
chromene-3a(4H)-carboxylate (16)

The title compound was synthesized on a 1.9 mmol scale
according to General Procedure A at -20 °C for 48 h.
The product was purified by silica gel flash column chromatography (4-6% EtOAC in
n-hexane) to afford the desired product 16 (963.0 mg, 96%) as a white solid.

HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), fr (major) = 7.84 min, tr (minor) = 8.51 min.

'"H NMR (400 MHz, CDCl3) & 7.43 — 7.36 (m, 2H), 7.30 — 7.24 (m, 1H), 7.15 (d, J =
8.0 Hz, 2H), 7.10 (dd, /= 8.2, 0.9 Hz, 1H), 6.98 (td, J=17.5, 1.1 Hz, 1H), 6.48 (d, J =
7.0 Hz, 1H), 6.04 (d, J= 0.7 Hz, 1H), 4.75 (d, /= 1.4 Hz, 1H), 4.19 (qd, /= 7.1, 2.0
Hz, 2H), 3.34 (dd, /= 9.5, 8.0 Hz, 1H), 2.52 (d, J= 0.7 Hz, 3H), 2.41 (d, /= 7.8 Hz,
1H), 2.30 (t, J=9.2 Hz, 1H), 2.26 (s, 3H), 2.13 (dd, /= 8.7, 2.0 Hz, 1H), 1.17 (t, J =
7.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 8 170.2, 169.1, 163.9, 153.2, 150.6, 148.4, 144.3, 136.8,
129.9, 129.5, 127.8, 124.9, 120.5 (d, J = 257.7 Hz), 119.8, 118.8, 117.5, 111.2, 62.1,
60.7,57.1, 56.5, 52.4,48.2,40.8, 14.2, 14.1, 13.9.

YF NMR (376 MHz, CDCl3) & -57.6 (s, 3F).

HRMS (ESI) m/z calcd. for C2oHa6F3N20s [M+H]" 555.1738, found 555.1742.

HPLC spectrum of rac-16:

DAD1 B, Sig=254,4 Ref=off (LiYJUIG3 2024-01-21 16-10-51\2-57-1-rac.D)
mAU { Signal 1: DAD1 B, Sig=254,4 Ref=off L] =1 N
1400 — ® R
f Ke]
1200 | Peak RetTime Type Width Area Height Area | &
1000 — #  [min] [min]  [mAU*s] [mAU] % m s
goo— -l [--=-1------- [-----mmo-- [---------- [-------- |
500 ] 1 7.842 BY  0.1610 1.57140e4 1514.91321 49.5583
] 2 8.50@ MF  ©.2000 1.59941e4 1332.56018 50.4417
400 -
200 ] Totals : 3.17081e4 2847.47339
0;
‘ ‘ ‘ ‘ ‘
2 4 6 8 10 min
HPLC spectrum of 16:
DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2024-02-01 18-30-27\2-61-1.D)
mAU §  Signal 2: DADL B, Sig=254,4 Ref=off g K
3 g o
300~ R
7 Peak RetTime Type Width Area Height Area @
B0 ¢ [min] [min]  [mAU*s] [mAU] % ¥
2007 --o]eeoeee- [-=--l---m--- [--mmmmmee- [-mmmmme- [--mmmme- \
150 = 1 7.842 MF ©.1653 3535.48438 356.48361 98.2583 N
100 2 8.509 FM  ©0.2029 62.66744  5.14876 1.7417 | &
I
] Q©
50 S 4
1 Totals : 3598.15181 361.63237 e
0 — = - - +
T T T
2 4 6 8 10 mil
Diethyl (3a$,9b.5)-4-0x0-3-(thiophen-3-yl)-2,3-dihydro-1,3-
0 methanocyclopentalc]chromene-1,3a(4H,9bH)-
o dicarboxylate (17)
EtO,C

N The title compound was synthesized according to General
S Iy Procedure A at -20 °C for 72 h. The product was purified by
17 silica gel flash column chromatography (5-7% EtOAc in n-

hexane) to afford the desired product 17 (59.7 mg, 70%) as a white solid.
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HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (major) = 10.21 min, #r (minor) = 11.01 min.

'"H NMR (400 MHz, CDCl3) § 7.35 — 7.25 (m, 2H), 7.25 — 7.17 (m, 2H), 7.16 — 7.07
(m, 3H), 4.25 — 4.11 (m, 4H), 4.08 (d, /= 1.1 Hz, 1H), 2.90 (dd, J=9.5, 7.8 Hz, 1H),
2.24 (d, J=17.6 Hz, 1H), 2.18 (dd, J = 8.6, 1.9 Hz, 1H), 2.08 (t, /=9.2 Hz, 1H), 1.24
(t,J=7.1 Hz, 3H), 1.16 (t,J="7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) & 170.5, 169.2, 163.8, 150.5, 138.7, 129.6, 129.0, 127.9,
124.8, 124.4, 123.6, 118.6, 117.4, 62.1, 61.0, 60.1, 54.7, 54.3, 51.0, 47.2, 40.0, 14.2,
13.9.

HRMS (ESI) m/z calcd. for C23H2306S [M+H]" 427.1210, found 427.1213.

HPLC spectrum of rac-17:

DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-10-05 22-19-50\2-3af-rac.D)

'"Auf Peak RetTime Type Width Area Height Area E E

20_—‘ #  [min] [min]  [mAU*s] [mAU] % ft 2
e |==eefememnes o |---enemee |- eeee |
15? 1 9.875 BB 9.1682 289.82562 26.38408 50.0943

10_: 2 10.593 BB 0.1859 288.73483  24.08572 49.9057

55 Totals : 578.56046 50.46980

0 S _ ; ‘ . -
T T
2 4 6 8 10 12 mi

HPLC spectrum of 17:

DAD1 B. Sig=254.4 Ref=off (LiYJ\IG3 2023-11-24 20-18-21\w-1-140f.D)
mAU 3§ Signal 1: DAD1 B, Sig=254,4 Ref=off

~10.213

150_; Peak RetTime Type Width Area Height Area
1255 #  [min] [min]  [mAU*s] [mAU] %
1005 --nn]=mnoee P [-mmmmeeees [ mmmmeeees |--mneee |
752 1 10.213 BB ©.1833 2165.33545 184.00589 89.5889
50; 2 11.606 BB ©.2011 251.84955 19.44761 16.4191 8
| =]
25_; Totals : 2417.18500 203.45350 ~
0=
2 4;- 6 é 10 12 mi
Ethyl (3a8,9bS5)-1-(3,5-dimethyl-1H-pyrazole-1-
o] carbonyl)-4-oxo-3-(phenylethynyl)-1,2,3,9b-tetrahydro-
EtOOC 1,3-methano-cyclopenta[c]chromene-3a(4H)-
2

/ carboxylate (18)
PhT— o The title compound was synthesized according to General
18 Procedure A at-20 °C for 72 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the desired
product 18 (90.1 mg, 91%) as a white solid.
HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 10.65 min, tr (Minor) = 14.02 min.
'H NMR (400 MHz, CDCl3) 8 7.56 — 7.44 (m, 2H), 7.36 — 7.20 (m, 4H), 7.12 — 7.05
(m, 1H), 6.95 (td, J = 7.6, 1.1 Hz, 1H), 6.45 (d, J = 7.1 Hz, 1H), 6.02 (d, J = 0.5 Hz,
1H), 4.61 (d, J = 1.3 Hz, 1H), 4.37 — 4.23 (m, 2H), 2.97 (dd, J = 9.4, 8.1 Hz, 1H), 2.57
(d, J=7.9Hz, 1H), 2,51 (d, J = 0.4 Hz, 3H), 2.28 (dd, J = 8.8, 1.9 Hz, 1H), 2.21 (s,
3H), 2.12 (t, J = 9.2 Hz, 1H), 1.26 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, CDCl3) 6 169.8, 168.5, 163.4, 153.3, 150.5, 144.3, 132.0, 129.5,
128.1,127.8,124.8, 123.1, 118.4, 117.5, 111.3, 86.1, 84.8, 62.2, 60.1, 57.9, 50.6, 50.4,
45.4,42.8,14.2, 14.0.
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HRMS (ESI) m/z calcd. for C3oH27N20s [M+H]* 495.1915, found 495.1915.
HPLC spectrum of rac-18:

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-10-05 20-46-11\2-3ag-rac.D)
mAU | Signal 2: DAD1 B, Sig=254,4 Ref=off o
1 o o
201 Peak RetTime Type Width Area Height Area 2 2
1 #  [min] [min]  [mAU*s] [mAU] % | -
(L [ PR P |-mmmmeeeee |mmeeeee |-=nmeee |
1 18.254 BB ©.1995 301.81885 23.55703 50.6410
mi 2 13.172 BB ©.2793 301.32483 16.63703 49.9599
5]
1 Totals : 603.14368 48.19406
ol — —— N — . ——— — S
2 4 6 8 10 12 14 min|
HPLC spectrum of 18:
DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2023-12-02 00-28-34\2-1ab.D)
mAU -] Signal 2: DAD1 B, 5ig=254,4 Ref=off 2
] ®
600 =]
500 i Peak RetTime Type Width Area Height Area
E #  [min] [min] [mAU*s] [mAU] % |
4007 e R P R [-mmemmnees [-memeees |
300 — 1 10.65@ BB 0.2219 9865.99219 685.64642 96.5975
200 2 14.024 BB 0.3285 347.50967 16.44744 3.4825 .
| o™
100- Totals : 1.02135e4 702.09386 S,-
04 — -
T T T T
2 4 6 8 10 12 14 mi

Methyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-4-oxo0-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-
3a(4H)-carboxylate (19)

The title compound was synthesized according to General
Procedure A at -20 °C for 48 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the
desired product 19 (80.8 mg, 85%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 75/25, flow rate = 0.60
mL/min, A = 254 nm), tr (Minor) = 17.09 min, tr (major) = 18.47 min.

1H NMR (400 MHz, CDCl3) & 7.39 — 7.31 (m, 2H), 7.29 — 7.22 (m, 1H), 7.09 (d, J =
7.5 Hz, 1H), 7.04 — 6.93 (m, 3H), 6.48 (d, J= 7.5 Hz, 1H), 6.04 (s, 1H), 4.74 (s, 1H),
3.69 (s, 3H), 3.35 (dd, J=9.4, 8.2 Hz, 1H), 2.51 (s, 3H), 2.40 (d, J= 7.9 Hz, 1H), 2.30
(t, 3H), 2.26 (s, 3H), 2.12 (dd, J = 8.8, 1.9 Hz, 1H).

13C NMR (101 MHz, CDCls) 6 170.3, 169.7, 164.0, 162.2 (d, J = 246.0 Hz), 153.3,
150.5, 144.3, 133.9 (d, J = 3.1 Hz), 130.1 (d, J = 8.1 Hz), 129.5, 127.9, 124.9, 118.8,
117.5,114.4 (d, J=21.3 Hz), 111.3, 60.6, 57.1, 56.6, 52.9, 52.4, 48.2, 40.7, 14.2, 14.1.
F NMR (376 MHz, CDCl3) 6 -114.9 (s, 1F).

HRMS (ESI) m/z calcd. for C27H24FN20s [M+H]" 475.1664, found 475.1667.

HPLC spectrum of rac-19:

DAD1 B, Sig=254.4 Ref=off (LiYJ\G3 2023-12-03 22-21-0212-3f-rac.0)
";'Bg signal 2: DAD1 B, Sig=254,4 Ref=off g 2 )
1 s &
80 Peak RetTime Type Width Area Height Area | | \@fv
#  [min] [min]  [mAU*s] [mAU] % i ¥
60 —men]ame---- [=m==]=mnmne- |==mmmennan [==mmmamne- [=mmmmnn- |
1 16.840 BB ©.3418 2318.40250 105.72836 49.3060
407 2 18.101 MF ©.4163 2383.66577 95.44204 50.6940
20
Totals : 4702.06836 201.17048
e ‘ —
2 4 6 8 10 12 14 18 18 min
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HPLC spectrum of 19:

DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2024-02-16 13-58-21\2-1d-p.D)

mAU 1 Signal 2: DAD1 B, Sig=254,4 Ref=off =
1 =
200 . . . E
|1 Peak RetTime Type Width Area Height Area i
150 #  [min] [min] [mAU*s] [mAU] % |
SRR Rt R B e e |- |
100 1 17.e91 BB 0.3781 224.90129 9.29971  3.4204
50; 2 18.474 BB 9.4189 6350.40479 235.248085 96.5796 5
] Totals : 6575.306088 244.54775 E
D Bl - e | e (/‘ N S—
25 5 75 10 125 15 17.5 20 min

Isopropyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-
3a(4H)-carboxylate (20)

The title compound was synthesized according to General
Procedure A at -20 °C for 48 h. The product was purified

by silica gel flash column chromatography (4-6% EtOAc in n-hexane) to afford the

desired product 20 (88.

0 mg, 88%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 90/10, flow rate = 0.50
mL/min, A = 254 nm), tr (Minor) = 17.28 min, tr (major) = 17.94 min.
TH NMR (400 MHz, CDCl3) & 7.40 — 7.31 (m, 2H), 7.26 (t, 1H), 7.09 (d, J = 8.1 Hz,
1H), 7.04 — 6.93 (m, 3H), 6.48 (d, J = 7.4 Hz, 1H), 6.04 (s, 1H), 5.14 — 4.99 (m, 1H),
4.76 (s, 1H), 3.33 (t, J=8.6 Hz, 1H), 2.51 (s, 3H), 2.40 (d, J= 7.7 Hz, 1H), 2.29 (t, 1H),
2.24 (s, 3H), 2.11 (d, J= 8.4 Hz, 1H), 1.17 (dd, J = 15.5, 6.1 Hz, 6H).

13C NMR (101 MHz,

150.6, 144.3, 134.1 (d,

CDCls) 5 170.4, 168.8, 164.0, 162.1 (d, J = 245.6 Hz), 153.1,
J=3.0 Hz), 130.1 (d, J = 8.1 Hz), 129.4, 127.7, 124.8, 119.0,

117.4,114.3 (d, J = 21.3 Hz), 111.2, 69.9, 61.0, 57.0, 56.5, 52.4, 48.2, 40.8, 21.4, 21.3,

14.2, 14.0.

F NMR (376 MHz, CDCl3) 6 -115.1 (s, 1F).
HRMS (ESI) m/z calcd. for C29H28FN20Os [M+H]" 503.1977, found 503.1979.
HPLC spectrum of rac-20:

DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-12-17 20-42-23\2-3g-rac.D)

mAUT  Signal 2: DAD1 B, Sig=254,4 Ref=off g ﬁ@,_;:%qu
] ~
400- ; ; . FOR A
1 eak RetTime Type Width Area Height Area P P
3003 #  [min] [min]  [mAU*s] [mAU] % i
E R L R |=oeeeeeees |=meeees |-xnnnes | i
200 1 17.612 MM ©.2578 7560.22949 488.73685 49.5780 [
2 18.358 MF 0.2751 7688.94238 465.83063 50.4220 [
100
Totals : 1.52492e4  954.56747
o2 N — .- _ I VA S,
—T T e 0 —— T — T ——
2.5 5 7.5 10 12.5 15 17.5 20 mi
HPLC spectrum of 20:
DAD1 B, Sig=254.4 Ref=off (LiYJ\lyj-2-1e-p-re-IF3-90-10-05.D)
mAUS  signal 2: DADL B, Sig—254,4 Ref—off g ©
o)
800 b A2
E - Ne)
7004 Peak RetTime Type Width Area Height Area s
600 4 [min] [min] [mAU*s] [maU [ ‘?S
5005 |- [ e e | === | I
400 1 17.278 MF 0.2445 233.16512 1 547 1 70 i1
300 2 17.943 MF 0.2631 1.37536e4 1.2881 @
0"
200 o e . E qu?
1003 Teotals : 1.39868e4 ’:vs‘b |
= —
T T T T T -
25 5 7.5 10 12.5 15 17.5 20 min
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Tert-butyl (3aR,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-
3a(4H)-carboxylate (21)

The title compound was synthesized according to General
Procedure A at -20 °C for 68 h. The product was purified
by silica gel flash column chromatography (4-6% EtOAc in n-hexane) to afford the
desired product 21 (43.4 mg, 42%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 75/25, flow rate = 0.65
mL/min, A = 254 nm), tr (Major) = 12.97 min, tr (minor) = 14.08 min.

'H NMR (400 MHz, CDCls) 6 7.35 (dd, J = 8.5, 5.5 Hz, 2H), 7.28 — 7.21 (m, 1H), 7.08
(d, J=8.1Hz, 1H), 7.03 - 6.93 (m, 3H), 6.47 (d, J = 7.5 Hz, 1H), 6.04 (s, 1H), 4.77 (s,
1H), 3.31 (dd, J = 9.2, 8.1 Hz, 1H), 2.52 (s, 3H), 2.38 (d, J = 7.7 Hz, 1H), 2.30 — 2.20
(m, 4H), 2.09 (dd, J = 8.6, 1.6 Hz, 1H), 1.39 (s, 9H).

13C NMR (101 MHz, CDCls) 6 170.5, 168.2, 164.2, 162.1 (d, J = 245.8 Hz), 153.0,
150.6, 144.3, 134.2 (d, J = 3.2 Hz), 130.1 (d, J = 8.1 Hz), 129.3, 127.7, 124.7, 119.1,
117.3,114.3(d, J=21.4 Hz), 111.1, 83.2, 61.4, 56.8, 56.4, 52.6, 48.2, 41.0, 27.8, 14.2,
14.0.

F NMR (376 MHz, CDCl3) 6 -115.3 (s, 1F).

HRMS (ESI) m/z calcd. for CsoH29NaFN20s [M+Na]* 539.1953, found 539.1959.
HPLC spectrum of rac-21:

DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2024-02-01 18-30-27\2-3h-rac.D)
mAU 4 Signal 2: DAD1 B, Sig=254,4 Ref=off
50

~ 13292
14.282

1 Peak RetTime Type Width Area Height Area /
O % [min] [min]  [mAU*s] [mAU] % |
P e B |--oo - [--mmmeee |-ommmee e |-ommoeee \ L

] 1 13.292 BV 9.3568 1262.08850 55.18788 50.2358 _‘
20— 2 14.282 VB ©.3567 1250.23926  54.28258 49.7642
10+

Totals : 2512.32776 1@9.47@38
0- _ SRRVAR - L ~ h —
T T T T T
2 4 6 8 10 12 14 16miry

HPLC spectrum of 21:

DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1u-p-1G3-75-25-06.D)
mAU 4 Signal 2: DADLl B, Sig=254,4 Ref=off

T 1zer4

25 peak RetTime Type Width Lrea Height Area
20 # [min] [min] [mAU*s] [mAU]

7 _‘ 14.081

T T T — — T T T T T — L T T T
2 4 6 8 10 12 14 16mi

Benzyl (3a5,9bS5)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-tetrahydro-
1,3-methanocyclopenta[c|chromene-3a(4H)-carboxylate
(22)

The title compound was synthesized according to General
Procedure A at -20 °C for 48 h. The product was purified by
silica gel flash column chromatography (4-7% EtOAc in n-hexane) to afford the desired
product 22 (99.8 mg, 91%) as a white solid.
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HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 70/30, flow rate = 0.55
mL/min, A = 254 nm), tr (Minor) = 14.01 min, tr (Mmajor) = 16.46 min.

'H NMR (400 MHz, CDCl3) 8 7.31 (dd, J=8.5, 5.5 Hz, 2H), 7.28 — 7.21 (m, 4H), 7.18
—7.12 (m, 2H), 7.07 (d, J = 7.7 Hz, 1H), 6.99 — 6.92 (m, 3H), 6.43 (d, J = 7.6 Hz, 1H),
6.01 (s, 1H), 5.14 (dd, J = 58.6, 12.5 Hz, 2H), 4.73 (s, 1H), 3.30 (t, J = 8.7 Hz, 1H),
2.49 (s, 3H), 2.37 (d, J = 7.8 Hz, 1H), 2.30 (t, J= 9.2 Hz, 1H), 2.18 (s, 3H), 2.14 — 2.08
(m, 1H).

13C NMR (101 MHz, CDCl3) § 170.2, 169.0, 163.9, 162.2 (d, J = 245.8 Hz), 153.2,
150.6, 144.3, 135.2, 133.9 (d, /= 2.9 Hz), 130.1 (d, J = 8.1 Hz), 129.5, 128.5, 128.3,
127.8, 127.6,125.0, 118.8, 117.5, 114.4 (d, J=21.3 Hz), 111.2, 67.3, 60.8, 57.1, 56.7,
52.4,48.3,40.8, 14.2, 14.1.

YF NMR (376 MHz, CDCl3) & -115.0 (s, 1F).

HRMS (ESI) m/z calcd. for Cs3H2sFN20s [M+H]" 551.1977, found 551.1979.

HPLC spectrum of rac-22:

DAD1 B, Sig=254 4 Ref=off (LiYJ\lyj-2-3i-rac-IF3-70-30-055.D)
mAU—] Signal 2: DADl B, Sig=254,4 Ref=off 2 2
[} 2]
A = ©
100 1 Peak RetTime Type Width Area Height Area i T
80 ] U*s |
60— I i
40 I
] |
207 Torals : 2857.46875 215.44371 ‘
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] . T — T T T
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HPLC spectrum of 22:
DAD1 B. Sig=254.4 Ref=off (LiYJ\lyj-2-1f-p-re-IF3-70-30-055.D)
mAU Signal 2: DADl B, S5ig=254,4 Ref=off 5 &
] = o
500 © ®®
1 Peak RetTime Type Width Area Height Area o
400 # [min] [min] [mAU] f‘s
300 - |- |l——— | === | === |
1 14.007 BB 0.1878 74210 1 1
200 2 16.457 MF 0.2419 84 34827 98.9%009
El ~
100 2
Totals : .62670 581.09037 <
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— ! T I I o T e B A B B A
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2-bromoethyl (3a5,9bS)-1-(3,5-dimethyl-1H-pyrazole-
1-carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopentalc]chromene-
3a(4H)-carboxylate (23)

The title compound was synthesized according to
General Procedure A at -20 °C for 60 h. The product was
purified by silica gel flash column chromatography (4-7% EtOAc in n-hexane) to afford
the desired product 23 (102.2 mg, 90%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 214 nm), tr (minor) = 12.16 min, tr (major) = 13.90 min.

'"H NMR (400 MHz, CDCl3) & 7.39 — 7.31 (m, 2H), 7.29 — 7.23 (m, 1H), 7.09 (d, J =
7.6 Hz, 1H), 7.04 — 6.94 (m, 3H), 6.48 (d, /= 7.2 Hz, 1H), 6.04 (s, 1H), 4.90 (d, /= 1.1
Hz, 1H), 4.55 (ddd, J = 12.5, 7.2, 5.5 Hz, 1H), 4.28 (dt, J=11.7, 5.7 Hz, 1H), 3.48 —
3.40 (m, 1H), 3.40 — 3.27 (m, 2H), 2.50 (s, 3H), 2.44 (d, J= 7.9 Hz, 1H), 2.31 (t, J =
9.2 Hz, 1H), 2.25 (s, 3H), 2.12 (dd, /= 8.8, 1.9 Hz, 1H).
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13C NMR (101 MHz, CDCl3) & 170.2, 168.7, 163.8, 162.2 (d, J = 246.1 Hz), 153.3,
150.6, 144.3, 133.7 (d, J = 3.2 Hz), 130.2 (d, J = 8.1 Hz), 129.5, 127.8, 125.0, 118.8,
117.5,114.4 (d,J=21.4 Hz), 111.3, 64.4, 60.9, 57.2, 56.5, 52.5, 48.3, 40.6, 28.3, 14.2,
14.1.

19F NMR (376 MHz, CDCl3) § -114.8 (s, 1F).

HRMS (ESI) m/z calcd. for C2gH2sBrFN>Os [M+H]"™ 567.0926, found 567.0925.
HPLC spectrum of rac-23:

DAD1 A, Sig=214,4 Ref=off (LiYJ\LYJ-IF3 2023-09-15 18-33-1512-3r-rac.D)
mAU ] Signal 1: DAD1 A, Sig=214,4 Ref=off g o
¢ M~
80 o @
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HPLC spectrum of 23:
DAD1 A, Sig=214,4 Ref=off (LiYJ\lyj-2-1i-p-re-IG3-60-40-065.D)
mAU Signal 1: DAD1 A, Sig=214,4 Ref=off §
350 ) A . e}
100 1 Peak RetTime Type Width Area Height Area il
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20T s [FERRIEREEER |--mmmeeee [-mmmmeeeee |=-mmmee |
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100 2
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But-3-en-1-yl (3a8,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
\/\, 0 O carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
N tetrahydro-1,3-methanocyclopentalc]chromene-

3a(4H)-carboxylate (24)
© The title compound was synthesized according to General

Procedure A at -20 °C for 60 h. The product was purified
by silica gel flash column chromatography (4-7% EtOAc in n-hexane) to afford the
desired product 24 (96.1 mg, 93%) as a white solid.
HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 11.06 min, tr (major) = 12.31 min.
TH NMR (400 MHz, CDCl3)  7.39 — 7.32 (m, 2H), 7.28 — 7.22 (m, 1H), 7.08 (d, J =
8.0 Hz, 1H), 7.04 — 6.93 (m, 3H), 6.46 (d, /= 7.4 Hz, 1H), 6.04 (s, 1H), 5.60 (ddt, J =
17.1, 10.2, 6.8 Hz, 1H), 4.99 — 4.85 (m, 2H), 4.75 (s, 1H), 4.28 (dt, J = 10.8, 6.6 Hz,
1H), 4.07 (dt, J=10.8, 6.4 Hz, 1H), 3.33 (dd, J = 9.4, 8.1 Hz, 1H), 2.51 (s, 3H), 2.40
(d, J=7.8 Hz, 1H), 2.35 - 2.21 (m, 6H), 2.11 (dd, /= 8.7, 1.8 Hz, 1H).
I3C NMR (101 MHz, CDCl3) & 170.3, 169.1, 164.0, 162.1 (d, J = 245.8 Hz), 153.2,
150.6, 144.3, 134.0 (d, J = 3.2 Hz), 133.2, 130.1 (d, J = 8.1 Hz), 129.4, 127.8, 124.9,
118.8, 117.6, 117.4, 114.3 (d, J = 21.4 Hz), 111.2, 64.5, 60.7, 57.0, 56.4, 52.6, 48.3,
40.7,32.9, 14.2, 14.0.
YF NMR (376 MHz, CDCl3) § -115.1 (s, 1F).
HRMS (ESI) m/z calcd. for C3oH2sFN2Os [M+H]" 515.1977, found 515.1977.
HPLC spectrum of rac-24:
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DAD1 B, Sig=254.4 Ref=off (LiYJ\ILYJ-IF3 2023-09-15 17-01-09'2-3j-rac.D)
mAU - Signal 2: DADLl B, Sig=254,4 Ref=off ﬁ ,\o)g QA
] g Pad &
120 - . s N e . = B P
] Peak RetTime Type Width Area Height Area s o
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HPLC spectrum of 24:
DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-09-15 19-07-3212-1k-p.D)
mAU-J Signal 2: DAD1 B, Sig=254,4 Ref=off § &
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carboxylate (25)

3-(trimethylsilyl)prop-2-yn-1-yl (3a$,9bS)-1-(3,5-
dimethyl-1H-pyrazole-1-carbonyl)-3-(4-
fluorophenyl)-4-oxo-1,2,3,9b-tetrahydro-1,3-
methanocyclopenta|c]-chromene-3a(4H)-

The title compound was synthesized according to
General Procedure A at -20 °C for 72 h. The product was purified by silica gel flash
column chromatography (n-hexane/EtOAc = 100/0 to 100/6) to afford the desired

product 25 (105.9 mg, 93%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 80/20, flow rate = 0.40
mL/min, A = 254 nm), tr (Minor) = 14.63 min, tr (major) = 15.67 min.

TH NMR (400 MHz, CDCl3) & 7.43 — 7.34 (m, 2H), 7.33 — 7.27 (m, 1H), 7.14 (d, J =
7.7 Hz, 1H), 7.09 — 6.96 (m, 3H), 6.52 (d, J = 7.2 Hz, 1H), 6.07 (s, 1H), 4.80 (s, 1H),
4.73 (dd, J = 82.0, 15.7 Hz, 2H), 3.37 (dd, J= 9.4, 8.1 Hz, 1H), 2.55 (s, 3H), 2.45 (d, J
=7.9 Hz, 1H), 2.35 (t, J=9.3 Hz, 1H), 2.29 (s, 3H), 2.17 (dd, J= 8.8, 1.9 Hz, 1H), 0.15

(s, 9H).

13C NMR (101 MHz, CDCl3) & 170.2, 168.4, 163.5, 162.2 (d, J = 246.0 Hz), 153.1,
150.6, 144.3, 133.7 (d, J = 3.2 Hz), 130.1 (d, J = 8.1 Hz), 129.5, 127.8, 124.9, 118.7,
117.5,114.4 (d, J=21.4 Hz), 111.2,97.9, 93.0, 60.7, 57.1, 56.8, 54.0, 52.4, 48.2, 40.8,

142, 14.1, -0.4.
19F NMR (376 MHz, CDCls) & -114.9 (s, 1F).

HRMS (ESI) m/z calcd. for C32H32FN20sSi [M+H]™ 571.2059, found 571.2061.

HPLC spectrum of rac-25:
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DAD1 B, Sig=254,4 Ref=off (Dmh\hac-s-IF3-80-20-04-2-20 2023-10-16 21-39-46\hao-1-57-1g-rac.D)
mAU Signal 2: DADl B, Sig=254,4 Ref=off % JFo &
= 5
200 g P2 P
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] in 'S
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HPLC spectrum of 25:
DAD1 B, Sig=254.4 Ref=off (Dmh\hao-s-...20 2023-11-02 20-33-02\003-hac-1-57-1g-for-2023-11-02-21-14-52.D)
mAU 7 signal 2: DADL B, Sig=254,4 Ref=off E o
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Prop-2-yn-1-yl (3aS$,9bS)-1-(3,5-dimethyl-1H-pyrazole-

\ o] O 1-carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
00 tetrahydro-1,3-methanocyclopentalc]chromene-
0 = 3a(4H)-carboxylate (26)

F O o The title compound was synthesized according to General
Procedure A at -20 °C for 72 h. The product was purified
by silica gel flash column chromatography (n-hexane/EtOAc = 100/0 to 100/6) to afford
the desired product 26 (94.9 mg, 95%) as a white solid.
HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 7.57 min, tr (major) = 9.05 min.
TH NMR (400 MHz, CDCl3) & 7.38 — 7.31 (m, 2H), 7.31 — 7.25 (m, 1H), 7.10 (dd, J =
8.2, 0.8 Hz, 1H), 7.04 — 6.96 (m, 3H), 6.48 (d, J = 7.0 Hz, 1H), 6.04 (s, 1H), 4.79 (dd,
J=15.5,2.4 Hz, 2H), 4.58 (dd, J = 15.5, 2.5 Hz, 1H), 3.31 (dd, J = 9.6, 8.1 Hz, 1H),
2.52 (s, 3H), 2.44 (dd, J= 7.0, 5.1 Hz, 2H), 2.31 (t, J= 9.3 Hz, 1H), 2.25 (s, 3H), 2.13
(dd, J= 8.8, 2.0 Hz, 1H).
13C NMR (101 MHz, CDCls) 6 170.2, 168.3, 163.5, 162.2 (d, J = 246.1 Hz), 153.2,
150.6, 144.3, 133.6 (d, /= 3.2 Hz), 130.1 (d, J= 8.1 Hz), 129.5, 127.8, 125.0, 118.7,
117.5,114.4 (d,J=21.4 Hz), 111.2, 76.6, 75.5, 60.7, 57.1, 56.8, 53.2, 52.2, 48.2, 40.7,
14.2, 14.0.
F NMR (376 MHz, CDCl3) 6 -114.8 (s, 1F).
HRMS (ESI) m/z calcd. for C2oH24FN2Os [M+H]" 499.1664, found 499.1664.
HPLC spectrum of rac-26:

DAD1 B, Sig=254 4 Ref=off (Dmh\hao-s-IA3-60-40-065-2-18 2023-11-08 18-16-541hac-1-57-1h-rac.D)
mAU © Signal 2: DDl B, Sig=254,4 Ref=off
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HPLC spectrum of 26:

DAD1 B, Sig=254.4 Ref=cff (Dmh'hao-s-IA3-60-40-065-2-18 2023-11-08 18-16-54\hac-1-57-1h-for.D)
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Pent-4-yn-1-yl (3aS,9bS)-1-(3,5-dimethyl-1H-

N\
\\/¥ 0 O pyrazole-1-carbonyl)-3-(4-fluorophenyl)-4-oxo-
0P 1,2,3,9b-tetrahydro-1,3-methanocyclopenta[c]-
5 chromene-3a(4H)-carboxylate (27)
F o7 o The title compound was synthesized according to

General Procedure A at -20 °C for 60 h. The product
was purified by silica gel flash column chromatography (4-7% EtOAc in n-hexane) to
afford the desired product 27 (94.5 mg, 90%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Major) = 13.11 min, tr (Minor) = 13.96 min.

'H NMR (400 MHz, CDCl3) 6 7.38 — 7.31 (m, 2H), 7.30 — 7.24 (m, 1H), 7.09 (dd, J =
8.2,0.9 Hz, 1H), 7.04 - 6.93 (m, 3H), 6.48 (d, J = 7.0 Hz, 1H), 6.04 (d, J = 0.6 Hz, 1H),
4.77 (d, J = 1.4 Hz, 1H), 4.30 — 4.19 (m, 2H), 3.33 (dd, J = 9.5, 8.0 Hz, 1H), 2.51 (s,
3H), 2.41 (d, J = 7.9 Hz, 1H), 2.30 (t, 1H), 2.26 (s, 3H), 2.13 (dd, J = 8.8, 2.0 Hz, 1H),
2.06 (ddd, J=9.7, 4.8, 1.7 Hz, 2H), 1.88 (t, J = 2.6 Hz, 1H), 1.81 — 1.70 (m, 2H).

13C NMR (101 MHz, CDCls) 6 170.3, 169.1, 163.9, 162.1 (d, J = 246.0 Hz), 153.2,
150.6, 144.3, 133.9 (d, J = 3.2 Hz), 130.0 (d, J = 8.1 Hz), 129.5, 127.8, 124.9, 118.8,
117.5,114.4 (d, J=21.3 Hz), 111.2, 82.6, 69.2, 64.3, 60.7, 57.0, 56.6, 52.5, 48.2, 40.7,
27.1,14.9,14.2,14.1.

F NMR (376 MHz, CDCl3) 6 -115.0 (s, 1F).

HRMS (ESI) m/z calcd. for C31H2FN2Os [M+H]" 527.1977, found 527.1980.

HPLC spectrum of rac-27:

DAD1 B, Sig=254.4 Ref=off (LiYJ\lyj-2-3s-rac-IG3-60-40-065.D)

mAU | Signal 2: DADl B, Sig=254,4 Ref=off = 5
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HPLC spectrum of 27:
DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-10-04 21-26-35\2-11-p.D)
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(3aS,9bS5)-1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-
(4-fluorophenyl)-N-isobutyl-4-o0xo0-1,2,3,9b-tetrahydro
-1,3-methanocyclopentajc]chromene-3a(4H)-
carboxamide (28)

The title compound was synthesized according to General
Procedure A at 25°C for 72 h. The product was purified

by silica gel flash column chromatography (n-hexane/EtOAc = 100/0 to 100/6) to afford

the desired product 28 (79.2 mg, 77 %) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 9.15 min, tr (Major) = 10.90 min.
TH NMR (400 MHz, CDCls) & 7.25 — 7.18 (m, 1H), 7.11 — 6.99 (m, 5H), 6.99 — 6.92
(m, 2H), 6.50 (d, J= 7.1 Hz, 1H), 6.03 (s, 1H), 5.64 (s, 1H), 3.37 (dd, J=9.5, 7.7 Hz,
1H), 3.13 (dt, J = 13.3, 6.6 Hz, 1H), 2.85 (ddd, J = 13.1, 6.7, 4.9 Hz, 1H), 2.50 (s, 3H),
2.41(t,J=9.2 Hz, 1H), 2.31 (s, 3H), 2.21 (dd, J= 8.7, 1.8 Hz, 1H), 2.16 (d, J= 7.6 Hz,

1H), 1.68 — 1.53 (m, 1H), 0.74 (dd, J = 17.0, 6.7 Hz, 6H).

13C NMR (101 MHz, CDCl3) & 170.9, 168.5, 165.1, 162.4 (d, J = 246.9 Hz), 153.2,
149.8, 144.0, 133.6 (d, J = 3.2 Hz), 129.6 (d, J = 8.2 Hz), 129.0, 128.1, 125.1, 120.4,
116.7,114.5 (d,J=21.5Hz), 111.2,61.0, 59.8, 57.2,48.0,47.7,45.8,42.4, 27.9, 20.14,

20.09, 14.2, 14.1.
19F NMR (376 MHz, CDCls) § -114.1 (s, 1F).

HRMS (ESI) m/z calcd. for C3oH31FN304 [M+H]" 516.2293, found 516.2295.

HPLC spectrum of rac-28:

DAD1 B, Sig=254 4 Ref=off (Dmh'\hao-s-IF3-60-40-065-2-18 2023-10-27 14-50-49\hao-1-57-1p-rac.D)
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1 hit N ] q:-\
300 - > =} fg’o
4 Peak RetTime Type Width Area Height Area Il ,;l’ f &
250 i 4 [ @ || @
3 # [min] [min] [mAaU*s] [mAU] ¥ ‘,Ps
200+ |
| | | | | |
150 - 1 9.146 MF 0.1427 2841.24609 331.86569 49,4648 [ { |
100 2 10.882 MF 0.1744 2902.73145 277.32614 50.5352 (
503 Totals : 5743.97754 609.19183 | .
T T T T T T T T T T T ! T 1
2 4 6 8 10 12 min
HPLC spectrum of 28:
DAD1 B, Sig=254,4 Ref=off (Dmhthao-s-IF3-60-40-065-2-18 2023-11-01 16-09-11\hao-1-57-1p-rt.D)
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29

Ethyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-8-fluoro-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopentajc|chromene-3a(4H)-
carboxylate (29)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-
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hexane) to afford the desired product 29 (91.8 mg, 91 %) as a white solid.

HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-PrOH = 90/10, flow rate = 0.60
mL/min, A = 254 nm), tr (Minor) = 11.71 min, tr (major) = 12.65 min.

TH NMR (400 MHz, CDCl3) & 7.38 — 7.30 (m, 2H), 7.07 (dd, J=9.0, 4.7 Hz, 1H), 7.04
—6.92 (m, 3H), 6.16 (dd, J = 8.5, 2.9 Hz, 1H), 6.06 (s, 1H), 4.73 (s, 1H), 4.26 — 4.13
(m, 2H), 3.33 (dd, J = 9.4, 8.1 Hz, 1H), 2.52 (s, 3H), 2.41 (d, J=7.9 Hz, 1H), 2.31 —
2.22 (m, 4H), 2.14 (dd, J= 8.8, 1.9 Hz, 1H), 1.17 (t, J= 7.1 Hz, 3H).

I3C NMR (101 MHz, CDCls) 8 170.0, 169.0, 163.7, 162.2 (d, J = 246.1 Hz), 159.0 (d,
J=244.4Hz), 153.5, 146.7 (d, J = 2.5 Hz), 144.5, 133.7 (d, J = 3.1 Hz), 130.1 (d, J =
8.1 Hz), 120.4 (d, J= 7.8 Hz), 118.9 (d, J= 8.5 Hz), 116.5 (d, J=23.7 Hz), 114.4 (d, J
=21.3 Hz), 114.1 (d, J=24.1 Hz), 111.4, 62.1, 60.2, 57.0, 56.7, 52.4, 48.2, 40.7, 14.1,
14.0, 13.9.

YF NMR (376 MHz, CDCl3) & -114.9 (s, 1F), -117.3 (s, 1F).

HRMS (ESI) m/z calcd. for CogH2sF2N2Os [M+H]"™ 507.1726, found 507.1729.

HPLC spectrum of rac-29:

DAD1 B, Sig=254.4 Ref=off (LiYJIIA3 2023-11-20 20-47-09\2-3u-rac.D)
mAU 7 Signal 2: DAD1 B, 5ig=254,4 Ref=off

2

o h

A4

302 Peak RetTime Type Width Area Height Area &
25—  #  [min] [min]  [mAU*s] [mAU] % e

20| rrrleneeees J=ennfoeenes R | omnnmeeaes [ommmeees !
1 11.744 MM 0.1930 428.73557 37.03262 50.1006

15 2 12.735 BB 8.2178 427.01456 30.55693 49.8994
102

5] Totals : 855.75012 67.58954

0+ :
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HPLC spectrum of 29:

DAD1 B, Sig=254 4 Ref=off (LiYJIA3 2023-11-20 20-47-09\2-1p.D)
mAU -| Signal 2: DAD1 B, Sig=254,4 Ref=off

600 . , .
2 Peak RetTime Type Width Area Height Area Y

S00- % [min] [min]  [mAU*s] [mAU] % s
4003 ----[---o--- [----]------- [----mm---- [----mm---- [-------- |
300_f 1 11.713 MF 0.1883 366.65689 32.45387 2.7105 | ,\'

Y
200 2 12.651 MF ©.3075 1.31607e4  713.36853 97.2895 7

1903 1otals : 1.35274e4  745.82160 o
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Ethyl (3aS,9bS)-8-chloro-1-(3,5-dimethyl-1H-pyrazole-
1-carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopentalc]chromene-
3a(4H)-carboxylate (30)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified
by silica gel flash column chromatography (5-7% EtOACc in
n-hexane) to afford the desired product 30 (96.4 mg, 92 %) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (major) = 7.59 min, tr (minor) = 8.82 min.

'"H NMR (400 MHz, CDCl3) 6 7.38 — 7.30 (m, 2H), 7.22 (dd, J= 8.7, 2.4 Hz, 1H), 7.07
—6.95 (m, 3H), 6.37 (d,J=2.3 Hz, 1H), 6.07 (s, 1H), 4.64 (s, 1H), 4.25 - 4.13 (m, 2H),
3.34 (dd, J=9.3, 8.3 Hz, 1H), 2.54 (s, 3H), 2.43 (d, J = 7.9 Hz, 1H), 2.29 — 2.21 (m,
4H), 2.15 (dd, /= 8.8, 1.8 Hz, 1H), 1.17 (t, J= 7.1 Hz, 3H).

30
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13C NMR (101 MHz, CDCl3) & 170.0, 168.9, 163.4, 162.2 (d, J = 245.2 Hz), 153.5,
149.1, 144.5, 133.6 (d, J = 3.2 Hz), 130.1 (d, J = 8.1 Hz), 129.8, 129.5, 127.7, 120.6,
118.9, 114.4 (d, J=21.4 Hz), 111.4, 62.2, 60.4, 57.0, 56.8, 52.2, 48.2, 40.7, 14.0 (s,
20), 13.9.

19F NMR (376 MHz, CDCl3) § -114.8 (s, 1F).

HRMS (ESI) m/z calcd. for CosHasCIFN,Os [M+H]" 523.1431, found 523.1433.
HPLC spectrum of rac-30:

DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-09-15 21-37-19\2-3v-rac-1.D)

mAU— Signal 2: DAD1 B, Sig=254,4 Ref=off % -
5 N E
; Peak RetTime Type Width Area Height Area i I
20 #  [min] [min] [mAU*s] [mAU] % I |
B ) P |--mmnmnoee | -ememmneee |=enemees | - |
1 7.587 BB ©.1288 247.17760 29.79866 50.1748
10 | 2 8.811 BB ©.1614 245.45497 23.59745 49,8252
5-
0 - Totals : 492.63257 53.3%611
| v ! " | " ! " | ! ! ! | ! : | | )
2 4 [¢] 8 10 min
HPLC spectrum of 30:
DAD1 B, Sig=254.4 Ref=off (LiYJ\lyj-2-1q-p-1G3-60-40-065.D)
mAU— Signal 2: DAD1 B, Sig=254,4 Ref=off S
w
] ~
20007_ Peak RetTime Type Width Area Height Area I
- . s *
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] 2 8.823 BB 9.1593 527.40985 51.57518 2.4439
500 — o
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Ethyl (3aS,9bS)-8-bromo-1-(3,5-dimethyl-1H-pyrazole-

1-carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-

tetrahydro-1,3-methanocyclopentalc]chromene-

3a(4H)-carboxylate (31)

The title compound was synthesized according to General
31 Procedure A at -20 °C for 48 h. The product was purified

by silica gel flash column chromatography (5-7% EtOAc in

n-hexane) to afford the desired product 31 (96.5 mg, 85 %) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65

mL/min, A = 254 nm), tr (Major) = 7.64 min, tr (minor) = 9.19 min.

'H NMR (400 MHz, CDCls) 6 7.39 — 7.30 (m, 3H), 7.04 — 6.95 (m, 3H), 6.50 (d, J =

2.0 Hz, 1H), 6.07 (s, 1H), 4.61 (d, J = 1.0 Hz, 1H), 4.24 — 4.14 (m, 2H), 3.33 (dd, J =

9.3,8.2 Hz, 1H), 2.55 (d, J = 0.6 Hz, 3H), 2.44 (d, J =8.0 Hz, 1H), 2.28 — 2.21 (m, 4H),

2.15(dd, J=8.8, 1.8 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) & 170.0, 168.8, 163.3, 162.2 (d, J = 246.1 Hz), 153.5,

149.7, 144.5, 133.6 (d, J = 3.2 Hz), 132.4, 130.8, 130.1 (d, J = 8.1 Hz), 121.0, 119.2,

117.3, 114.4 (d, J = 21.4 Hz), 111.4, 62.2, 60.4, 57.1, 56.8, 52.1, 48.1, 40.7, 14.09,

14.07, 13.9.

F NMR (376 MHz, CDCl3) 6 -114.7 (s, 1F).

HRMS (ESI) m/z calcd. for C2sHasBrFN2Os [M+H]" 567.0926, found 567.0927.

HPLC spectrum of rac-31:
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DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-3e-rac-1G3-60-40-065.D)

AU | ® N
m 4 Signal 2: DAD1 B, Sig=254,4 Ref=off n[? q:_n: ] ‘::'\
160 - ~ e b L]

3 N N
b= 1 . .
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40
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0] - - v v |
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2 4 6 8 10 min
HPLC spectrum of 31:
DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-08-03 21-55-50\2-1¢-p-re.D)
mAU signal 2: DADL B, Sig=254,4 Ref=off % W
E G
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Ethyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-

carbonyl)-3-(4-fluorophenyl)-8-methyl-4-oxo0-1,2,3,9b-

tetrahydro-1,3-methanocyclopenta[c]chromene-

3a(4H)-carboxylate (32)

The title compound was synthesized according to General
32 Procedure A at -20 °C for 60 h. The product was purified

by silica gel flash column chromatography (5-7% EtOAc in

n-hexane) to afford the desired product 32 (94.2 mg, 94%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65

mL/min, A = 254 nm), tr (Major) = 8.20 min, tr (minor) = 10.86 min.

'H NMR (400 MHz, CDCls3) & 7.41 —7.31 (m, 2H), 7.07 — 6.93 (m, 4H), 6.17 (s, 1H),

6.05 (s, 1H), 4.64 (s, 1H), 4.17 (qd, J = 7.1, 2.8 Hz, 1H), 3.35 (dd, J = 9.4, 8.1 Hz, 1H),

2.52 (s, 3H), 2.41 (d, J = 7.8 Hz, 1H), 2.31 — 2.22 (m, 4H), 2.13 (s, 3H), 2.10 (dd, J =

8.7,1.8 Hz, 1H), 1.20 — 1.12 (m, 3H).

13C NMR (101 MHz, CDCls) 6 170.4, 169.3, 164.1, 162.1 (d, J = 245.8 Hz), 153.2,

148.5, 144.2, 134.3, 134.1 (d, J = 3.2 Hz), 130.1 (d, J = 8.1 Hz), 130.0, 128.1, 118.4,

117.1,114.3 (d, J=21.3 Hz), 111.2, 62.0, 60.7, 57.0, 56.6, 52.4, 48.2, 40.7, 20.7, 14.1,

14.0, 13.9.

F NMR (376 MHz, CDCl3) 6 -115.1 (s, 1F).

HRMS (ESI) m/z calcd. for C2oH2sFN2Os [M+H]" 503.1977, found 503.1976.

HPLC spectrum of rac-32:

DAD1 B, Sig=254.4 Ref=off (LiYJ\lyj-2-3t-rac-re-IG3-60-40-065.0)

mAUT] Signal 2: DADL B, Sig=254,4 Ref=cff g B
] o -
4 bl &) S
400 K 2
{ Peak RetTime Type Width Area Height Area I \Qp‘ =
300 # [min] [min] [mAU*s] [mAau] s ﬁ
200 |
100
1 Tetals 075 1 57
0 - — Y e -
T T T T
2 4 6 8 10 12 m

HPLC spectrum of 32:
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DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-10-p-IG3-60-40-065.D)

mAU— Signal 2: DAD1 B, Sig=254,4 Ref=off 2
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Ethyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-8-nitro-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-
3a(4H)-carboxylate (33)

The title compound was synthesized f according to
33 General Procedure A at -20 °C for 60 h. The product was
purified by silica gel flash column chromatography (n-

hexane: EtOAc = 100:0 to 100:6) to afford the desired product 33 (81.6 mg, 76%) as a

white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65

mL/min, A = 254 nm), tr (major) = 10.01 min, tr (Minor) = 12.56 min.

1H NMR (400 MHz, CDCls) 5 8.15 (dd, J = 9.0, 2.6 Hz, 1H), 7.39 (d, J = 2.5 Hz, 1H),
7.37 — 7.30 (m, 2H), 7.24 (d, J = 9.0 Hz, 1H), 7.01 (t, J = 8.7 Hz, 2H), 6.09 (s, 1H),
4.76 (s, 1H), 4.27 — 4.14 (m, 2H), 3.38 (td, J = 8.3, 1.1 Hz, 1H), 2.53 (s, 3H), 2.47 (d, J

= 8.1 Hz, 1H), 2.27 — 2.18 (m, 5H), 1.18 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) § 169.7, 168.4, 162.5, 162.3 (d, J = 246.5 Hz), 154.8,
153.9, 144.9, 144.3, 133.2 (d, J = 3.2 Hz), 130.1 (d, J = 8.2 Hz), 125.1, 124.1, 120.2,
118.5, 114.5 (d, J = 21.4 Hz), 111.7, 62.5, 60.2, 57.1, 57.0, 52.0, 48.0, 41.1, 14.08,

14.06, 13.9.
19F NMR (376 MHz, CDCls) & -114.4 (s, 1F).

HRMS (ESI) m/z calcd. for CosHasFN3O7 [M+H]* 534.1671, found 534.1674.

HPLC spectrum of rac-33:

DAD1 B, Sig=254,4 Ref=coff (Dmhihao-1-57-1bR-IF3-60-40-085.D)
mAU 7 signal 2: DAD1 B, Sig=254,4 Ref=off % W AX
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HPLC spectrum of 33:

DAD1 B, Sig=254 4 Ref=off (Dmh\hao-s-1G3-60-40-065-2-16 2023-10-21 09-35-23\hao-1-57-1b-for.D)
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Ethyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-

carbonyl)-3-(4-fluorophenyl)-8-methoxy-4-oxo-

1,2,3,9b-tetrahydro-1,3-ethanocyclopentalc]chromene

-3a(4H)-carboxylate (34)

The title compound was synthesized according to General
34 Procedure A at -20 °C for 60 h. The product was purified

by silica gel flash column chromatography (n-hexane/

EtOAc = 100/0 to 100/6) to afford the desired product 34 (91.7 mg, 88%) as a white

solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65

mL/min, A = 254 nm), tr (Major) = 9.28 min, tr (minor) = 11.17 min.

'H NMR (400 MHz, CDCl3) 6 7.39 — 7.30 (m, 2H), 7.06 — 6.95 (m, 3H), 6.80 (dd, J =

9.0, 3.0 Hz, 1H), 6.04 (d, J = 0.6 Hz, 1H), 5.95 (d, J = 2.9 Hz, 1H), 4.72 (d, J = 1.4 Hz,

1H), 4.24 — 4.13 (m, 2H), 3.55 (s, 3H), 3.33 (dd, J = 9.5, 7.9 Hz, 1H), 2.53 (s, 3H), 2.41

(d, J=7.8 Hz, 1H), 2.31 — 2.22 (m, 4H), 2.13 (dd, J = 8.7, 2.0 Hz, 1H), 1.17 (t, J = 7.1

Hz, 3H).

13C NMR (101 MHz, CDCls) 6 170.4, 169.3, 164.1, 162.1 (d, J = 245.8 Hz), 156.3,

153.2, 1445, 144.3, 134.0 (d, J = 3.2 Hz), 130.1 (d, J = 8.1 Hz), 119.5, 118.3, 115.5,

114.3 (d, J=21.3 Hz), 111.7, 111.2, 62.0, 60.4, 57.0, 56.6, 55.2, 52.7, 48.3, 40.7, 14.2,

14.0, 13.9.

F NMR (376 MHz, CDCl3) 6 -115.1 (s, 1F).

HRMS (ESI) m/z calcd. for C29H28FN20s [M+H]" 519.1926, found 519.1930.

HPLC spectrum of rac-34:

DAD1 B, Sig=254 4 Ref=off (Dmhihao-s-1G3-60-40-05-2-16 2023-10-09 21-48-00\hao-1-57-1e-rac.D)
mAU - Signal 2: DAD1 B, Sig=254,4 Ref=off
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HPLC spectrum of 34:
DAD1 B, Sig=254,4 Ref=off (Dmhihao-s-IG3-60-40-05-2-16 2023-10-09 21-48-00\hao-1-57-1e.D)
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3a-ethyl 8-methyl (3aS,9bS)-1-(3,5-dimethyl-1H-
pyrazole-1-carbonyl)-3-(4-fluorophenyl)-4-oxo-
1,2,3,9b-tetrahydro-1,3-methanocyclopentalc]-
chromene-3a,8(4H)-dicarboxylate (35)

The title compound was synthesized according to
35 General Procedure A at -20 °C for 72 h. The product
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was purified by silica gel flash column chromatography (n-hexane/EtOAc = 100/0 to
100/6) to afford the desired product 35 (89.1 mg, 82 %) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Major) = 8.58 min, tr (minor) = 13.67 min.

'H NMR (400 MHz, CDCls) 6 7.94 (dd, J = 8.5, 2.0 Hz, 1H), 7.39 — 7.30 (m, 2H), 7.19
—7.11 (m, 2H), 7.06 — 6.96 (m, 2H), 6.07 (s, 1H), 4.68 (s, 1H), 4.19 (g, J = 7.1 Hz, 2H),
3.82 (s, 3H), 3.37 (dd, J = 9.3, 8.3 Hz, 1H), 2.52 (s, 3H), 2.46 (d, J = 8.0 Hz, 1H), 2.28
—2.20 (m, 4H), 2.15 (dd, J = 8.9, 1.9 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) § 170.1, 168.8, 165.6, 163.2, 162.2 (d, J = 246.2 Hz),
153.8, 153.5, 144.6, 133.6 (d, J = 3.3 Hz), 130.9, 130.1 (d, J = 8.1 Hz), 130.0, 126.7,
119.0, 117.5, 114.4 (d, J = 21.4 Hz), 111.2, 62.2, 60.5, 57.0, 56.9, 52.15, 52.08, 48.1,
40.9, 14.04, 13.99, 13.8.

F NMR (376 MHz, CDCl3) 6 -114.8 (s, 1F).

HRMS (ESI) m/z calcd. for CsoH2sFN207 [M+H]" 547.1875, found 547.1877.

HPLC spectrum of rac-35:

DAD1 B, Sig=254,4 Ref=off (Dmh\hao-s-IF3-70-30-055-2-18 2023-10-10 20-40-39\hao-1-57-1d-rac.D)
mAU | Signal 2: DADL B, Sig=254,4 Ref=off
~
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HPLC spectrum of 35:
DAD1 B, Sig=254,4 Ref=off (Dmhthao-s-IF3-60-40-065-2-18 2023-10-25 18-15-55\hao-1-57-1d-for.D)
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Ethyl (3aS,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-9-fluoro-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta|c]chromene-3a(4H)-
carboxylate (36)
The title compound was synthesized according to General
36 Procedure A at -20 °C for 72 h. The product was purified
by silica gel flash column chromatography (n-hexane/EtOAc
= 100/0 to 100/6) to afford the desired product 36 (96.8 mg, 96%) as a white solid.
HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-PrOH = 80/20, flow rate = 0.50
mL/min, A = 254 nm), tr (Minor) = 12.11 min, tr (major) = 12.91 min.
'"H NMR (400 MHz, CDCl3) 6 7.34 (dd, J = 8.6, 5.4 Hz, 2H), 7.29 — 7.22 (m, 1H), 7.00
(t,J=28.7 Hz, 2H), 6.93 (d, /= 8.3 Hz, 1H), 6.71 (t, J= 8.8 Hz, 1H), 5.93 (s, 1H), 4.56
(s, 1H), 4.26 — 4.11 (m, 2H), 3.39 — 3.31 (m, 1H), 2.51 (s, 3H), 2.49 — 2.40 (m, 1H),
2.13(d,J=19 Hz, 1H), 2.11 (s, 3H), 1.17 (t, J= 7.1 Hz, 3H).
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13C NMR (101 MHz, CDCl3) 6 170.5, 168.8, 163.5, 162.2 (d, J = 246.1 Hz), 160.5 (d,
J=248.0 Hz), 152.2, 151.6 (d, /= 6.7 Hz), 144.1, 133.7 (d,J=3.2 Hz), 130.14 (d, J =
8.11 Hz), 130.08 (d, /= 10.02 Hz), 114.4 (d, J=21.4 Hz), 113.0 (d, /= 3.3 Hz), 111.2
(d, /J=21.7 Hz), 110.7, 108.0 (d, J =21.4 Hz), 62.2, 60.4, 56.5, 55.6, 48.6, 47.6, 42.6,
14.2,13.8 (s, 2C).

19F NMR (376 MHz, CDCl3) 5 -113.8 (s, 1F), -114.9 (s, 1F).

HRMS (ESI) m/z calcd. for C2sHasFaN2Os [M+H]' 507.1726, found 507.1730.

HPLC spectrum of rac-36:

DAD1 B. Sig=254.4 Ref=off (Dmhihao-s-1A3-80-20-05-2-20 2023-10-16 20-03-42\hao-1-57-1f-rac.D)
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HPLC spectrum of 36:
DAD1 B, Sig=254,4 Ref=off (Dmh\hao-s-IA3-80-20-05-2-20 2023-10-16 20-03-42\hao-1-57-1f.D)
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Ethyl (3aS,9bS)-6,8-dibromo-1-(3,5-dimethyl-1H-
pyrazole-1-carbonyl)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopentajc|chromene-3a(4H)-
carboxylate (37)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified by
silica gel flash column chromatography (n-hexane/EtOAC =
100/0 to 100/6) to afford the desired product 37 (99.8 mg, 77%) as a white solid.
HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Major) = 9.02 min, tr (Minor) = 9.77 min.

TH NMR (400 MHz, CDCl3) § 7.65 (d, J = 2.2 Hz, 1H), 7.37 — 7.29 (m, 2H), 7.05 —
6.96 (m, 2H), 6.44 (d, J = 1.8 Hz, 1H), 6.07 (s, 1H), 4.61 (d, J= 1.3 Hz, 1H), 4.25 —
4.14 (m, 2H), 3.31 (dd, J=9.4, 8.2 Hz, 1H), 2.54 (s, 3H), 2.45 (d, J= 8.0 Hz, 1H), 2.29
—2.21 (m, 4H), 2.16 (dd, J=9.0, 1.9 Hz, 1H), 1.19 (t, J= 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) & 169.7, 168.5, 162.3 (d, J = 246.3 Hz), 162.3, 153.6,
146.9, 144.5, 135.5, 133.2 (d, /= 3.3 Hz), 130.1 (d, /= 8.2 Hz), 129.8, 122.3, 117.1,
114.5 (d, J=21.4 Hz), 112.0, 111.5, 62.3, 60.6, 57.3, 57.0, 52.5, 48.1, 40.9, 14.0, 13.9
(s, 2C).

YF NMR (376 MHz, CDCl3) & -114.6 (s, 1F).

HRMS (ESI) m/z calcd. for C2sH24BrFN>Os [M+H]" 645.0031, found 645.0025.
HPLC spectrum of rac-37:

37
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DAD1 B, Sig=254,4 Ref=cff (Dmhihao-s-1G3-60-40-05-2-16 2023-10-25 19-58-57thao-1-57-1c-rac.D)
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HPLC spectrum of 37:
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Ethyl (3a5,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-6-fluoro-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta|c]chromene-3a(4H)-
carboxylate (38)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-
hexane) to afford the desired product 38 (84.0 mg, 83%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 10.98 min, tr (major) = 14.05 min.

TH NMR (400 MHz, CDCl3) 6 7.34 (dd, J=8.2, 5.6 Hz, 2H), 7.12 — 6.87 (m, 4H), 6.26
(d, J=7.7Hz, 1H), 6.04 (s, 1H), 4.79 (s, 1H), 4.26 — 4.14 (m, 2H), 3.34 (t, J= 8.7 Hz,
1H), 2.51 (s, 3H), 2.41 (d, J= 7.9 Hz, 1H), 2.35 — 2.23 (m, 4H), 2.15 (d, /= 8.3 Hz,
1H), 1.18 (t, J= 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) 8§ 170.1, 168.9, 162.6, 162.2 (d, J = 246.1 Hz), 153.3,
150.0 (d, J=251.5 Hz), 144.4, 139.1 (d, J = 11.4 Hz), 133.7 (d, J= 3.2 Hz), 130.1 (d,
J=8.1Hz), 124.7 (d, J=7.2 Hz), 122.7 (d, J= 3.5 Hz), 121.2, 116.3 (d, J= 17.7 Hz),
1144 (d,J=21.4 Hz), 111.3, 62.2, 60.6, 57.1, 56.7, 52.5, 48.1, 40.9, 14.2, 14.0, 13.9.
F NMR (376 MHz, CDCl3)  -114.9 (s, 1F), -131.9 (s, 1F).

HRMS (ESI) m/z calcd. for C2gH2sFaN2Os [M+H]' 507.1726, found 507.1727.

HPLC spectrum of rac-38:

38
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HPLC spectrum of 38:
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DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2024-02-03 11-06-26'\w-140e.D)

mAU | Signal 2: DAD1 B, Sig=254,4 Ref=off g
] )
100 Ppeak RetTime Type Width Area Height Area I
g0l # [min] [min]  [mAU*s] [mAU] % |
50 EERl EEEEEEE [-==-]------- [===mmmn-- [-=---m---- [-=------ |
1 1 10.982 BB ©.2540 41.36066  2.48676  1.3949
40 | 2 14.048 BB ©.3599 2923.75562 126.36270 98.6051
4 o
20 &
1 Totals : 2965.11628 128.84946 =
0] : ‘ SE
I T T T T T I T T T 1 \I |
2 4 6 8 10 12 14 min
Mo Ethyl (3a8,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-

carbonyl)-3-(4-fluorophenyl)-6-methyl-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-3a(4H)-
carboxylate (39)

The title compound was synthesized according to General
Procedure A at -20 °C for 40 h. The product was purified
39 by silica gel flash column chromatography (5-7% EtOAc in
n-hexane) to afford the desired product 39 (86.5 mg, 86%)

as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Major) = 7.44 min, tr (Minor) = 8.23 min.

TH NMR (400 MHz, CDCl3) & 7.40 — 7.31 (m, 2H), 7.10 (d, J = 7.3 Hz, 1H), 6.9 (t, J
= 8.7 Hz, 2H), 6.86 (t, J= 7.6 Hz, 1H), 6.29 (d, J = 7.5 Hz, 1H), 6.03 (s, 1H), 4.73 (d,
J=0.9 Hz, 1H), 4.19 (q, J= 7.1 Hz, 2H), 3.34 (dd, J = 9.4, 8.0 Hz, 1H), 2.50 (s, 3H),
2.40 (d, J=17.8 Hz, 1H), 2.35 (s, 3H), 2.30 (t, J = 9.2 Hz, 1H), 2.25 (s, 3H), 2.09 (dd, J
=8.7, 1.8 Hz, 1H), 1.18 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) § 170.4, 169.3, 164.1, 162.1 (d, J = 245.8 Hz), 153.1,
148.9, 144.3, 134.1 (d, /= 3.2 Hz), 131.0, 130.1 (d, J = 8.1 Hz), 126.7, 125.2, 124.2,
118.6,114.3 (d,J=21.3 Hz), 111.2, 62.0, 60.8, 57.2, 56.6, 52.6, 48.3, 40.7, 16.1, 14.2,
14.1, 13.9.

YF NMR (376 MHz, CDCl3) § -115.2 (s, 1F).

HRMS (ESI) m/z calcd. for C2oH2sFN2Os [M+H]" 503.1977, found 503.1977.

HPLC spectrum of rac-39:
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HPLC spectrum of 39:
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DAD1 B, Sig=254 4 Ref=off (WuZL\wuzl-1-140a-1G3-60-40-065.D)
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Ethyl (3a5,9bS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-7-fluoro-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-
3a(4H)-carboxylate (40)

The title compound was synthesized according to General
Procedure A at -20 °C for 60 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc
in n-hexane) to afford the desired product 40 (81.6 mg,

40

81%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Minor) = 9.08 min, tr (Major) = 12.69 min.

TH NMR (400 MHz, CDCl3) & 7.34 (dd, J = 8.3, 5.5 Hz, 2H), 6.99 (t, J = 8.6 Hz, 2H),
6.83 (dd, J= 8.9, 2.1 Hz, 1H), 6.70 (td, J = 8.3, 2.2 Hz, 1H), 6.47 (dd, J = 8.2, 6.2 Hz,
1H), 6.04 (s, 1H), 4.72 (s, 1H), 4.27 — 4.11 (m, 2H), 3.33 (t, J = 8.7 Hz, 1H), 2.51 (s,
3H), 2.40 (d, J = 7.9 Hz, 1H), 2.31 — 2.21 (m, 4H), 2.14 (d, J= 7.9 Hz, 1H), 1.17 (t, J
=7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) 6 170.2, 169.0, 163.4, 162.5 (d, J = 248.6 Hz), 162.2 (d,
J=246.0Hz), 153.3, 151.3 (d, J=11.9 Hz), 144.4, 133.7 (d, J=3.2 Hz), 130.1 (d, J =
8.1 Hz), 129.1 (d, J=9.4 Hz), 114.9 (d, J=3.5 Hz), 114.4 (d, J=21.4 Hz), 112.2 (d, J
=21.9 Hz), 111.3, 105.1 (d, /= 25.4 Hz), 62.1, 60.5, 56.9, 56.7, 52.0, 48.1, 40.8, 14.2,
14.0, 13.9.

F NMR (376 MHz, CDCl3) § -110.7 (s, 1F), -114.9 (s, 1F).

HRMS (ESI) m/z calcd. for CogH2sFaN2Os [M+H]" 507.1726, found 507.1727.

HPLC spectrum of rac-40:

DAD1 B, Sig=254,4 Ref=off (LiYJIG3 2024-02-02 17-28-36\w-139d-rac.D)
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HPLC spectrum of 40:

S77
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41

Ethyl (3a8,11cS)-1-(3,5-dimethyl-1H-pyrazole-1-
carbonyl)-3-(4-fluorophenyl)-4-0xo0-1,2,3,11¢c-
tetrahydro-1,3-methanobenzo[f]cyclopenta|c]-
chromene-3a(4H)-carboxylate (41)

The title compound was synthesized according to General
Procedure A at -20 °C for 72 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in

n-hexane) to afford the desired product 41 (52.1 mg, 48%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (Major) = 8.60 min, tr (Minor) = 12.60 min.

TH NMR (400 MHz, CDCl3) 6 7.74 (dd, J = 12.3, 8.5 Hz, 2H), 7.43 — 7.36 (m, 2H),
7.35—7.24 (m, 3H), 7.12 (t,J= 7.4 Hz, 1H), 7.02 (t, J= 8.7 Hz, 2H), 5.74 (s, 1H), 4.89
(d, J=1.0 Hz, 1H), 4.26 — 4.06 (m, 2H), 3.51 — 3.42 (m, 1H), 2.72 (t, J = 9.3 Hz, 1H),
2.46 (d, J=8.2 Hz, 1H), 2.17 - 2.03 (m, 7H), 1.12 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) 8 170.8, 169.3, 164.4, 162.2 (d, J = 245.9 Hz), 152.7,
148.9, 144.4, 133.8 (d, /= 3.0 Hz), 131.6, 131.0, 130.5, 130.2 (d, J = 8.1 Hz), 128.6,
126.2,124.9,122.0, 117.6, 114.4 (d, J=21.3 Hz), 112.4, 110.8, 62.1, 61.4, 56.6, 50.8,
47.5,43.1, 14.1, 13.88, 13.86.

YF NMR (376 MHz, CDCl3) § -115.0 (s, 1F).

HRMS (ESI) m/z calcd. for C32H2sFN2Os [M+H]™ 539.1977, found 539.1981.

HPLC spectrum of rac-41:
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HPLC spectrum of 41:
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6.2 General Procedure B: Cu/Box-catalyzed asymmetric cycloaddition of BCB and
2-pyr0ne

pthyr CO?Me & Cu(OT, (10 mol%)
_L*2(10mol%)

Ar, DCM, -20 °C

PhyPyr =
2-pyrone BCH 42-46 1
BCBsPh i R L*M2:R=4BuPhR

Under argon, an oven-dried, resealable Schlenk tube equipped with a magnetic stir bar
was charged with Cu(OTf)2 (7.23 mg, 0.02 mmol, 10 mol%), chiral Box ligand L"12
(17.7 mg, 0.02 mmol, 10 mol%), and anhydrous DCM (2.0 mL). The solution was
stirred for 1 h at ambient temperature, ensuring complete dissolution of the triflate salt
and forming a homogeneous light green solution of the ligand complex, which was then
cooled to -20 <C. BCB substrate (0.21 mmol, 1.05 equiv.) and 2-pyrone (0.20 mmol,
1.0 equiv.) were added under positive argon pressure. The sealed tube was stirred at -
20 <C. Upon completion (monitored by TLC), the reaction mixture was concentrated in
vacuo and purified by flash column chromatography on silica gel (n-hexane/EtOAc) to
afford the desired chiral cycloadduct. Due to the instability of the cycloadduct, which
tends to decompose on silica gel, rapid column chromatography was necessary.
Consequently, the NMR purity and HPLC purity of the cycloadduct were not very high
due to partial decomposition during purification.

The preparation of racemic BCH products (+)-42~46:

O
- COzMe Cu(OTf); (10 mol%) ©
2 yr (+)-L*12 (10 mol%) MeO,C
oL A 0 Ph,Pyr
4
PhyPyr = 2-pyrone R
BCBs e

Ph

The racemate was prepared following the same procedure described above, and the
reactions were conducted on a 0.05 mmol scale by using Cu(OTf)2 (1.81 mg, 0.005
mmol, 10 mol%) and (+)-L"12 (4.44 mg, 0.005 mmol, 10 mol%) as catalysts at room
temperature in DCM (0.5 mL) for 24-48 h. Upon completion(monitored by TLC), the
solvent was removed in vacuo, and the residue was purified by PTLC (eluent: n-hexane
/EtOAc)to give the desired product.

Methyl (4aS,7aS)-5-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-7-(4-fluorophenyl)-1-oxo-4a,5,6,7-
tetrahydro-5,7-methanocyclopenta[c]pyran-7a(1H)-
carboxylate (42)

The title compound was synthesized according to
General Procedure B at -20 °C for 40 h. The product was purified by silica gel flash
column chromatography (5-7% EtOAc in n-hexane) to afford the desired product 42
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(93.1 mg, 85%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 9.82 min, tr (minor) = 10.68 min.

'H NMR (400 MHz, CDCls) 6 7.95 — 7.88 (m, 2H), 7.59 — 7.47 (m, 8H), 7.37 (dd, J =
8.7,5.4 Hz, 2H), 7.04 (t, J = 8.7 Hz, 2H), 6.84 (s, 1H), 6.69 (d, J = 6.4 Hz, 1H), 5.27
(dd, J = 6.3, 4.6 Hz, 1H), 4.23 (d, J = 4.2 Hz, 1H), 3.82 (s, 3H), 3.53 — 3.40 (m, 1H),
2.57 (d, J =7.9 Hz, 1H), 2.42 (t, J = 9.0 Hz, 1H), 2.35 (dd, J = 8.5, 1.6 Hz, 1H).

13C NMR (101 MHz, CDCls) 6 169.9, 169.7, 163.6, 162.2 (d, J = 245.9 Hz), 154.3,
147.8, 141.4, 134.0 (d, J = 3.2 Hz), 131.3, 130.3, 129.9 (d, J = 8.2 Hz), 129.7, 129.2,
129.1 (s, 2C), 129.0 (s, 2C), 128.1 (s, 2C), 126.2 (s, 2C), 114.5 (d, J = 21.3 Hz), 109.7,
103.3, 60.3, 57.1, 55.4, 53.0, 50.3, 47.7, 41.7.

F NMR (376 MHz, CDCl3) 6 -114.9 (s, 1F).

HRMS (ESI) m/z calcd. for CssH26FN20s [M+H]* 549.1821, found 549.1822.

HPLC spectrum of rac-42:

DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-12-18 18-44-04\2-31b-rac.D)
mAU§ Signal 1: DAD1 B, 5ig=254,4 Ref=off
350 =
300 — Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [maU] %

~ 9894
10.777

250 -
P R [ T P [ — |
200= 1 9,894 BB  ©.1456 3712.52490 395.17722 49.8581 |
150= 2 10.777 BB ©.1862 3733.65845 302.08313 50.1419
100
5o Totals : 7446.18335 697.26035
02 —

2 4 6 8 10 12 mi

HPLC spectrum of 42:

DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-12-16 01-03-15\2-36a.D)

mMAU=  sipnal 1: DAD1 B, Sig=254,4 Ref=off
2000 =
1750 = peak RetTime Type Width Area Height Area W
1500 — #  [min] [min]  [mAU*s] [mAU] % |
725°i e R [-===mm---- [-======--- [-==----- I
1000 - 1 9.820 MF 0.1548 2.08060e4 2239,36963 96.7863
750 - 2 18.675 FM ©.2236 690.83221 51.49118  3.2137
500 =
250 - Totals : 2.14968e4 2290.86081

0=

T T T T T T T T T T T
2 4 6 8 10 12 miny

Methyl (4aS, 7aS)-7-(4-chlorophenyl)-5-(3,5-
diphenyl-1H-pyrazole-1-carbonyl)-1-oxo-4a,5,6,7-
tetrahydro-5,7-methanocyclopenta[c]pyran-7a(1H)-
carboxylate (43)

The title compound was synthesized according to
General Procedure B at -20 °C for 40 h. The product was purified by silica gel flash
column chromatography (5-7% EtOAc in n-hexane) to afford the desired product 43
(80.7 mg, 71%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 80/20, flow rate = 0.55
mL/min, A =254 nm), tr (Major) = 17.23 min, tr (minor) = 20.31 min.

'H NMR (400 MHz, CDCls3) & 7.89 — 7.81 (m, 2H), 7.53 — 7.39 (m, 9H), 7.27 (s, 4H),
6.78 (s, 1H), 6.63 (dd, J = 6.4, 0.7 Hz, 1H), 5.21 (dd, J = 6.3, 4.6 Hz, 1H), 4.16 (d, J =
4.3 Hz, 1H), 3.76 (s, 3H), 3.42 — 3.34 (m, 1H), 2.51 (d, J =7.9 Hz, 1H), 2.35 (t, J=9.0
Hz, 1H), 2.28 (dd, J = 8.5, 1.7 Hz, 1H).
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13C NMR (101 MHz, CDCl3) 6 169.8, 169.6, 163.5, 154.3, 147.8, 141.3, 136.7, 133 .4,
131.3, 130.3, 129.7, 129.6 (s, 2C), 129.2, 129.1 (s, 2C), 129.0 (s, 2C), 128.1 (s, 2C),
127.8 (s, 2C), 126.1 (s, 2C), 109.7, 103.3, 60.3, 57.0, 55.4, 53.1, 50.2, 47.7, 41.7.
HRMS (ESI) m/z calcd. for CssH2sCIN20s [M+H]* 565.1525, found 565.1528.
HPLC spectrum of rac-43:

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-12-14 01-35-58\2-31¢-rac.D)
mAU = 2 &
175 ; Signal 1: DAD1 B, 5ig=254,4 Ref=off S njlg @Q’b
150 2 T 57 NP
7 Peak RetTime Type Width Area Height Area [ @'D x %
1253 # min] [min] [mAU=s] [mau] % | v 8?52’
1005 —oonfomnnnns R P [-mmemeeees [-ommmmnees [--mmmees \ ﬂ '
75— 1 17.248 MM ©6.2647 3350.74951 211.010853 50.18038 |
502 2 20.227 MF ©.4532 3336.86377 122.71314 49.8962 . [
25 ‘
o S Totals : 6687.61328 333.72367
e ————————————— N ———————
25 5 7.5 10 12.5 15 17.5 20 22.5 mi
HPLC spectrum of 43:
DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-12-16 01-51-30\2-36b.D)
mAU >
J signal 1: DAD1 B, Sig=254,4 Ref=off N
500 [
50p | Peak RetTime Type Width Area Height Area |
EI min min mAU*s mAU % |
400 ,,,,‘,F,,J, ,,,,|,F,,J,‘,F,,,,j,, ,,F,,j,,,|,,,,,,,,| ‘
3004 1 17.231 VB 6.2426 1.09345e4 690.91956 97.4624 |
2 208.308 BB ©.4186 284.69907 10.29469 2.5376 [ !
200 ) >
B =]
100 | Totals : 1.12192e4  701.21424 :
E «
0 St — S e e — —
T T T | T T T e T T T | T T o | T T
25 5 7.5 10 12.5 15 17.5 20 225 mi

Methyl (4aS,7aS)-7-(4-bromophenyl)-5-(3,5-diphenyl-
1H-pyrazole-1-carbonyl)-1-oxo0-4a,5,6,7-tetrahydro-
5,7-methanocyclopenta[c]pyran-7a(1H)-carboxylate
(44)

The title compound was synthesized according to General

Procedure B at -20 °C for 40 h. The product was purified by silica gel flash column
chromatography (5-7% EtOAc in n-hexane) to afford the desired product 44 (86.5 mg,
71%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 80/20, flow rate = 0.55
mL/min, A =254 nm), tr (Major) = 18.05 min, tr (Minor) = 21.92 min.

'H NMR (400 MHz, CDCl3) 6 7.9 (dd, J = 8.0, 1.3 Hz, 1H), 7.5 - 7.4 (m, 12H), 7.2 -
7.2 (m, 1H), 6.8 (s, 1H), 6.6 (dd, J = 6.4, 0.8 Hz, 1H), 5.2 (dd, J = 6.4, 4.6 Hz, 1H), 4.2
(d, J=4.2 Hz, 1H), 3.8 (s, 4H), 3.4 (dd, J = 9.0, 8.3 Hz, 1H), 2.5 (d, J = 7.9 Hz, 1H),

2.4-22(m, 3H).

13C NMR (101 MHz, CDCl3) § 169.8, 169.6, 163.5, 154.3, 147.8, 141.3, 137.2, 131.3,
130.7 (s, 2C), 130.3, 130.0 (s, 2C), 129.7, 129.2, 129.1 (s, 2C), 129.0 (s, 2C), 128.1 (s,
2C), 126.2 (s, 2C), 121.7, 109.8, 103.3, 60.3, 57.1, 55.4, 53.1, 50.2, 47.7, 41.6.
HRMS (ESI) m/z calcd. for CssH2sBrN2Os [M+H]" 609.1020, found 609.1023.
HPLC spectrum of rac-44:
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DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-12-14 01-35-58\2-31d-rac.D)
mAU | Signal 1: DAD1 B, Sig=254,4 Ref=off 5
200 ®
4 Peak RetTime Type Width Area Height Area ‘ -
1502 #  [min] [min]  [mAU*s] [mAU] % £
R T |-enesenses [-emeeaees |-=seos - | S
100 1 18.121 BB 9.2911 4616.29102 239.25453 55,9511 I f
] 2 21.851 BB 6.4659 3634.28467 117.14974 44,8489 | \
50
Totals : 8250.57568 356.40427
02 -~ S it — . —_ —
T T T T T T
2.5 S 7.5 10 12.5 15 17.5 20 225 miny
HPLC spectrum of 44:
DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-12-16 01-51-30\2-36¢.D)
mAU 1 Signal 1: DAD1 B, Sig=254,4 Ref=off ’g
400 ®
7] Peak RetTime Type Width Area Height Area i
300 ] i ‘ [min] | ‘ [min] | [mAU*s] | [mAU] | % |
200 1 18.947 BB 0.2624 8120.42920 472,82669 97,5717
q 2 21.924 BB ©.4806 202.09274 6.26085 2.4283
100 - B
1 Totals : 8322.52194 479.08754 | -
0 — o —— | . — h il ,Nk
T T T T T T 1
2.5 5 7.5 10 12.5 15 17.5 20 225 min

Methyl (4aS,7aS)-5-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-1-oxo-7-(p-tolyl)-4a,5,6,7-tetrahydro-5,7-
methanocyclopenta[c]pyran-7a(1H)-carboxylate (45)
The title compound was synthesized according to
General Procedure B at -20 °C for 40 h. The product was
purified by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford
the desired product 45 (64.8 mg, 59%) as a white solid.

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 12.84 min, tr (Minor) = 13.99 min.

'H NMR (400 MHz, CDCls) 6 7.90 — 7.83 (m, 2H), 7.52 — 7.40 (m, 9H), 7.23 (d, J =
8.1 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 6.77 (s, 1H), 6.62 (d, J = 6.4 Hz, 1H), 5.19 (dd,
J=6.3,4.6 Hz, 1H), 4.19 (d, J = 4.2 Hz, 1H), 3.75 (s, 3H), 3.46 — 3.35 (m, 1H), 2.50
(d, J=7.9 Hz, 1H), 2.40 — 2.31 (m, 4H), 2.28 (dd, J = 8.5, 1.7 Hz, 1H).

13C NMR (101 MHz, CDCls) § 170.0, 169.9, 163.6, 154.2, 147.8, 141.3, 137.1, 135.2,
131.4, 130.4, 129.6, 129.2, 129.1 (s, 2C), 129.0 (s, 2C), 128.4 (s, 2C), 128.1 (s, 2C),
128.0 (s, 2C), 126.2 (s, 2C), 109.7, 103.4, 60.4, 57.7, 55.5, 53.0, 50.4, 47.8, 41.7, 21.3.
HRMS (ESI) m/z calcd. for C3sH29N20s [M+H]* 545.2071, found 545.2078.

HPLC spectrum of rac-45:

DAD1 B, Sig=254,4 Ref=off (LiYJUG3 2023-12-18 20-20-54\2-31f-rac.D)

mAU 1 Signal 1: DAD1 B, Sig=254,4 Ref=off S E
2
200 ] s
Peak RetTime Type Width Area Height Area 8
150 #  [min] [min]  [mAU*s] [mAU] % |
i o |-mmmeee-- |-mmmeoe |- !
100 : 1 13.132 BV 0.3126 4752.37939 236.38445 50.1630
2 14.275 VBA  0.3541 4721.49854 205.45784 49.837@
50
] Totals : 9473.87793 441.84229 —
0 - _ [ NN -
T —— — — — — T
2 4 5 8 10 12 14 mi

HPLC spectrum of 45:
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DAD1 B, Sig=254,4 Ref=off (LiYJNG3 2023-12-16 17-46-27\2-36e.D)
mAU - Signal 1: DAD1 B, Sig=254,4 Ref=off E
400 A ﬁ
350 § peak RetTime Type Width Area Height Area |
3009 # i i AU AU % [
; [min] [min] [mAU*s] [mAU] [
b R B [-mmmmneee | mmmnmnnes |==emmee \ [
200 4 1 12.837 BB @.2956 8422.53418 443.40885 96.0603 : ‘,
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100 [ 2
[ J
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0 ——— S — — S N Tl T
—— ——— ——— : — —
2 4 6 8 10 12 14 mi

Methyl (4aS,7aS)-5-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-7-(2-fluorophenyl)-1-oxo-4a,5,6,7-tetrahydro-
5,7-methanocyclopenta[c]pyran-7a(1H)-carboxylate (46)
The title compound was synthesized according to General
Procedure B at -20 °C for 40 h. The product was purified by
silica gel flash column chromatography (5-7% EtOAc in n-
hexane) to afford the desired product 46 (82.4 mg, 75%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 80/20, flow rate = 0.55
mL/min, A =254 nm), tr (Major) = 17.74 min, tr (Minor) = 18.96 min.

'H NMR (400 MHz, CDCls) & 7.86 (d, J = 6.9 Hz, 2H), 7.54 — 7.38 (m, 10H), 7.31 —
7.25 (m, 1H), 7.12 (t, J = 7.3 Hz, 1H), 6.99 (dd, J = 10.4, 8.7 Hz, 1H), 6.78 (s, 1H),
6.64 (d, J = 6.4 Hz, 1H), 5.21 (dd, J = 6.3, 4.4 Hz, 1H), 4.25 (d, J = 3.7 Hz, 1H), 3.76
(s,3H), 3.31 (t, J=8.8 Hz, 1H), 2.56 (d, J= 7.8 Hz, 2H), 2.40 (dd, J = 8.9, 1.5 Hz, 1H).
13C NMR (101 MHz, CDCls) 6 169.7, 169.6, 163.6, 161.8 (d, J = 247.6 Hz), 154.2,
147.8, 141.4, 131.3, 131.0 (d, J = 4.2 Hz), 130.3, 129.6, 129.5 (d, J = 8.4 Hz), 129.2,
129.04 (s, 2C), 129.00 (s, 2C), 128.1 (s, 2C), 126.1 (s, 2C), 124.9 (d, J = 13.6 Hz),
123.3 (d, J =3.3 Hz), 115.3 (d, J = 22.2 Hz), 109.7, 103.3, 60.1, 56.0, 54.6, 53.0, 49.5,
47.9, 42.80, 42.75.

F NMR (376 MHz, CDCl3) 6 -112.4 (s, 1F).

HRMS (ESI) m/z calcd. for CssH26FN20s [M+H]* 549.1821, found 549.1824.

HPLC spectrum of rac-46:

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-12-14 01-35-58\2-31e-rac.D)

mAU J Signal 2: DAD1 B, Sig=254,4 Ref-off i &
50 f 5o &
0] Peak RetTime Type Width Area Height Area I N &fé- é ‘@‘b'
1 # [min] [min] [mAU*s] [mAU] % "?‘ %‘,p-
e R R [ omee R |- | (-
11 17.467 MM ©.2647 604.05566  38.04@55 50.2199 iy \
20 2 18.601 MF  ©.3149 598.76501 31.69172 49.7801 | |
10 ‘ |
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04 N P [ )\ — B I N —
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2.5 5 7.5 10 12.5 15 17.5 20 miry
HPLC spectrum of 46:
DADT B, Sig=254.4 Ref=off (LivJ\LYJ-IF3 2023-12-16 01-51-30\2-36d.D)
mAU Signal 1: DAD1 B, Sig=254,4 Ref=off E
2505 g
| T
500 2 Peak RetTime Type Width Area Height Area "‘
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T R R R oo Jonmemnnee | -memnees | ‘
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50 - §
1 Totals : 4757.46677 288.45562 . | -
0_ - - A — — N _ — 1 h Tr’ - —
T T T T T
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6.3 General Procedure C: Cu/Box-catalyzed asymmetric cycloaddition of BCB
and substituted Chromenes

R! R Rt L L L LT N

R-T— ‘
JI” o o ! e] O, '
A\ Cu(OTf), (10 mol%) [ <// \ i
Ph,Pyr R1\©\)ﬁ/cone L*11 (10 mol%) o 3 N N i
+ — - ~

| DCM, Ar, -60 °C i :
Ph , Ar, - MeO,C . '
N o) PhyPyr | i
PhPyr =3-N R-C 1
BCBs — Chromenes Ph Ph

PH BCH 47-52 ‘ L*11: R = 4-BuPh

Under argon, an oven-dried, resealable Schlenk tube equipped with a magnetic stir bar
was charged with Cu(OTf)2 (7.23 mg, 0.02 mmol, 10 mol%), chiral Box ligand L"11
(15.5 mg, 0.02 mmol, 10 mol%), and anhydrous DCM (2.0 mL). The solution was
stirred for 1 h at ambient temperature, ensuring complete dissolution of the triflate salt
and forming a homogeneous light green solution of the ligand complex, which was then
cooled to -60 <C. BCB substrate (0.21 mmol, 1.05 equiv.) and substituted chromene
(0.20 mmol, 1.0 equiv.) were added under positive argon pressure. The sealed tube was
stirred at -60 <C. Upon completion (monitored by TLC), the reaction mixture was
concentrated in vacuo and purified by flash column chromatography on silica gel (n-
hexane/EtOAc) to afford the desired chiral cycloadduct.

The preparation of racemic BCH products (£)-47~52:

~ /9 o Cu(OTf), (10 mol%)
PhyPyr . R? CO,Me  ()-L*11 (10 mol%) o
\__Ph . \ DCM, Ar, rt. MeO,C
PhoPyr =§'N>;/ Chromenes AN
BCBs

Ph (£)-47~52

The racemate was prepared following the same procedure described above, and the
reactions were conducted on a 0.05 mmol scale by using Cu(OTf)2 (1.81 mg, 0.005
mmol, 10 mol%) and (+)-L"12 (4.44 mg, 0.005 mmol, 10 mol%) as catalysts at room
temperature in DCM (0.5 mL) for 24-48 h. Upon completion (monitored by TLC), the
solvent was removed in vacuo, and the residue was purified by PTLC (eluent: n-hexane
/EtOAc)to give the desired product.

Methyl (3a8,9a8)-1-(4-chlorophenyl)-3-(3,5-diphenyl-

O 1H-pyrazole-1-carbonyl)-9-o0x0-1,2,3,3a-tetrahydro-
o} 0 1,3-methanocyclopenta[b]chromene-9a(9H)-
MeOC— carboxylate (47)
- O S The title compound was synthesized according to General

Procedure C at -20 °C for 40 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the
desired product 47 (103.4 mg, 84%) as a white solid. The diastereomeric ratio (d.r.) was
15:1, as determined by the *H NMR of the crude product.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 12.45 min, tr (Minor) = 14.50 min.
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'"H NMR (400 MHz, CDCl3) 8 7.88 (dd, J=7.9, 1.6 Hz, 1H), 7.82 (dd, J= 7.9, 1.5 Hz,
2H), 7.54 (dd, J= 6.5, 3.1 Hz, 2H), 7.50 — 7.39 (m, 7H), 7.28 (d, J = 8.5 Hz, 2H), 7.19
(d, J=8.5Hz, 2H), 7.05 - 6.96 (m, 1H), 6.90 (d, /= 8.3 Hz, 1H), 6.81 (s, 1H), 6.20 (d,
J=2.0Hz, 1H), 3.73 (s, 3H), 3.21 = 3.11 (m, 1H), 2.65 (t, J=9.2 Hz, 1H), 2.42 (d, J =
8.2 Hz, 1H), 2.22 (dd, J = 8.6, 2.0 Hz, 1H).

13C NMR (101 MHz, CDCl3) & 186.7, 170.2, 168.9, 160.5, 154.2, 147.8, 137.1, 136.7,
133.3, 131.4, 130.4, 129.7 (s, 2C), 129.5, 129.1, 129.04 (s, 2C), 128.97 (s, 2C), 128.1
(s,2C), 127.7 (s, 2C), 127.0, 126.1 (s, 2C), 121.6, 119.4, 118.1, 109.6, 87.0, 63.5, 57.8,
56.3,52.9,45.6, 41.0.

HRMS (ESI) m/z calcd. for C37HasCIN2Os [M+H]" 615.1681, found 615.1678.

HPLC spectrum of rac-47:

DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-11-18 23-51-43\2-17x-rac.D)

mAUS  Signal 1: DAD1 B, Sig=254,4 Ref=off B 3
350 & =
300 Peak RetTime Type Width Area Height Area T_
250 3 # [min] [min] [mAU*s] [mAU] % | I
s002 ool [ EEEEEE [----mmmm- |---mmeee [---mmn- | i
150 1 12.385 BB 8.1993 5099.26318 393.15298 58.0895 |
100 El 2 14.376 BB 0.2437 5081.03662 319.21844 49,9105 |
501 1otals : 1.01803e4  712.37143 o ‘ |
0= i _ S _ AN . ,74—“r77 S—
‘ — ‘ . — : : : ‘ —— —
2 4 6 8 10 12 14 16 min
HPLC spectrum of 47:
DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-11-22 16-55-18\2-30e.D)
mAU | Signal 1: DAD1 B, 5ig=254,4 Ref=off @
] 3
50~ peak RetTime Type Width Area Height Area i
401 # | [min] | | [min] | [mAU*s] ‘ [mAU] ‘ % | ‘
30’: 1 12.446 BB ©.2019 785.06891 60.31126 97.5610
20 ] 2 14.504 BB ©.2355 19.62652  1.26165 2.4399 <
10-] <
4 Totals : 804.69543 61.57291 \ . 3
o] ) JoN =
——— . ‘ . ‘ ; . ; . —
2 4 6 8 10 12 14 16 min

Methyl (3a8,9a5)-3-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-9-oxo-1-(p-tolyl)-1,2,3,3a-tetrahydro-1,3-
methanocyclopenta[b]chromene-9a(9H)-carboxylate
(48)

The title compound was synthesized according to General
Procedure C at -20 °C for 48 h, using chiral Box ligand
L"12 (10 mol%). The product was purified by silica gel flash column chromatography
(4-6% EtOAC in n-hexane) to afford the desired product 48 (110.2 mg, 93%) as a white
solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (major) = 11.00 min, tr (Minor) = 11.67 min.

'"H NMR (400 MHz, CDCl3) & 7.92 — 7.86 (m, 1H), 7.83 (d, J = 6.9 Hz, 2H), 7.59 —
7.50 (m, 2H), 7.49 — 7.35 (m, 7H), 7.19 — 7.09 (m, 4H), 6.98 (t, /= 7.4 Hz, 1H), 6.89
(d, J=8.3 Hz, 1H), 6.79 (s, 1H), 6.24 (d, J= 1.1 Hz, 1H), 3.71 (s, 3H), 3.18 (t, /= 8.9
Hz, 1H), 2.66 (t, J=9.1 Hz, 1H), 2.42 (d, J= 8.1 Hz, 1H), 2.33 (s, 3H), 2.22 (dd, J =
8.4, 1.1 Hz, 1H).

I3C NMR (101 MHz, CDCl3) 6 186.9, 170.4, 169.2, 160.5, 154.1, 147.8, 137.1, 136.9,
135.2, 131.5, 130.5, 129.5, 129.15, 129.12 (s, 2C), 129.0 (s, 2C), 128.3 (s, 2C), 128.1
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(s, 4C), 127.1, 126.2 (s, 2C), 121.6, 119.7, 118.1, 109.6, 87.3, 63.7, 58.0, 56.9, 52.9,
45.8,41.1,21.4.

HRMS (ESI) m/z calcd. for C3sH31N20s [M+H]* 595.22238, found 595.2230.

HPLC spectrum of rac-48:

DAD1 B, Sig=254 4 Ref=off (LIYJ\LYJ-IF3 2023-11-18 22-22-57\2-17r-rac.D)
mAU | signal 2: DADL B, Sig=254,4 Ref=off g 3 o
1 & & é\b'
- g I g
250 _ peak RetTime Type Width Area Height Area 1 Il @f[:‘
200- # [min] [min]  [mAU*s] [mAU] % e
e EREEEE T EEEE EEEEEEE R il EECTEEEES [-------- I |
150= 1 10.961 BV  ©.1768 3624.8@952 313.57819 49.64@5
j00= 2 11.594 MF  ©.2124 3676.50732 288.51572 50.3595
50~ totals : 7300.51685 602.0939@
0- — — : S —
e . e ‘ s — . !
2 4 8 8 10 12 min)

HPLC spectrum of 48:

DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-12-02 22-55-20\2-30h-p.D)

mAU 7 Signal 1: DAD1 B, Sig=254,4 Ref=off § &
d AL
350 . . . g @
- Peak RetTime Type Width Area Height Area s

300=  #  [min] [min]  [mAU*s] [mAU] % iy

G IRRER B |-oee [ -meeee |--onmeeee |=eeoeeoe |<xeemee- |

200 4 1 10.997 MF  ©.1922 4887.66748 423.77313 91.4220 | <®

150 2 11.669 FM  ©.2265 458.60596 33.74682 8.578@ g @

100 - e

50~ Totals : 5346.27344 457.51995 | _fvs

0 . VA

——— — — ‘ —— : —
2 4 6 8 10 12 min

Methyl (3a8,9a5)-3-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-1-(2-fluorophenyl)-9-oxo0-1,2,3,3a-tetrahydro-
1,3-methanocyclopenta[b]chromene-9a(9H)-carboxylate
(49)

The title compound was synthesized according to General
Procedure C at -20 °C for 40 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in
n-hexane) to afford the desired product 49 (87.6 mg, 73%) as a white solid. The d.r.
was 29:1, as determined by the *H NMR of the crude product.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 10.13 min, tr (Minor) = 10.95 min.

TH NMR (400 MHz, CDCl3) 6 7.91 — 7.79 (m, 3H), 7.55 (dd, J=7.2, 2.3 Hz, 2H), 7.51
—7.39 (m, 8H), 7.27 (d, J = 7.6 Hz, 1H), 7.14 (t, J= 7.2 Hz, 1H), 6.99 (dd, J = 15.8,
7.9 Hz, 2H), 6.90 (d, J = 8.3 Hz, 1H), 6.81 (s, 1H), 6.32 (d, J= 1.9 Hz, 1H), 3.75 (s,
3H), 3.10 (t, /= 8.9 Hz, 1H), 2.81 (td, J = 9.3, 3.9 Hz, 1H), 2.46 (d, /= 8.2 Hz, 1H),
2.31(dd,J=9.0, 1.9 Hz, 1H).

13C NMR (101 MHz, CDCl3) & 186.6, 169.9, 169.0, 161.5 (d, J = 247.5 Hz), 160.5,
154.1, 147.7, 136.8, 131.5, 131.2 (d, J = 4.2 Hz), 130.4, 129.5, 129.4, 129.03 (d, J =
9.2 Hz), 129.02, 128.9, 128.1, 127.2, 126.1, 125.0 (d, J = 13.8 Hz), 123.3 (d, /= 3.0
Hz), 121.5,119.6,117.9,115.1 (d,J=22.2 Hz), 109.5, 86.7, 63.9, 58.6, 53.9, 52.9, 46.0,
41.6.

YF NMR (376 MHz, CDCl3) & -112.0 (s, 1F).

HRMS (ESI) m/z calcd. for C37H2sFN2Os [M+H]* 599.1977, found 599.1978.

HPLC spectrum of rac-49:
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DAD1 B, Sig=254.4 Ref=off (LivJ\LYJ-IF3 2023-11-18 23-51-43\2-172-rac.D)

mAU { Signal 1: DAD1 B, Sig=254,4 Ref=off I Q
| - oD
E| =] &
zzg 4 Peak RetTime Type Width Area Height Area m #
250 T #  [min] [min] [mAU*s ] [mAU] % | |
EIEEELI EEEEEEE [--=-]------- [----mme--- [---------- [-------- | i
200 1 19,139 BV ©.1594 4290.27490 412.46948 49,9867 I
1507 2 10.956 VB ©.1758 4292.55859 374.39676 50.0133
100
50 . Totals : 8582.83350 786.86624
0] N ht I ) _
— . ‘ : . . :
2 4 6 8 10 12 mi
HPLC spectrum of 49:
DAD1 B, 8ig=254 4 Ref=off (LIYJ\LYJ-IF3 2023-11-23 00-43-25\2-301.D)
mAU 5 Signal 1: DAD1 B, Sig=254,4 Ref=off B
E =]
- Peak RetTime Type Width Area Height Area m
50 % [min] [min]  [mAU*s] [mAU] % ‘
P I N Pt [P [— [E—— [—— \
30— 1 10.132 BB @.1619 765.1e437 73.25057 93.5629
20_5 2 18.953 BB 8.1733 52.63863 4.67722 6.4371 o
w
E >
100 totals 817.74300  77.92779 e
~ y = —~ N~ . gy _;‘),"
, e — — R e :
2 4 6 8 10 12 mi

Methyl (3a8,9a5)-3-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-1-(4-fluorophenyl)-9-oxo-1,2,3,3a-
tetrahydro-1,3-methanocyclopenta[b]chromene-
9a(9H)-carboxylate (50)

The title compound was synthesized according to General
Procedure C at -20 °C for 48 h. The product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford the
desired product 50 (114.1 mg, 95%) as a white solid.

HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 10.54 min, tr (Minor) = 12.09 min.

TH NMR (400 MHz, CDCl3) & 7.88 (dd, J=17.9, 1.7 Hz, 1H), 7.82 (dd, J=7.9, 1.5 Hz,
2H), 7.57 — 7.52 (m, 2H), 7.50 — 7.40 (m, 7H), 7.25 — 7.18 (m, 2H), 7.04 — 6.96 (m,
3H), 6.90 (d, J= 8.3 Hz, 1H), 6.81 (s, 1H), 6.20 (d, J= 1.9 Hz, 1H), 3.73 (s, 3H), 3.20
~3.12 (m, 1H), 2.65 (t, J= 9.2 Hz, 1H), 2.43 (d, J = 8.2 Hz, 1H), 2.22 (dd, J= 8.6, 2.1
Hz, 1H).

13C NMR (101 MHz, CDCls) & 186.8, 170.3, 169.0, 162.1 (d, J = 245.9 Hz), 160.5,
154.2, 147.7, 137.0, 133.9 (d, /= 3.3 Hz), 131.4, 130.4, 130.0 (d, J = 8.1 Hz), 129.5,
129.1, 129.03 (s, 2C), 128.96 (s, 2C), 128.1 (s, 2C), 127.0, 126.1 (s, 2C), 121.6, 119.4,
118.1, 114.4 (d, J=21.4 Hz), 109.6, 87.1, 63.5, 57.8, 56.3, 52.9, 45.7, 41.0.

F NMR (376 MHz, CDCl3) § -115.0 (s, 1F).

HRMS (ESI) m/z calcd. for C37H2sFN2Os [M+H]* 599.1977, found 599.1983.

HPLC spectrum of rac-50:

DAD1 B, Sig=254 4 Ref=off (LiYJ\lyj-2-17g-rac-IF3-60-40-065.D)

mAU 4 Signal 2: DAD1 B, Sig=254,4 Ref=off g 2
4 L]
600 g -
1 Peak RetTime Type Width Area Height Area |
003 % [min] [min]  [mAU*s] [mAU] % [
4003 ----|------- |- ] -mm o R |---mmemeee [--mmeo- | !
300 f 1 10.651 W R 0.1509 7146.46387 719.37488 50.4786
200 1 2 11.34S9 BB 9.1745 7010.94922 617.11511 49.5214
100 —
Totals : 1.41574e4 1336.48999 \
0 _ - [ —— —_— S~ ,+'7
T T T T T T T T T
2 4 6 8 10 12 14 min
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HPLC spectrum of 50:

DAD1 B, Sig=254,4 Ref=off (LiYJ\LYJ-IF3 2023-11-16 17-08-2312-17q.D)
mAU 4 Signal 1: DAD1 B, Sig=254,4 Ref=off 2 &
120 & \b‘v\‘b'
100 Peak RetTime Type Width Area Height Area i #
ol * [min) [min]  [mAU*s] [mAU] % (¥
seonfsnees |--ee]emmeeee |-meeee |--neemneen |---ee e \ 1
60 1 10.543 MF 0.1775 1418.61597 133.17094 97.0660
40 2 12.086 BB 0.1816  42.88037 3.43555 2.9340 ©
205 Totals : 1461.49633 136.60649 3
o] - o633 eeeew Y A N -
2 i e s 0 2 i
F Methyl (3a8,9a8)-3-(3,5-diphenyl-1H-pyrazole-1-
carbonyl)-7-fluoro-1-(4-fluorophenyl)-9-oxo-1,2,3,3a-
O tetrahydro-1,3-methanocyclopenta[b]chromene-
0 O 9a(9H)-carboxylate (51)
MeO,C . . .
ST The title compound was synthesized according to General
. O o Procedure C at -20 °C for 48 h, with the addition of sodium
51

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  (NaBAr"s,

20 mol%). The product was purified by silica gel flash column chromatography (5-7%
EtOACc in n-hexane) to afford the desired product 51 (88.7 mg, 72%) as a white solid.
HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 9.74 min, tr (Minor) = 12.46 min.

TH NMR (400 MHz, CDCl;) & 7.81 (d, J = 6.7 Hz, 2H), 7.59 — 7.37 (m, 9H), 7.27 —
7.09 (m, 3H), 7.00 (t, J = 8.4 Hz, 2H), 6.87 (dd, J = 8.9, 3.8 Hz, 1H), 6.81 (s, 1H), 6.19
(s, 1H), 3.73 (s, 3H), 3.17 (t, J = 8.8 Hz, 1H), 2.63 (t, J=9.1 Hz, 1H), 2.41 (d, J = 8.1
Hz, 1H), 2.24 (d, J = 8.3 Hz, 1H).

13C NMR (101 MHz, CDCl3) § 186.4, 170.0, 168.9, 162.2 (d, J = 246.3 Hz), 157.2 (d,
J=242.6 Hz), 156.7, 154.2, 147.8, 133.7 (d, J = 3.1 Hz), 131.4, 130.4, 130.0 (d, J =
8.0 Hz), 129.6, 129.2, 129.1 (s, 2C), 129.0 (s, 2C), 128.1 (s, 2C), 126.1 (s, 2C), 124.7
(d, J =24.6 Hz), 119.9 (d, J = 7.3 Hz), 119.7 (d, J = 6.3 Hz), 114.5 (d, J = 21.4 Hz),
111.9 (d,J=23.8 Hz), 109.7, 87.3, 63.2, 57.8, 56.4, 53.0, 45.6, 41.2.

YF NMR (376 MHz, CDCl3) & -114.7 (s, 1F), -121.0 (s, 1F).

HRMS (ESI) m/z calcd. for C37H27F2N20Os [M+H]* 617.1883, found 617.1884.

HPLC spectrum of rac-51

mAU -
200 1
1754
150 |
1254
100 5
75
50 |
25
0

HPLC

DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-11-18 14-24-47'2-17w-rac.D)
Signal 1: DAD1 B, Sig=254,4 Ref=off
Peak RetTime Type Width Area Height
# [min] [min] [mAU*s ] [mAU] %
e e |-ommmemee |--mmmeeee [--nmnees |
1 9.694 FM 0.1666 2243.53223 224.44443 49,8740
2 12.296 MF 9.2263 2254.87036 166.03364 56.1260

Totals : 4498.40259 390.47746
2 4 6 8

spectrum of 51:
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DAD1 B, Sig=254.4 Ref=off (LIYJ\LYJ-IF3 2023-12-02 22-55-2012-30g-p.D)

mAU J Signal 1: DAD1 B, Sig=254,4 Ref=off 5 &
E 5 \.(\'
400 | Peak RetTime Type Width Area Height Area I @"5%
1 # [min] [min]  [mAU*s] [mAU] % | &
007 | e e |---mmmee- |- [------ | i
200; 1 9.737 FM 0.1650@ 5117.87354 517.01068 96.4292 I
] 2 12.463 BB 0.2148 189.51669 13.47989 3.5708 ! | -
100 ‘ s
E Totals : 5307.39023 530.49057 Y o
oH—— - - - e
é 4 6 8 10 12 min
Cl Methyl (3a8,9a8)-7-chloro-3-(3,5-diphenyl-1H-pyrazole-
O 1-carbonyl)-1-(4-fluorophenyl)-9-o0xo0-1,2,3,3a-
tetrahydro-1,3-methanocyclopenta[b]chromene-9a(9H)-
" ooc O carboxylate (52)
e . . .
2 5 The title compound was synthesized according to General
F O s O Procedure C at -20 °C for 40 h. The product was purified

by silica gel flash column chromatography (5-7% EtOACc in
n-hexane) to afford the desired product 52 (103.5 mg, 82%) as a white solid.
HPLC analysis: CHIRALPAK® IF-3 (n-hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A =254 nm), tr (Major) = 10.09 min, tr (Minor) = 11.58 min.
'H NMR (400 MHz, CDCls) & 7.84 (d, J = 2.6 Hz, 1H), 7.81 — 7.76 (m, 2H), 7.56 —
7.49 (m, 2H), 7.50 — 7.41 (m, 6H), 7.35 (dd, J= 8.9, 2.7 Hz, 1H), 7.21 (dd, J=8.7, 5.5
Hz, 2H), 7.00 (t, J = 8.7 Hz, 2H), 6.84 (d, J= 8.9 Hz, 1H), 6.81 (s, 1H), 6.18 (d, J=1.7
Hz, 1H), 3.73 (s, 3H), 3.15 (t, J = 8.9 Hz, 1H), 2.63 (t, J=9.2 Hz, 1H), 2.42 (d, J=8.2
Hz, 1H), 2.25 (dd, J= 8.7, 1.8 Hz, 1H).
13C NMR (101 MHz, CDCls) & 186.0, 169.9, 168.8, 162.2 (d, J = 246.3 Hz), 158.9,
154.2, 147.8, 136.8, 133.6 (d, J = 3.3 Hz), 131.3, 130.3, 130.0 (d, J = 8.1 Hz), 129.6,
129.2, 129.05 (s, 2C), 128.98 (s, 2C), 128.1 (s, 2C), 127.0, 126.2 (s, 2C), 126.1, 120.0,
119.9, 114.5 (d,J=21.4 Hz), 109.7, 87.4, 63.2, 57.8, 56.4, 53.0, 45.6, 41.2.
YF NMR (376 MHz, CDCl3) & -114.7 (s, 1F).
HRMS (ESI) m/z calcd. for C37H27CIFN,Os [M+H]* 633.1587, found 633.1587.
HPLC spectrum of rac-52:

DAD1 B, Sig=254.4 Ref=off (LiYJ\LYJ-IF3 2023-11-18 14-24-47\2-17u-rac.D)
mAU { signal 1: DAD1 B, Sig=254,4 Ref=off § §
1 ¢ ha
200 | Peak RetTime Type Width Area Height Area i
] #  [min] [min]  [mAU*s] [mAU] % (
L R RECEEes [-ommmeeee | mmeemees [-mmmmees | (|
100 1 10.082 BB 0.1644 2824.92358 260.68454 50.2618 |
] 2 11.555 BB ©.2018 2795.49463 212.12155 49.7382 I
50 ]
1 Totals : 5620.41821 472.808609
0 7 - - —
o | coo | R o
2 4 6 8 10 12 14 min
HPLC spectrum of 52:
DAD1 B, Sig=254 4 Ref=off (LiYJ\LYJ-IF3 2023-11-21 17-36-36\2-30b.D)
mAU Signal 1: DAD1 B, Sig=254,4 Ref=off 2
&
100 Peak RetTime Type Width Area Height Area il
80 #  [min] [min] [mAU*s ] [mAU] % (
o] R e R |-emno e |-memooee- |--eme - |
] 1 10.090 BB ©.1655 1325.81555 123.22018 94.9241 [ &
40 | 2 11.581 MF 9.2136 70.89523 5.53219 5.0759 i - Q%Q
| o A
20 | | o
1 Totals : 1396.71078 128.75237 ‘—?5
04 —-— - S
e [ [ [ T | T '
2 4 6 8 10 12 14 min|
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7. Gram-scale synthesis and synthetic applications

7.1 Gram-scale synthesis

Br.

Cu(OTf), (10 mol%)
Et
Q ©\/ICOZ L*12 (10 mol%)
.
oo DCM, Ar, -20 °C, 48 h

B11 (1.113 g, 3.36 mmol) C1 (0.698 g, 3.20 mmol) 13, 1.58 g, 90%, 95% e.e.

Under argon, Cu(OTf), (116 mg, 0.32 mmol, 10 mol%), L*12 (284 mg, 0.32 mmol, 10
mol%), and anhydrous DCM (32 mL) were added to an oven-dried 100 mL Schlenk
tube equipped with a magnetic stir bar. The mixture was stirred at room temperature for
1 h, then cooled to -20 °C. BCB substrate B11 (1113 mg, 3.36 mmol, 1.05 equiv.) and
coumarin substrate C1 (698 mg, 3.20 mmol, 1.0 equiv.) were added under positive
argon pressure. The tube was sealed and stirred at -20 °C for 48 h. Upon completion
(monitored by TLC), the reaction mixture was concentrated in vacuo and purified by
flash column chromatography on silica gel (n-hexane/EtOAc) to afford the chiral BCH
product 13 (1579 mg, 90%) as a white solid.

7.2 Synthetic applications
Synthesis of chiral BCH 1:

Cu(OTf), (7.5 mol%)

CO,Et 2

0 . @\/I 2 L*12 (7.5 mol%)
0o DCM, Ar, -20 °C, 48 h

B4 C1 1,94%, 94% e.e.

Compound 1 was prepared following the protocol for compound 13 described in gram-
scale synthesis, using BCB substrate B4 (630 mg, 2.33 mmol, 1.05 equiv.) and
coumarin substrate C1 (484 mg, 2.22 mmol, 1.0 equiv.), Cu(OTf)2 (58 mg, 0.165 mmol,
7.5 mol%), L*12 (142 mg, 0.165 mmol, 7.5 mol%), and anhydrous DCM (22.0 mL).
The sealed tube was stirred at -20 <C for 48 h. The crude product was purified through
silica gel flash column chromatography (PE/EtOAC), yielding chiral cycloadduct 1
(1.02 g, 94%) as a white solid.

Synthesis of 54:

LiOH<H,0O NHPI, DIC, DMAP

DCM, rt., 4 h

1,94% e.e.
54, 90%, 94% e.e., over two steps

Step 1: Compound 1 (1.02 g, 2.1 mmol, 1.0 equiv.) was dissolved in a mixture of THF
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(10 mL) and H>O (10 mL). Lithium hydroxide monohydrate (353 mg, 8.4 mmol, 4.0
equiv.) was added in one portion, and the mixture was stirred at room temperature for
12 h. The reaction mixture was then extracted with EtOAc (30 mL), and the organic
phase was separated. The aqueous phase was acidified to pH = 1 with 1 N HCI and
extracted with EtOAc (3 x 30 mL). The combined organic phases were dried over
anhydrous Na>SOg, filtered, and concentrated in vacuo to afford the carboxylic acid 53
as a white solid, which was used in the next step without further purification.

Step 2: 53 (~2.10 mmol, 1.0 equiv.), N-Hydroxyphthalimide (NHPI, 377 mg, 2.31
mmol, 1.1 equiv.), DMAP (28 mg, 0.23 mmol, 0.11 equiv.), and DCM (210 mL) were
added to a 500 mL round-bottom flask. The mixture was stirred vigorously, and N,N'-
diisopropylcarbodiimide (DIC, 0.79 mL, 5.04 mmol, 2.4 equiv.) was added dropwise
via a syringe. The mixture was stirred vigorously at room temperature for 4 h. The
reaction mixture was washed twice with water, and the combined aqueous phases were
extracted twice with DCM. The combined organic phases were dried over anhydrous
Na;SO4 and concentrated in vacuo. The residue was purified by flash column
chromatography [eluent: PE/EtOAc] to yield 54 (1.05 g, 90%) as a white to pale yellow
solid.

(2S,3R)-3-(ethoxycarbonyl)-4-(4-fluorophenyl)-2-(2-
hydroxyphenyl)bicyclo[2.1.1]hexane-1,3-dicarboxylic acid
(33)

'TH NMR (400 MHz, DMSO-ds) 8 12.22 (s, 2H, COOH), 9.31
(s, IH, OH), 7.23 (dd, J=8.7, 5.6 Hz, 2H), 7.15 (d, /= 6.9 Hz,
1H), 7.07 (t, J= 8.9 Hz, 2H), 7.03 — 6.97 (m, 1H), 6.76 — 6.62
(m, 2H), 4.90 (s, 1H), 3.97 — 3.86 (m, 2H), 3.33 (s, 1H), 2.49 — 2.42 (m, 1H), 2.24 (dd,
J=173,1.6 Hz, 1H), 1.96 — 1.87 (m, 1H), 0.84 (t, J= 7.1 Hz, 3H).

After DO exchange:

'"H NMR (400 MHz, DMSO-ds) & 7.20 (d, J = 6.2 Hz, 2H), 7.11 (d, J= 7.5 Hz, 1H),
7.02 (dd, J=17.1, 8.4 Hz, 3H), 6.74 — 6.62 (m, 2H), 4.87 (s, 1H), 3.90 (d, J = 6.8 Hz,
2H), 3.30 (t,/=8.2 Hz, 1H), 2.22 (d,J= 7.1 Hz, 1H), 1.89 (d, /= 5.9 Hz, 1H), 0.81 (t,
J=17.0 Hz, 3H).

The experimental results confirmed the presence of three exchangeable hydrogen atoms,
including two carboxylic acid hydrogens and one hydroxyl group, indicating the
hydrolysis of the lactone moiety as well.

1-(1,3-dioxoisoindolin-2-yl) 3a-ethyl (3a5,9bS)-3-
(4-fluorophenyl)-4-oxo-2,3-dihydro-1,3-methano-
cyclo-penta[c]chromene-1,3a(4H,9bH)-
dicarboxylate (54)

HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-
PrOH = 60/40, flow rate = 0.65 mL/min, A =230 nm),
tr (major) = 12.96 min, tr (Minor) = 21.82 min.

'"H NMR (400 MHz, CDCl3) 6 7.91 (dd, J= 5.5, 3.1 Hz, 2H), 7.82 (dd, J= 5.5, 3.1 Hz,
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2H), 7.72 (dd,J=7.9, 1.6 Hz, 1H), 7.39 (td, /= 7.8, 1.7 Hz, 1H), 7.34 — 7.27 (m, 3H),
7.14 (dd, J = 8.2, 1.3 Hz, 1H), 7.01 (t, J = 8.7 Hz, 2H), 4.34 (s, 1H), 4.27 — 4.09 (m,
2H), 3.23 - 3.14 (m, 1H), 2.62 (d, /= 7.8 Hz, 1H), 2.32 (d, J= 6.3 Hz, 2H), 1.17 (t, J
=7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) & 168.8, 166.5, 163.3, 162.3 (d, J = 246.6 Hz), 161.6,
150.4, 134.9, 133.0 (d, J = 3.4 Hz), 130.1, 129.9 (d, J = 8.1 Hz), 129.9, 128.8, 125.6,
124.1,117.4,117.3,114.5 (d,J=21.5 Hz), 62.4, 60.2, 58.4, 51.5,51.4, 46.7,40.5, 13.9.
19F NMR (376 MHz, CDCl3) § -114.3 (s, 1F).

HRMS (ESI) m/z calcd. for C31H2»3FNOg [M+H]" 556.1402, found 556.1413.

HPLC spectrum of rac-54:

DAD1 D, Sig=230 4 Ref=off (WuZL\IA3-1-148¢c-rac 2024-04-14 17-58-24\1-149¢-rac.D)

mAU - Signal 4: DAD1 D, Sig=230,4 Ref=off E
] E ©
250 ; . . ¥ 3
] Peak RetTime Type Width Area Height Area | ]
200-= # [min] [min] [mAU*s] [mAU] % | N
E P R R |=-mmmnnne | --mmmmmnes [--mmmeev | f
1503 1 13.956 BB ©.2354 4750.73877 302.16965 49,4511 | |
100 = 2 21.546 BB ©.3817 4856.20654 192.90295 50.5489 | | |
S0~ Totals : 9606.94531 495.07268
0= - s - —
2.5 5 7.5 10 125 15 17.5 20 22.5 min
HPLC spectrum of 54:
DAD1 D, Sig=230.4 Ref=off (W uZL\IA3-1-149c-rac 2024-04-13 21-41-06\1-149¢-chiral.D)
mAU - Signal 4: DAD1 D, Sig=23@,4 Ref=off g
1 g
400 - peak RetTime Type Width Area Height Area Il
- #  [min] [min]  [mAU*s] [mAU] % I
300 e [ mmnnee S |-omnnees [ ooee |
200 1 12.961 BB 0.2590 8686.62500 504.21494 97.1761 |
El 2 21.819 BB 8.4016 252.42542 9.21423 2.8239 | |
] [ =]
100 \ )
Totals : 8939.05042 513.42916 [ had
| \ o~
0 . - Y .
[ . S —— — o A —
25 5 7.5 10 12.5 15 17.5 20 22.5 min
Synthesis of 55:

n-BuyNI, 390 nm LEDs‘
DCM, Ar, rt., 15 h

)
54, 94% e.e. 55, 51%, 92% e.e.

Following a reported procedure with slight modifications®*, 54 (83 mg, 0.15 mmol, 1.0
equiv.) and tetrabutylammonium iodide (111 mg, 0.30 mmol, 2.0 equiv.), and anhydrous
DCM (3 mL) were added to an oven-dried Schlenk tube equipped with a magnetic stir
bar under argon. The reaction mixture was stirred under irradiation with a 12 W blue
LED (390 nm) for 15 h. Upon complete consumption of 54, the mixture was
concentrated in vacuo and purified by flash column chromatography (PE/DCM = 10/1
to 4/1) to afford the product 55 (37.4 mg, 51%) as a white solid.
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Ethyl (3a8,9bR)-3-(4-fluorophenyl)-1-iodo-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta[c]chromene-3a(4H)-
carboxylate (55)

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH =
60/40, flow rate = 0.65 mL/min, A = 254 nm), tr (major) = 8.33
min, tr (Minor) = 8.79 min.

'"H NMR (400 MHz, CDCl3) 6 7.73 (dd, J= 7.7, 1.8 Hz, 1H), 7.45 — 7.37 (m, 1H), 7.28
—7.19 (m, 3H), 7.13 (dd, J= 8.2, 1.3 Hz, 1H), 6.99 (t, /= 8.7 Hz, 2H), 4.20 — 4.06 (m,
2H), 3.88 (d, /=2.3 Hz, 1H), 3.14 (dd, /=9.9, 7.8 Hz, 1H), 2.59 (d, /= 7.8 Hz, 1H),
2.45(dd, J=9.8, 8.4 Hz, 1H), 2.30 (dd, /= 8.4,2.2 Hz, 1H), 1.13 (t, /= 7.1 Hz, 3H).
13C NMR (101 MHz, CDCl3) 6 168.5, 163.4, 162.3 (d, J = 246.5 Hz), 150.7, 132.7 (d,
J=3.3Hz), 131.6, 130.0 (d, /=8.3 Hz), 129.9, 124.2, 117.8, 117.4, 1145 (d,J=21.4
Hz), 62.3, 62.0, 59.4, 55.5, 52.9, 49.2, 30.1, 13.8.

19F NMR (376 MHz, CDCl3) § -114.5 (s, 1F).

HRMS (ESI) m/z calcd. for C22H19FIO4 [M+H]" 493.0307, found 493.0315.

HPLC spectrum of rac-55:

DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2024-06-19 22-38-09\w-1-159b-rac.D)

mAU | Signal 2: DAD1 B, Sig=254,4 Ref=off ﬁ Q
] [
127 peak RetTime Type Width Area Height Area PR
105  # [min] [min]  [mAU*s] [mAU] % il
8] ~omnl-mmee R P |-omeeenes |-nmneeee R |
6 f 1 8.338 BB 0.1296 115.60431 13.82396 49.9868
4; 2 8.786 BB 0.1387 115.66531 12.88683 50.0132
2_'
0 1 Totals : 231.26962 26.71073
T
2 4 6 8 10 mi
HPLC spectrum of 55:
DAD1 B, Sig=254 4 Ref=off (LiYJ\IG3 2024-03-30 23-45-36\w-1-159b-chiral-true.D)
mAU & Signal 2: DAD1 B, Sig=254,4 Ref=off © &
3 @ @.{1«'
600~ Peak RetTime Type Width Area Height Area | &
500 - #  [min] [min]  [mAU*s] [mAU] % B
JROSE IR P [ P J-nmmnnnnee Jommeeennne |-meeenee | |
300 1 8.326 MF 0.1437 6412.84570 744.03259 96.0699 o
E 2 8.794 MF 0.1572 262.34485 27.81625 3.9301 s
200~ Lo P
| rCE a@.
100= rotals : 6675.19655 771.84885 2
E| JE -
2 4 6 8 10 min

Synthesis of 56:

PhSiH3, Zn, NiCl,*6H20
di-tB“Bipy, THF/DMF/iP’OH‘

Ar, 45°C,3h

54, 94% e.0.© 56, 81%, 94% e.c.

Following a reported procedure with slight modifications®, NiCl-6H>O (48 mg, 0.20
mmol, 10 mol%), ligand 4,4'-di-tert-butyl-2,2'-bipyridine (di-‘BuBipy, 107 mg, 0.40
mmol, 20 mol%), and anhydrous DMF (2.0 mL) were added to an oven-dried 10 mL
Schlenk tube equipped with a magnetic stir bar under argon. The tube was sealed and
stirred at room temperature for 10 minutes to form the catalyst solution in DMF. Under
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argon, 54 (1.13 g, 2.03 mmol, 1.0 equiv.), Zn powder (66 mg, 1.0 mmol, 0.5 equiv.),
anhydrous THF (10.0 mL), and isopropanol (1.0 mL) were added to an oven-dried 100
mL Schlenk tube equipped with a magnetic stir bar. The prepared catalyst solution in
DMF and PhSiH3 (380 pL, 3.0 mmol, 1.5 equiv.) were added in quick succession (Note:
phenylsilane should be added immediately after the addition of [Ni] stock solution.).
The Schlenk tube was placed in a preheated 45 °C oil bath and stirred for 3 h. Upon
completion, the reaction mixture was cooled to room temperature and quenched with a
saturated NH4Cl1 solution and water (1:1 v/v). The mixture was extracted with EtOAc
three times, and the combined organic layers were dried over anhydrous Na,;SO4 and
concentrated in vacuo. The residue was purified by silica gel flash column
chromatography (PE/EtOAc = 20/1 to 10/1) to afford the desired product 56 (600 mg,
81%) as a white solid.

Ethyl (3a8,9bR)-3-(4-fluorophenyl)-4-oxo-1,2,3,9b-
tetrahydro-1,3-methanocyclopenta|c]chromene-3a(4H)-
carboxylate (56)

HPLC analysis: CHIRALPAK® ID-3 (n-hexane/i-PrOH =
80/20, flow rate = 0.40 mL/min, A = 254 nm), tr (Major) =
17.66 min, tr (minor) = 18.43 min.

'"H NMR (400 MHz, CDCls) 4 7.33 — 7.26 (m, 4H), 7.23 — 7.16 (m, 1H), 7.10 (dd, J =
8.0, 1.2 Hz, 1H), 6.97 (t, J = 8.8 Hz, 2H), 4.21 — 4.06 (m, 2H), 3.83 (s, 1H), 2.70 (dd, J
=2.8, 1.2 Hz, 1H), 2.60 — 2.50 (m, 1H), 2.07 (dd, J=7.8, 2.9 Hz, 1H), 1.87 — 1.78 (m,
2H), 1.15 (t,J=7.1 Hz, 3H).

I3C NMR (101 MHz, CDCls) 8 169.9, 164.3, 162.0 (d, J = 245.5 Hz), 150.4, 134.9 (d,
J=33Hz), 129.8 (d,J=8.1 Hz), 128.8, 128.7, 124.9, 121.4, 117.2, 114.2 (d, J=21.2
Hz), 62.0, 61.9, 59.5, 50.2, 43.1, 42.1, 39.5, 13.9.

F NMR (376 MHz, CDCl3) § -115.6 (s, 1F).

HRMS (ESI) m/z calcd. for C22H20FO4 [M+H]* 367.1340, found 367.1344.

HPLC spectrum of rac-56:

DAD1 B, Sig=254 4 Ref=off (LiYJ\ID-3 2024-06-28 23-50-491150b-rac-1.D)
mAU 1 Signal 2: DAD1 B, Sig=254,4 Ref=off % §
] Peak RetTime Type Width Area Height Area nd i'?
6] #  [min] [min]  [mAU*s] [mAU] % il
1 ERRDI EEEELLE el EEEEEED (R [ommmmmen [EEEEEEEE |
4 1 17.784 BB ©.2352 124.78299  B8.21636 50.0432 \
9 2 18.528 BB ©.2560 124.5676@  7.56975 49.9568 [
21 (I
4 Totals : 249.35059  15.78611
0 i o - . - I\
— —— T — T — : T T —
25 5 7.5 10 12.5 15 175 20 mi
HPLC spectrum of 56:
DAD1 B, Sig=254.4 Ref=off (LiYJID-3 2024-06-29 01-23-07\1-150b-chiral_B-2-chiral-1.D)
mAU = signal 2: DAD1 B, Sig=254,4 Ref=off 2 o0
El o o3
~ N
60 : ; ; T N
Peak RetTime Type Width Area Height Area &
50 #  [min] [min] [mau*s] [mAU] % | v
T = Bl EEEEEES R R [-mmmmmmeee [--mmmmmee- |==mmmm- | |
1 17.663 MM ©.2591 1188.3498@  71.28258 97.1550 I
30~ 2 18.425 MM ©.2796  32.45682 1.93473  2.8450 &
20 e oF
1 Totals : 1146.88502  73.21731 g -6-%
10 | PR ! 0_&
1 \ " s
O = . s . - o B R | —
! . o o | [ |
25 5 7.5 10 12.5 15 17.5 20 min
Synthesis of 57:
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Bzcatz, DMAC, Ar
450 nm LEDs, rt, 15h
then pinacol, Et3N, 2 h

o
0 o 77\4
54,94% e.e. 57, 54%, 94% e.e.

Following a reported procedure®®, 54 (278 mg, 0.50 mmol, 1.0 equiv.) and
bis(catecholato)diboron (Bzcatz, 149 mg, 0.625 mmol, 1.25 equiv.) were added to an
oven-dried Schlenk tube equipped with a magnetic stir bar. The tube was evacuated and
backfilled with argon three times. Degassed DMACc (5 mL) was added under argon. The
reaction mixture was stirred under blue LED (450 nm) irradiation for 15 h. Then, a
solution of pinacol (245 pL, 2.0 mmol, 4 equiv.) in EsN (1.7 mL) was added to the
reaction and stirred for another 2 h. The reaction was quenched with saturated NH4Cl
solution (10 mL) and extracted with EtOAc (3 x 15 mL). The combined organic layers
were washed with brine, dried over anhydrous Na>SOs, filtered, and concentrated in

vacuo. The crude residue was purified using a short silica gel column to yield the
desired boronic ester 57 (133.2 mg, 54%) as a white solid.

Ethyl (3aS,9bR)-3-(4-fluorophenyl)-4-oxo-1-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2,3,9b-
tetrahydro-1,3-methanocyclopentalc]chromene-
3a(4H)-carboxylate (57)

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH =
80/20, flow rate = 0.50 mL/min, A = 254 nm), tr (Major) =
10.69 min, tr (minor) = 11.42 min.

'"H NMR (400 MHz, CDCl3) 8 7.58 (dd, J= 7.7, 1.7 Hz, 1H), 7.29 (dd, J= 6.0, 2.4 Hz,
3H), 7.15 - 7.05 (m, 2H), 6.99 — 6.92 (m, 2H), 4.16 — 4.07 (m, 2H), 4.00 (d, /= 1.8 Hz,
1H), 2.65 (dd, J=9.4, 7.8 Hz, 1H), 2.08 (d, /= 7.7 Hz, 1H), 1.97 — 1.87 (m, 2H), 1.27
(s, 6H), 1.23 (s, 6H), 1.13 (t, /= 7.1 Hz, 3H).

I3C NMR (101 MHz, CDCls) 8 169.9, 164.6, 161.9 (d, J = 245.2 Hz), 150.4, 135.1 (d,
J=3.1Hz), 129.6 (d, J=8.1 Hz), 129.5, 128.8, 124.3, 121.7, 117.2, 114.1 (d,J=21.3
Hz), 83.9, 62.9, 61.7, 60.5, 52.3, 45.4, 40.1, 24.9, 24.7, 13.9.

F NMR (376 MHz, CDCl3) § -115.8 (s, 1F).

HRMS (ESI) m/z calcd. for C2sH31BFOs [M+H]* 493.2192, found 493.2200.

HPLC spectrum of rac-57:

DAD1 B, Sig=254.4 Ref=off (LiYJ\IG3 2024-03-29 17-08-41w-1-154-rac.D)

mau | Signal 2: DAD1 B, Sig=254,4 Ref=off 3 20
100 | Peak RetTime Type Width Area Height Area 3 N@
o] #  [min] [min]  [mAU*s] [mAU] % N |
I P | -mmmmnees |-nmmeeeee |-mm e | ¥

1 1e.834 MM 0.1988 1300.43433 109.01014 560.0019
40 2 11.568 VB 0.2027 1300.33582 99.37400 49.9981
20

1 Totals : 2600.77014 208.38414 |
0 ) S
2 s s 8 N o T

HPLC spectrum of 57:
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DAD1 B, Sig=254.,4 Ref=off (LiYJ\IG3 2024-03-29 22-21-38\w-1-154-chiral.D)

mAU = Signal 2: DAD1 B, Sig=254,4 Ref=off s
160 | g
140 - Peak RetTime Type Width Area Height Area il
120 - #  [min] [min]  [mAU*s] [mAU] % I
T R R e R |-oomeeeee e |------e \
80 - 1 10.687 BB 9.1756 2041.48376 178.33928 97.8548
60 | 2 11.415 BB 6.2028 61.95090 4.66979 2.9452
40 [oe
o9 1 Totals : 2103.43466 183.00906 L
0 S WS _—
h T T 1
2 4 6 8 10 12 min
Synthesis of 58:

H202, NaOAc‘
THF,0°C,5h

o)
B

\

O

57,94% e.e. 58, 92%, 94% e.e.

Following a reported procedure with slight modifications®’, H,O, (30 wt.% in water,
0.4 mL) was added dropwise to a solution of 57 (98.5 mg, 0.20 mmol, 1.0 equiv.) and
sodium acetate (32.8 mg, 0.40 mmol, 2.0 equiv.) in THF (4.0 mL) at 0°C. The resulting
mixture was stirred at 0 °C for 5 h. Na>S>03; was added, and the mixture was stirred at
0°C for 10 min. EtOAc (5 mL) was added, the layers were separated, and the aqueous
phase was extracted with EtOAc (2 X 5 mL). The combined organic layers were washed
with brine, dried over anhydrous Na>SOs, filtered, and concentrated. The residue was
purified by column chromatography on silica gel (PE/EtOAc = 5/1) to afford 58 (70.4
mg, 92%) as a pale-yellow solid.

Ethyl (3aS5,9bR)-3-(4-fluorophenyl)-1-hydroxy-4-oxo-
1,2,3,9b-tetrahydro-1,3-methanocyclopenta|c]chromene-
3a(4H)-carboxylate (58)

HPLC analysis: CHIRALPAK® ID-3 (n-hexane/i-PrOH =
75/25, flow rate = 0.55 mL/min, A = 254 nm), tr (minor) =
10.01 min, tr (major) = 11.81 min.

TH NMR (400 MHz, CDCl3) § 7.43 (d, J= 7.3 Hz, 1H), 7.36 (t, J= 7.5 Hz, 1H), 7.32
—7.26 (m, 2H), 7.21 (t, J = 7.2 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 6.96 (t, /= 8.4 Hz,
2H), 4.24 — 4.00 (m, 2H), 3.63 (s, 1H), 3.33 (brs, 1H), 2.97 —2.77 (m, 1H), 2.17 - 1.95
(m, 2H), 1.73 (d,J=7.2 Hz, 1H), 1.14 (t, J= 7.0 Hz, 3H).

I3C NMR (101 MHz, CDCls) 8 169.0, 163.9, 162.1 (d, J = 245.8 Hz), 150.4, 133.7 (d,
J=2.9 Hz), 130.4 (d,J=8.1 Hz), 129.9, 129.3, 124.7, 118.1, 117.2, 114.3 (d, J=21.3
Hz), 76.3, 62.1, 61.1, 50.5, 50.1, 47.4, 44.8, 13.8.

F NMR (376 MHz, CDCl3) § -115.1 (s, 1F).

HRMS (ESI) m/z calcd. for C2oH19NaFOs [M+Na]* 405.1109, found 405.1114.

HPLC spectrum of rac-58:
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DAD1 B, Sig=254 4 Ref=off (LiYJ\ID-3 2024-03-31 19-07-17\w-1-180a-rac.D)

mAU Signal 2: DAD1 B, Sig=254,4 Ref=off o ®
E @ &
70 RN -
GDE Peak RetTime Type Width Area Height Area I Q;b"l\ g
501 # [min] [min]  [mAU*s] [mAU] % |lg® T
P LR R R | mmemmees | eeemees | /| I
301 1 9.832 MM 8.1611 751.60828  77.75848 50.6549 |
E 2 11.608 BB 8.2376 732.17261 47.02520 49.3451
20 |
107 Totals : 1483.78088 124.78360 [ f
P! o NN : VAN DA
° T T T T T T T T T T T T T T T I T T T T T 1
2 4 6 8 10 12 14 min
HPLC spectrum of 58:
DAD1 B, Sig=254,4 Ref=off (LiYJUD-3 2024-04-01 20-32-14\w-1-160a-chiral-enlarge.D)
mAU— Signal 2: DAD1 B, Sig=254,4 Ref=off =
] [-e]
100~ peak RetTime Type Width Area Height Area il
80— #  [min] [min]  [mAU*s] [mAU] % I
I R P +mmmemeees l-mmemmene | emeeee |
1 10.066 BB 8.1565  59.02357 5.81104  2.9520
40— 2 11.814 BB 0.2460 1940.41125 119.16043 97.0480 ©
(=]
20— 3
T Totals : 1999.43483 124.97147 =
Q0 v AN -
T T T I T T
2 4 5] 8 10 12 14 min

LiCl, dry DMSO
Ar, 160 °C, 12 h

56, 94% e.e. 59, 59%, 92% e.e.

Following a reported procedure with some modifications*®, anhydrous LiCl (209 mg,
4.92 mmol, 3.0 equiv.) was added to an oven-dried 25 mL Schlenk tube equipped with
a magnetic stir bar under argon. The tube was evacuated and heated with a heat gun
until the LiCl no longer adhered to the tube walls, followed by refilling with argon. This
evacuation and refilling process was repeated three times. Under argon, 56 (600 mg,
1.64 mmol, 1.0 equiv.) and anhydrous DMSO (3.5 mL) were quickly added. The tube
was then sealed and stirred at 160 °C for 12 h. The reaction mixture was cooled to room
temperature and diluted with water (60 mL), then extracted with EtOAc (3 x 60 mL).
The combined organic layers were washed with brine (2 x 30 mL), dried over
anhydrous Na;SOs, and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (PE/EtOAc =40/1 to 10/1) to afford 59 (283 mg, 59%) as
a pale yellow viscous solid.

(3aS5,9b5)-3-(4-fluorophenyl)-2,3,3a,9b-tetrahydro-1,3-
methanocyclopentalc]chromen-4(1H)-one (59)
HPLC analysis: CHIRALPAK® OD-3 (n-hexane/i-PrOH
80/20, flow rate = 0.50 mL/min, A = 254 nm), tr (Minor)
13.04 min, tr (major) = 17.51 min.

59 "H NMR (400 MHz, CDCls) & 7.30 — 7.21 (m, 2H), 7.18 —
7.10 (m, 3H), 7.01 (t, J = 8.7 Hz, 3H), 3.79 (d, /= 9.0 Hz, 1H), 3.34 (dd, /=9.0, 1.7
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Hz, 1H), 2.74 (q,J=2.8 Hz, 1H), 1.99 — 1.86 (m, 2H), 1.83 — 1.75 (m, 1H), 1.71 — 1.64
(m, 1H).

13C NMR (101 MHz, CDCl3)  166.6, 161.8 (d, J=245.0 Hz), 151.2, 136.2 (d,J=3.3
Hz), 128.5 (d, J = 12.1 Hz), 127.8 (d, J = 8.1 Hz), 124.7, 122.8, 117.0, 115.1 (d, J =
21.3 Hz), 59.9,47.7,45.1, 44.1,42.8, 35.8.

1YF NMR (376 MHz, CDCl3) § -115.5 (s, 1F).

HRMS (ESI) m/z calcd. for Ci1oH16FO2 [M+H]* 295.1129, found 295.1133.

HPLC spectrum of rac-59:

DAD1 B, Sig=254.4 Ref=off (LiYJ\AD-H 2024-02-17 15-52-24\1-162b-1-rac.D)
mAU 71 Signal 2: DAD1 B, Sig=254,4 Ref=off

@
@ ©
100 a 3
80 Peak RetTime Type Width Area Height Area i ~
4 # [min] [min]  [mAU*s] [mau] % \
80 | of--ooo- [ |-mmmmnee e |-ommmneee |- -mmeee | : i
a0 1 12.859 BB ©.1877 1333.25854 109.80509 49.9373 | |
1 2 17.406 BB ©.2643 1336.60645  77.85228 50.0627 ‘ |
20 ‘ | I
1 Totals : 2669.86499 187.65737 I f
0— — - | L . —
: I R R R T T R
2 4 [ 8 10 12 14 16 18 min
HPLC spectrum of 59:
DAD1 B, Sig=254.4 Ref=off (LiYJ\OD3 2024-04-17 20-10-12\2-69-4-chiral.D)
mAU=  signal 2: DAD1 B, Sig=254,4 Ref=off §
1754 ~
150 = Peak RetTime Type Width Area Height Area I
125 #  [min] [min] [mAU*s] [mAU] % |
B R FRe EEEEE oo I |-oeeeeee |
] 1 13.e43 BB 0.1912 161.19672 13.12868  4.0420
753 2 17.585 BB 8.2910 3826.86719 200.17146 95.9580 .
50 b=
25% Totals : 3988.06396 213.360007 :
o4 —— - — A I - YA
— — ! — | —— | Lo .
2 4 8 8 10 12 14 16 18 min

Synthesis of compound 60:

Mel, K2CO3

MeOH/acetone, g
80 °C, 12h

59, 92% e.e.

— 92%, 92% e.e.
recryst.

—78%, 98% e.e.

Following a reported procedure with some modifications'®, 59 (283 mg, 0.96 mmol, 1.0
equiv.) and K>CO3 (265 mg, 1.92 mmol, 2.0 equiv.) were added to an oven-dried
Schlenk tube equipped with a magnetic stir bar under argon. Anhydrous methanol (1.5
mL), acetone (1.5 mL), and methyl iodide (818 mg, 5.76 mmol, 6.0 equiv.) were then
added. The tube was sealed and stirred at 80 °C for 12 h. Upon completion (monitored
by TLC), the mixture was cooled to room temperature, filtered, and concentrated in
vacuo. The residue was purified by flash column chromatography on silica gel
(PE/EtOAc = 30/1) to afford 60 (300 mg, 0.88 mmol, 92%, 92% e.e.) as a white solid.
The product was recrystallized from hot n-hexane to yield 60 (256 mg, 0.75 mmol, 78%,
98% e.e.) as a white solid.
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Methyl (25,3S)-1-(4-fluorophenyl)-3-(2-methoxyphenyl)-
bicyclo[2.1.1]hexane-2-carboxylate (60)

HPLC analysis: CHIRALPAK® AD-H (n-hexane/i-PrOH =
60/40, flow rate = 0.60 mL/min, A = 254 nm), tr (Major) = 6.21
min, tr (Minor) = 6.86 min.

H NMR (400 MHz, CDCl3) & 7.20 (t, J = 7.5 Hz, 2H), 7.11
(dd, J= 8.6, 5.4 Hz, 2H), 6.98 — 6.89 (m, 3H), 6.79 (d, J=7.9 Hz, 1H), 3.86 (d, J=8.7
Hz, 1H), 3.75 (s, 3H), 3.50 (dd, J = 8.9, 1.8 Hz, 1H), 3.16 (s, 3H), 2.84 (t, J=2.9 Hz,
1H), 2.72 (dd, J=9.8, 7.0 Hz, 1H), 1.95 — 1.87 (m, 2H), 1.79 (dd, J=9.8, 6.7 Hz, 1H).
I3C NMR (101 MHz, CDCl3) 8 172.9, 161.6 (d, J=243.9 Hz), 157.4,137.7 (d,J=3.3
Hz), 129.9, 127.4 (d, J = 8.1 Hz), 127.3, 126.5, 120.2, 114.9 (d, J = 21.3 Hz), 109.2,
57.1,54.8, 54.3, 50.5, 45.5, 44.8, 37.4, 37.0.

YF NMR (376 MHz, CDCl3) & -116.6 (s, 1F).

HRMS (ESI) m/z calcd. for C21H2,FO3 [M+H]* 341.15438, found 341.1552.

HPLC spectrum of rac-60:

DAD1 B, Sig=254 4 Ref=off (LiYJ\AD-H 2024-02-16 15-14-41\1-167J-rac.D)

mAU-  Signal 2: DAD1 B, Sig=254,4 Ref=off E §
120 Peak RetTime Type Width Area Height Area ® “?
100 ] #  [min] [min] [mAU*s] [mAU] % I |
god -t l-m-e--- R [-=-------- [-=--=----- [-------- I I I
503 1 6.217 BB ©.1164 983.82428 139.37036 50.5565 ‘ (1
0 1 2 6.890 BB ©,1141 962.16650 130.35512 49.4435 | [
20 Totals : 1945.99078 269.72548 [ |
0 - _—— i —_
: S | - EE— : — S : - S ‘ —]
1 2 3 4 5 6 7 8 min
HPLC spectrum of 60 (after recrystallization):
DAD1 B, Sig=254,4 Ref=off (LiYJ\AD-H 2024-04-23 23-24-48\2-70-1c-chiral. D)
mAU = Signal 2: DAD1 B, S5ig=254,4 Ref=off §
3002 i
S Peak RetTime Type Width Area Height Area i
250 #  [min] [min]  [mAU*s] [mAU] % ‘
2007 ------e-e-- e EEEEEE [-ommmmnee- [-=---mn--- [--=----- |
150 = 1 6.206 BB  ©.1036 2388.17749 359.@7745 08.7524
1003 2 6.860 BB ©.1894 30.17027  4.21816 1.2476
50 E §
: Totals : 2418.34776  363.29561 €
R o S L -
: - FE—— : : : — : R L : —
71 - 2 _ _ 37 . _ 4 _ 5 (5] 7 8 min

MeO,C CO,H
RuCl3°H,0, NalO,4
MeCN/CCl4/H,0,
rt., 6 h F
60, 98% e.e. 61, crude

Following the reported procedures with some modifications®, NalO4 (1.30 g, 6.0 mmol,
12.0 equiv.) was added to a solution of 60 (170.1 mg, 0.5 mmol, 1.0 equiv.) in MeCN
(3.0 mL), CCl4 (3.0 mL), and H>O (3.0 mL). The mixture was stirred vigorously at
room temperature, followed by the addition of RuClz-H20 (5.6 mg, 0.025 mmol, 0.05
equiv.) in H>O (1.5 mL). The mixture was stirred vigorously at room temperature for 6
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h, during which a large amount of white solid formed. Upon completion (monitored by
TLC), 1 N HCI was added dropwise until the pH = 3, and the mixture was extracted
three times with EtOAc. The combined organic layers were dried and concentrated to
yield a yellow oily product 61, which was used directly in the next step without further
purification.

Synthesis of compound 62:

0 0
MeO,C H
e, C02 Me O\
NHPI, DIC, DMAP N
DCM, rt., 4 h
@)
F

F
61, crude 62, 25 %, 95% e.e.

Compound 62 was prepared following the protocol for compound 54, using 61 (~0.5
mmol), NHPI (90 mg, 0.55 mmol, 1.1 equiv.), DMAP (23 mg, 0.19 mmol, 0.11 equiv.),
DIC (76 mg, 0.6 mmol, 1.2 equiv.), and DCM (20 mL). The reaction was conducted at
room temperature for 4 h. The crude product was purified through silica gel flash
column chromatography to afford 62 (52.9 mg, 25% over 2 steps from 60) as a white
solid.

3-(1,3-dioxoisoindolin-2-yl) 2-methyl (25,35)-1-

o)
MeO,C o. 7 (4-fluorophenyl)bicyclo[2.1.1]hexane-2,3-
\ dicarboxylate (62)
o HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-
F
62

PrOH = 60/40, flow rate = 0.65 mL/min, A = 254 nm),
tr (minor) = 19.89 min, tr (minor) = 20.79 min.
TH NMR (400 MHz, CDCl3) 6 7.88 (dd, J= 5.5, 3.1 Hz, 2H), 7.79 (dd, J= 5.5, 3.1 Hz,
2H), 7.18 (dd, J = 8.5, 5.5 Hz, 2H), 6.98 (t, J= 8.7 Hz, 2H), 3.74 (d, J = 9.5 Hz, 1H),
3.61 (s, 3H), 3.47 (dd, J= 9.6, 2.0 Hz, 1H), 2.96 (d, J= 1.4 Hz, 1H), 2.67 (dd, J = 10.0,
8.0 Hz, 1H), 2.01 (dd, J = 7.9, 2.2 Hz, 1H), 1.94 (dd, J= 7.3, 3.0 Hz, 1H), 1.71 (dd, J
=10.0, 7.2 Hz, 1H).
13C NMR (101 MHz, CDCl3) & 171.1, 168.8, 161.73 (d, J = 245.1 Hz), 161.70 (d, J =
2.7 Hz), 135.9 (d,J=3.2 Hz), 134.8, 128.9, 127.8 (d, /= 8.0 Hz), 124.0, 115.1 (d, J =
21.2 Hz), 56.4, 52.00, 51.97, 46.5, 45.6, 38.9, 37.2.
F NMR (376 MHz, CDCl3) § -115.8 (s, 1F).
HRMS (ESI) m/z calcd. for C23H19FNOs [M+H]" 424.1191, found 424.1199.
HPLC spectrum of rac-62:

DAD1 B, Sig=254,4 Ref=off (WuZL\IG3 2024-04-18 16-11-32\1-167L-rac2.D)
mAU J Signal 2: DAD1 B, Sig=254,4 Ref=off = =
5 & &
B o =1
4; Peak RetTime Type Width Area Height Area I N
9 # [min] [min] [mAU*s] [mAuU] % I |1
3] T L) IRy B BRI B B I
2 ] 1 19.311 BB ©9.3479 142.85999 6.17626 45.4093 | | (B
q 2 20.341 BB ©.3634 146.27589 6.02151 50.5987 \
. |
e Totals : 289.13588 12.18777 | |
b - -~ . "
T — T — T T — — i
0 25 5 7.5 10 125 15 175 20 min
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HPLC spectrum of 62:
DAD1 B, Sig=254 4 Ref=off (LiYJIG3 2024-04-23 01-28-23\2-68-2-chiral.D)
mAUT Signal 2: DADL B, Sig=254,4 Ref=off

@
o
1
20794

70= peak RetTime Type Width Area Heigh Area

805 & [min] [min]  [mAU*s] [mAu] %

= [ B, [P R [ —— |
404 1 19.887 BB 9.3037 56.02356 2.55585 2.5887

304 2 20.794 BB @.3842 2177.12476 86.93751 97.4913

105 Total : 2233.14831 89.49335

19.887

R T T T T A S T S e S ! R
25 5 7.5 10 125 15 17.5 20 225  mi

Synthesis of compound 63:

O 0

MeO,C, o. PhSiHj, Zn, NiCl*6H,0 MeO,C,
N di-‘BuBipy, THF/DMF/'PrOH
Ar, 45°C, 3 h
F © F
62, 95% e.e. 63, 44%. 95% e.c.

Compound 63 was prepared following the protocol for compound 56, using 62 (52.9
mg, 0.125 mmol, 1.0 equiv.), NiCl>-6H>O (3.1 mg, 0.013 mmol, 10 mol%), and di-
‘BuBipy (7.0 mg, 0.026 mmol, 20 mol%) in dry DMF (0.13 mL), PhSiH3 (23 uL, 0.19
mmol, 1.5 equiv.), Zn powder (4.0 mg, 0.06 mmol, 0.5 equiv.), dry THF (0.63 mL),
and i-PrOH (0.06 mL). The reaction was conducted at 45 °C for 3 h. The crude product
was purified through silica gel flash column chromatography to afford 63 (13 mg, 44%)
as a colorless oil.

Methyl (S)-1-(4-fluorophenyl)bicyclo[2.1.1]hexane-2-carboxylate

MeO,C,
(63)
- HPLC analysis: CHIRALPAK® IC-3 (n-hexane/i-PrOH = 98/2, flow
63 rate = 0.20 mL/min, A = 260 nm), tr (major) = 26.53 min, tr (Minor) =
27.82 min.

'TH NMR (400 MHz, CDCIl3) § 7.14 — 7.06 (m, 2H), 7.00 — 6.91 (m, 2H), 3.47 (s, 3H),
3.01 —2.93 (m, 1H), 2.56 — 2.50 (m, 1H), 2.21 — 2.12 (m, 2H), 2.12 — 2.05 (m, 1H),
1.81 -1.74 (m, 2H), 1.65 — 1.57 (m, 2H).

I3C NMR (101 MHz, CDCl3) 8 175.6, 161.5 (d, J = 244.3 Hz), 137.8 (d, J = 3.3 Hz),
127.3 (d,J=8.1 Hz), 114.8 (d, J=21.3 Hz), 57.7, 51.2, 48.5, 46.3, 38.2, 35.1, 34.2.
F NMR (376 MHz, CDCl3) § -116.7 (s, 1F).

HRMS (ESI) m/z calcd. for C14H16FO, [M+H]* 235.1129, found 235.1132.

HPLC spectrum of rac-63:
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DAD1 E, Sig=273,4 Ref=off (WuZL\IC3-167m-rac 2024-04-08 23-21-45\1-167m-rac.D)
mAUi ? 2
8 f Signal 5: DAD1 E, Sig=273,4 Ref=off g &
] ] 1y
4_: Peak RetTime Type Width Area Height Area [
P #  [min] [min]  [mAU*s] [mAU] % .
1 Sene] e e T R |--oooeee \ a
0- [
| 1 26.118 BB 0.4508 392.52115 13.59615 50.6102 b
2= . 2 27.189 BB 0.4440 383.05606 12.76976 49.3898 |
40 e Vo
&4 “Totals : 775.57721  26.36591 o \ .
. , : . — . —
5 10 15 20 25 mi
HPLC spectrum of 63:
DAD1 E, 8ig=273,4 Ref=off (LiYJ\IC-3 2024-04-24 21-06-3112-68-3-chiral D)
mAU Siganl 5: DAD1 E, Sig=273,4 Ref=off &
o] Peak RetTime Type Width  Area Height Area g &
# [min] [min] [mAU*s] [mAU] % | ‘@-‘é-
157 |
] S R | -mmefneee |-mmmeeees | -meemeeees R | A
107; 1 26.529 MM 0.5994 1243,32910 34.57251 97.5440 | \
E 2 27.817 MM 0.5474 31.30463 9.53079%e-1 2.4560 | 9
E = ,\'?Bb‘
. ) ’b
57 Total 1274.63374 35.52558 ) 'x.\I %@'b
-10-~ T \7 — T T _
5 10 15 20 25 mi
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7.3 Stereodivergent synthesis of BCH 12

Cu(OTH), (10 mol%)
L*12 (10 mol%)
DCM, -20 °C, Ar, 62 h

CO,Et °
o) . @\/I 2=t (28, 35)-12,92%,97% e.e.  CCDC: 2371764 |_ 12 R= 4‘Bu Ph
yr o+
ot o2
o=( “(—

Cl

Cu(OTf), (10 mol%)

B10 c2 ent-L*12 (10 mol%)
DCM, -20 °C, Ar, 62 h EtO,C
g»\{)\
(2R, 3R)-12, 94%, 97% e.e. ' ccpe: 2371766 entL 12,R = 4-Bu- F'h

BCH (25,35)-12 was synthesized according to General Procedure A, utilizing BCB
substrate B10 (60.2 mg, 0.21 mmol, 1.05 equiv.) and coumarin substrate C1 (43.6 mg,
0.10 mmol, 1.0 equiv.), Cu(OTf), (7.23 mg, 0.02 mmol, 10 mol%), L12 (17.75 mg,
0.02 mmol, 10 mol%), and anhydrous DCM (2.0 mL). The sealed tube was stirred at -
20 <€ for 62 h. The crude product was purified by silica gel flash column
chromatography (5-7% EtOAc in n-hexane) to afford BCH (25,35)-12 (93.1 mg, 92%)
as a white solid.

BCH (2R,3R)-12 was synthesized according to General Procedure A, utilizing BCB
substrate B10 (30.1 mg, 0.105 mmol, 1.05 equiv.) and coumarin substrate C1 (21.8 mg,
0.10 mmol, 1.0 equiv.), Cu(OTf), (3.62 mg, 0.01 mmol, 10 mol%), ent-L"12 (8.87 mg,
0.01 mmol, 10 mol%), and anhydrous DCM (1.0 mL). The sealed tube was stirred at -
20 <C. The reaction was conducted at -20 <C for 62 h. The crude product was purified
by silica gel flash column chromatography (5-7% EtOAc in n-hexane) to afford BCH
(2R,3R)-12 (47.5 mg, 94%) as a white solid.

HPLC spectrum of rac-12:

DAD1 B, Sig=254.4 Ref=off (LiYJ\lyj-2-3n-rac-re-1G3-60-40-085.D)

mAU 43ignal 2: DAD]1 B, Sig=254,4 Ref=cff o g
: 5 &
3 bat ©
3.5 Jpeak RetTime Type Width Erea Height Erea bt i
35 4 [min] [min] [mAU*s] [mAU] I
| -1
|
T — — — : r T
2 4 6 8 10 12 14 18min
HPLC spectrum of (25,35)-12:
DAD1 B, Sig=254,4 Ref=off (LiYJ\lyj-2-1h-re-1G3-60-40-065.D)
mAU-] signal 2: DADL B, Sig=254,4 Ref-off = &
(2]
1 NI
100 . . . . ha
7 Peak RetTime Type Width Lrea Height Area P
80  #  [min] [min]  [mAU*s] [mAU] RS
o [-===|-=mm--- [==mmmmm - e |==mmm- I [
11.714 MF 4 46 1 7 &3
40 12,877 MF 3042 218 119.64721 9 24 @q?
< O
-
20 5 B s
1 Total 3. 1 23586 ;,?g
0 e
0 T T T I T ' '
2 4 8 8 10 12 14 16min

HPLC spectrum of (2R,3R)-12:
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mAU

. - M
(1] f=1 o o
=] [S] o =3

o

DAD1 B, Sig=254.4 Ref=off (LiYJNIG3 2024-04-02 14-02-51\2-33c-0402-1.D)
Signal 2: DAD1 B, S8ig=254,4 Ref=off

12506

Peak RetTime Type Width Area Height hrea
# [min] [min] [mAU*s] [mAU] % ‘I
il Rttt === | -1= | =1 f “
1 12.506 BB 0.2816 4510.11816 248.71814 98.6386 |
2 14.364 EB 0.2982 62.24861 2.90282 1.3614
3
Totals 4572.36678 251.62096 3
o B . = ]
T — — — — — — — — T
2 4 6 8 10 12 14 16min
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8. Bioisosteric replacements for bioactive compounds

8.1 Synthesis of Chiral BCHex-Sonidegib and BCHex-BMS-202

A

PhSiHg, Zn,
F3CO, NiCly*6H,0
CO,Et CUu(OTM) (7.5 mol%) LiOH di-'BuBipy
Pyr ©\/I L*12 (7.5 mol%) _ P . L
DCM, -20 °C, 48 h
F. NHPI, DIC, MAP F3CO 1.3 mmol
B14, 1.9 mmol 16,96 %, 97% e.e. 66, 74 %, 97% e.e. (over 3 steps)
Mel RuCls
K,COj3 MeO MsCI MeO O NalO,
MeO,C, Me, 5T
6 —@ @ > o “#&—9—h— R 2 )\o
Licl O S LAH  LAH O < N\)\
F3CO F3CO F.CO Y,
68,62 %, 96% e.c. 71,77 %, 96% e.e. 3 72 HATU, DIPEA a W
(over 2 steps form 66) (over 3 steps form 68) DMF, rt, 12 h o -
N
@@}“
= o 2\0 K,CO;, DMF KL Bypin, KO'BU. ’(LO FaCO
N HN._Q 50°C.20n iy IPrOH.110 G Z BCHex-Sonidegib, 16%, 96% e.c.
O2N ! /Cr 12h \ ‘N over 2 steps from 71
0N N 73 04% H,N 74, 67%
)
e
MeO
MeO,C. MsCl N O RuCls, Nalo,  LAH Me,  CH,OH
*>—0—©—
LAH O ' Mel F 0.23 mmol
77, 82%, 97% e.e. 80, 37%, 96% e.e.
60, 0.75 mmol, 98% e.e. (over 3 steps form 60) (over 3 steps form 77)
NHAc
CHO N
CHO HoN
s [0 Pd(OAc),, ‘BuXPhos Me /ﬂjAjI: ~"“NHAG /[inI;;;
“ Cs,CO3, toluene F o OMe NaBH(OAc)s, AcOH ©
¢l N" oMe )
85°C,5h DCM, tt, 12 h
81,47% BCHex-BMS-202, 24%, 97% e.e.

8.2 Synthesis of BCHex-Sonidegib as the bioisostere of Sonidegib
Synthesis of chiral BCH 16:

CO,Et Cu(OTf), (7.5 mol%)
©\/I L*12 (7.5 mol%)
DCM, Ar, 20 °C, 48 h

F4CO
B14 c1 16, 96%, 97% e.e.

F4CO

Compound 16 was prepared following the protocol for 13, using BCB substrate B14
(636 mg, 1.9 mmol, 1.05 equiv.) and coumarin substrate C1 (393 mg, 1.8 mmol, 1.0
equiv.), Cu(OTf)2 (49 mg, 0.135 mmol, 7.5 mol%), L*12 (120 mg, 0.135 mmol, 7.5
mol%), and anhydrous DCM (19.0 mL). The sealed tube was stirred at -20 <C for 48 h.
The crude product was purified through silica gel flash column chromatography
(PE/EtOAC), yielding 16 (963 mg, 96%) as a white solid.

Synthesis of compound 65:

LiOH+H,0
THF/H,O, 1t.,, 12 h

NHPI, DIC, DMAP
DCM, rt., 4 h

FsCO

F3CO

16,97% e.e. 65, 88%, over two steps

Compound 64 was prepared following the protocol for 53, using 16 (963 mg, 1.74 mmol,
1.0 equiv.), LIOH H20 (292 mg, 6.96 mmol, 4.0 equiv.), THF (9 mL), and H2O (9 mL).
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The reaction was conducted at room temperature for 12 h. Upon completion of the
reaction workup, the carboxylic acid intermediate 64 was obtained as a white solid and
was directly used in the next step.

Compound 65 was prepared following the protocol for 54, using NHPI (312 mg, 1.91
mmol, 1.1 equiv.), DMAP (23 mg, 0.19 mmol, 0.11 equiv.), DIC (0.65 mL, 4.18 mmol,
2.4 equiv.), and DCM (170 mL). The reaction was conducted at room temperature for
4 h. The crude product was purified through silica gel flash column chromatography to
afford 65 (950 mg, 88%) as a white to pale yellow solid.

Synthesis of compound 66

PhSiHs, Zn, NiCl,*6H,0
di-'BuBipy, THF/DMF/PrOH
Ar, 45°C, 6 h

66, 84%, 97% e.e.

Compound 66 was prepared following the protocol for 56, using 65 (950 mg, 1.53 mmol,
1.0 equiv.), NiCl,-6HO (38 mg, 0.16 mmol, 10 mol%), and di-'‘BuBipy (86 mg, 0.32
mmol, 20 mol%) in dry DMF (1.6 mL), PhSiHz (284 uL, 2.3 mmol, 1.5 equiv.), Zn
powder (50 mg, 0.78 mmol, 0.5 equiv.), dry THF (8.0 mL), and i-PrOH (0.8 mL). The
reaction was conducted at 45 °C for 6 h. The crude product was purified by silica gel
flash column chromatography on silica gel (PE/EtOAc = 20/1 to 10/1), yielding 66
(553 mg, 84%) as a white solid.

Ethyl (3a8,9bR)-4-0x0-3-(4-(trifluoromethoxy)phenyl)-
1,2,3,9b-tetrahydro-1,3-methanocyclopenta|c]chromene-
3a(4H)-carboxylate (66)

HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-PrOH =
85/15, flow rate = 0.45 mL/min, A = 254 nm), tr (Major) =
11.07 min, tr (minor) = 11.53 min.

'"H NMR (400 MHz, CDCl3) 8 7.37 — 7.27 (m, 4H), 7.22 — 7.17 (m, 1H), 7.11 (t, J =
8.2 Hz, 3H), 4.22 — 4.06 (m, 2H), 3.84 (s, 1H), 2.72 (d, J= 1.6 Hz, 1H), 2.60 — 2.52 (m,
1H), 2.08 (dd, J=7.7,2.9 Hz, 1H), 1.85 - 1.79 (m, 2H), 1.15 (t, /= 7.1 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 6 169.8, 164.2, 150.3, 148.2 (d,J= 1.8 Hz), 137.8, 129.7,
128.8,128.7,124.9, 121.3,120.5 (d, J=257.0 Hz), 119.7, 117.2, 61.9, 61.8, 59.5, 50.1,
43.2,42.1,39.5,13.9.

F NMR (376 MHz, CDCl3) § -57.7 (s, 3F).

HRMS (ESI) m/z calcd. for C23H20F30s [M+H]* 433.1258, found 433.1253.

HPLC spectrum of rac-66:
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DAD1 B, Sig=254 4 Ref=off (LiYJUAS 2024-03-24 15-35-32\w-1-167b-rac.D)

mAU ] Signal 2: DAD1 B, Sig=254,4 Ref=off § b
] >
80 ) by
| Peak RetTime Type Width Area Height Area |
#  [min] [min] [mAU*s] [mAU] % .
7 1 === | | | | '
2 ] 1 11.065 BV 0.1424 812.92706 87.53227 49.5704
i 2 11.494 vB ©.1518 $27.81715 83.28719 50.4296
20
Totals : 1639.94421 170.81947
oL — o — e - -
7 - — : — - — - .
2 4 6 8 10 12 14 min
HPLC spectrum of 66:
DAD1 B, Sig=254,4 Ref=off (LiYJ\IA3 2024-03-24 15-35-32\2-61-4-chiral.D)
mAU Signal 2: DAD1 B, Sig=254,4 Ref=off rﬁé R
E NN 4
] 1 N
1007 Peak RetTime Type Width Area Height Area " 'a'-\
oo * [min] [min]  [mAU*s] [mAU] % (5
e o R |<mmeeeeeoe J-omeeeomae |---mmee- | ‘
50’: 1 11.067 MF 0.1582 1196.49426 126.05608 98.0139
40 - 2 11.526 FM 0.1730 24.24553 2.33576 1.9861 \ b‘.’;’:
f g e
20 g LY
| Totals : 1220.73979 128.39183 [\ ;'?52'
0 — - - b
- - = R o o
2 4 6 8 10 12 14 min

Synthesis of compound 67

LiCl, dry DMSO
Ar, 160 °C, 12 h

F4CO
66, 97% e.e. 67, 69%, 97% e.e.

Compound 67 was prepared following the protocol for 59, using 66 (553 mg, 1.28 mmol,
1.0 equiv.), anhydrous LiCl (163 mg, 3.84 mmol, 3.0 equiv.), and dry DMSO (2.5 mL).
The reaction was conducted at 160 °C for 12 h under argon. The crude product was
purified by silica gel flash column chromatography (PE/EtOAc=40/1 to 10/1), yielding
67 (320 mg, 69%) as a light yellow viscous solid.

(3aS5,9bR)-3-(4-(trifluoromethoxy)phenyl)-2,3,3a,9b-
tetrahydro-1,3-methanocyclopenta[c]chromen-4(1H)-one
(67)

HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH
60/40, flow rate = 0.65 mL/min, A = 254 nm), tr (minor)
7.96 min, tr (major) = 9.65 min.

'"H NMR (400 MHz, CDCl3) & 7.30 — 7.12 (m, 7H), 7.02 (d, J = 8.1 Hz, 1H), 3.83 (d,
J=9.0Hz, 1H), 3.38 (dd, /=9.0, 1.3 Hz, 1H), 2.77 (d, /= 1.8 Hz, 1H), 2.01 — 1.89 (m,
2H), 1.82 (d, J=8.1 Hz, 1H), 1.73 — 1.65 (m, 1H).

I3C NMR (101 MHz, CDCl3) 6 166.3, 151.1 (d, J=3.5 Hz), 148.1, 139.0, 128.5, 127.6,
124.6, 122.6, 120.6, 120.5 (d, J=256.8 Hz), 117.1, 59.8, 47.6,45.2, 44.1,42.8, 35.8.
F NMR (376 MHz, CDCl3) § -57.7 (s, 3F).

HRMS (ESI) m/z calcd. for C20Hi6F303 [M+H]* 361.1046, found 361.1049.

HPLC spectrum of rac-67:

F5CO
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DAD1 B, Sig=254,4 Ref=off (LiYJ\IG3 2024-02-17 16-30-01\2-57-2-rac.D)
mAU J Signal 1: DAD1 B, Sig=254,4 Ref=off I -
i i 3
153 Peak RetTime Type Width Area Height Area I“ @
1 #  [min] [min]  [mAU*s] [mAU] % i il
10 e R i | R [--mmmmmeee [---mmm- | | I\
1 7.973 BB  ©.1175 162.76532 21.22864 58.29890 |
5 2 9.691 BB  ©.1508 160.83679 16.63414 49.7820
1 Totals : 323.60211  37.86278
4 — _ A _
. : : . I . . . : . : . . . . . ‘
2 4 6 8 10 min
HPLC spectrum of 67:
DAD1 B, Sig=254.4 Ref=off (LiYJIG3 2024-04-04 20-52-19\2-63-1-chiral-240404-1.D)
mAU 2 Signal 2: DAD1 B, Sig=254,4 Ref=off 3
E ®©
150 — . . . il
o Peak RetTime Type Width Area Height Area I
125 % [min] [min]  [mAU*s] [mAU] % |
T [-mee e R ey [ -mmmmeenes |-eemeee |
75 = 1 7.958 MF 9.1211  31.05748 4.27285  1.7225 N
50; 2  9.654 BB ©.1499 1772.03218 181.44939 98.2775 Qé
E 2 _'b\'
E a
53 jotals : 1803.08950 185.72223 RS
0 — T _ A .
. . . . - : . . : . ; !
2 4 6 8 10 mi

Synthesis of compound 68

Mel, K2C03

MeOH/acetone,
80 °C, 12h

F;CO
67,97% e.e. 68, 90%, 97% e.e.

Compound 68 was prepared following the protocol for 60, using 67 (320 mg, 0.89 mmol,
1.0 equiv.), iodomethane (758 mg, 5.34 mmol, 6.0 equiv.), potassium carbonate (185
mg, 1.34 mmol, 1.5 equiv.), dry methanol (1.1 mL), and acetone (1.1 mL). The reaction
was conducted at 80 °C for 12 h under argon. The crude product was purified by silica
gel flash column chromatography (PE/EtOAc = 30/1), yielding 68 (326 mg, 90%) as a
white solid.

Methyl (25,35)-3-(2-methoxyphenyl)-1-(4-(trifluoro-
methoxy)phenyl)bicyclo[2.1.1]hexane-2-carboxylate (68)
HPLC analysis: CHIRALPAK® 1A-3 (n-hexane/i-PrOH =
60/40, flow rate = 0.65 mL/min, A = 254 nm), tr (major) =
5.46 min, tr (minor) = 6.00 min.

'H NMR (400 MHz, CDCl3) & 7.19 (dd, J = 17.1, 8.6 Hz,
4H), 7.10 (d, J= 8.4 Hz, 2H), 6.94 (t, J=7.5 Hz, 1H), 6.79 (d, /= 8.0 Hz, 1H), 3.88 (d,
J=28.9 Hz, 1H), 3.76 (s, 3H), 3.52 (d, /= 8.9 Hz, 1H), 3.16 (s, 3H), 2.85 (s, 1H), 2.74
(dd,J=9.7,7.1 Hz, 1H), 1.97 — 1.89 (m, 2H), 1.80 (dd, /=9.7, 6.8 Hz, 1H).

I3C NMR (101 MHz, CDCl3) 6 172.8, 157.4, 147.7 (d,J= 1.7 Hz), 140.7, 129.8, 127.3,
127.2, 126.5, 120.6, 120.5 (d, J = 256.8 Hz), 120.2, 109.2, 57.0, 54.8, 54.2, 50.5, 45.5,
44.8,37.5,37.1.

F NMR (376 MHz, CDCl3) § -57.9 (s, 3F).

HRMS (ESI) m/z calcd. for C2oH2F304 [M+H]" 407.1465, found 407.1463.
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HPLC spectrum of rac-68:

DAD1 B, Sig=254.,4 Ref=off (LiYJ\IA3 2024-03-24 15-35-32\2-57-3-rac.D)

mAU 7 signal 2: DAD1 B, Sig=254,4 Ref-off § g
50 - [ ©
4 Peak RetTime Type Width Area Height Area | i
407 % [min] [min]  [mAu*s]  [mAu] % f ,
30 ] ~mmolemmeees [-=--1------- R [-----m--- [-------- \ [
f 1 5.449 BB 0.8768 285.46353 56.68221 49.9990
20 2 6.816 BB 0.8829 285.47458 52.92489 5@.8010
10
1 Totals : 570.93811 109.60630
0 y — S
— — ‘ — ——— ‘ — . ‘ — |
1 2 3 4 5 6 7 min
HPLC spectrum of 68:
DAD1 B, Sig=254,4 Ref=off (LiYJUA3 2024-04-07 01-05-2712-63-2-chiral-240407 D)
mAU ] Signal 2: DAD1 B, Sig=254,4 Ref=off ré o
5P
0
200 peak RetTime Type Width Area Height Area |
1 #  [min] [min]  [mAU*s] [mAU] % lgs
150 I
] REEEED [-=-=]-mnnn-- [-==-momnn- [-===mm-e [-=-=n--- |
100 1 5.457 MF 0.9865 1290.88684 248.82980 98.3860 I o
E 2 6.000 MM 9.0898 21.17624 3.93085 1.6140 .(\b
503 | A
[ g &
1 Totals : 1312.06308 252.76065 Y Iw‘?5
04 - — —_— LSty
T T 1
1 2 3 4 5 6 7 m

Synthesis of compound 69

LiAlH4, THF, Ar
0°Ctort,3h

68, 97% e.e. 69, 92%, 97% e.e.

Following a reported procedure with some modifications', 68 (326 mg, 0.81 mmol, 1.0
equiv.) and anhydrous THF (1.6 mL) were added to an oven-dried 10 mL Schlenk tube
equipped with a magnetic stir bar under argon. The solution was cooled to 0 °C, and
LiAlHs (123 mg, 3.24 mmol, 4.0 equiv.) was slowly added (Note: vigorous hydrogen
evolution occurs). The resulting suspension was gradually warmed up to room
temperature and stirred for 3 h under argon. Upon completion (monitored by TLC), the
reaction mixture was cooled to 0 °C and vigorously stirred, followed by incremental
addition of moist Na;SO4. After complete consumption of LiAlH4, stirring was
continued for 5 minutes, the mixture was filtered, and the residue was washed with
DCM. The solvent was removed in vacuo. The residue was purified by flash column
chromatography on silica gel (PE/EtOAc = 20/1 to 10/1) to afford 69 (282 mg, 92%)
as a white to pale yellow solid.

((25,395)-3-(2-methoxyphenyl)-1-(4-(trifluoromethoxy)-
phenyl)bicyclo[2.1.1]hexan-2-yl)methanol (69)

HPLC analysis: CHIRALPAK® ID-3 (n-hexane/i-PrOH =
80/20, flow rate = 0.50 mL/min, A = 273 nm), tr (Major) =
8.83 min, tr (minor) = 10.62 min.

'TH NMR (400 MHz, CDCl3) 8 7.29 —7.17 (m, 4H), 7.14 (d,
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J=28.2 Hz, 2H), 6.98 (td, J=17.5, 1.1 Hz, 1H), 6.92 (d, J = 8.1 Hz, 1H), 3.89 (s, 3H),
3.81(d,/=8.8 Hz, 1H), 3.19 (dd, J=11.6,4.5 Hz, 1H), 3.11 (dd, J=11.5, 6.4 Hz, 1H),
2.79 — 2.70 (m, 2H), 2.13 — 2.04 (m, 1H), 1.93 (dd, J = 4.6, 2.5 Hz, 1H), 1.86 — 1.80
(m, 2H), 1.55 (s, 1H).

13C NMR (101 MHz, CDCl3) & 157.2, 147.6, 141.9, 129.9, 127.6, 127.5, 127.1, 121.1,
121.0, 120.5 (d, J=256.8 Hz), 110.5, 62.4, 55.51, 55.48, 51.1, 46.5, 42.8, 38.7, 36.1.
19F NMR (376 MHz, CDCl3)  -57.86 (s, 3F).

HRMS (ESI) m/z calcd. for C21H22F303 [M+H]* 379.1516, found 379.1519.

HPLC spectrum of rac-69:

DAD1 E, Sig=273.,4 Ref=off (LiYJ\ID-3 2024-04-08 22-55-20\2-57-4-rac.D)

mAU 4 Signal 5: DAD1 E, Sig=273,4 Ref=off 2 3
] P S
507 peak RetTime Type Width Area Height Area | A
400 ¥ [min] [min] [mAU*s ] [mAU] % i
e R P |--omenoee |-esmmnoeee |-=eeees | I |
30 1 8.760 BB 0.1154 442.65634 66.58335 49.8152 I
20— 2 10.494 BB ©.1340 445.94098 52.04639 56.1848 | |
] | |
10- Totals : 888.59732 112.54974 |
0 S B - —_ _ . _ S
| ! | . | | . | | . ! | ! | )
2 4 6 8 10 12 min
HPLC spectrum of 69:
DAD1 E, Sig=273,4 Ref=off (LiYJ\ID-3 2024-04-08 22-06-03\2-63-3-chiral.D)
mAU-] Signal 5: DAD1 E, Sig=273,4 Ref=off ﬁ
1000 ) ) ) i
| Peak RetTime Type MWidth Area Height Area I\
800 7 #  [min] [min]  [mAU*s] [mAU] % I
O o EERRY B [-mmmmmmees | mmmmeeees [-mmmmeee |
] 1 8.826 BB ©.1189 9019.39063 1183.56891 98.2274
400 - 2 10.620 FM 9.1432 162.76726 18.93767 1.7726 /\é\
] o \‘bq,‘
200 8 4
E Totals : 9182,15788 1202.44658 - Evia
0] TV N s
: ! | | | :
2 4 6 8 10 12 min

Synthesis of compound 70:

MsCl, Et;N, DCM
0°Ctort.,1h

F4CO
69, 96% e.e. 70, 94%, 96% e.e.

Following a reported procedure with some modifications*®, 69 (282 mg, 0.75 mmol,
1.0 equiv.), EzN (208 pL, 2.0 equiv.), and anhydrous DCM (2.0 mL) were added to an
oven-dried Schlenk tube equipped with a magnetic stirrer under argon. The solution
was cooled to 0 °C, and methanesulfonyl chloride (MsCl, 117 pL, 2.0 equiv.) was added
dropwise. The reaction mixture was gradually warmed to room temperature and stirred
for 1 h. Upon completion, as monitored by TLC, the solvent was removed in vacuo.
The residue was purified by column chromatography (PE/EtOAc = 20/1-10/1) to afford
the product 70 (322 mg, 94%) as a white solid.
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(25,35)-(3-(2-methoxyphenyl)-1-(4-(trifluoromethoxy)-
phenyl)bicyclo[2.1.1]hexan-2-yl)methyl
methanesulfonate (70)

HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH =
60/40, flow rate = 0.65 mL/min, A = 273 nm), tr (Major) =
6.79 min, tr (minor) = 7.39 min.

'"H NMR (400 MHz, CDCl3) § 7.25 — 7.18 (m, 3H), 7.18 — 7.11 (m, 3H), 6.97 — 6.84
(m, 2H), 3.92 - 3.79 (m, 5H), 3.66 (dd, /= 10.0, 8.1 Hz, 1H), 2.97 (td, /= 8.0, 4.1 Hz,
1H), 2.77 (s, 1H), 2.20 (s, 3H), 2.15 - 2.09 (m, 1H), 2.00 (d, /= 5.5 Hz, 1H), 1.92 —
1.82 (m, 2H).

13C NMR (101 MHz, CDCl3) & 157.8, 147.5, 141.7, 128.3, 127.9, 127.5, 126.6, 120.8,
120.51, 120.49 (d, J = 256.7 Hz), 110.1, 68.7, 55.5, 55.2, 46.2, 46.1, 42.6, 38.3, 36.1,
35.8.

19F NMR (376 MHz, CDCl3) & -57.9 (s, 3F).

HRMS (ESI) m/z calcd. for C22H23NaF30sS [M+Na]* 479.1110, found 479.1121.
HPLC spectrum of rac-70:

DAD1 E, Sig=273,4 Ref=off (LiYJ\IG3 2024-02-17 16-30-0112-57-5-rac.D)

mAU o Signal 4: DAD1 E, Sig=273,4 Ref=off g °
4 Ly el
14 ) . . © [
125 Peak RetTime Type Width Area Height Area |
104 #  [min] [min] [mAU*s] [mAU] % i
1 =l R R [----mmmmee [--mmmmne [EEEEEEES \
& 3 1 6.779 BB 0.1029 187.29637 16.27840 49.9706
i_j 2 7.358 BB 8.1129 107.42283 14.76175 50.8294 | [
23 Totals : 214.71920  31.04015
o+ 77 - N - E—
-2 u
e e
1 2 3 4 5 6 7 3 9 min
HPLC spectrum of 70:
DAD1 E. Sig=273.4 Ref=off (LiYJ\IG3 2024-04-09 22-32-46\2-63-4-chiral.D)
mAU 3 Signal 5: DAD1 E, Sig=273,4 Ref=off % Q{\
70 s &
Peak RetTime Type Width Area Height Area “vse?'
ggg % [min] [min]  [mAU*s] [mAU] % I
R EEEEEEE [==--]--m---- [-----mm-- [---mmmmoe [-------- |
400 1 6.792 MF ©.1151 5860.78020 839.96216 98.2203
300 2 7.390 MF 0.1262 105.16773 13.87819  1.7797 (| >
‘ o
200 | | o '\Q
100 < Totals : 5905.80792 853.84035 I f¢§a
0 —
T T T | | I T T |
1 2 3 4 5 6 7 8 9 mi

LiAlH,4, THF
Ar, 80 °C,6h

70, 96% e.e. 71, 89%, 96% e.e.
Following a reported procedure with some modifications*’, 70 (322 mg, 0.71 mmol, 1.0

equiv.), and anhydrous THF (1.2 mL) were added to an oven-dried Schlenk tube
equipped with a magnetic stirrer under argon. LiAlH4 (108 mg, 2.84 mmol, 4.0 equiv.)
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was added slowly. The mixture was stirred at 80 °C for 6 h. Upon completion, the
reaction mixture was cooled to 0 °C and stirred vigorously while wet Na>SO4 was added
in portions until the LiAlHs was fully consumed. The mixture was stirred for an
additional 5 minutes, then filtered, and the residue was washed with DCM. The
combined filtrate was concentrated in vacuo. The residue was purified by column
chromatography (PE/EtOAc = 50/1) to afford 71 (230 mg, 89%) as a white solid.

(25,35)-3-(2-methoxyphenyl)-2-methyl-1-(4-(trifluoro-
“'\//:ZO O methoxy)phenyl)bicyclo[2.1.1]hexane (71)

HPLC analysis: CHIRALPAK® IB N-3 (n-hexane/i-PrOH =

5 95/5, flow rate = 0.30 mL/min, A = 273 nm), tr (major) =

12.45 min, tr (minor) = 13.40 min.
TH NMR (400 MHz, CDCl3) & 7.21 (td, J="7.7, 1.4 Hz, 1H),
7.17 = 7.09 (m, 5H), 6.93 (td, J = 7.4, 0.8 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H), 3.83 (s,
3H), 3.69 — 3.63 (m, 1H), 2.74 (t, J = 2.5 Hz, 1H), 2.71 — 2.55 (m, 1H), 2.03 (dd, J =
9.3,7.0 Hz, 1H), 1.86 (dd, J=6.3, 3.0 Hz, 1H), 1.84 — 1.79 (m, 2H), 1.55 (s, 1H), 0.36
(d, J=17.0 Hz, 3H).
I3C NMR (101 MHz, CDCl3) 6 157.9, 147.3 (d, J= 1.8 Hz), 142.7,131.0, 127.4, 126.8,
126.8,120.54 (d, J=256.4 Hz), 120.53, 120.1, 109.6, 56.6, 55.0, 45.9, 43.5,42.2, 38.6,
35.1, 12.3.
YF NMR (376 MHz, CDCl3) & -57.9 (s, 3F).
HRMS (ESI) m/z calcd. for C21H2F30; [M+H]* 363.1567, found 363.1572.
HPLC spectrum of rac-71:

DAD1 E. Sig=273.4 Ref=off (LiYJBN-3 2024-04-12 22-19-56\2-63-5-rac.D)

F4CO O

71

mAU 1 Signal 5: DAD1 E, Sig=273,4 Ref=off © b
| @ (=]
140 hl e
120 Peak RetTime Type Width Area Height Area |
100 #  [min] [min] [mAU*s] [mAU] % I
1 -l [----1------- [---------- [---------- [-------- | [
80 1 12.376 BB ©.1752 1809.99648 160.97679 56.1562 ‘
€02 2 13,278 88  ©.1844 1798.71729 151.60872 49,8438 |
40— |
20| Totals : 3608.70776 312.58551
0 - - e
- — — — —
2 4 6 8 10 12 14 min
HPLC spectrum of 71:
DAD1 E, Sig=273,4 Ref=off (LiYJ\IBN-3 2024-04-12 22-19-56\2-63-5-chiral.D)
mAu ] Signal 5: DAD1 E, Sig=273,4 Ref=off % &
1 NS
300 . X i S
1 Peak RetTime Type Width Area Height Area &
BZ0% 4 [min] [min]  [mAU*s] [mAU] % ¥
200 |
e B R oS R | -omeeees | |
503 1 12.447 MF 0.1875 4843.05908 359.37421 98.2195 N
01 2 13.396 FM 0.2036 73.29182  5.99901 1.7805 L g ¥
%0 Totals : 4116.35610 365.37321 L ad
0] ; A
| T T T T I T | T T T I T | T T ! I T T 1
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Synthesis of compound 72:
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Me COzH
RUC|3°H20, Na|O4 _

MeCN/CCl4/H,0,
rt., 6 h F4CO

71, 89%, 96% e.e. 72

Following the reported procedures with some modifications®’, NalO4 (804 mg, 3.7
mmol, 12.0 equiv.) was added to a solution of 71 (112 mg, 0.31 mmol, 1.0 equiv.) in
MeCN (1.8 mL), CCls (1.8 mL), and H>O (1.8 mL). The mixture was stirred vigorously
at room temperature, followed by the addition of RuCl3-H>O (3.5 mg, 0.016 mmol, 0.05
equiv.) in H>O (1.2 mL). The mixture was stirred vigorously at room temperature for 6
h, during which a large amount of white solid formed. Upon completion (monitored by
TLC), 1 N NaOH solution was added dropwise until the pH = 12, and the mixture was
washed with DCM. The aqueous phase was separated and acidified to pH =2 by adding
1 N HCI, then extracted three times with EtOAc. The combined organic layers were
dried and concentrated in vacuo to yield a yellow oily product 72, which was used
directly in the next step without further purification.

Synthesis of compound 74

. 1
O KL K,COs3, DMF KL B,pin,, KO'BU 0
N
“ 7
N N

I + O —_— - 7 N\/j\
N 50 °C,20 h 'PrOH, 110°C, 12 h ‘
0N HN
O,N H,N

73, 96% 74, 67%

Step 1: Following the literature procedure*!, 2-chloro-5-nitropyridine (317 mg, 2.0
mmol, 1.0 equiv.), cis-2,6-dimethylmorpholine (230 mg, 2.0 mmol, 1.0 equiv.),
potassium carbonate (553 mg, 4.0 mmol, 4.0 equiv.), and anhydrous DMF (2.0 mL)
were added to a dry 10 mL Schlenk tube equipped with a magnetic stir bar. The reaction
mixture was heated at 50 °C for 20 h. Upon completion (monitored by TLC), the
mixture was transferred to a separatory funnel. EtOAc and water were added, and the
phases were separated. The aqueous phase was extracted with EtOAc twice. The
combined organic layers were washed with water and then with saturated NaCl solution,
dried over anhydrous Na>SOs, filtered, and concentrated in vacuo. The residue was
purified by column chromatography (PE/EtOAc = 4/1) to afford 73 (456 mg, 96%) as
a yellow solid.

Step 2: Following the literature procedure*’, bis(pinacolato)diborane (472 mg, 1.86
mmol, 3.1 equiv.), potassium z-butoxide (80 mg, 0.72 mmol, 1.2 equiv.), and 73 (142
mg, 0.6 mmol, 1.0 equiv.) were added to a dry 25 mL Schlenk tube equipped with a
magnetic stir bar under argon, followed by the addition of i-PrOH (2.4 mL). The
reaction mixture was refluxed at 110 °C for 12 h. After completion (monitored by TLC),
the reaction mixture was cooled to room temperature, diluted with EtOAc, and then
washed with saturated NaCl solution. The organic layers were dried over anhydrous
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Na>SQOs, concentrated in vacuo, and purified by flash column chromatography
(DCM/MeOH = 100/1, with 1% Et:N) to afford the brown oily product 74 (83 mg,
67%). 74 is prone to oxidation upon exposure to air and should be used immediately
for subsequent reactions or stored under argon at 2-8 °C.

6-((2R,6S5)-2,6-dimethylmorpholino)pyridin-3-amine (74)
(Lo IH NMR (400 MHz, CDCls) & 7.80 (dd, J = 2.9, 0.7 Hz, 1H),
__N_K_ 7.00(dd,J=8.8,2.9 Hz, 1H), 6.56 (dd, /= 8.8,0.7 Hz, 1H), 3.85
N ~3.71 (m, 4H), 2.42 (dd, J = 12.4, 10.3 Hz, 2H), 1.26 (d, J= 6.2
74 Hz, 6H).
I3C NMR (101 MHz, CDCl3) § 154.2, 135.2, 134.7, 126.2, 108.4, 71.7, 52.4, 19.1.
The spectral data are consistent with those reported in the literature.*!

Synthesis of BCHex-Sonidegib

Me, CO,H (L (Lo
. | _HATU, DIPEA_ Me O ) NQ\
"DMF, 1t, 12h <N
F3CO S CO N
H,N H

2
72 74 BCHex-Sonidegib, 16%, 96% e.e.
over two steps from 71

Following the literature procedure®, 72 (~ 0.2 mmol, 1.0 equiv.), 74 (50 mg, 0.24 mmol,
1.2 equiv.), HATU (92 mg, 0.24 mmol, 1.2 equiv.), and anhydrous DMF (2.0 mL) were
added to a dry Schlenk tube under argon. DIPEA (70 pL, 0.4 mmol, 4.0 equiv.) was
then added dropwise. The mixture was stirred at room temperature for 12 h and then
quenched with water (5.0 mL). The mixture was extracted with EtOAc (3 x 5 mL), and
the combined organic layers were washed sequentially with water and saturated NaCl
solution. The organic phase was dried over anhydrous Na>SOs, filtered, and
concentrated in vacuo. The residue was purified by preparative thin-layer
chromatography (PTLC, PE/EtOAc =2/1) to afford BCHex-Sonidegib (24.8 mg, 16%,
over two steps from 71).

(25,35)-N-(6-((2R,65)-2,6-

KLO dimethylmorpholino)-pyridin-3-yl)-3-
methyl-4-(4-(trifluoromethoxy)-

Me 0) = I N\v/l\~ .
/@; phenyl)bicyclo[2.1.1]hexane-2-
FsCOw N carboxamide (BCHex-Sonidegib)
BCHex-Sonidegib HPLC analysis: CHIRALPAK® IF-3 (n-
hexane/i-PrOH = 60/40, flow rate = 0.65
mL/min, A = 254 nm), tr (major) = 7.27 min, tr (minor) = 8.29 min.
'"H NMR (400 MHz, CDCl3) 8 8.12 (d, J= 2.6 Hz, 1H), 7.93 (dd, J=9.1, 2.7 Hz, 1H),
7.20 (s, 1H), 7.17 — 7.10 (m, 4H), 6.63 (d, J = 9.1 Hz, 1H), 4.00 — 3.92 (m, 2H), 3.73
(ddd, J=10.4, 6.3, 2.5 Hz, 2H), 3.06 (d, /= 9.2 Hz, 1H), 2.72 (s, 1H), 2.56 (d, /= 7.4
Hz, 1H), 2.50 (dd, J = 12.5, 10.7 Hz, 2H), 2.35 (dd, /= 9.7, 7.3 Hz, 1H), 1.83 (d, J =
2.9 Hz, 2H), 1.63 (dd, J =9.7, 6.7 Hz, 1H), 1.26 (d, J = 6.3 Hz, 6H), 0.88 (d, J = 7.1
Hz, 3H).

S114



I3C NMR (101 MHz, CDCl3) 6 172.0, 156.7, 147.6 (d,J = 1.5 Hz), 141.1, 140.1, 131.7,
127.5, 125.6, 120.8, 120.5 (d, J = 256.7 Hz), 107.0, 71.6, 56.1, 51.2, 50.5, 45.4, 42.3,
38.8,35.4,19.0, 12.6.

19F NMR (376 MHz, CDCl3) § -57.9 (s, 3F).

HRMS (ESI) m/z calcd. for C2H31F3N3O3 [M+H]" 490.2312, found 490.2311.

HPLC spectrum of rac-BCHex-Sonidegib:

DADT B, Sig=254,4 Ref=off (LIYJ\LYJ-IF3 2024-02-18 17-10-16\2-60-3-rac.D)
- @D
MAU 3 cignal 1: DADL B, Sig=254,4 Ref=off o~ 65L & &
] 5 & B
200 R A
1 Peak RetTime Type Width Area Height Area "\?S'Z'Pb‘ I @W
1500 # [min] [min]  [mAU*¥s] [mAu] % | (F
IR oo oo | oo |
100 ] 1 7.312 FM  ©.2439 2660.62256 181.78279 50.1787
1 2 8.349 MF  0.1831 2641.67432 240.44217 49,8213
50
1 Totals : 5302.29688 422.22496
o - . - o
T T T T -
2 4 5 8 10 min
HPLC spectrum of BCHex-Sonidegib:
DAD1 B, Sig=254.4 Ref=off (LIYJ\LYJ-IF3 2024-05-04 23-30-55\2-64-3-chiral-1.D)
mAU Signal 2: DAD1 B, 5ig=254,4 Ref=off 8 [
] ™ b?‘b
4 ~ N
80| Peak RetTime Type Width Area Height Area I &
1 % [nin] [min]  [mAU*s] [mAUT % s
Ll I [ R - PR T '
] 1 7.265 MM ©.2416 1445.60474 99.72527 97.9047
40 2 8.285 MM 6.2667 30.93826  2.56912  2.8953 IR e
1 \ ES
20 . 9 o
1 Totals : 1476.54299 102.29439 | 8 &
‘ S
0 . . o 1 I - |
: . ‘ : : : : : :
2 4 6 8 10 min
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8.3 Synthesis of BCHex-BMS-202 as the bioisostere of BMS-202
Synthesis of compound 75

LiAlH4, THF, Ar
0°Ctort,4h

60, 98% e.e. 75,98%, 97% e.e.

Compound 75 was prepared following the protocol for 69, using 60 (256 mg, 0.75 mmol,
1.0 equiv.), LiAlHs (114 mg, 3.00 mmol, 4.0 equiv.), and dry THF (1.5 mL). The
reaction was conducted at room temperature for 4 h under argon. The crude product
was purified through silica gel flash column chromatography (PE/EtOAc = 10/1) to
afford 75 (232 mg, 99%) as a white solid.

((25,35)-1-(4-fluorophenyl)-3-(2-methoxyphenyl)bicyclo-

HOH'\:'SO O [2.1.1]hexan-2-yl)methanol (75)

o HPLC analysis: CHIRALPAK® ID-3 (n-hexane/i-PrOH =
O < 80/20, flow rate = 0.50 mL/min, A = 254 nm), tr (major) = 12.50
F min, tr (Minor) = 15.11 min.

H NMR (400 MHz, CDCl3) § 7.16 — 7.07 (m, 2H), 7.07 — 6.99
(m, 2H), 6.86 (t, J = 8.7 Hz, 3H), 6.78 (d, J= 7.0 Hz, 1H), 3.74 (s, 3H), 3.68 (d, J=8.9
Hz, 1H), 3.12 — 2.95 (m, 2H), 2.60 (dd, J = 3.1, 2.0 Hz, 2H), 2.00 — 1.90 (m, 1H), 1.83
—1.75 (m, 1H), 1.72 — 1.65 (m, 2H), 1.40 (s, 1H).
13C NMR (101 MHz, CDCls) & 161.5 (d, J = 244.3 Hz), 157.3, 138.9 (d, J = 2.8 Hz),
130.0, 127.6 (d, J = 7.7 Hz), 127.6, 127.1, 121.0, 115.3 (d, J=21.1 Hz), 110.5, 62.5,
55.49, 55.46, 51.0, 46.5, 42.8, 38.7, 36.2.
YF NMR (376 MHz, CDCl3) & -116.4 (s, 1F).
HRMS (ESI) m/z calcd. for C20H21NaFO, [M+Na]* 335.1418, found 335.1422.
HPLC spectrum of rac-75:

DAD1 B, Sig=254,4 Ref=off (WuZL\ID3-1-167T-rac 2024-04-09 21-04-2011-167T-rac.D)

75

mAU ] Signal 2: DAD1 B, Sig=254,4 Ref=off @ 0
s 2 5
7 . . . hnt T
Peak RetTime Type Width Area Height Area |
50 % [min] [min]  [mAU*s] [mAU] % [
B [ P P R |-mmmnnee | 1
1 12.593 BB 9.1761 52.41718 4.62841 49.2721 | I
1 2 15.175 BB 0.1859 53.96590 4.37441 50.7279 | |
1 Totals : 106.38308 9.00282 f
. T T T T T T T T T T T T T T T T T T T 1
2 4 6 8 10 12 14 16 min

HPLC spectrum of 75:

DAD1 B, Sig=254,4 Ref=off (LiYJ\ID-3 2024-04-25 23-30-54\70-2-chiral.D)

mAU Signal 2: DAD1 B, Sig=254,4 Ref=off §
200 &
175 Peak RetTime Type Width Area Height Area il
150 #  [min) [min]  [mAU*s] [mAU] % |
1250 oo oo e P |--neemeea | -emnnees |-neees !
100 1 12.4%6 BB 0.1758 2503.47998 218.34079 98.7013
75 2 15.119 BB 8.1946 32.94001 2.58641 1.2987
50 e
25 Totals : 2536.41999 220.92720 | ;
0 . U - [
T T T T T I T T T T T T
2 4 5] 8 10 12 14 16 min
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Synthesis of compound 76

MsCI, EtsN, DCM
O0°Ctort.,2h

75,97% e.e. 76,97%, 97% e.e.

Compound 76 was prepared following the procedure for 70, using 75 (232 mg, 0.74
mmol, 1.0 equiv.), EtzN (206 puL, 2.0 equiv.), MsCl (120 uL, 2.0 equiv.), and dry DCM
(1.5 mL). The reaction was conducted at room temperature for 2 h under argon. The
crude product was purified by silica gel flash column chromatography (PE/EtOAc =
15/1 to 10/1) to afford 76 (280 mg, 97%) as a white solid.
((25,35)-1-(4-fluorophenyl)-3-(2-methoxyphenyl)-
bicyclo[2.1.1]hexan-2-yl)methyl methanesulfonate (76)
HPLC analysis: CHIRALPAK® 1G-3 (n-hexane/i-PrOH =
60/40, flow rate = 0.65 mL/min, A = 254 nm), tr (major) = 8.52
min, tr (Minor) = 9.48 min.

TH NMR (400 MHz, CDCl3) & 7.21 (td, J = 7.9, 1.8 Hz, 1H),
7.17 = 7.10 (m, 3H), 7.01 — 6.84 (m, 4H), 3.87 — 3.83 (m, 4H), 3.83 — 3.78 (m, 1H),
3.67 (dd, J=10.0, 7.1 Hz, 1H), 2.97 — 2.88 (m, 1H), 2.72 (s, 1H), 2.19 (s, 3H), 2.09 (t,
J=8.5Hz, 1H), 1.98 — 1.93 (m, 1H), 1.86 — 1.78 (m, 2H).

13C NMR (101 MHz, CDCl3) § 161.4 (d, J = 244.3 Hz), 157.9, 138.3 (d, J = 3.3 Hz),
128.6, 127.85,127.75 (d, J= 7.7 Hz), 126.7, 120.5, 115.0 (d, /= 21.3 Hz), 110.1, 69.3,
55.5,55.3,46.4,46.1,42.7, 38.3, 36.1, 36.0.

YF NMR (376 MHz, CDCl3) & -116.4 (s, 1F).

HRMS (ESI) m/z calcd. for C21H23FNaO4S [M+Na]® 413.1193, found 413.1202.
HPLC spectrum of rac-76:

DAD1 B, Sig=254 4 Ref=off (WuZLIG3 2024-04-10 16-30-52\1-167u-rac.D)

mAU 4 Signal 2: DAD1 B, Sig=254,4 Ref=off % ©
E & b
s_j Peak RetTime Type Width Area Height Area N
Z: #  [min] [min]  [mAU*s] [mAU] %
FEEE P P | -mommoeeee e |- | n
z_: 1 8.560 BB 0.1317 70.11578 8.20573 49.8572 [ i
) El 2 9.515 BB 0.1486 70.51754 7.30647 50.1428 |
Dj___tq‘;als : 140.63332  15.51220
b —— e .
T T T T 1
2 4 6 8 10 min
HPLC spectrum of 76:
DAD1 B, Sig=254 4 Ref=off (LiYJNIG3 2024-04-26 19-36-31\2-68-2-chiral.D)
mAU 2 Signal 2: DAD1 B, Sig=254,4 Ref=off @
160 7 0
140 Peak RetTime Type Width Area Height Area ‘Z
120 # [min] [min] [mAU*s] [mAU] % Il
100 oooncesa |- e e |--coeeces |-oomeoe e |
80 — 1 8.523 BB ©.1306 1518.11938 179.68@79 98.7223
603 2  9.480 BB 9.1517  19.64836 1.98183  1.2777
40 -] 2
203 Totals : 1537.76775 181.66262 X
0= —— —
; , " | " | , " " | " : | : ; |
2 4 ] 8 10 min
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Synthesis of compound 77

LiAlH,, THF
Ar, 80 °C, 12 h

76, 97% e.e. 77, 86%, 97% e.e.

Compound 77 was prepared following the protocol for compound 71, using 76 (280
mg, 0.72 mmol, 1.0 equiv.), LiAlH4 (109 mg, 2.88 mmol, 4.0 equiv.), and THF (1.2
mL). The reaction was conducted at 80 °C for 12 h under argon. The crude product was
purified by silica gel flash column chromatography (PE/EtOAc = 50/1) to afford 77
(183 mg, 86%) as a white solid.

(25,35)-1-(4-fluorophenyl)-3-(2-methoxyphenyl)-2-
methyl-bicyclo[2.1.1]hexane (77)

HPLC analysis: CHIRALPAK® IB N-3 (n-hexane/i-PrOH =
95/5, flow rate = 0.30 mL/min, A = 254 nm), tr (major) =13.14
min, tr (minor) = 14.08 min.

'H NMR (400 MHz, CDCl3) & 7.38 — 7.26 (m, 2H), 7.19 (t, J
= 6.1 Hz, 2H), 7.12 — 7.03 (m, 3H), 6.98 (d, J = 7.9 Hz, 1H), 3.93 (s, 3H), 3.80 (d, J =
8.8 Hz, 1H), 2.86 (s, 1H), 2.76 (p, J=7.1 Hz, 1H), 2.20 — 2.11 (m, 1H), 2.00 — 1.88 (m,
3H), 0.51 (d, J= 7.0 Hz, 3H).

13C NMR (101 MHz, CDCls) & 161.3 (d, J = 243.6 Hz), 158.0, 139.7 (d, J = 2.9 Hz),
131.2, 127.7 (d, J = 7.7 Hz), 126.9, 120.2, 114.8 (d, J = 20.9 Hz), 109.7, 56.7, 55.1,
46.0,43.6,42.3, 38.7,35.2, 12.5.

YF NMR (376 MHz, CDCl3) & -117.3 (s, 1F).

HRMS (ESI) m/z calcd. for C20H23FO [M+2H]" 298.1722, found 298.1719.

HPLC spectrum of rac-77

DAD1 B, Sig=254,4 Ref=off (LiYJAIBN-3 2024-04-27 21-57-17\B-7-rac.D)

mAU-  Signal 2: DAD1 B, Sig=254,4 Ref=off 5 2
10-| Peak RetTime Type Width Area Height Area his i
s #  [min] [min] [mAU*s ] [mAU] % A
I e R B s O | -ooeee- | 1
6 1 13.257 BB ©.1875 145.01915 11.95543 49.9131
4- 2 14.209 BB ©.2008 145.52393 11.40665 50.0869
2. Totals : 290.54308  23.36208
0 e — . ;
T T T T T 1
0 2 4 [ 8 10 12 14 min
HPLC spectrum of 77:
DAD1 B, Sig=254,4 Ref=off (LiYJIBN-3 2024-04-27 21-06-44\2-70-4-chiral D)
mAU i Signal 2: DAD1 B, Sig=254,4 Ref=off 2
: b
250~ peak RetTime Type Width Area Height Area I
200 #  [min] [min] [mAU*s] [mAU] % I
R R [===-]------- |=-mmmomee- |=--mmome- [-------- \
1505 1 13.138 BB ©.1913 3765.85815 306.49591 98.8397
100 4 2 14.083 MF 0.2051  44.20713 3.59185  1.16@83 I FLQ’\N
50 L8
1 Totals : 3810.06529 316.08776 [ ¢$§F
0 — — e —
: e —— — !
2 4 6 8 10 12 14 min
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Synthesis of compound 78

Me COzH
RUC|3'H20, Na|04
MeCN/CCI4/H20,
rt., 6 h F
77,98% e.e. 78, curde

Following the reported procedures with some modifications,** NalO4 (803 mg, 3.7
mmol, 12.0 equiv.) was added to a solution of 77 (90.4 mg, 0.31 mmol, 1.0 equiv.) in
MeCN (1.8 mL), CCls (1.8 mL), and H>O (1.7 mL). The mixture was stirred vigorously
at room temperature, followed by the addition of RuCl3-H>O (3.5 mg, 0.016 mmol, 0.05
equiv.) in H>O (1.0 mL). The mixture was stirred vigorously at room temperature for 6
h, during which a large amount of white solid formed. Upon completion (monitored by
TLC), 1 N NaOH solution was added dropwise until the pH = 12, and the mixture was
washed with DCM. The aqueous phase was separated and acidified to pH =2 by adding
1 N HCI, then extracted three times with EtOAc. The combined organic layers were
dried and concentrated to yield a yellow oily product 78, which was used directly in the
next step.

(25,35)-4-(4-fluorophenyl)-3-

methylbicyclo[2.1.1]hexane-2-carboxylic acid (78)

TH NMR (400 MHz, CDCl3) & 7.08 — 6.93 (m, 4H), 3.20 —
F 78 3.13 (m, 1H), 2.69 — 2.62 (m, 1H), 2.61 —2.53 (m, 1H), 2.12

(dd,J=9.8,7.4Hz, 1H), 1.83 — 1.74 (m, 2H), 1.64 — 1.58 (m,

1H), 0.87 (d, J="7.1 Hz, 3H).

I3C NMR (101 MHz, CDCls) 6 179.2, 161.4 (d, J = 244.3 Hz), 137.9 (d, J = 3.3 Hz),

127.6 (d,J=8.1 Hz), 114.9 (d, J=21.3 Hz), 56.2, 48.6, 45.1, 41.8, 38.3, 35.4, 12.6.

19F NMR (376 MHz, CDCl3) § -116.9 (s, 1F).

Me,  CO,H

Synthesis of compound 79

Me CO,H Me CO,Me
Mel, Ko,CO3
DMF, rt., 12 h
F F
78 79, 45%, 97% e.e., over two steps

Following a modified procedure from the literature'>, 78 (~0.28 mmol, 1.0 equiv.),
K>COs3 (77 mg, 1.56 mmol, 2.0 equiv.), and DMF (1.0 mL) were added to a dry round-
bottom flask. Methyl iodide (71 pL, 1.14 mmol, 2.0 equiv.) was then added dropwise.
The mixture was stirred at room temperature for 12 h. The reaction mixture was diluted
with water (20 mL) and extracted with EtOAc (3 % 20 mL). The combined organic
layers were washed with water and brine, dried over anhydrous Na>SQg, filtered, and
the solvent was removed in vacuo. The residue was purified by column chromatography
(PE/EA =50/1) to yield 79 (34.4 mg, 45% over two steps) as a white solid.
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Methyl (25,3.5)-4-(4-fluorophenyl)-3-

Me CO,Me i
methylbicyclo[2.1.1]-hexane-2-carboxylate (79)
HPLC analysis: CHIRALPAK® IG-3 (n-hexane/i-PrOH =
- 95/5, flow rate = 0.30 mL/min, A = 273 nm), tr (major) =
79 15.58 min, tr (minor) = 16.38 min.

TH NMR (400 MHz, CDCl3) & 7.05 (dd, J = 8.6, 5.6 Hz, 2H), 6.97 (t, J= 8.7 Hz, 2H),
3.69 (s, 3H), 3.12 (d, J = 9.4 Hz, 1H), 2.66 — 2.59 (m, 1H), 2.57 — 2.46 (m, 1H), 2.13
(dd, J=9.8, 7.3 Hz, 1H), 1.76 (dt, J = 7.0, 3.4 Hz, 2H), 1.57 (dd, J = 9.8, 6.7 Hz, 1H),
0.77 (d, J=7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) § 174.6, 161.4 (d, J = 243.9 Hz), 138.1 (d, J= 3.1 Hz),
127.6 (d, J= 7.8 Hz), 1149 (d, J = 21.2 Hz), 56.1, 51.1, 48.8, 45.1, 41.8, 38.4, 35.5,
12.6.

YF NMR (376 MHz, CDCl3) § -117.0 (s, 1F).

HRMS (ESI) m/z calcd. for CisHisFO» [M+H]* 249.1286, found 249.1290.

HPLC spectrum of rac-79:

DAD1 E, Sig=273 4 Ref=off (WuZL\IG3 2024-04-16 19-21-5341-167w-rac.D)

mAU—] Signal 5: DAD1 E, Sig=273,4 Ref=off ) 5 2
| | 2 ®
33 o8
25 7 Peak RetTime Type Width Area Height Area Iy |
e #  [min] [min]  [mAU*s] [mAU] % \
B [ P P | -meemnnes [-msmmmmes [-nemnee I
1.5 1 14.891 BB 0.2112 38.17444 2.63182 56.1021 !
1] 2 15.559 BB 0.2262  38.01880 2.51675 49.8979 |
05
1 Totals : 76.19324 5.14858
0Tyt
B T I T T T T T T T T T T T I T I T I T I T T T . |
2 4 3] 8 10 12 14 16 min
HPLC spectrum of 79:
DAD1 E, Sig=273.4 Ref=off (LiYJ\IG3 2024-05-07 22-22-37\2-71-1-chiral.D)
mAU Z Signal 4: DAD1 E, Sig=273,4 Ref=off %
35— 0
39 - Peak RetTime Type Width Area Height Area ‘
E # [min] [min] [mAU*s ] [mAU] % |
S RS [N S | mmmeeees Jommneees |+emmenes |
20_; 1 15.579 BB ©.2435 593.48145 38.14894 98.6792 N
152 2 16.376 MM 0.2409 7.94351 5.49678e-1 1.3208 [ §_§°
102 ‘ £ A%
5 Totals : 601.42495  38.69862 ‘ 2?@?'
G_:—..—. e ————— —J_— —
! — ! — : ! — ! e — }
0 2 4 6 8 10 12 14 16 mir
Synthesis of compound 80
Me,  CO,Me Me, CH,0OH
LiAlH4, THF, Ar
0°Ctort,4h
F F
79,97% e.e. 80, 84%, 96% e.e.

The synthesis of 80 was carried out similarly to the procedure for compound 69.
Specifically, 79 (34.4 mg, 0.14 mmol, 1.0 equiv.) was treated with LiAIH4 (0.28 mmol,
2.0 equiv.) in anhydrous THF (0.5 mL) at room temperature for 4 h. The reaction
mixture was then purified by PTLC (PE/EtOAc = 5/1) to afford the desired product 80
(25.5 mg, 84%) as a colorless oil.

S120



((28,35)-4-(4-fluorophenyl)-3-methylbicyclo[2.1.1]

Me,  CH,OH
-hexan-2-yl)methanol (80)
HPLC analysis: CHIRALPAK® IA-3 (n-hexane/i-PrOH
F =90/10, flow rate = 0.50 mL/min, A = 273 nm), tr (Major)
80 =11.67 min, tg (Minor) = 12.43 min.

'"H NMR (400 MHz, CDCls) 6 7.15 — 6.84 (m, 4H), 3.78 (dd, J = 10.1, 6.0 Hz, 1H),
3.61(t,J=9.6 Hz, 1H), 2.50 (s, 1H), 2.45 — 2.24 (m, 2H), 1.88 — 1.51 (m, 5H), 0.74 (d,
J=6.9 Hz, 3H).

I3C NMR (101 MHz, CDCl3) 8 161.2 (d, J = 243.6 Hz), 138.9 (d, J = 3.1 Hz), 127.5
(d,/J=7.8 Hz), 114.8 (d, J=21.1 Hz), 63.0, 57.3, 45.7, 45.6, 40.3, 37.9, 33.4, 11.1.
1YF NMR (376 MHz, CDCl3) § -117.4 (s, 1F).

HRMS (ESI) m/z calcd. for CisHi6F [M+H-H20]* 203.1230, found 203.1234.

HPLC spectrum of rac-80:

DAD1 E, Sig=273,4 Ref=off (WuZL\IA3-1-167x-rac 2024-04-17 18-06-07\1-167x-rac.D)

mAU | Signal 2: DAD1 B, Sig=254,4 Ref=off § &
Bl pas b
25— Peak RetTime Type MWidth Area Height Area i |
20 # [min] [min] [mAU*s] [mAU] % | [
IR |--oef-mmeeev R l-ommmmeees | =mmmmeee | ‘
15? 1 11.759 MM ©.1650 163.18672 16.48542 49.7279
10 7 2 12.526 MM ©.1733 164.97226 15.86548 50.2721
5
3 Totals : 328.15898 32.356090
0= - -
2 4 6 8 10 12 14 min

HPLC spectrum of 80:

DAD1 E, Sig=273.4 Ref=off (LiYJ\IA3 2024-05-07 21-48-24\2-71-2-chiral.D)

mAU-  signal 5: DAD1 E, Sig=273,4 Ref=off by
80~ Peak RetTime Type Width Area Height Area il
o %  [min] [min]  [mAU*s] [mAU] % !
R R L o R |-oeee | I
40; 1 11.671 VB R ©.1601 985.77002 95.73772 S8.1151
] 2 12.431 BB 0.1812 18.93806 1.408571 1.8849
20— P
] Totals : 1604.70808 97.14343 §
0 e ot
2‘ 4 é 8 10 12 14 min
Synthesis of compound 81
Me CH,OH CHO
N CHO Me X
. | Pd(OAc),, t-BuXPhos |
_ Ar, Cs,COj, toluene F\Q\@Ao N~ “OMe
. cl” N “OMe 85°C.5h
80, 96% e.e. 81, 47%, dr: 3:1

Following the procedure in reference,** an oven-dried Schlenk tube was charged with
80 (25.5 mg, 0.12 mmol, 1.0 equiv.), 2-chloro-6-methoxy-3-pyridinecarbaldehyde
(30.9 mg, 0.18 mmol, 1.5 equiv.), cesium carbonate (78.2 mg, 0.24 mmol, 2.0 equiv.),
t-BuXPhos (10.2 mg, 0.024 mmol, 0.2 equiv.), palladium acetate (3.3 mg, 0.0144 mmol,
0.12 equiv.), and toluene (1.2 mL). The mixture was bubbled with argon for 5 minutes,
the tube was then sealed, and the reaction mixture was stirred at 85 °C for 5 h. Upon
completion (monitored by TLC), the mixture was cooled to room temperature, filtered
through celite, and the filtrate was concentrated. The residue was purified by PTLC
(PE/EtOAc = 10/1) to afford 81 (20 mg, 47%) as a pale-yellow oil.
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6-(((25,35)-4-(4-fluorophenyl)-3-methyl-
Me ﬁCHO bicyclo[2.1.1]hexan-2-yl)methoxy)-2-
,:\@\@/\O \““ome  methoxy-nicotinaldehyde (81)
" The major diastereomer:

TH NMR (400 MHz, CDCl3) § 10.20 (s, 1H), 8.04
(d, J= 8.4 Hz, 1H), 7.11 — 7.02 (m, 2H), 7.03 — 6.94 (m, 2H), 6.39 (d, J = 8.2 Hz, 1H),
4.54 —4.29 (m, 2H), 4.05 (s, 3H), 2.77 — 2.61 (m, 1H), 2.56 — 2.49 (m, 1H), 2.45 — 2.30
(m, 1H), 1.87 — 1.77 (m, 2H), 1.70 — 1.58 (m, 2H), 0.81 (d, J = 7.2 Hz, 3H).
13C NMR (101 MHz, CDCl3) § 187.6, 166.9, 165.1, 161.3 (d, J = 247.7 Hz), 140.2,
138.6 (d,J=3.0 Hz), 127.5 (d, J= 7.8 Hz), 114.9 (d, J=21.0 Hz), 112.0, 103.7, 67.2,

57.4,53.8,45.7,42.3, 40.4, 38.4, 33.6, 29.7.
19F NMR (376 MHz, CDCl3) § -117.2 (s, 1F).

Synthesis of BCHex-BMS-202

O

Ii BN -y
OMe NaBH(OAc);, AcOH, F OMe
DCM, rt,, 12 h

BCHex-BMS-202, 24%, 97% e.e.

Following a modified procedure from the reference,* a dried round-bottom flask was
charged with 81 (20 mg, 0.056 mmol, 1.0 equiv.), N-acetylethylenediamine (12 mg,
0.12 mmol, 2.0 equiv.), one drop of glacial acetic acid, and anhydrous DCM (2 mL).
The mixture was stirred at room temperature for 0.5 h, and then sodium
triacetoxyborohydride (38 mg, 0.18 mmol, 3.0 equiv.) was added. The mixture was
stirred for 12 h and quenched with saturated NaHCOj solution. The aqueous layer was
extracted with DCM (3 x 10 mL). The combined organic layers were dried and
concentrated, and the residue was purified by PTLC (DCM/MeOH = 20/1, with 1% 7
M NHj3 in MeOH) to afford BCHex-BMS-202 (6 mg, 24%).

N-(2-(((6-(((28,35)-4-(4-fluorophenyl)-
mN/\/N 3-methylbicyclo[2.1.1]hexan-2-
\Q\@A yl)methoxy)-2-methoxypyridin-3-
yl)methyl)amino)-ethyl)acetamide
BCHex-BMS-202 (BCHex-BMS-202)
HPLC analysis: CHIRALPAK® OD-3 (n-hexane/i-PrOH = 80/20, flow rate = 0.50
mL/min, A =273 nm), tr (Major) = 10.94min, tr (Minor) = 12.71 min.
'"H NMR (400 MHz, CDCl3) 8 7.40 (d, J = 7.8 Hz, 1H), 7.11 — 7.02 (m, 2H), 7.02 —
6.93 (m, 2H), 6.33 — 6.22 (m, 2H), 4.38 (dd, J = 10.6, 6.6 Hz, 1H), 4.25 (dd, J = 10.6,
8.3 Hz, 1H), 3.95 (s, 3H), 3.67 (s, 2H), 3.35 (q, J = 5.6 Hz, 2H), 2.77 — 2.64 (m, 3H),
2.54 (t,J=3.5 Hz, 1H), 2.42 — 2.34 (m, 1H), 1.98 (s, 3H), 1.85 — 1.75 (m, 2H), 1.68 —
1.60 (m, 2H), 0.81 (d, /= 7.2 Hz, 3H).
I3C NMR (101 MHz, CDCl3) & 171.2, 163.5, 161.3 (d, J = 243.6 Hz), 160.9, 142.6,
138.8 (d, /=3.3 Hz), 127.5 (d, J= 8.1 Hz), 114.8 (d, J = 21.3 Hz), 106.0, 101.7, 66.6,
57.3,53.6,46.9,46.2,45.7,42.3, 40.4, 38.5, 36.9, 33.6, 23.0, 11.3.
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19F NMR (376 MHz, CDCl3) 6 -117.3 (s, 1F).

HRMS (ESI) m/z calcd. for C2sH33FN3O3 [M+H]* 442.2501, found 442.2508.
HPLC spectrum of rac-BCHex-BMS-202:

DAD1 E. Sig=273.4 Ref=off (LiYJ\OD3 2024-05-02 16-23-00\2-56-3-2Me-rac.D)
mAU ] Signal 5: DAD1 E, Sig=273,4 Ref=off 2 I &
E % o g
] g £
175: Peak RetTime Type Width Area Height Area ! S
E ‘ [l
B0 % [min] [min]  [mAU*s] [mAU] % i
1259 oo [--==-mmem- --mmeee |--mmmee-- |--mm- | |
100 1 10.833 BB 0.2687 3685.47330 212.88774 49.5227
75 2 11.977 MM ©.3237 3756.50781 193.42467 50.4773
50 3
25 ] Totals : 7441.98120 485.51241 '
o4+ — — L N e — —
o T T T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 mi
HPLC spectrum of BCHex-BMS-202:
DAD1 E, Sig=273 4 Ref=off (LiYJ\OD3 2024-05-11 15-48-28\2-71-5-chiral.D)
| [{e]
mAU Y signal 5: DAD1 E, Sig=273,4 Ref=off b
E 3
250 . . ) g
B Peak RetTime Type Width Area Height Area I
200 #  [min] [min] [mAU*s ] [mAU] % i
150 ool R EEEEEEE [-==mmmme [==mmmmme- [-=-m-n-- | !
E 1 10.936 BB ©.2931 5795.72607 305.86661 98.2952 |
100 2 12.712 BB 0.3577 180.52060  4.38043 1.7048 |
4 o™
50 ~
1 Totals : 5896.24667 310.24764 o
0 - — = L —
- — —— e — s ‘ —
2 4 6 8 10 12 14 min
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9. Biological studies of Chiral BCHex-Sonidegib and BCHex-BMS-202

9.1 Metabolic stability assay

Metabolic stability assay was conducted to evaluate the compounds' susceptibility to
human liver microsomal degradation.*® Compounds were prepared as 200 pM stock
solution in methanol and subsequently diluted to 1 uM (1% methanol) in water for
assays. The reaction mixture was composed of liver microsomes (equivalent to 0.1
mg/ml total protein) in 0.1 M phosphate buffer (pH 7.4). To initiate the reaction, the
cofactor NADPH was added. Control, positive, and test compounds were introduced
into the incubation mixture and pre-incubated for 5 minutes at 37°C. Following the start
of the reaction, aliquots were collected at 0, 5, 10, 15, 30, and 45 minutes. The reaction
was terminated by adding equal volume of ice-cold methanol containing an internal
standard (135 ng/ml). Samples were vortexed and filtered through a 0.22 pum filter
before analysis. All samples were separated by ultra-high-performance liquid
chromatography (Vanquish UHPLC, Thermo Scientific™) and analyzed using
QExactive Focus (Orbitrap, Thermo Scientific™, San Jose, USA). Data were acquired
by Parallel Reaction Monitoring.

9.2 Solubility assay

Kinetic solubility assay was performed to determine the aqueous solubility of the
compounds at different pH levels, following Enamine’s aqueous solubility standard
operating procedure.®*¢ Compounds were initially prepared as 20 mM stock solutions
in 100% DMSO. These were subsequently diluted in duplicate to a theoretical
concentration of 400 uM using phosphate-buffered saline (PBS) at pH 7.4 and pH 2.0,
with a final DMSO concentration of 2%. The diluted compounds in PBS were
equilibrated at 37 <C on a thermostatic shaker for 48 hours, then filtered through a 0.45
um filter. The filtrates were further diluted 2-fold with acetonitrile containing 2%
DMSO prior to measurement.

Calibration curves were generated concurrently. For pH 7.4, compound dilutions in
acetonitrile/PBS (1:1) were prepared at theoretical concentrations of 0 uM (blank),
0.002 uM, 0.005 pM, 0.01 pM, 0.02 uM, 0.05 uM, 0.1 uM, 0.2 uM, 0.5 uM, 1 uM, and
2 uM. For pH 2.0, dilutions were prepared at 0 uM (blank), 5 uM,10 uM, 25 uM, 50
uM, 80 uM, 100 uM, 150 uM and 200 uM. All calibration samples contained 2% final
DMSO.

All samples were analyzed using ultra-high-performance liquid chromatography
(Vanquish UHPLC, Thermo Scientific™, USA) coupled with a QExactive Focus
Orbitrap mass spectrometer (Thermo Scientific™, San Jose, USA). Data acquisition
was carried out using Parallel Reaction Monitoring.

9.3 Log P assay

Log P assay was conducted to determine the lipophilicity of the compounds using a
reverse-phase  HPLC (RP-HPLC) method.*” A standard mix comprising 4-
acetylpyridine, aniline, phenol, benzene, toluene, chlorobenzene, and naphthalene was
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employed to generate the calibration curve, encompassing a Log P range from 0.5 to
3.6. Uracil was utilized for determining column dead-time. Each compound was
dissolved to approximately 2 mM in appropriate solvents. All HPLC analyses were
conducted using an Alliance RP-HPLC system (Waters, Milford, MA, USA), consisting
of an €2695 separation module and a 2998 PDA detector. The system was equipped
with a XBridge C18 column (250 mm x 4.6 mm, 5.0 pm) (Waters, Milford, MA, USA)
and partially controlled by Waters Empower 3 Chromatography software. The flow rate
was set at 1 mL/min, with an injection volume of 10 pL. The mobile phase consisted of
acetonitrile and water. Data acquisition was performed throughout the 12-minute run
time, allowing for comprehensive analysis of the sample components. This setup
enabled efficient separation and detection of the standard mix compounds, facilitating
accurate calibration and subsequent sample analysis.

9.4 Cell Characterization

A549, NCI-H1975, PANC-1, MIA PaCa-1, and MIHA cell lines (Table S5) were
characterized by Genetic Testing Biotechnology Corporation (Suzhou, China) using
short tandem repeat (STR) markers.

Table S5 | The information of cell lines

Cell Line Tissue or Disease Culture Medium Culture Condition
A549 Human lung cancer RPMI-1640 + 10% FBS  37°C in 5% CO,
NCI-H1975 Human lung cancer RPMI-1640 + 10% FBS  37°C in 5% CO,

PANC-1 Human pancreatic cancer DMEM + 10% FBS 37°C in 5% CO;

MIA PaCa-2  Human pancreatic cancer DMEM + 10% FBS 37°C in 5% CO;

MIHA Human normal hepatocyte RPMI-1640 + 10% FBS ~ 37°C in 5% CO;

9.5 Antitumor activity assay in vitro

Antitumor activities were evaluated using MTT assay in vitro. A549, NCI-H1975,
PANC-1, MIA PaCa-1, and MIHA cells (0.8 - 1.2 x 10* cells/well) were seeded in 96-
well plates with respective culture mediums (as detailed in Table S5) and incubated at
37°C, 5% CO; for 12 hours. Cells were then treated with various concentrations of test
compounds, maintaining a final DMSO concentration of 0.5%, and further incubated
for 48 hours under the same conditions. Afterwards, MTT solution was added to each
well to achieve a final concentration of 0.5 mg/mL. The plates were then incubated at
37°C for 4 hours. After incubation, the media were carefully aspirated, and the resulting
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formazan crystals were dissolved in 100 pL of DMSO per well. The absorbance was
measured at 490 nm using a Tecan Infinite M1000 Pro microplate reader.

9.6 Colony formation assay

A549 cells (1 x 10*well) in the logarithmic growth phase were seeded in 6-well plates
and incubated at 37°C, 5% CO; for 12 hours. Cells were then treated with various
concentrations of test compounds for 5 days. After treatment, cells were fixed with 500
uL ice-cold methanol for 1 hour, and stained with crystal violet for 30 minutes at room
temperature, air-dried, and photographed.

9.7 Apoptosis assay

A549 cells in logarithmic growth phase were seeded in 6-well plates and incubated at
37°C, 5% COz for 12 hours. The cells were then treated with test compounds and
incubated for an additional 48 hours under the same conditions. After treatment, cells
were harvested using trypsin and stained with Annexin V-FITC and PI solution in
binding buffer. The staining was performed in the dark at room temperature for 10 - 15
minutes. Finally, the samples were analyzed in flow cytometry of CytoFLEX (Beckman,
America).

DMSO - Sonidegib (6.25 pM) - BCHex-Sonidegib (6.25 uM)
1 0.34% 4.62% 3 0.65% 6.84% 1 3.16% 2.68%

@
o
-

o o
vo - “O -
o o 3
: 2.05% | 83.60 8.91% | so.52% 6.64%
0 10° 104 105 0% 107 010° 0% __105 108 107 0 10°  10° __105 108 107
FITC FITC FITC
N DMSO o, BMS-202 (3.125 uM) .. BCHex-BMS-202 (3.125 uM)
~1o062% 3.97% T3 0% 6.12% 1 0.69% 4.49%
% ] % ] % ]
o o o
VCI 4 vo - “O -
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Figure S10 | Apoptosis assay of A549 cells treated with Sonidegib, BCHex-
Sonidegib, BMS-202, and BCHex-BMS-202 for 48 hours, respectively.
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10. Mechanistic studies

10.1 Radical trap experiments

According to the General Procedure A, under argon, an oven-dried resealable Schlenk
tube equipped with a magnetic stir bar was charged with BCB substrate B4 (14.2 mg,
0.0525 mmol, 1.05 equiv.) and coumarin substrate C1 (10.9 mg, 0.05 mmol, 1.0 equiv.),
Cu(OTf)2 (1.81 mg, 0.005 mmol, 10 mol%), L"12 (4.44 mg, 0.005 mmol, 10 mol%),
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 15.6 mg, 0.10 mmol, 2.0 equiv.) or 2,6-
di-tert-butyl-4-methylphenol (BHT, 22.0 mg, 0.10 mmol, 2.0 equiv.), and anhydrous
DCM (0.5 mL). The sealed tube was stirred at -20 <C for 40 h. The yield was based on
!H NMR analysis of the crude products using CH2Br as an internal standard.

F

Me Cu(OTf), (10 mol%) o
Me
0 ) N COEL %12 (10 mol%) N
N\N/ + o trapping reagent (2 eq.) EtO,C '\11//
Me DCM, -20 °C, 40 h N
B4 c1

F 1. o Me
trapping reagent yield (%)
none 95
TEMPO 95
BHT 86

10.2 Control experiments

a) The effect of ligand

According to the General Procedure A, under argon, an oven-dried resealable Schlenk
tube equipped with a magnetic stir bar was charged with BCB substrate B11 (17.4 mg,
0.0525 mmol, 1.05 equiv.) and coumarin substrate C1 (10.9 mg, 0.05 mmol, 1.0 equiv.),
Cu(OTf)2 (1.81 mg, 0.005 mmol, 10 mol%), L*12 (4.44 mg, 0.005 mmol, 10 mol%) or
no L*12, and anhydrous DCM (0.5 mL). The sealed tube was stirred at -20 <C for 40
h. The conversion and yield were based on *H NMR analysis of the crude products
using CH2Br as an internal standard.

Br
Cu(OTf), (10 mol%)
o ~ L*12 (10 mol%) )
N‘N/ DCM. -20 °C. 40 h complex mixtures
Conversion: 38%
B11
Br

o

Cu(OTf), (10 mol%) | .
N = DCM, -20 °C, 40 h complex mixtures
N= Conversion: > 90%

B11

S127



Br,
o
=~
N
N =
N 3

m N I

|
Cu(OTf), (10 mol%)
L*12 (10 mol%
complex mixtures
DCM -20 °C, 40 h
Conversion: 38%

’ | }
4,&4Awﬁ A A\ 1 —— I Y N " BN IR 14;27 § {
2 "‘1 crude. L fid

CH,Cl, Cu(OTN), (10 mol%)
complex mixtures
l CHzBrz DCM -20°C,40h
Conversion: > 90% B
IR T ™ ‘ L e JLJJ w_l'\_/’l_, JLJ

2-33f-crude 1

T T T T T T T T T T T T T T T T T

0 7.5 7.0 6.5 6.0 5.5 5.0 1.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

b)

According to the General Procedure A, under argon, an oven-dried resealable Schlenk
tube equipped with a magnetic stir bar was charged with BCB substrate B4 (14.2 mg,
0.0525 mmol, 1.05 equiv.) and coumarin substrate C1 (10.9 mg, 0.05 mmol, 1.0 equiv.),
L"12 (4.44 mg, 0.005 mmol, 10 mol%), and anhydrous DCM (0.5 mL). The sealed tube
was stirred at -20 <C for 40 h. The conversion and yield were based on *H NMR analysis
of the crude products using CH2Br: as an internal standard.
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¢)

According to the General Procedure A, under argon, an oven-dried resealable Schlenk
tube equipped with a magnetic stir bar was charged with BCB substrate B4 (14.2 mg,
0.0525 mmol, 1.05 equiv.) and coumarin substrate C1 (10.9 mg, 0.05 mmol, 1.0 equiv.),
Cu(OTf)2 (1.81 mg, 0.005 mmol, 10 mol%), and anhydrous DCM (0.5 mL). The sealed
tube was stirred at -20 <C for 40 h. The conversion and yield were based on *H NMR
analysis of the crude products using CH2Br> as an internal standard.

F
O Me
o CO,Et o _
S . A Cu(OTf), (10 mol%) EtO,C )
N R N U v e oA AT > N
N oo DCM, -20 °C, 40 h /@m -
B4 c1 F 1 o]
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xiangdousu-CO2Et 3
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2-3%h-crude. L. fid
2-39h-cru

T T T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 1.0 3.5 3.0 2.5 2.0 .5 L0 0.5 0.0 0.5 1.0
£1 (ppm)

10.3
0
Cu(OT), (10 mol%) o
O DCM,-20 °C,Ar, 40h pp, Pyr
BCH O
- }er \f\Ac }ficozH S*CN
N.R. 40%, 37% e.e. N.R. N.R.

According to the General Procedure A, under argon, an oven-dried resealable Schlenk
tube equipped with a magnetic stir bar was charged with BCB substrate B6 (13.2 mg,
0.0525 mmol, 1.05 equiv.) and coumarin substrate C (0.05 mmol, 1.0 equiv.), Cu(OTf)
(1.81 mg, 0.005 mmol, 10 mol%), L"12 (4.44 mg, 0.005 mmol, 10 mol%), and
anhydrous DCM (0.5 mL). The sealed tube was stirred at -20 <C for 40 h. The yield
was based on crude *H NMR analysis. If required, the mixture was separated by PTLC

(n-hexane/EtOAC), and the enantiomeric excess (e.e.) was determined by HPLC.

10.4

Cu(OTH), (10 mol%)
L*12 (10 mol%)
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Under argon, an oven-dried resealable Schlenk tube equipped with a magnetic stir bar
was charged with 1AA (0.01 mmol, 1.0 equiv.), Cu(OTf);2 (0.36 mg, 0.001 mmol, 10
mol%), L"12 (0.89 mg, 0.001 mmol, 10 mol%), and anhydrous DCM (0.2 mL). The
sealed tube was stirred at -20 <C for 60 h. The yield was based on crude *H NMR
analysis.
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11. Computational details

Molecular properties (MW, clogP, tPSA) were calculated with ChemDraw 20.

The 2D structures of Sonidegib and BCHex-Sonidegib were converted into 3D
conformations using the LigPrep module of the Schrédinger 2021-2 software. The 3D
conformations of the above two molecules were superimposed using the Ligand
Alignment tool. The distances between carbon atoms were measured and visualized
using open-source PyMOL software (https://github.com/schrodinger/pymol-open-
source).

The crystal structure of human Programmed cell death 1 ligand 1 (PD-L1) with the
inhibitor BMS-202 (PDB ID: 5J89) was downloaded from the RCSB Protein Data Bank
(https://www1.rcsb.org/). The protein structure was prepared using the Protein
Preparation Wizard of the Schrodinger 2021-2 software, removing solvent molecules,
including water, and retaining only chains A and B, along with the small molecule
BMS-202. Ligand structure preparation was performed using the LigPrep module to
generate 3D conformations and potential ionization states of BCHex-BMS-202
following the standard protocol. Induced Fit Docking®® (IFD) module was used to
simulate and predict the binding mode of BCHex-BMS-202 with the PD-L1 protein.
Visualization analysis was performed using open-source PyMOL software
(https://github.com/schrodinger/pymol-open-source).
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12. X-ray crystallography

Experimental. Single crystals of BCH 12, ent-12, and 51 were obtained by
recrystallization from CDCls/n-hexane. A suitable crystal was selected and mounted on
a suitable support on a XtaLLAB Synergy R, DW system, HyPix diffractometer. The
crystal was kept at a steady 77=100.01(10) K during data collection. The structure was
solved with the ShelXT*’ 2014/5 structure solution program using the dual solution
method and by using Olex2°° as the graphical interface. The model was refined with
version 2018/3 of ShelXL>! using Least Squares minimisation.

12.1 X-ray structure of BCH 12

Y Sy

CCDC: 2371764

Prob = 50
Temp = 100

-15°Y

cL2t

N PLATON-Feb 28 7:04:51 2024 - (60124)

-104 2-1h_auto P212121 R-=0.05 RES= 0-114 X

Figure S11 | The X-ray structure of 12

Table S6 | Crystal data and structure refinement for 12

Empirical formula Ca3H25CIN2Os
Formula weight 504.95
Temperature/K 100(2)
Crystal system orthorhombic

Space group P2,2,2,
a/A 10.8737(3)
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b/A
c/A

o

o/
pre
v/°
Volume/A?
Z
Pealcg/cm’
wmm'!
F(000)
Crystal size/mm?
Radiation
20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

Flack parameter

R;
R;

11.4063(3)
19.2759(5)
90
90
90
2390.77(10)
4
1.403
1.780
1056.0
0.1 x0.1x0.1
CuKo (A= 1.54184)
9.008 to 153.306

-13<h<13,-13<k<14,-19<1<24

11750

4712 [Rine = 0.0365, Rsigma = 0.0343]

4712/0/328
1.047

=0.0457, wR2=0.1193
=0.0523, wR, =0.1267

0.29/-0.38
-0.035(10)
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12.2 X-ray structure of ent-12

Cl

@)
Og’, >
Et0,C \ i
# &
° f/' )\}'\a
ent-12 CCDC: 2371766
Prob = S0
Temp = 100

-15 Y

ot

PLATON-Apr 9 8:18:54 2024 - (60124)

Z -104 ent-2-1h-20240409F 21 21 21 R = 0.03 RES= 0-114 X

Figure S12 | The X-ray structure of ent-12

Table S7 | Crystal data and structure refinement for enz-12

Empirical formula Ca3H25CIN>Os
Formula weight 504.95
Temperature/K 100.01(10)
Crystal system orthorhombic

Space group P2,2,2,
a/A 10.8716(2)
b/A 11.4118(2)
c/A 19.2857(3)
o/° 90
pre 90
v/° 90

Volume/A? 2392.67(7)

Z 4
Pealeg/cm? 1.402
wmm'! 1.779
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F(000) 1056.0

Crystal size/mm? 0.2x0.2x0.2
Radiation Cu Ka (A=1.54184)
20 range for data collection/° 9.004 to 153.11
Index ranges -13<h<12,-14<k<13,-23<1<24
Reflections collected 12071
Independent reflections 4733 [Rint = 0.0247, Rgigma = 0.0239]
Data/restraints/parameters 4733/0/328
Goodness-of-fit on F? 1.035
Final R indexes [I>=2c ()] R;=0.0337, wR, =0.0855
Final R indexes [all data] R1=0.0377, wR, = 0.0898
Largest diff. peak/hole / e A7 0.24/-0.23
Flack parameter -0.018(6)
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12.3 X-ray structure of 51
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Figure S13 | The X-ray structure of 51.

Table S8 | Crystal data and structure refinement for 51.

Empirical formula C37H26F2N2 05
Formula weight 616.60
Temperature/K 100(2)
Crystal system orthorhombic

Space group P2,2,2,
a/A 11.16990(10)
b/A 13.51340(10)
c/A 19.78870(10)
o/° 90
pre 90
v/° 90

Volume/A? 2986.97(4)

4 4
Pealcg/cm’ 1.371
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wmm-! 0.831

F(000) 1280.0
Crystal size/mm?® 0.1 x0.1x0.1
Radiation CuKa (A =1.54184)
20 range for data collection/° 7.922 to 154.578
Index ranges -14<h<14,-16<k<16,-24<1<18
Reflections collected 16467
Independent reflections 6047 [Rine = 0.0306, Rgigma = 0.0311]
Data/restraints/parameters 6047/0/416
Goodness-of-fit on F? 0.906
Final R indexes [I>=2c (I)] R1=0.0334, wR, =0.1036
Final R indexes [all data] R1=0.0344, wR, = 0.1055
Largest diff. peak/hole / e A7 0.22/-0.18
Flack parameter 0.05(6)
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14. NMR spectra
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B1, 1F NMR (376 MHz, CDCls)
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B3, 'H NMR (400 MHz, CDCl3)
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B3, 1°F NMR (376 MHz, CDCls)
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B4, 3C NMR (101 MHz, CDCls)
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B5, 'H NMR (400 MHz, CDCl3)
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B5, 1°F NMR (376 MHz, CDCls)
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B6, 1°C NMR (101 MHz, CDCls)
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B7, 3C NMR (101 MHz, CDCls)
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B8, 'H NMR (400 MHz, CDCl5)

V681 —

8€TT
YT v.

8¢ —

5986 |
$88°9
168°9
9069
21691
9769 1
£€6'9 1
8669 1
£00°L 1
800°L
€20°L
820°L
€e0'L JW
PLOL S
v60'L 7,
00T'L
SizL
617'L
SET'L
vSTL

J

/1

N
£50'1
2501
Ry

f1 (ppm)

B8, 13C NMR (101 MHz, CDCls)

ELLEL
[ V.
£T6'9C—

£08'8€—

hmb.ch
m:;rhv
€EV'LL

LLYETL
LI6ELL
8LI w:w
STO'TTI
mmo,mw_v.
TTR'6TI
mom,mm_v
oorotlt
8l @m_v

8TTOT1
08T m:W

SELEVl—
918l —
S95°191—

LOOFIL
LSS'891—

B8

T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90

T
190

f1 (ppm)

S154



B8, 1°F NMR (376 MHz, CDCls)
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B9, 13C NMR (101 MHz, CDCls)
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B10, 3C NMR (101 MHz, CDCly)
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B11, 3C NMR (101 MHz, CDCly)
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B12, 3C NMR (101 MHz, CDCly)
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S6, 13C NMR (101 MHz, CDCls)
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S7, 13C NMR (101 MHz, CDCls)
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S8, 13C NMR (101 MHz, CDCls)
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S9, 13C NMR (101 MHz, CDCls)
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B13, 3C NMR (101 MHz, CDCly)
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B14, 'H NMR (400 MHz, CDCls)
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B14, 3C NMR (101 MHz, CDCly)
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B15, 'H NMR (400 MHz, CDCls)

€16’ —

€1eT—

8Ly'E —

LT1'9
ﬁf.o/
8769

€€6'9
6¥76'9
9969
1L6'9
09T°L
YoTL
ELTL
wTL
06T°L
S6TL

696'L
9L6’L v.

B15

60

f1 (ppm)

B15, 3C NMR (101 MHz, CDCly)

PO Y1 —
160°ST —

(42513
08L'8¢ v.

LET'60T —
YLY'STT
169°S11 V.

€€6°LTT
S10°8TI /.

06981
1cL8ct N

661°6T1

189°€ST —

8907191 ~—
0TS €91 —
678991 —

B15

f1 (ppm)

S166



B15, F NMR (376 MHz, CDCls)
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B16, 3C NMR (101 MHz, CDCly)
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B17, 'H NMR (400 MHz, CDCls)
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B17, F NMR (376 MHz, CDCls)
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S11, C NMR (101 MHz, CDCls)
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S12, C NMR (101 MHz, CDCls)
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B18, 3C NMR (101 MHz, CDCly)
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S14, C NMR (101 MHz, CDCls)
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S15, C NMR (101 MHz, CDCls)
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B19, 3C NMR (101 MHz, CDCly)
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B20, 'H NMR (400 MHz, CDCls)
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B20, 3C NMR (101 MHz, CDCly)
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B21, 3C NMR (101 MHz, CDCly)
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B22, 3C NMR (101 MHz, CDCly)
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B23, 'H NMR (400 MHz, CDCls)
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B23, 3C NMR (101 MHz, CDCly)
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C1, 'H NMR (400 MHz, CDCls)
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C6, 'H NMR (400 MHz, CDCls)
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C8, 'H NMR (400 MHz, CDCls)

o1 —

YLTL
SOE'L
80€°L
yTeL
9zE'L |
9g¢°L
VLA
Sre'L
Sse'L o
LSEL
88S°L
T65°L
L09'L Y
119°L

f1 (ppm)

/

SToL
8T9°L
9L
9Y9°L
0S9°L

00v'8 —

/
COQtBU

C8
C8, 3C NMR (101 MHz, CDCl3)

8TI'8CT —

T68'C8 —

12L911
A

S86'LIIT

YrL611 \
YLOVTT /
S0E°6TT
LTO'EET ~

STY'LYT —

£0°SST —
8€8°951 7
856191 —

f1 (ppm)

S183

COztBU

C8




C9, 'H NMR (400 MHz, CDCls)
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C9, 3C NMR (101 MHz, CDCl3)
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C10, *H NMR (400 MHz, CDCls)
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C11, *H NMR (400 MHz, CDCls)
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C12, *H NMR (400 MHz, CDCls)
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C14, 'H NMR (400 MHz, CDCls,
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C15, 1%F NMR (376 MHz, CDCls)
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C17, *H NMR (400 MHz, CDCls)

L6€E'T \

ST —F
mmw;\

90¢€°L
80€°L
ore’L
9TEL
6L —_—
1€€L

mmm.h {f
cnm.n
Nwm.n
L6S'L

109°L

6€7'8
17’8 v.

CO,Et

Cl

)

860

6’1

=160

f1 (ppm)

C18, 'H NMR (400 MHz, CDCls)

96¢€°1
m;._W

eyl

89TL —
TLL
2».»/

€ELL
6€L’L
0SL'L
9SL’L

ey’ —

CO,Et

Br

c18

f1 (ppm)

S192



C18, 13C NMR (101 MHz, CDCly)
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C21, *H NMR (400 MHz, CDCls)
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C22, 'H NMR (400 MHz, CDCls)
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C24, °F NMR (376 MHz, CDCls)
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C25, 13C NMR (101 MHz, CDCly)
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C26, *H NMR (400 MHz, CDCls)
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C27,H NMR (400 MHz, CDCls)
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C28, *H NMR (400 MHz, CDCls)
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C30, *H NMR (400 MHz, CDCls)
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C31, 13C NMR (101 MHz, CDCly)
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C32, 'H NMR (400 MHz, CDCls)
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L*11, 'H NMR (400 MHz, CDCls)
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L*12, 'H NMR (400 MHz, CDCls)
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1AA, *H NMR (400 MHz, CDCls)
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1AA, F NMR (376 MHz, CDCls)
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1, 3C NMR (101 MHz, CDCl3)
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2, 'H NMR (400 MHz, CDCls)
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2, 3C NMR (101 MHz, CDCls)
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2, 18F NMR (376 MHz, CDCls)
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3, H NMR (400 MHz, CDCls)
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4, 'H NMR (400 MHz, CDCl3)
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4,3C NMR (101 MHz, CDCls)
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4, F NMR (376 MHz, CDCls)
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5, 1H NMR (400 MHz, CDCls)
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5, 3C NMR (101 MHz, CDCls)
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6, tH NMR (400 MHz, CDCls)
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6, 3C NMR (101 MHz, CDCls)
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6, 1°F NMR (376 MHz, CDCls)
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7, *H NMR (400 MHz, CDCls)
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8, H NMR (400 MHz, CDCls)

hm_._/

SSI'L—7
mw_._\

9zI'T
1£1°T
8v1°T
[4954
SYTTN
66TTF
TTET
SPE'T
Sop'T
YT
S0S°T

65¢°€
mwm,mw

el

Wiy
484

om:uk.
oIy
LLT'Y
081
sel'y
wmﬁ.w\

LLL'Y

7099
0Ly'9 |
68791
Rm.fz
6£6'9 1
$56'91
856'9 1
vL6'9
LL69 Y
£L0°L Y
T60°L
vmm.jﬁ
WL
99z°L~L
£8TL
v6TL
€1€°L
0g€L
L
68€°L

|

ol

~

Feoe

g
foe
01
210°1

0°€

Hoe

Fe60
Foo'1
Ty
0T

f1 (ppm)

8, 3C NMR (101 MHz, CDCls)
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9, *H NMR (400 MHz, CDCls)
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9, 3C NMR (101 MHz, CDCls)
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9, 1F NMR (376 MHz, CDCls)
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10, *H NMR (400 MHz, CDCls)
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10, 3C NMR (101 MHz, CDCls)
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10, **F NMR (376 MHz, CDCI3)
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11, *H NMR (400 MHz, CDCls)
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11, 3C NMR (101 MHz, CDCls)
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12, *H NMR (400 MHz, CDCls)
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13, *H NMR (400 MHz, CDCls)
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13, 3C NMR (101 MHz, CDCls)
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14, *H NMR (400 MHz, CDCls)
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14, 3C NMR (101 MHz, CDCls)
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15, 'H NMR (400 MHz, CDCls)
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15, 3C NMR (101 MHz, CDCls)
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16, *H NMR (400 MHz, CDCls)
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16, 13C NMR (101 MHz, CDCI3)
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16, 1F NMR (376 MHz, CDCls)
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17, *H NMR (400 MHz, CDCls)
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17, 3C NMR (101 MHz, CDCls)
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18, *H NMR (400 MHz, CDCls)
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18, 3C NMR (101 MHz, CDCls)
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19, *H NMR (400 MHz, CDCls)
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19, 3C NMR (101 MHz, CDCls)
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19, 1F NMR (376 MHz, CDCls)
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20, 'H NMR (400 MHz, CDCl5)
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20, 13C NMR (101 MHz, CDCls)
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20, 1F NMR (376 MHz, CDCls)
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21, 'H NMR (400 MHz, CDCl3)
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21, 3C NMR (101 MHz, CDCls)
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21, 1F NMR (376 MHz, CDCls)
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22, 'H NMR (400 MHz, CDCl5)
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22, 13C NMR (101 MHz, CDCls)
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22, 1%F NMR (376 MHz, CDCls)
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23, 'H NMR (400 MHz, CDCl5)
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23, 5C NMR (101 MHz, CDCls)
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23, 1%F NMR (376 MHz, CDCls)
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24, 'H NMR (400 MHz, CDCl5)
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24, 5C NMR (101 MHz, CDCls)
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24, 1%F NMR (376 MHz, CDCls)
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25, 1H NMR (400 MHz, CDCl5)
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25, 13C NMR (101 MHz, CDCls)
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25, 1% NMR (376 MHz, CDCls)
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26, 'H NMR (400 MHz, CDCl5)
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26, 13C NMR (101 MHz, CDCls)
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26, 1%F NMR (376 MHz, CDCls)
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27, 'H NMR (400 MHz, CDCl5)
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27, C NMR (101 MHz, CDCls)
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27, 1%F NMR (376 MHz, CDCls)
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28, 'H NMR (400 MHz, CDCl5)
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28, 13C NMR (101 MHz, CDCls)
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28, 1%F NMR (376 MHz, CDCls)
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29, 'H NMR (400 MHz, CDCl5)
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29, 3C NMR (101 MHz, CDCls)
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30, H NMR (400 MHz, CDCl5)
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30, 1F NMR (376 MHz, CDCls)
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31, 'H NMR (400 MHz, CDCl3)
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31, C NMR (101 MHz, CDCls)
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32, 'H NMR (400 MHz, CDCl5)
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32, 5C NMR (101 MHz, CDCls)
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32, 1%F NMR (376 MHz, CDCls)
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33, 'H NMR (400 MHz, CDCl5)
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34, 'H NMR (400 MHz, CDCl3)
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34, 3C NMR (101 MHz, CDCls)

698°¢€1
wﬁo.ﬁv

SETPI

61L°07 —
SST8Y

:o.NmW
vrTSs

T€9'95 -
L66'9S 7
L1509 7
o619

€81°I11
wOn;:/
9TTYI1

SEPPIL
€0s7s11 7.
8TESIL \
16+°611
LEO0ET
sirosl >

L86'EET
810°ET N.

90€ v 1
182448 v.

TITEST
PSTIST ~
L06°091 N
0SE€91
IS I
T9T691 ~
18¢°0L1 7

L

-10

10

20

30

50

60

80

110

T
130

T
140

T
150

180

T
190

f1 (ppm)

S256



34, 1%F NMR (376 MHz, CDCls)
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35, 'H NMR (400 MHz, CDCl5)
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35, 13C NMR (101 MHz, CDCls)
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35, 1%F NMR (376 MHz, CDCls)
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36, 'H NMR (400 MHz, CDCl5)
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36, 1°C NMR (101 MHz, CDCls)
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36, 1%F NMR (376 MHz, CDCls)
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37, 'H NMR (400 MHz, CDCl5)
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37, C NMR (101 MHz, CDCls)

168°¢1 v.

LYO¥1

6807 —

811'8F ~_
9P TS\
970°LS
69T°LS
T19°09 ~
8¥€79

I

Ll

ool

Ly 11T
wmo.N:/
43241t

S9SVIL
0LOLIT —
TEETTI
618°6C1
690°0€1 W.

0ST°0€T

0TSvrl ~
SE6'9¥1 —

819°€ST —

150191~
857791 —
66v€91 7
S05'891 —
sv2°691 7

37

30

70 60 50

80

T
100

110

T
120

180

f1 (ppm)

37, 1%F NMR (376 MHz, CDCls)

9€9vIT-—

37

-210

20 -30 40 -50 -60 -70 80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)

-10

S261



38, 'H NMR (400 MHz, CDCl5)
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38, 1%F NMR (376 MHz, CDCls)
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39, 'H NMR (400 MHz, CDCl5)
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39, °C NMR (101 MHz, CDCls)
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39, 1%F NMR (376 MHz, CDCls)
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40, *H NMR (400 MHz, CDCls)
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40, *C NMR (101 MHz, CDCls)

998°¢1
LTOV1 W.

€CTY1

LIS 0y —

6L0°8Y ~
S00°TS N
15998
6695
PSP09 ~
1797

6€6'701
T61°s01
YTeTIl
6TI°CIT
9rETIT
66T V11
TSIl

0s8°b11 \

S88HI1
£60°'621
L81°621 k
950°0€ 1
orroc1 /.
6TLEEL \
190°€€1
9SEPpT —
€97 1S1
18€°IS1
veees1 7
9P67091
€6T191
16£°€91
6vbE91
€9L°€91
L6891
0z0L

PTETIL —
6TITII~
9PETI—

66T VI
1IS¥vIL V
0S8¥I1
S88¥I1 N.

96091 —
€6T 191 —

16€°€91
6 €91
€9L7€9T ~_

116 115 114 113 112 111

f1 (ppm)

BTN O O 1

f1 (ppm)

-10

30

90 80 70 60 50

1 (ppm)

110

180

S265



40, °F NMR (376 MHz, CDCls)
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41, *H NMR (400 MHz, CDCls)
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41, *C NMR (101 MHz, CDCls)
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42, *H NMR (400 MHz, CDCls)
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42, *C NMR (101 MHz, CDCls)
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42, °F NMR (376 MHz, CDCls)
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43, 'H NMR (400 MHz, CDCls)
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43, ¥C NMR (101 MHz, CDCls)
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44, 'H NMR (400 MHz, CDCly)
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44, BC NMR (101 MHz, CDCls)
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45, 'H NMR (400 MHz, CDCl5)
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45, 3C NMR (101 MHz, CDCls)
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46, *H NMR (400 MHz, CDCls)
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46, *C NMR (101 MHz, CDCls)
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46, °F NMR (376 MHz, CDCls)
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47, 'H NMR (400 MHz, CDCl3)
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47, °C NMR (101 MHz, CDCls)
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48, *H NMR (400 MHz, CDCls)
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48, *C NMR (101 MHz, CDCls)
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49, *H NMR (400 MHz, CDCls)
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49, ¥C NMR (101 MHz, CDCls)
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49, °F NMR (376 MHz, CDCls)
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50, 'H NMR (400 MHz, CDCl5)
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50, 13C NMR (101 MHz, CDCls)
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50, 1%F NMR (376 MHz, CDCls)
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51, 'H NMR (400 MHz, CDCl3)
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51, 13C NMR (101 MHz, CDCls)
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51, 1%F NMR (376 MHz, CDCls)
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52, 'H NMR (400 MHz, CDCl5)
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52, 13C NMR (101 MHz, CDCls)
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52, 1%F NMR (376 MHz, CDCls)
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53, 'H NMR (400 MHz, CDCls)
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53, 'H NMR (400 MHz, CDCl;3) After D>O exchange:
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54, 'H NMR (400 MHz, CDCls)
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54, >*C NMR (101 MHz, CDCls)
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54, F NMR (376 MHz, CDCls)
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55, 'H NMR (400 MHz, CDCl;)
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56, 'H NMR (400 MHz, CDCls)
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56, >°C NMR (101 MHz, CDCls)
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56, ’F NMR (376 MHz, CDCls)

€09°SII-—

T T T T T T T T T T
-120 -130 -140 -150 -160 -170 -180 -190 -200 -210

-100 -110
f1 (ppm)

T T T T T T T T T
-10 -30  -40 -60  -70 -90

-80

-50

-20

0

10

57, 'H NMR (400 MHz, CDCl;)

o LML

S8rE
€09

Jmm.c

Hie
=011

=860
Rt

Nee
€T
Mgz

mxoo.o

f1 (ppm)

S287



57, 3C NMR (101 MHz, CDCls)
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58, 'H NMR (400 MHz, CDCls)
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58, >*C NMR (101 MHz, CDCls)
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58, ’F NMR (376 MHz, CDCls)
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59, 'H NMR (400 MHz, CDCl;)
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59, 3C NMR (101 MHz, CDCls)
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60, 'H NMR (400 MHz, CDCls)
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60, °C NMR (101 MHz, CDCls)
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60, ’F NMR (376 MHz, CDCls)
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62, ’C NMR (101 MHz, CDCls)
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63, 'H NMR (400 MHz, CDCls)
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63, °C NMR (101 MHz, CDCls)
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63, ’F NMR (376 MHz, CDCls)
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66, 'H NMR (400 MHz, CDCls)
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66, °C NMR (101 MHz, CDCls)
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66, '°F NMR (376 MHz, CDCl5)
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67, '"H NMR (400 MHz, CDCls)
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67, >°C NMR (101 MHz, CDCls)
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67, ’F NMR (376 MHz, CDCls)
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68, ’°C NMR (101 MHz, CDCls)
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68, '°F NMR (376 MHz, CDCl5)
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69, '"H NMR (400 MHz, CDCls)
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69, °C NMR (101 MHz, CDCls)
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69, ’F NMR (376 MHz, CDCls)
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70, 'H NMR (400 MHz, CDCl;)
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71, '"H NMR (400 MHz, CDCls)
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71, >*C NMR (101 MHz, CDCls)
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71, F NMR (376 MHz, CDCls)
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74, '"H NMR (400 MHz, CDCl;)
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74, 3C NMR (101 MHz, CDCls)
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BCHex-Sonidegib, *C NMR (101 MHz, CDCI3)
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75, 'H NMR (400 MHz, CDCls)
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75, F NMR (376 MHz, CDCls)
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76, '"H NMR (400 MHz, CDCls)
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76, 3C NMR (101 MHz, CDCls)
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76, '°F NMR (376 MHz, CDCl5)
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77, '"H NMR (400 MHz, CDCls)

€050~
1zs07

006'1
916'1
06’1
LS6'L

€L6'T—
LTIT~
vi.m\
891°C
cLe
ovL'T

wLe
6LL'T
L6L'T

LSBT

98L'E
808°€
se6'e

896'9
886'9
950°L
L90°L
8LOL
001L
9LTLAE
681'LT
90T'L i
08T'L
86T'L
vleL
€EE°L
£5E°L

I

JA

Feoe
Foot

01
10°1

F00'1
Fire

¥S0'1
Wwo.m

0'C
Rz

6.5

7.0

7.5

8.0

f1 (ppm)

77, >*C NMR (101 MHz, CDCls)
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77, F NMR (376 MHz, CDCls)
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78, 3C NMR (101 MHz, CDCls)
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79, 'H NMR (400 MHz, CDCls)
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79, >*C NMR (101 MHz, CDCls)

L9S°T1 —

0st'sE—
09€'8€ <~
0€8° 1Y
TEUSE
06L87 —
€S
8E1°9S ~

98L V11
966'¥11 v.

685°LTI
L99°LTT v
rr0'8€l
SLO8ET v
LST'09T ~

186791 —

YOSVLT —

CO,Me

Me

79

I

f1 (ppm)

S314



79, F NMR (376 MHz, CDCls)
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80, 'H NMR (400 MHz, CDCl;)
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80, ’*C NMR (101 MHz, CDCls)
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80, I°F NMR (376 MHz, CDCl5)
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81, 'H NMR (400 MHz, CDCls)

908°0
280
2980
0880
L£68°0
wo'l
059'1
999'1
089'1
L6L'1
S08'1 W.
T8’
SPE'T
EM.NV
96€°T
YT
Tev'T
1257
7S]
0€5°T
9€9°7
8597
297
€691
o_h&
TEeLT
%ol
€50
6SEY ]
08¢t
98¢t ]
Lovt |
Lyt
L6t )
SLE9~
66£'9
6569
1869
1869 kﬁ

—— T

L6697
£00°L
€r0°L
0S0°L
950°L 1
Eo.i‘
(R

6L0°L ]
930°L |
7£0'8
€50'8”

€0T01 —

/
I

W |

/)

CHO

Me

OMe

FC8'E
B0¢

o'l
By

H(Nm._

2PET
6'C

TM.N

£€'0
0°1

#T8°C
Mot

=o¢'T

F10'1

1.0

1.5

2.0

2.5

3.0

50 45 40 35

f1 (ppm)

5.5

6.0

6.5

7.0

80 75

8.5

9.5

11.0

81, >*C NMR (101 MHz, CDCls)
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81, ’F NMR (376 MHz, CDCls)
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BCHex-BMS-202, 'H NMR (400 MHz, CDCls)

s v
618°0 1
TI9'T ]
8291 1
9€9'1 1
P91 1
7591
799'1 1
89.'1
9LLT A
¥8L'T
T6L'1
$08°1 1
£28'1
628'1
€L6'1
186'1
8LETH
LesTy|
LEST

ST
€89°C
10L°T
LOL'TA

_NN.NN.

9€L'T

|

Lzee
1vee
9see T
0LEE \
0L9°€ —
6’
mNN.v/
vvw.vW
0sTy

:N.v\
9¢EY
€LEY
€8¢
66¢Y

€979
2LT9A
€879 1
25691
896'9 1
L6°9 1
086'9 1

066'9 47.
966°9
Lb0'L
£50°L
190°L
690°L ;W
LL0°L

€807/

98€°L~.
sov'L”

Me

BCHex-BMS-202

LEE

e
i

#T0'€

Lot
=001

Fsec

st

ore
bere

55

6.5

7.0

7.5

8.0

f1 (ppm)

S318



BCHex-BMS-202, 1°C NMR (101 MHz, CDCI3)

€T —

§TOET—

619°€€
98896\
mmv.wm%
LOY O~
€PETh~
POL'SE~
»2.3\
L1989

$09°€5 —
8E€'LS —

865799 —

SPL'TOT —
€00°901 —

EILPIT
vovil v.

vSyLTl
YeESLTT v.

SLL'SET
018'8€1 7
9197yl 7~

TLO091

016°091 V
w6vT91 7
T6t €91 \

°0TILT —

BCHex-BMS-202

Ak

pdu}

WA

A B Y

Lty

o

f1 (ppm)

BCHex-BMS-202, °F NMR (376 MHz, CDCl3)
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