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1. General experiment details and materials

Experimental: All non-aqueous reactions and manipulations were using standard
Schlenk techniques. All solvents before used were dried and degassed by standard
methods and stored under nitrogen atmosphere. All reactions were monitored by TLC
with silica gel-coated plates. Nuclear magnetic resonance (NMR) spectra were recorded
on Bruker 400 or 500 spectrometers. Chemical shifts were reported in parts per million
(ppm) down field from TMS with the solvent resonance as the internal standard.
Coupling constants (J) were reported in Hz and referred to apparent peak
multiplications. All the high-resolution mass spectra (HRMS) were carried out using
Bruker Micro TOF-QII mass (ESI). Gas chromatographies (GC) analyses were
performed on Agilent 7890B instrument with Hp-5 column. GC-MS analysis was
performed with Agilent 7890B/5975B GC-MS system. Melting points were determined
using a WRS-2A of shanghai INESA Physico optiacal instrument Co.,Ltd and are
uncorrected. Infrared (IR) spectra were recorded on a Nicolet 6700 Fourier transform

infrared spectrophotometer. All chemicals were purchased from commercial sources.

2. Preparation of o-alkenyl aryl aldehydes
2.1 Method A:

~o t-BuOK X
+ CH3PhsP*Br
Br THF, rt B

r

In a dry flask under N2 atmosphere, t-BuOK (8.40 g, 75.0 mmol, 1.5 equiv.) was
added to a suspension of methyltriphenylphosphonium bromide (23.2 g, 65.0 mmol,
1.3 equiv.) indry THF (90 mL) at 0 <C and then the mixture was stirred for 30 minutes.
2-Bromobenzaldehyde (9.25 g, 50.0 mmol) was added slowly and the reaction was
stirred for 5 hours at room temperature. After filtration over Celite, petroleum ether was
added to the filtrate and the suspension was filtered again over Celite. The solvent was
evaporated under reduced pressure to give the crude material. Purification through
column chromatography (PE/EA =50:1) gave 2-bromostyrene (8.24 g, 90% vyield) as a

colorless liquid.
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Br ,L o n-BuLi A
N e
! THF, -78 °C CHO

A 200 mL round-bottom flask containing 2-bromostyrene (8.24 g, 45 mmol) in THF
(80 mL) was purged with N2 atomosphere and cooled to -78 °C in an ethyl acetate /
liquid nitrogen bath. n-BuLi (2.5 M in hexane, 21.6 mL, 54 mmol, 1.2 equiv.) was
added dropwise to the solution and then the mixture was stirred at -78 °C for 1 hour. A
solution of DMF (5.22 mL, 67.5 mmol, 1.5 equiv.) in THF (5 mL) was added and then
the mixture was warmed slowly to room temperature and stirred overnight. The reaction
was quenched (saturated NH4Cl) and then the aqueous phase was extracted with diethyl
ether and the organic layers were dried over Na>SO4. The solvent was evaporated under
reduced pressure to yield a crude product. Column chromatography (PE/EA = 10:1)
provided o-alkenyl benzaldehyde (4.16 g, 70% yield). The spectral data matched those

reported previously.

2.2 Method BZ:

B s e CsC0g PPhy, PA(OAC), | SN
3 THF:H,0 = 9:1, 70 °C '
ZcHo 2 Z>cHo

R

To a solution of the corresponding substituted o-bromobenzaldehyde (10.0 mmol,
1.0 equiv.) in THF/H20 (9:1, 0.1 M), were successively added: Pd(OAc)2 (112 mg, 0.5
mmol, 0.05 equiv.), PPhs (262 mg, 1.0 mmol, 0.1 equiv.), the corresponding potassium
vinyltrifluoroborate (12 mmol, 1.2 equiv.) and Cs2COs (9.1 g, 30 mmol, 3.0 equiv.).
After stirring for 5 minutes at room temperature in a sealed tube, the resulting solution
was stirred at 70 <C for 4 hours. The mixture was cooled to room temperature, H>O was
added, followed by extraction with ethyl acetate. The organic layers were combined,
dried over Na>SOs, filtered and evaporated under reduced pressure. The crude product
was purified by flash chromatography employing mixtures of n-hexane/ethyl acetate as

eluents. The spectral data matched those reported previously.
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3. Optimization of the reaction conditions

In the glove box, a mixture of 1a (66.0 mg, 0.5 mmol), 2a (62.4 mg, 0.6 mmol),
NH4Cl (1.3 mg, 0.025 mmol, 5 mol%), [Pd] (0.025 mmol, 5 mol%), ligand (0.0275
mmol, 5.5 mol%) and solvent (1.0 mL) were added to a dry glass vessel. The glass
vessel was put into an autoclave and then taken out from glove box. The autoclave was
purged and charged with CO (20 atm). The reaction mixture was stirred at 120 °C for
12 hours. After the reaction finished, the autoclave was cooled to room temperature and
the pressure was carefully released in the fume hood. The yield is based on 1a using n-
tetradecane as the internal standard, and the ratio (endo-3/exo-3) of the crude reaction

mixture was determined by *H NMR, GC-MS and GC analysis.

Table 1. Screening of Ligands®?

g o)
[Pd(allyl)CI], (2.5 mol%)
©\/\ . ©/\ + co___Phosphine-ligand @% . sz %
CHO anisole, NH4CI (5 mol%) OHC
1a 2a 120°C, 12h 3aa 3a
Entry Ligand Yield (3aa)(%) endo/exo Yield (3a)(%)
3aa

1 DPPM 0 - 0
2 DPPE 0 - 0
3 DPPP 0 - 0
4 DPPB 0 - 0
5 DPPPe 0 - 0
6 DPPH 0 - 0
7 DPPF 0 - 0
8 RuPhos 85 >20:1 <5
9 DPEPhos Trace - 0
10 MePhos 38 >20:1 <5
11 PCys 23 >20:1 <5
12 i-PrPPh, 0 0
13 DavePhos 64 >20:1 <5
14 XPhos 44 >20:1 <5
15 L1 0 - -
16 L2 0 - -
17 none 0 - 0

@Reaction conditions: 1a (0.5 mmol), 2a (0.6 mmol), [Pd(allyl)Cl]2 (0.0125 mmol, 2.5
mol%), ligand (0.0275 mmol, 5.5 mol%), NH4ClI (0.025 mmol, 5 mol%), CO (20 atm),
anisole (1.0 mL), 120 °C, 12 hours.
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Figure S1. The structure of ligands
Table 2. Screening the loadings of catalyst and NH4Cl?

[Pd(allyl) CI]2 (x mol%
CHO anisole, NH4CI zmol%

1a 2a 120°C, 12 h
Entry [Pd(allyl)Cl]2  RuPhos Yield endo/exo Yleld (3a) (%)
x mol % ymol% (3aa) (%) 3aa
1 2.5 55 85 >20:1 <5
2 0 0 0 - -
3 0.5 1.1 52 >20:1 <5
4° 2.5 5.5 69 >20:1 <5

#Reaction conditions: 1a (0.5 mmol), 2a (0.6 mmol), [Pd(allyl)Cl]2 (x mol%), RuPhos
(y mol%), NH4ClI (0.025 mmol, 5 mol%), CO (20 atm), anisole (1.0 mL), 120 °C, 12
hours. ® NH4CI (0 mol%)

Table 3. Screening of catalyst precursors?

o o)
CT™ (7 comliE, % @ %
CHO anisole, NH4CI (5 mol%) @ OHC
1a 2a 120°C,12h 3aa 3a
Entry [Pd] Yield endo/exo Yield
(3aa)(%) 3aa (3a)(%)

1 PdCl; 48 >20:1 <5

2 PdBr; trace - 0

3 Pdl> 0 - 0

4 Pd(cod)Cl> 0 - 0

5 Pd(MeCN)2Cl> trace - 0

6° Pd(PPhs)4 0 - 0

7° Pd(t-BusP): 0 - 0
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8 Pd(OAC); 35 - 0
9 Pd.(dba)s 0 - 0
10 Pd(cod)Br; - - 0
11 [Pd(allyl)CI] 85 >20:1 <5
12° Pd(Xantphos)(CH3CN).OTf; trace - 0
13 Pd(TFA), 0 - 0

#Reaction conditions: 1a (0.5 mmol), 2a (0.6 mmol), [Pd] (0.025 mmol, 5 mol%),
RuPhos (0.0275 mmol, 5.5 mol%), NH4Cl (0.025 mmol, 5 mol%), CO (20 atm), anisole
(1.0 mL), 120 °C, 12 hours. °[Pd] (5 mol%), NH4Cl (0.025 mmol, 5 mol%), CO (20
atm), anisole (1.0 mL), 120 °C, 12 hours.

Table 4. Screening of solvents?

[Pd(allyl)CI], (2.5 mol%)
©\/\ + ©/\ + co —Ruphos (5.5 mmol%)
CHO Solvent, NH4CI (5 mol%)

1a 2a 120°C, 12 h
Entry solvent Yield endo/exo 3aa Yield
(3aa)(%) (3a)(%)

1 CHsCN 30 >20:1 <5
2 MTBE 0 - 0
3 NMP 76 >20:1 <5
4 DME 75 >20:1 <5
5 anisole 85 >20:1 <5
6 1,4-dioxane 48 >20:1 <5

aReaction conditions: 1a (0.5 mmol), 2a (0.6 mmol), [Pd(allyl)Cl]2 (0.0125 mmol, 2.5
mol%), RuPhos (0.0275 mmol, 5.5 mol%), NH4Cl (0.025 mmol, 5 mol%), CO (20 atm),
solvent (1.0 mL), 120 °C, 12 h.

Table 5. Screening of pressures of CO?

[Pd(allyl)Cl], (2.5 mol%)
©\/\ " ©/\ + co __Ruphos (5.5 mmol%)
CHO anisole, NH4CI (5 mol%)

1a 2a 120°C, 12 h
Entry CO (atm)  Yield (3aa)(%) endo/exo 3aa  Yield (Sa)(%)
1 15 55 >20:1 <5
2 10 47 >20:1 <5
3 5 32 >20:1 <5
4 20 85 >20:1 <5
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#Reaction conditions: 1a (0.5 mmol), 2a (0.6 mmol), [Pd(allyl)Cl]2 (0.0125 mmol, 2.5
mol%), RuPhos (0.0275 mmol, 5.5 mol%), NH4Cl (0.025 mmol, 5 mol%), CO (x atm),
anisole (1.0 mL), 120 °C, 12 hours.
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4. General procedure for hydrocarbonylative lactonization and cycloaddition

4.2 General procedure A:

(o)
o,
X R4 R, [PS(lelr)]/I)CI]; 5(32.5 rIT:/OI/o) R,
+ CO + \[ uPhos (5.5 mol%) Ry
CHO Rs anisole, NH4CI (5 mol%) Rj
1a 2 120°C, 12 h 3

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (0.5 mmol), alkene 2 (0.6
mmol), NH4ClI (1.3 mg, 0.025 mmol, 5 mol%), [Pd(allyl)Cl]2 (4.6 mg, 0.0125 mmol,
2.5 mol%), RuPhos (12.8 mg, 0.028 mmol, 5.5 mol%) and anisole (1.0 mL) were added
to a dry glass vessel. The glass vessel was put into an autoclave and then taken out from
glove box. The autoclave was purged and charged with CO (20 atm). The reaction
mixture was stirred at 120 °C for 12 hours. After the reaction finished, the autoclave
was cooled to room temperature and the pressure was carefully released in the fume
hood. The ratio (endo/exo) of the crude reaction mixture was determined by *H NMR
analysis, GC-MS, and GC analysis. The solvent was evaporated under reduced pressure
and the resulting residue was purified by column chromatography on silica gel to afford
the product 3.

4.1 General procedure B:

[Pd(ally!)Cl], (2.5 mol%)

\ \
I RuPhos (5.5 mol% W
R _ + €O+ ©\/ isol NH(CI Tl’) PR 7\
CHO anisole, 4Cl (5 mol%) N

120°C, 12 h —/ R

In the glove box, a mixture of 1 (0.5 mmol), styrene 2a (0.6 mmol), NH4CI (1.3
mg, 0.025 mmol, 5 mol%), [Pd(allyl)Cl]> (4.6 mg, 0.0125 mmol, 2.5 mol%), RuPhos
(12.8 mg, 0.028 mmol, 5.5 mol%) and anisole (1.0 mL) were added to a dry glass vessel.
The glass vessel was put into an autoclave and then taken out from glove box. The
autoclave was purged and charged with CO (20 atm). The reaction mixture was stirred
at 120 °C for 12 hours. After the reaction finished, the autoclave was cooled to room

temperature and the pressure was carefully released in the fume hood. The ratio
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(endo/exo) of the crude reaction mixture was determined by *H NMR analysis, GC-
MS,and GC analysis. The solvent was evaporated under reduced pressure and the
resulting residue was purified by column chromatography on silica gel to afford the
product 3.

4.3 General procedure C:

o]
N [Pd(allyl)Cl], (2.5 mol%) CHO
0,
R—(I\ . co .RuPhos (5.5 mol%) _ ] N
= anisole, NH,CI (5 mol%) 7 N\
CHO N J
1 120°C, 12 h R 3 —/"R

In the glove box, a mixture of 1 (0.8 mmol), NH4Cl (1.0 mg, 0.02 mmol, 5 mol%),
[Pd(allyl)CI]2 (3.6 mg, 0.01 mmol, 2.5 mol%), RuPhos (10.3 mg, 0.022 mmol, 5.5
mol%) and anisole (1.0 mL) were added to a dry glass vessel. The glass vessel was put
into an autoclave and then taken out from glove box. The autoclave was purged and
charged with CO (20 atm). The reaction mixture was stirred at 120 °C for 12 hours.
After the reaction finished, the autoclave was cooled to room temperature and the
pressure was carefully released in the fume hood. The ratio (endo/exo) of the crude
reaction mixture was determined by *H NMR analysis, GC-MS,and GC analysis.. Then
the solvent was evaporated under reduced pressure and the resulting residue was

purified by column chromatography on silica gel (PE/EA = 3:1) to afford the product 3.
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5.1 Spectral data of products
4-methyl-3-phenyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-one

(endo-3aa): The title compound was prepared according to
/ General procedure A and purified by column
@U chromatography to give a light white solid (3aa: 111 mg, 84%

endo-3aa

yield), dr > 20:1. M.p.: 192-194 °C. IR (neat) v(cm™): 3007,

2975, 2934, 2876, 1744. *H NMR (400 MHz, CDCls) & 1.38 (s, 3H), 1.89 (ddd, J1 =
14.2 Hz, J> = 4.5 Hz, J3 = 1.5 Hz, 1H), 3.02 (ddd, J: = 14.2 Hz, J, = 10.2 Hz, J3 = 4.1
Hz, 1H), 3.21 (dd, J; =10.4 Hz, J» = 4.4 Hz, 1H), 5.74 (d, J = 2.8 Hz, 1H), 6.29 (d, J =
6.8 Hz, 2H), 6.99 (m, J= 7.2 Hz, 1H), 7.06 (t, J= 8.0 Hz, 2H), 7.15 (t, J= 7.6 Hz, 1H),
7.33-7.39 (M, 1H), 7.39-7.44 (m, 2H); 13C NMR (100 MHz, CDCl3) § 14.5,37.2, 43.8,
49.3,76.9, 122.4, 125.0, 127.3, 127.7, 128.0, 128.4, 128.9, 136.1, 137.8, 139.8, 175.5;
HRMS (ESI) calcd. for C1g8H1602Na [M+Na]: 287.1048, found: 287.1049.
The compound was also confirmed by single-crystal X-ray analysis.
Qc
@o

Figure S2. The structure of the product endo-3aa

4-methyl-3-(o-tolyl)-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-one

0 (endo-3ab): The title compound was prepared according to
é General procedure A and purified by column chromatography
endo-3ab to give a light white solid (3ab : 89 mg, 66% yield). dr > 20:1.

M. p.: 166-168 °C. IR (neat) v(cm™): 2978, 2940, 2864, 1743,
1687, 1594. 'H NMR (400 MHz, CDCls) 6 1.41 (s, 3H), 1.75 (dqg, J1 = 14.0 Hz, J; =
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1.2 Hz, 1H), 2.40 (s, 3H), 3.02 (ddd, J; = 14.3 Hz, J> = 10,3 Hz, Js = 4.2 Hz, 1H), 3.64
(dd, 31 = 10.0 Hz, J, = 4.4 Hz, 1H), 5.34 (d, J = 8.0 Hz, 1H), 5.73 (d, J = 4.0 Hz, 1H),
6.72 (t, J= 7.2 Hz, 1H), 6.99-7.11 (m, 3H), 7.36-7.42 (m, 3H); 13C NMR (100 MHz,
CDCls) 6 13.5, 20.8, 37.1, 37.9, 50.0, 77.4, 122.4, 125.6, 126.1, 126.5, 126.9, 127.8,
129.1, 130.3, 136.4, 137.1, 138.1, 138.7, 175.9; HRMS (ESI) calcd. for C19H1802Na
[M+Na]: 301.1204, found: 301.1205.
4-methyl-3-(m-tolyl)-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-one

0 (endo-3ac): The title compound was prepared according to
c
\® N y General procedure A and purified by column
chromatography to give a light white solid (3ac : 105 mg, 76%
endo-3ac

yield). dr > 20:1. M. p.: 137-140 °C. IR (neat) v(cm™): 2971,
2938, 2908, 1749. 'H NMR (400 MHz, CDClz) 6 1.37 (s, 3H), 1.85 (dg, J1 = 14.0 Hz,
J2= 1.2 Hz, 1H), 2.13 (s, 3H), 3.00 (ddd, J1 = 14.2 Hz, J, = 10.2 Hz, J3 = 4.0 Hz, 1H),
3.17 (dd, J1 = 10.0 Hz, J2 = 4.4 Hz, 1H), 5.72 (dd, J1 = 4.0 Hz, J; = 1.2 Hz, 1H), 6.08
(s, 2H), 6.95 (d, J= 5.2 Hz, 2H), 6.99 (d, J= 7.2 Hz, 1H), 7.33-7.37 (m, 1H), 7.39-7.44
(m, 2H); 13C NMR (100 MHz, CDCls) 5 14.6, 21.4, 37.4,43.9, 49.4, 77.1,122.4, 1251,
125.5, 127.7, 128.0, 128.0, 128.9, 129.4, 136.4, 137.7, 138.0, 138.9, 175.7; HRMS
(ESI) calcd. for C19H1802Na [M+Na]: 301.1204, found: 301.1202.

4-methyl-3-(p-tolyl)-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-one

o (endo-3ad): The title compound was prepared according to

s General procedure A and purified by column

/@ chromatography to give a light white solid (3ad : 101 mg,
endo-3ad 73% yield). dr > 20:1. M. p.: 178-180 °C. IR (neat) v(cm™):

2977, 2936, 2871, 1747, 1687. *H NMR (400 MHz, CDCl3) & 1.37 (s, 3H), 1.83 (dg,
J1=14.0 Hz, Jo = 1.2 Hz, 1H), 2.23 (s, 3H), 3.00 (ddd, J; = 14.2 Hz, J, = 10.3 Hz, Js =
4.1 Hz, 1H), 3.17 (dd, J: = 10.0 Hz, Jo = 4.4 Hz, 1H), 5.72 (dd, J; = 4.0 Hz, Jo = 1.2 Hz,
1H), 6.17 (d, J= 7.2 Hz, 2H), 6.87 (d, J = 8.0 Hz, 2H), 6.99 (d, J= 7.6 Hz, 1H), 7.32-
7.43 (m, 3H); 13C NMR (100 MHz, CDCls) & 14.5, 21.0, 37.3, 43.5, 49.4, 77.0, 122.4,
125.0,127.7,128.4,128.8,128.9, 136.3, 136.8, 137.0, 137.9, 175.7; HRMS (ESI) calcd.
for C10H1802Na [M+Na]: 301.1204, found: 301.1211.
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3-(4-methoxyphenyl)-4-methyl-1,2,3,4-tetrahydro-1,4-

0 (epoxymethano)naphthalen-9-one (endo-3ae): The title
&
y compound was prepared according to General procedure
N
O/® A and purified by column chromatography to give a light
endo-3ae
white solid (3ae : 116 mg, 79% yield), dr > 20:1. M. p.:

135-137 °C. *H NMR (400 MHz, CDCl3) § 1.37 (s, 3H), 1.81 (dq, J1 = 14.0 Hz, Jo =
1.2 Hz, 1H), 3.00 (ddd, J; = 14.2 Hz, J» = 10.3 Hz, J3 = 4.0 Hz, 1H), 3.17 (dd, J;: = 10.0
Hz, Jo = 4.4 Hz, 1H), 3.72 (s, 3H), 5.71 (dd, J1 = 4.0 Hz, J, = 1.2 Hz, 1H), 6.20 (d, J =
8.0 Hz, 2H), 6.60 (dd, J; =7.6 Hz, J» = 1.2 Hz, 2H), 6.99 (d, J= 7.4 Hz, 1H), 7.33-7.36
(m, 1H), 7.37-7.43 (m, 2H); 13C NMR (100 MHz, CDCls) § 14.5,37.3, 43.1,49.5, 55.2,
77.0, 113.4, 122.4, 125.0, 127.7, 128.9, 129.4, 131.8, 136.3, 137.9, 135.8, 175.7;
HRMS (ESI) calcd. for C1gH1s0sNa [M+Na]: 317.1154, found: 317.1157.
3-(4-(tert-butyl)phenyl)-4-methyl-1,2,3,4-tetrahydro-1,4-

o (epoxymethano)naphthalen-9-one (endo-3af): The title

£ : compound was prepared according to General procedure

A and purified by column chromatography to give a white

endo-3af

solid (3af : 102 mg, 64% vyield), dr > 20:1. M. p.: 58-61 °C.

IH NMR (400 MHz, CDCls) & 1.23 (s, 9H), 1.38 (s, 3H), 1.83 (dq, J1 = 14.0 Hz, J, =
1.2 Hz, 1H), 3.00 (ddd, J1 = 14.2 Hz, J> = 10.3 Hz, J3 = 4.1 Hz, 1H), 3.18 (dd, J1 = 10.0
Hz, Jo = 4.4 Hz, 1H), 5.71 (dd, J1 = 4.0 Hz, J2 = 1.2 Hz, 1H), 6.22 (d, J = 8.0 Hz, 2H),
7.02-7.09 (m, 3H), 7.34-7.42 (m, 3H); 13C NMR (100 MHz, CDCl3) § 14.6, 31.4, 34.5,
37.4,43.4,49.4, 77.1, 122.4, 125.0, 125.2, 127.7, 128.2, 129.0, 136.3, 136.8, 138.0,
150.2, 175.8; HRMS (ESI) calcd. for C22H2502 [M+H]: 321.1855, found: 321.1853.
4-methyl-3-(4-(trifluoromethyl)phenyl)-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-9-one (endo-3ag): The title

compound was prepared according to General procedure

0
c
m(@ﬂ% A and purified by column chromatography to give yellow

endo-3ag oil (3ag : 108 mg, 81% yield), dr > 20:1. 'H NMR (400

MHz, CDCl3) 6 1.38 (s, 3H), 1.85 (dq, J1 =14.0 Hz, J, = 1.2
Hz, 1H), 3.05 (ddd, J1 = 14.3 Hz, J> = 10.3 Hz, J3 = 4.0 Hz, 1H), 3.29 (dd, J1 = 10.0 Hz,
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J2= 4.4 Hz, 1H), 5.76 (d, J= 3.2 Hz, 1H), 6.39 (d, J= 7.2 Hz, 2H), 7.00 (d, J= 7.6 Hz,
1H), 7.33-7.37 (m, 2H), 7.38-7.42 (m, 1H), 7.43-7.46 (m, 2H); 3C NMR (100 MHz,
CDCl3) 8 14.5,37.2, 43.8, 49.2, 76.8, 122.6, 125.0 (Jc.r = 10.0 Hz), 128.1, 128.9, 129.8,
135.8 137.8, 144.1, 175.0; 1°F NMR (376 MHz, CDCls) § -62.6; HRMS (ESI) calcd.
for C19H1sFsO2Na [M+ Na]: 355.0922, found: 355.0925.

3-(2-chlorophenyl)-4-methyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-

9-one (endo-3ah): The title compound was prepared according

o
Oﬁl% to General procedure A and purified by column
chromatography to give a white solid (3ah : 89 mg, 60% vyield),

endo-3ah

dr > 20:1. M. p.: 128-130 °C. *H NMR (400 MHz, CDCls) &
1.46 (s, 3H), 1.74 (dq, J1 = 14.0 Hz, J> = 1.2 Hz, 1H), 3.06 (ddd, J; = 14.3 Hz, J, = 10.3
Hz, Js = 4.1 Hz, 1H), 4.10 (dd, J1 = 10.0 Hz, J» = 4.4 Hz, 1H), 5.40 (dd, J; = 7.6 Hz, J,
=1.2 Hz, 1H), 5.74 (dd, J1 = 4.0 Hz, J, = 0.8 Hz, 1H), 6.78-6.82 (m, 1H), 7.04-7.08 (m,
2H), 7.32-7.34 (m, 1H), 7.35-7.44 (m, 3H); 3C NMR (100 MHz, CDCl3) 5 13.4, 37.4,
37.5,49.8, 77.4, 122.6, 125.3, 126.7, 128.0, 128.1, 128.3, 129.1, 129.5, 135.3, 136.2,
138.0, 175.2; HRMS (ESI) calcd. for C1gH16ClO2 [M+H]: 299.0839, found: 299.0835.
3-(3-chlorophenyl)-4-methyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-

o 9-one (endo-3ai): The title compound was prepared
Cl & according to General procedure A and purified by column
@ % chromatography to give a white solid (3ai : 105 mg, 71%

endo-3ai yield). dr > 20:1. M. p.: 123-126 °C. IR (neat) v(cm™): 2977,

2936, 1752, 1614, 1589. *H NMR (400 MHz, CDCls) § 1.39 (s, 3H), 1.81-1.86 (m, 1H),
3.02 (ddd, Ji = 14.2 Hz, J2 = 10.2 Hz, J3 = 4.0 Hz, 1H), 3.19 (dd, J; = 10.0 Hz, J2 = 4.4
Hz, 1H), 5.73 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 6.20 (d, J = 6.4 Hz, 2H), 6.99-7.03 (m,
2H), 7.12-7.14 (m, 1H), 7.36-7.44 (m, 3H); 3C NMR (100 MHz, CDCls) 5 14.5, 37.3,
43.7,49.3,76.8, 122.6, 125.1, 126.8, 128.1, 128.6, 129.1, 129.3, 134.0, 135.9, 137.8,
142.1, 175.2; HRMS (ESI) calcd. for C1sH16CI1O2 [M+H]: 299.0839, found: 299.0841.
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3-(2-chlorophenyl)-4-methyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-

9-one (endo-3aj): The title compound was prepared according to General procedure

A and purified by column chromatography to give a light

o
g white solid (3aj : 106 mg, 71% yield), dr > 20:1. M. p.: 118-
m@ % 120°C. 'H NMR (400 MHz, CDCls) & 1.37 (s, 3H), 1.80 (dq,

endo-3aj

J1=14.2 Hz, J, = 1.4 Hz, 1H), 3.02 (ddd, J; = 14.2 Hz, J> =
10.3 Hz, J3 = 4.0 Hz, 1H), 3.19 (dd, J1 = 10.4 Hz, J» = 4.4 Hz, 1H), 5.73 (dd, J; = 4.0
Hz, J2 = 1.2 Hz, 1H), 6.20 (d, J = 7.6 Hz, 2H), 6.99 (d, J = 6.8, 1H), 7.04-7.06 (m, 2H),
7.34-7.44 (m, 3H); 3C NMR (100 MHz, CDCls) 5 14.5, 37.3, 43.3, 49.3, 76.8, 122.5,
125.1, 128.0, 128.3, 129.1, 133.3, 135.9, 137.8, 138.4, 175.3; HRMS (ESI) calcd. for
C18H16CIO2 [M+H]: 299.0839, found: 299.0835.
3-(4-fluorophenyl)-4-methyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-
9-one (endo-3ak): The title compound was prepared according to General procedure
A and purified by column chromatography to give a white solid (3ak : 100 mg, 71%
yield), dr > 20:1. M. p.; 135-137 °C. 'H NMR (400 MHz,

CDCls) 8 1.37 (s, 3H), 1.81 (dd, J1 = 14.0 Hz, J; = 4.0 Hz,

F@% 1H), 3.01 (ddd, J1 = 14.2 Hz, J» = 10.3 Hz, Js = 3.9 Hz, 1H),

3.21 (dd, J; = 10.0 Hz, J, = 4.4 Hz, 1H), 5.72 (d, J = 3.6 Hz,
1H), 6.23 (t, J = 6.8 Hz, 2H), 6.74 (t, J = 8.4 Hz, 2H), 6.98

(d, J = 7.6 Hz, 1H), 7.34-7.44 (m, 3H); 13C NMR (100 MHz, CDCl3) § 14.5,37.3,43.1,
49.3, 76.8, 114.8 (Jc.r = 20.0 Hz), 122.5, 125.0, 127.9, 129.0 (Jc-r = 2.0 Hz), 129.9,
135.6 (Jc.Fr =2.0 Hz), 136.0, 137.8, 160.8 (Jc-F = 250.0 Hz), 175.4; 1°’F NMR (376 MHz,
CDCl3) & -115.3; HRMS (ESI) calcd. for CigHisFO2 [M+H]: 283.1134, found:
283.1138.

4-methyl-3-(naphthalen-1-yl)-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-

9-one (endo-3al): The title compound was prepared according to General procedure

A and purified by column chromatography to a white solid

(o]
ﬁ% (3al : 82 mg, 56% yield), dr > 20:1. M. p.: 132-134 °C. IR

(neat) v(cm™): 3057, 2974, 2931, 1743. 'H NMR (400 MHz,

endo-3al

CDCls) & 1.40 (s, 3H), 1.97 (dg, J1 = 12.8 Hz, J, = 4.4 Hz,
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1H), 3.08 (ddd, J1 = 14.3 Hz, J2 = 10.3 Hz, J3 = 4.1 Hz, 1H), 3.38 (dd, J: = 10.4 Hz, J.
= 4.4 Hz, 1H), 5.78 (dd, J1 = 3.6 Hz, J, = 0.8 Hz, 1H); 6.26 (d, J = 7.2 Hz, 1H), 6.85 (s,
1H), 6.95 (d, J = 7.6 Hz, 1H), 7.33-7.40 (m, 1H), 7.40-7.43 (m, 2H), 7.44-7.52 (m, 2H),
7.54-7.57 (m, 2H), 7.71-7.73 (m, 1H); 13C NMR (100 MHz, CDCl3) 6 14.6, 37.4, 44.1,
49.6, 77.1, 122.6, 125.2, 126.0, 126.2, 127.6, 127.8, 127.8, 127.9, 132.6, 133.0, 136.4,
138.0, 175.6; HRMS (ESI) calcd. for C22H1902Na [M+ Na]: 315.1385, found:
315.1387.
3,4-dimethyl-3-phenyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-one

) (endo-3am): The title compound was prepared according to
¢ General procedure A and purified by column
@ chromatography to give a white solid (3am : 91 mg, 66% yield),

endo-3am

dr>20:1. M. p.: 121-123°C.  'H NMR (400 MHz, CDCl3) &
1.33 (s, 3H), 1.70 (s, 3H), 2.40 (dd, J; = 14.4 Hz, J, = 1.6 Hz, 1H), 2.57 (dd, J; = 14.0
Hz, J2 = 4.0 Hz, 1H), 5.73 (dd, J1 = 3.6 Hz, J, = 1.2 Hz, 1H), 6.38 (d, J = 7.6 Hz, 2H),
6.83 (d, J = 7.6 Hz, 1H), 7.01-7.12 (m, 3H), 7.24-7.28 (m, 1H), 7.35-7.40 (m, 2H); 13C
NMR (100 MHz, CDCl3) § 11.2, 26.5, 42.0, 45.2, 53.8,77.3, 122.2, 125.3, 126.7, 127.4,
127.4, 127.8, 128.9, 137.6, 138.0, 142.9, 175.5; HRMS (ESI) calcd. for CioH1902
[M+H]: 279.1385, found: 279.1388.

The compound was also confirmed by single-crystal X-ray analysis.
Qc
@

Figure S3. The structure of the product endo-3am
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2,4-dimethyl-3-phenyl-1,2,3,4-tetrahydro-1,4-(epoxymethano) naphthalen-9-one

o (endo-3an): The title compound was prepared according to

@ /é General procedure A and purified by column

\% chromatography to give a white solid (3an : 83 mg, 60% yield),
endo-3an

dr>20:1. M. p.: 169-170°C. 'H NMR (400 MHz, CDCl3) 6
1.32 (s, 3H), 1.35 (d, J = 6.8 Hz, 3H), 2.12 (qdd, J1 = 6.8 Hz, J = 5.2 Hz, Js = 1.1 Hz,
1H), 2.58 (d, J = 5.2 Hz, 1H), 5.40 (s, 1H), 6.34 (d, J = 6.8 Hz, 2H), 7.04-7.17 (m, 3H),
7.15-7.19 (m, 1H), 7.35-7.42 (m, 3H); 13C NMR (100 MHz, CDCl3) § 14.5, 18.3, 44.1,
49.7, 53.3, 82.1, 122.6, 125.0, 127.4, 127.8, 128.2, 128.7, 129.0, 135.7, 138.7, 138.5,
175.5; HRMS (ESI) calcd. for C19H1902 [M+H]: 279.1385, found: 279.1385.

The compound was also confirmed by single-crystal X-ray analysis.

Qc
H
@o

Figure S4. The structure of the product endo-3an

4-methyl-3-((E)-styryl)-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-one

(endo-3a0): The title compound was prepared according to

[o)
c
Q/\% General procedure A and purified by column

endo-3ao chromatography to give yellow oil (3ao : 78 mg, 54% yield),

dr > 20:1. *H NMR (400 MHz, CDCls)  1.56 (dd, J1 = 11.6
Hz, J» = 1.2 Hz, 1H), 1.63 (s, 3H), 2.76-2.85 (m, 2H), 5.15-5.21 (m, 1H), 5.60 (t, J =
2.0 Hz, 1H), 6.34 (d, J= 14.4 Hz, 1H), 7.15-7.21 (m, 3H), 7.22-7.26 (m, 3H), 7.31-7.38
(M, 2H), 7.40-7.44 (m, 1H); 13C NMR (100 MHz, CDCls) & 14.5,35.3, 42.1, 48.4, 76.5,
122.8, 124.0, 126.3, 126.5, 127.6, 127.8, 128.5, 129.0, 133.0, 136.6, 137.4, 175.5;
HRMS (ESI) calcd. for C2oH1802Na [M+Na]: 313.1204, found: 313.1200.
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4-methyl-3-((E)-4-methylstyryl)-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-9-one (endo-3ap): The title

[o]
$
m% compound was prepared according to General procedure A

endo-3ap and purified by column chromatography to give oil (3ap : 85

mg, 56% yield), dr > 20:1. 'H NMR (400 MHz, CDCls) &
1.56 (dd, J1 = 11.6 Hz, J2 = 1.2 Hz, 1H), 1.63 (s, 3H), 2.29 (s, 3H), 2.75-2.85 (m, 2H),
5.09 (dd, J1 = 15.6 Hz, J> = 9.2 Hz, 1H), 5.60 (t, J= 2.0 Hz, 1H), 6.31 (d, J= 15.6 Hz,
1H), 7.03-7.08 (m, 4H), 7.28 (s, 1H), 7.35-7.38 (m, 2H), 7.40-7.44 (m, 1H); 3C NMR
(100 MHz, CDCl3) 6 14.5,21.3,35.3,42.2,48.5,76.6, 122.8, 124.1, 126.3, 127.5, 127.6,
129.0, 129.4, 132.9, 133.8, 136.7, 137.4, 137.7, 175.6; HRMS (ESI) calcd. for
C21H2002Na [M+Na]: 327.1361, found: 327.1358.
3-((E)-4-fluorostyryl)-4-methyl-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-9-one (endo-3aq): The title

(o]
$
FQ/\ g compound was prepared according to General procedure A

endo-3aq and purified by column chromatography to give yellow oil

(3aq : 46 mg, 30% yield), dr > 20:1. 'H NMR (400 MHz,
CDCl3) 6 1.55-1.59 (m, 1H), 1.63 (s, 3H), 2.29 (s, 3H), 2.75-2.86 (m, 2H), 5.07 (dd, J;
=15.6 Hz, J2 = 9.2 Hz, 1H), 5.61 (dd, J1 = 3.2 Hz, J» = 1.2 Hz, 1H), 6.31 (d, J= 15.6
Hz, 1H), 6.90-6.95 (m, 2H), 7.10-7.15 (m, 2H), 7.27-7.29 (m, 1H), 7.34-7.39 (m, 2H),
7.42-7.45 (m, 1H); 3C NMR (100 MHz, CDCls) & 14.6, 35.3, 42.1, 48.4, 76.5, 115.5
(Jo-r = 20.0 Hz), 122.8,124.0, 127.7 (Jcr = 9.0 Hz), 127.9, 128.2 (Jc.r = 9.0 Hz), 129.1,
131.8,132.7,136.6, 137.4, 161.2 (Jc.r = 250.0 Hz), 175.5; 1°F NMR (376 MHz, CDCl5)
0 -114.2; HRMS (ESI) calcd. for CooH1802F [M+H]: 309.1291, found: 309.1296.
12-methyl-5,5a,6,7,8,9,10,11,11a,12-decahydro-5,12-

o (epoxymethano)cycloocta[b]naphthalen-13-one (endo-3ar):

/

The title compound was prepared according to General

procedure A and purified by column chromatography to give
endo-3ar

yellow oil (3ar : 102.6 mg, 76% vyield), dr > 20:1. *H NMR

(400 MHz, CDCl3) 8 0.56-0.60 (m, 1H), 0.82-0.89 (m, 1H), 1.17-1.64 (m, 11H), 1.70
(s, 3H), 1.94 (t, J = 9.6 Hz, 1H), 2.51-2.57 (m, 1H), 5.18 (d, J = 3.2 Hz, 1H), 7.23-7.29
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(m, 3H), 7.33-7.37 (m, 1H); 13C NMR (100 MHz, CDCl3) 6 14.7, 23.3, 26.0, 26.2, 27.6,
30.7, 30.9, 43.0, 44.3, 49.6, 82.3, 123.4, 124.3, 126.8, 128.6, 135.4, 137.6, 176.2;
HRMS (ESI) calcd. for C1gH2302Na [M+Na]: 293.1517, found: 293.1515.

6-fluoro-4-methyl-3-phenyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-

0 one (endo-3ba): The title compound was prepared

i according to General procedure B and purified by column
@ %F chromatography to give a light white solid (3ba : 110 mg,
endo-3ba 74% vield), dr > 20:1. M. p.: 182-184 °C. IR (neat) v(cm™):

3059, 2974, 2931, 1743. *H NMR (400 MHz, CDCls) 6
1.36 (s, 3H), 1.91 (ddd, J1 = 14.2 Hz, J» = 4.5 Hz, J3 = 1.5 Hz, 1H), 3.02 (ddd, J1 = 14.3
Hz, J2 = 10.3 Hz, Js = 4.0 Hz, 1H), 3.22 (dd, J1 =10.4 Hz, J, = 4.4 Hz, 1H), 5.74 (dd,
J1=4.0 Hz, J; = 1.2 Hz, 1H), 6.34 (d, J = 6.8 Hz, 2H), 6.71 (dd, J; =8.8 Hz, J; = 2.4
Hz, 1H), 7.08-7.13 (m, 3H), 7.16-7.20 (m, 1H), 7.39 (dd, J; = 8.8 Hz, J» = 2.4 Hz, 1H);
13C NMR (100 MHz, CDCls) & 14.6, 37.2, 43.7, 49.7, 76.4, 112.9 (Jcr = 20.0 Hz),
114.4 (Jcr = 30.0 Hz), 124.2 (Jc-r = 9.0 Hz), 127.6, 128.4 (Jc-r = 2.0 Hz), 133.8 (Jcr
= 9.0 Hz), 139.0, 139.1, 139.5, 162. (Jcr = 25.0 Hz), 175.0; 1°F NMR (376 MHz,
CDCl3) & -111.4; HRMS (ESI) calcd. for CigHisFO2 [M+H]: 283.1134, found:
283.1136.
6-chloro-4-methyl-3-phenyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-

one (endo-3ca): The title compound was prepared according to General procedure B

and purified by column chromatography to give a light
white solid (3ca : 116 mg, 78% yield), dr > 20:1. M. p.:

o
/C
@nz Ji Vo | 179-181°C. IR (neat) v(em™): 2982, 2960, 2920, 1749.

IH NMR (400 MHz, CDCl3) § 1.36 (s, 3H), 1.91 (ddd, J;

endo-3ca

=14.2 Hz, J, = 4.5 Hz, Js = 1.5 Hz, 1H), 3.03 (ddd, J; =
14.3 Hz, J» =10.3 Hz, J3 = 4.1 Hz, 1H), 3.22 (dd, J1: = 10.4 Hz, J> = 4.4 Hz, 1H), 5.72
(dd, J1 = 4.0 Hz, J2 = 1.2 Hz, 1H), 6.34 (d, J= 7.2 Hz, 2H), 6.99 (d, J= 2.0 Hz, 1H),
7.10-7.17 (m, 2H), 7.17-7.21 (m, 1H), 7.36-7.42 (m, 2H); 3C NMR (100 MHz, CDCl3)
0 14.5, 37.0, 43.7, 49.5, 76.4, 123.8, 125.6, 127.6, 127.9, 128.4, 128.4, 135.2, 136.4,
138.4, 139.4, 174.8; HRMS (ESI) calcd. for C1gH16CIO, [M+H]: 299.0839, found:
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299.0839.
4,6-dimethyl-3-phenyl-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-9-one

(endo-3da): The title compound was prepared according to

o
c
@ﬁ: General procedure B and purified by column
chromatography to give a light white solid (3da : 74 mg, 53%

endo-3da

yield), dr > 20:1. M. p.: 136-138°C. H NMR (400 MHz,
CDCl3) 8 1.36 (s, 3H), 1.87 (ddd, J1 = 14.2 Hz, J, = 4.5 Hz, J3 = 1.5 Hz, 1H), 2.34 (s,
3H), 3.00 (ddd, J1 = 14.2 Hz, J2 = 10.2 Hz, J3 = 4.0 Hz, 1H), 3.20 (dd, J; = 10.4 Hz, J
= 4.4 Hz, 1H), 5.70 (dd, J1 = 4.0 Hz, J, = 1.2 Hz, 1H), 6.32 (d, J= 7.2 Hz, 1H), 6.80 (d,
J=0.6 Hz, 1H), 7.07-7.11 (m, 2H), 7.14-7.18 (m, 1H), 7.18-7.22 (m, 1H), 7.30 (d, J =
7.6 Hz, 1H); C NMR (100 MHz, CDCls) 6 14.6, 21.7, 37.4, 43.9, 49.3, 76.9, 122.3,
125.7,127.3,128.1,128.2,128.6, 135.1, 136.1, 138.9, 140.0, 175.9; HRMS (ESI) calcd.
for C10H1802Na [M+Na]: 301.1204, found: 301.1204.
6-methoxy-4-methyl-3-phenyl-1,2,3,4-tetrahydro-1,4-

o (epoxymethano)naphthalen-9-one (endo-3ea): The title
@ : J compound was prepared according to General procedure B
endo-3ea and purified by column chromatography to give a light white

solid (3ea : 93 mg, 63% vyield), dr > 20:1. M. p.: 155-157 °C. 'H NMR (400 MHz,
CDCls) & 1.35 (s, 3H), 1.89 (ddd, J1 = 14.0 Hz, J2 = 4.5 Hz, Js = 1.4 Hz, 1H), 3.00 (ddd,
Ji1=14.2 Hz, J, = 10.3 Hz, J3 = 4.0 Hz, 1H), 3.19 (dd, J1 = 10.4 Hz, J> = 4.4 Hz, 1H),
3.77 (s, 3H), 5.69 (dd, J1 = 4.0 Hz, J» = 1.2 Hz, 1H), 6.36 (d, J = 7.2 Hz, 1H), 6.54 (d,
J=2.4Hz, 1H), 6.89 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 1H), 7.08-7.17 (m, 3H), 7.32 (d, J =
8.4 Hz, 1H); *C NMR (100 MHz, CDCls) 6 14.6, 37.5, 43.9, 49.7, 55.6, 76.7, 111.6,
112.4,123.6,127.3,128.2,128.6,130.4, 137.9, 139.9, 160.5, 175.6; HRMS (ESI) calcd.
for C19H1803Na [M+Na]: 317.1154, found: 317.1155.

7-methoxy-4-methyl-3-phenyl-1,2,3,4-tetrahydro-1,4-

o (epoxymethano)naphthalen-9-one (endo-3fa): The title

g compound was prepared according to General procedure B
@ and purified by column chromatography to give yellow oil
rdod O ] (3fa: 95 mg, 65% yield). dr > 20:1 TH NMR (400 MHz,
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CDCl3) & 1.36 (s, 3H), 1.87 (ddd, J; = 14.1 Hz, J, = 4.5 Hz, J3 = 1.5 Hz, 1H), 2.34 (s,
3H), 3.00 (ddd, Ji = 14.2 Hz, J, = 10.2 Hz, Js = 4.0 Hz, 1H), 3.19 (dd, J;: =10.4 Hz, J,
= 3.2 Hz, 1H), 5.69 (dd, J1 = 4.0 Hz, Jo = 1.2 Hz, 1H), 6.32 (d, J= 7.2 Hz, 2H), 6.81 (s,
1H), 7.06-7.14 (m, 2H), 7.15-7.18 (m, 1H), 7.19-7.21 (m, 1H), 7.30 (t, J= 4.0 Hz, 1H);
13C NMR (100 MHz, CDCls) 6 14.6, 21.7, 37.5, 44.0, 49.4, 76.9, 122.3, 125.8, 127.3,
128.1, 128.2, 128.6, 135.2, 136.2, 138.9, 140.1, 175.8; HRMS (ESI) calcd. for
C19H1803Na[M+Na]: 317.1154, found: 317.1154.
4-methyl-3-phenyl-6-(trifluoromethyl)-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-9-one (endo-3ga): The title

(0]
1 compound was prepared according to General procedure B
@ %C% and purified by column chromatography to give yellow oil

endo-3ga

(3ga : 119 mg, 74% yield), dr > 20:1. *H NMR (400 MHz,

CDCls) § 1.41 (s, 3H), 1.91 (ddd, J; = 14.4 Hz, Jo = 4.6 Hz, J3 = 1.4 Hz, 1H), 3.06 (ddd,
J1=14.4 Hz, Jo = 10.3 Hz, J3 = 4.1 Hz, 1H), 3.26 (dd, J1 = 10.4 Hz, J2 = 4.4 Hz, 1H),
5.80 (d, J= 3.6 Hz, 1H), 6.26 (d, J = 7.2 Hz, 2H), 7.07-7.11 (m, 2H), 7.15-7.19 (m, 1H),
7.23 (s, 1H), 7.56 (d, J = 7.6 Hz, 1H), 7.70 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz,
CDCls) § 13.4, 22.5, 35.8, 42.7, 48.6, 74.3, 121.0 (Jcr = 2.0 Hz), 120.0, 124.0 (Jor =
2.0 Hz), 126.7, 127.3 (Jc.r = 2.0 Hz), 129.9 (Jc.r = 30.0 Hz), 130.9, 136.6, 138.1, 140.5,
173.5; °F NMR (376 MHz, CDCls) § -62.3; HRMS (ESI) calcd. for CigH1sF302Na
[M+Na]: 355.0922, found: 355.0922.

8-methyl-7-phenyl-5,6,7,8-tetrahydro-5,8-(epoxymethano)naphtho[2,3-

d][1,3]dioxol-10-one (endo-3ha): The title compound was

(o)
g prepared according to General procedure B and purified by
@ )O column chromatography to give a light white solid (3ha : 112
endo-3ha O mg, 73% vield), dr > 20:1. M. p.: 137-139 °C. 'H NMR (400

MHz, CDCls) & 1.32 (s, 3H), 1.88 (ddd, J; = 14.1 Hz, J; = 4.5 Hz, J3 = 1.4 Hz, 1H),
2.99 (ddd, J1 = 14.1 Hz, J2 = 10.1 Hz, J3 = 4.0 Hz, 1H), 3.15 (dd, J: = 10.0 Hz, J2 = 4.4
Hz, 1H), 5.63 (d, J = 3.6 Hz, 1H), 5.99 (t, J= 1.6 Hz, 1H), 6.05 (dd, J; = 2.2 Hz, J =
1.4 Hz, 1H), 6.41 (d, J = 6.8 Hz, 2H), 6.49 (s, 1H), 6.93 (s, 1H), 7.11-7.20 (m, 3H); 13C
NMR (100 MHz, CDCls) § 15.0, 37.4, 43.8, 49.2, 76.9, 101.5, 104.5, 106.5, 127.4,
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128.3, 128.6, 130.2, 131.6, 140.0, 147.1, 148.3, 175.6; HRMS (ESI) calcd. for
C19H1704 [M+H]: 309.1127, found: 309.1131.
6,7-dimethoxy-4-methyl-3-phenyl-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-9-one (endo-3ia): The title

o
7 compound was prepared according to General procedure B
/
@ %0 and purified by column chromatography to give a light white

endo-3ia
/

solid (3ia : 121 mg, 74% yield), dr > 20:1. M. p.: 164-166 °C.
IH NMR (400 MHz, CDCl3) & 1.35 (s, 3H), 1.87 (ddd, J1 = 14.0 Hz, Jo = 4.4 Hz, J3 =
1.4 Hz, 1H), 2.99 (ddd, J1 = 14.1 Hz, J, = 10.2 Hz, J3 = 4.0 Hz, 1H), 3.17 (dd, J1 = 10.0
Hz, J; = 4.4 Hz, 1H), 3.79 (s, 3H), 3.98 (s, 3H), 5.67 (d, J = 3.2 Hz, 1H), 6.34 (d, J =
6.8 Hz, 2H), 6.50 (s, 1H), 7.00 (s, 1H), 7.08-7.18 (m, 3H); *C NMR (100 MHz, CDCls)
014.7,37.5,43.9,49.0,56.3, 56.3,76.8, 106.3, 108.7, 127.3, 128.1, 128.4, 128.5, 130 4,
140.0, 148.6, 149.6, 175.8; HRMS (ESI) calcd. for C20H2104 [M+H]: 325.1440, found:
325.1441.
2-(4-Methyl-9-oxo0-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-3-

yl)benzaldehyde (endo-3a): The title compound was

o)
CHO prepared according to General procedure C and purified by
@ column chromatography to give a white solid (3a: 104 mg,

endo-3a 85% yield), dr > 20:1. M. p.: 173-175 °C. IR (neat) v(cm™):

2979, 2939, 2863, 2724, 1742, 1687, 1593. 'H NMR (400
MHz, CDCls) & 1.35 (s, 3H), 1.84 (ddd, J1 = 14.2 Hz, J, = 4.7 Hz, Js = 1.4 Hz, 1H),
3.09 (ddd, J1 = 14.3 Hz, J, = 10.3 Hz, J3 = 4.1 Hz, 1H), 4.89 (dd, J1 = 10.4 Hz, J»= 4.8
Hz, 1H), 5.57 (d, J = 8.0 Hz, 1H), 5.76 (d, J = 3.2 Hz, 1H), 7.01 (d, J = 7.4 Hz, 1H),
7.10-7.15 (m, 1H), 7.32-7.47 (m, 4H), 7.74 (dd, J; = 8.0 Hz, J,= 1.2 Hz, 1H), 10.27 (s,
1H); C NMR (100 MHz, CDCls) 6 13.6, 34.2, 37.6, 49.5, 76.8, 122.6, 125.1, 127.5,
128.0, 128.2, 129.1, 133.3, 133.5, 135.1, 136.3, 138.1, 142.3, 175.0, 193.0; HRMS
(ESI) calcd. for C19H1603Na [M+Na]: 315.0997, found: 315.0986.

The compound was also confirmed by single-crystal X-ray analysis.
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Figure S5. The structure of the product endo-3a
2-(4-Methyl-9-oxo0-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-3-

yl)benzaldehyde (exo0-3a): The title compound was prepared according to General

procedure C and purified by column chromatography to

cHo 9
¢ give a white solid. M. p.: 168-170 °C. IR (neat) v(cm™):

2964, 2950, 2927, 2870, 2854, 2772, 1740, 1690, 1573. *H

exo-3a NMR (400 MHz, CDCl3) & 1.31 (s, 3H), 2.48-2.55 (m, 2H),

453 (dd, J1 = 9.8 Hz, J» = 6.8 Hz, 1H), 5.75 (s, 1H), 7.32-7.33 (m, 4H), 7.47-7.54 (m,
2H), 7.62 (t, J = 7.4 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H), 10.12 (s, 1H); 13C NMR (100
MHz, CDClIs) 6 13.4, 37.6, 37.8, 49.8, 76.8, 122.6, 123.0, 127.6, 127.7, 128.4, 129.2,
134.6, 135.0, 135.2, 137.7, 140.0, 143.5, 175.2, 193.7; HRMS (ESI) calcd. for
C19H1603Na[M+Na]: 315.0997, found: 315.0995.

Qc
H

Figure S6. The structure of the product exo-3a
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4-Fluoro-2-(6-fluoro-4-methyl-9-oxo-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-3-yl)benzaldehyde) (endo-3b):

o
F\Qg The title compound was prepared according to General
F
CHO procedure C and purified by column chromatography to give
endo-3b

a white solid (3b: 108 mg, 82% yield), dr > 20:1. M. p.: 170-
172 °C. *H NMR (400 MHz, CDCls) & 1.35 (s, 3H), 1.80 (ddd, J1 = 14.2 Hz, J, = 4.7
Hz, J3 = 1.5 Hz, 1H), 3.10 (ddd, J; = 14.3 Hz, J> = 10.3 Hz, Js = 4.0 Hz, 1H), 4.99-5.03
(m, 1H), 5.30 (dd, J1 = 10.6 Hz, J, = 2.2 Hz, 1H), 5.76 (d, J1 = 4.0 Hz, J2 = 0.8 Hz, 1H),
6.78 (dd, J1 = 8.6 Hz, J» = 2.4 Hz, 1H), 7.04 (dt, J1 = 8.4 Hz, J, = 2.4 Hz, 1H), 7.14 (dt,
J1=8.4 Hz, J = 2.4 Hz, 1H), 7.45 (dd, J1 = 8.0 Hz, J, = 5.2 Hz, 1H), 7.78 (dd, J; = 8.4
Hz, J; = 6.0 Hz, 1H), 10.18 (s, 1H); 3C NMR (100 MHz, CDCls) & 13.5, 34.0, 37.6,
49.7 (Jc-r = 20.0 Hz), 76.0, 113.0 (Jc-F = 20.0 Hz), 114.9 (JcFr = 9.0 HZ), 115.3 (Jcr =
9.0 Hz), 124.6 (JcF = 2.0 HZz), 129.5, 131.8 (Jcr = 2.0 Hz), 133.8 (Jcr = 2.0 Hz), 136.8
(JcFr = 9.0 Hz), 138.7 (Jcr = 9.0 Hz), 145.6 (Jc-r = 2.0 Hz), 162.3 (Jc-r = 250.0 Hz),
164.0 (Jc-r = 250.0 Hz), 173.9, 191.4; °F NMR (376 MHz, CDClIs) & -102.0, -110.6;
HRMS (ESI) calcd. for Ci9H14F203Na [M+Na]: 351.0809, found: 351.0808.
5-Chloro-2-(7-chloro-4-methyl-9-ox0-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-3-yl)benzaldehyde

,é (endo-3c): The title compound was prepared
CI/Q“‘ according to General procedure C and purified by
CHO Cl column chromatography to give a light solid (3c: 119

endo-3c

mg, 85% yield), dr > 20:1. M. p.: 68-70 °C. 'H NMR
(400 MHz, CDCls) & 1.33 (s, 3H), 1.80 (ddd, J; = 14.4 Hz, J» = 4.6 Hz, J3 = 1.5 Hz,
1H), 3.09 (ddd, J1 = 14.3 Hz, J, = 10.3 Hz, J3 = 4.1 Hz, 1H), 4.94 (dd, J; = 10.4 Hz, J
= 4.4 Hz, 1H), 5.49 (d, J = 2.0 Hz, 1H), 5.76 (dd, J; = 4.0 Hz, J; = 0.8 Hz, 1H), 7.03 (d,
J=1.6 Hz, 1H), 7.28 (dd, J: = 10.4 Hz, J, = 2.0 Hz, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.47
(dd, J1 = 8.0 Hz, J2 = 2.0 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 10.18 (s, 1H); 23C NMR
(100 MHz, CDCls) & 13.5, 34.1, 37.4, 49.6, 76.0, 124.2, 125.7, 128.1, 128.4, 128.6,
133.4, 135.3, 135.7, 136.2, 138.2, 140.1, 143.7, 173.7, 191.7; HRMS (ESI) calcd. for
C19H14Cl203Na [M+Na]: 383.0218, found: 383.0216.
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2-(4-methyl-9-oxo-7-(trifluoromethyl)-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-3-yl)-5-

o
c
/Q% (trifluoromethyl)benzaldehyde (endo-3d): The title
o CHO
CF

compound was prepared according to General procedure C
endo-3d 3

and purified by column chromatography to give a light white
solid (3d: 99 mg, 48% yield), dr > 20:1. M. p.: 67-69°C. 'H NMR (400 MHz, CDCls)
8 1.37 (s, 3H), 1.84 (ddd, J; = 14.2 Hz, J2 = 4.5 Hz, Js = 1.5 Hz, 1H), 3.09 (ddd, J; =
14.3 Hz, J, = 10.3 Hz, J3 = 4.1 Hz, 1H), 5.00 (dd, J: = 10.4 Hz, J> = 4.4 Hz, 1H), 5.63
(s, 1H), 5.87 (d, J= 3.2 Hz, 1H), 7.22 (s, 1H), 7.64 (t, J= 8.0 Hz, 2H), 7.78 (d, J= 7.6
Hz, 1H), 7.89 (d, J= 8.0 Hz, 1H), 10.31 (s, 1H); 23C NMR (100 MHz, CDCls) & 13.5,
34.4,37.3,49.7,76.0, 122.1 (Jc.r = 2.0 Hz), 123.4, 124.7 (Jc.r = 2.0 Hz), 124.8, 124.9,
125.6 (Jcr = 2.0 Hz), 132.1 (Jc-r = 30.0 Hz), 134.2, 134.5, 134.8, 137.3, 137.4, 141.3,
142.6, 173.3, 192.0; *F NMR (376 MHz, CDCls) § -64.1, -62.8; HRMS (ESI) calcd.
for C21H14FsO3Na [M+Na]: 451.0745, found: 451.0748.
2-(4,7-dimethyl-9-oxo0-1,2,3,4-tetrahydro-1,4-(epoxymethano)naphthalen-3-yl)-5-

0 methylbenzaldehyde (endo-3e): The title compound was

Cc
\Q prepared according to General procedure C and purified by
CHO column chromatography to give a light white solid (3e: 122 mg,

endo-3e

95% yield), dr > 20:1. M. p.: 178-180 °C. *H NMR (400 MHz,
CDCls) & 1.30 (s, 3H), 1.79 (ddd, J; = 14.1 Hz, J2 = 4.5 Hz, Js = 1.5 Hz, 1H), 1.98 (s,
3H), 2.36 (s, 3H), 3.03 (ddd, Ji = 14.2 Hz, J2 = 10.3 Hz, Js = 4.0 Hz, 1H), 4.87 (dd, J
= 10.4 Hz, J2 = 4.4 Hz, 1H), 5.23 (s, 1H), 5.73 (dd, J1 = 3.6 Hz, J, =0.8 Hz, 1H), 6.80
(s, 1H), 7.12 (dd, J1 = 7.6 Hz, J2 =0.8 Hz, 1H), 7.24 (dd, J; = 4.8 Hz, J» =4 Hz, 1H),
7.33-7.35 (m, 1H), 7.61 (d, J = 7.6 Hz, 1H), 10.19 (s, 1H); 3C NMR (100 MHz, CDCls)
513.5,21.6,21.7,34.3, 37.8,49.6, 76.7, 122.4, 125.9, 128.1, 128.3, 129.3, 132.8, 133.7,
135.3, 136.6, 138.9, 142.4, 144.1, 175.2, 192.6; HRMS (ESI) calcd. for CaiHa0OsNa
[M+Na]: 343.1310, found: 343.1311.

S24



4-methoxy-2-(6-methoxy-4-methyl-9-ox0-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-3-yl)benzaldehyde (endo-3f):

D\% The title compound was prepared according to General
\

2;'; af procedure C and purified by column chromatography to give

a light white solid (3f: 125 mg, 89% yield), dr > 20:1. M. p.:
128-130 °C. *H NMR (400 MHz, CDCls) 6 1.35 (s, 3H), 1.82 (ddd, J; = 14.2 Hz, J, =
4.5 Hz, J3 = 1.5 Hz, 1H), 3.06 (ddd, J1 = 14.2 Hz, J> = 10.3 Hz, J3 = 4.0 Hz, 1H), 3.41
(s, 3H), 3.79 (s, 3H), 4.96 (dd, J1 =10.0 Hz, J2 = 4.4 Hz,1H), 5.20 (d, J = 2.4 Hz, 1H),
5.72 (d, = 3.2 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H), 6.80 (dd, J; = 8.4 Hz, J» = 2.4 Hz,
1H), 6.91 (dd, J1 = 8.4 Hz, J2 = 2.4 Hz, 1H), 7.37 (d, J= 8.0 Hz, 1H), 7.66 (d, J= 8.8
Hz, 1H), 10.10 (s, 1H); 3C NMR (100 MHz, CDCls) & 13.6, 34.1, 38.0, 49.8, 55.0,
55.7,76.4,112.1, 112.4, 112.8, 113.9, 123.8, 128.6, 130.6, 136.2, 138.4, 145.3, 160.6,
163.2, 174.9, 191.5; HRMS (ESI) calcd. for C21H200sNa [M+Na]: 375.1208, found:
375.1212.
5-methoxy-2-(7-methoxy-4-methyl-9-oxo-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-3-yl)benzaldehyde (endo-3g):

Q% The title compound was prepared according to General
CHO

endo-3g procedure C and purified by column chromatography to give

a light white solid (3g: 130 mg, 92% vyield), dr > 20:1. M. p.:
146-148 °C. IR (neat) v(cm™): 2987, 2957, 2938, 2910, 2833, 2753, 1747, 1494. 'H
NMR (400 MHz, CDCl3) & 1.30 (s, 3H), 1.81 (ddd, J1 = 14.1 Hz, J, = 4.7 Hz, J3= 1.4
Hz, 1H), 3.04 (ddd, J; = 14.3 Hz, J, = 10.3 Hz, Js = 4.1 Hz, 1H), 3.80 (s, 3H), 3.89 (s,
3H), 4.59 (dd, J; = 10.4 Hz, J; = 4.8 Hz, 1H), 5.54 (d, J = 8.8 Hz, 1H), 5.68 (dd, J1 =
4.0 Hz, J2 = 0.8 Hz, 1H), 6.70 (dd, J; = 8.8 Hz, J; = 2.8 Hz, 1H), 6.89 (t, J= 2.4 Hz,
1H), 7.01 (d, J= 2.0 Hz, 1H), 7.27 (d, J= 1.6 Hz, 1H), 10.30 (s, 1H); 3C NMR (100
MHz, CDClz) 6 13.9, 34.2, 37.6, 49.0, 55.6, 55.7, 76.9, 108.9, 113.9, 115.4, 120.2,
126.3,128.1,129.5,134.5, 136.1, 139.2, 158.7 159.6, 175.3, 191.9; HRMS (ESI) calcd.
for C21H200sNa [M+Na]: 375.1208, found: 375.1211.
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2-(6,7-dimethoxy-4-methyl-9-oxo-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-3-yl)-4,5-

[o]
0 § dimethoxybenzaldehyde (endo-3h): The title compound
"o QC%O\ was prepared according to General procedure C and

endo-3h O0—

purified by column chromatography to give a yellow solid
(3h: 138 mg, 84% yield), dr > 20:1. M. p.: 140-142 °C. IR (neat) v(cm™): 2917, 2838,
2729, 1751, 1675, 1507. *H NMR (400 MHz, CDCls) & 1.30 (s, 3H), 1.86 (ddd, J1 =
141 Hz, J> = 4.4 Hz, J3 = 1.4 Hz, 1H), 3.07 (ddd, J: = 14.1 Hz, J> = 10.1 Hz, J3 = 4.0
Hz, 1H), 3.26 (s, 3H), 3.77 (s, 3H), 3.85 (s, 3H), 3.89 (s, 3H), 4.53 (dd, J1 = 10.0 Hz, J;
= 4.4 Hz, 1H), 5.06 (s, 1H), 5.67 (d, J= 3.2 Hz, 1H), 6.54 (s, 1H), 7.01 (s, 1H), 7.24 (s,
1H), 10.21 (s, 1H); 3C NMR (100 MHz, CDCls) 5 14.1, 34.2, 37.9, 49.2, 55.3, 56.0,
56.4, 56.5, 76.5, 106.6, 108.9, 109.8, 112.0, 128.5, 128.8, 130.5, 137.4, 148.0, 148.9,
149.9, 153.0, 174.9, 189.7; HRMS (ESI) calcd. for C23H22407Na [M+Na]: 435.1420,
found: 435.1421.
6-(8-methyl-10-ox0-5,6,7,8-tetrahydro-5,8-(epoxymethano)naphthol2,3-
d][1,3]dioxol-7-yl)benzo[d][1,3]dioxole-5-carbaldehyde

[o]
c
("D% (endo-3i): The title compound was prepared according to
0 o}
CHO o)

General procedure C and purified by column chromatography

endo-3i

to give a white solid (3i: 111 mg, 73% yield), dr > 20:1. M. p.:
192-194 °C. IR (neat) v(cm™): 2989, 2933, 2897, 2774, 1750, 1666, 1614, 1504, 1485.
IH NMR (400 MHz, CDCls) & 1.32 (s, 3H), 1.78 (ddd, J1 = 14.1 Hz, J, = 4.7 Hz, Js =
1.4 Hz, 1H), 3.03 (ddd, J1 = 14.2 Hz, J; = 10.1 Hz, J3 = 4.1 Hz, 1H), 4.57 (dd, J: = 7.6
Hz, J> = 1.6 Hz, 1H), 5.20 (s, 1H), 5.64 (d, J= 3.2 Hz, 1H), 5.96-6.06 (m, 4H), 6.58 (s,
1H), 6.95 (s, 1H), 7.26 (d, J= 3.2 Hz, 1H), 10.19 (s, 1H); 3C NMR (100 MHz, CDCl3)
0 14.3, 34.4, 37.7, 49.3, 76.6, 101.7, 102.2, 104.4, 106.5, 107.6, 110.0, 129.9, 130.2,
131.6, 139.7, 147.3, 1475, 148.6, 152.1, 174.8, 189.4; HRMS (ESI) calcd. for
C21H1s07Na [M+Na]: 403.0794, found: 403.0784.
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2-(1-methyl-12-oxo0-1,2,3,4-tetrahydro-4,1-(epoxymethano)phenanthren-2-yl)-1-

naphthaldehyde (endo-3j): The title compound was
prepared according to General procedure C and purified by

column chromatography to give a light white solid (3j: 75

mg, 48% yield), dr > 20:1. M. p.: 186-188 °C. 'H NMR (500

MHz, CDCl3) § 1.52 (s, 3H), 2.00 (ddd, J1 = 14.2 Hz, J; =
5.1 Hz, J3 = 1.3 Hz, 1H), 3.27 (ddd, J1 = 14.3 Hz, J; = 10.0 Hz, J3 = 4.3 Hz, 1H), 4.50
(9, J = 5.0 Hz, 1H), 5.54 (d, J= 8.9 Hz, 1H), 6.62 (d, J= 3.2 Hz, 1H), 7.21 (d, J= 3.2
Hz, 1H), 7.44 (d, J = 9.0 Hz, 1H), 7.49-7.52 (m, 1H), 7.59-7.65 (m, 2H), 7.93 (d, J =
8.5 Hz, 1H), 8.00 (d, J= 8.2 Hz, 1H), 8.48 (d, J= 8.7 Hz, 1H), 11.10 (s, 1H); 13C NMR
(125 MHz, CDCls) & 14.5, 36.6, 37.2, 49.9, 72.7, 121.9, 122.4, 124.0, 124.1, 126.6,
127.2,127.7,128.5, 128.6, 129.3, 129.5, 130.9, 132.3, 132.4, 132.9, 133.3, 134.2, 134.3,
140.8, 175.2, 194.3; HRMS (ESI) calcd. for C7H2103Na [M+Na]: 415.1310, found:
415.1307.
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6. Synthetic Applications

6.1 Large scale synthesis of 3a

(0
[Pd(ally)Cl], (2.5 mol%) CHO
X
E:(\ + co __RuPhos (5.5mol%) @

CHO anisole, NH4ClI (1 mol%)

1 120°C, 12 h 3a

a
132¢ 1.2 g, yield = 82%

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (1.32 g, 10.0 mmol), NH4ClI (2.7
mg, 0.05 mmol, 1 mol%), [Pd(allyl)Cl]2 (46 mg, 0.125 mmol, 2.5 mol%), RuPhos
(128.0 mg, 0.275 mmol, 5.5 mol%) and anisole (10.0 mL) were added to a dry glass
vessel. The glass vessel was put into an autoclave and then taken out from glove box.
The autoclave was purged and charged with CO (20 atm). The reaction mixture was
stirred at 120 °C for 12 hours. After the reaction finished, the autoclave was cooled to
room temperature and the pressure was carefully released in the fume hood. The solvent
was evaporated under reduced pressure and the resulting residue was purified by
column chromatography on silica gel (PE/EA = 3:1) to afford the product 3a (1.2 g, 82%
yield, endo/exo > 20/1).

6.2 Large scale synthesis of 3aa

[Pd(allyl)Cl], (2.5 mol%)
©f\ . co s ©/\ RuPhos (5.5 mol%) @
CHO anisole, NH4CI (1 mol%)

1a 2a 120 °C, 12 h

) 924 mg ,y|eld =70%
660 mg 20 atm 1.2 equiv

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (660 mg, 5.0 mmol), styrene 2a
(612 mg, 6.0 mmol), NH4ClI (2.7 mg, 0.05 mmol, 1 mol%), [Pd(allyl)Cl]. (46 mg, 0.125
mmol, 2.5 mol%), RuPhos (128 mg, 0.275 mmol, 5.5 mol%), and anisole (10.0 mL)
were added to a dry glass vessel. The glass vessel was put into an autoclave and then
taken out from glove box. The autoclave was purged and charged with CO (20 atm).
The reaction mixture was stirred at 120 °C for 12 hours. After the reaction finished, the

autoclave was cooled to room temperature and the pressure was carefully released in
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the fume hood. The solvent was evaporated under reduced pressure and the resulting
residue was purified by column chromatography on silica gel to afford the product 3aa
(924 mg, 70% yield, endo/exo > 20/1).

6.3 Synthesis of 1-methyl-2-phenylnaphthalene 4

[0

@.... Fe(OTf)3; (10 mol%) O
chlorobenzene, 130 °C, 6 h OO

3aa 4

In a dry Young-type tube, Fe(OTf)s (0.076 mmol, 38 mg), 3aa (0.76 mmol, 200 mg),
and chlorobenzene (2.0 mL) were added under air atmosphere. Then the mixture was
stirred at 130 °C for 6 hours. The solvent was evaporated under reduced pressure and
the resulting residue was purified by column chromatography on silica gel to afford the
product 4 (137 mg, 84% yield). The spectral data matched those reported previously.
M. p.: 85-88 °C. IR (neat) v(cm™): 3053, 2921, 1595, 1490, 1443, 1380. *H NMR (400
MHz, CDCls) & 2.59 (s, 3H), 7.33-7.57 (m, 7H), 7.72 (d, J = 8.4 Hz, 1H), 7.84 (d, J =
8.4 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H).13C NMR (100 MHz, CDCl3) § 16.4, 124.7, 125.6,
126.0, 126.3, 126.9, 128.2, 128.4, 128.6, 129.9, 130.9, 132.8, 133.1, 139.2, 142.8.

6.4 Synthesis of (1S,3S,4R)-4-methyl-3-phenyl-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalene 5 4

o)
/\H./\
@ + Si InBrs (10 mol%) @
N CHCl,, rt, 2 h
3aa 5

To a freshly distilled CHCIs solution (2.0 mL) in a screw-capped vial under N>
atmosphere were added successively 3aa (0.2 mmol, 53 mg), InBrs (0.005 mmol),
triethylsilane (1.0 mmol, 116 mg), and the vial was sealed with a cap containinga PTFE
septum. The reaction was monitored by GC analysis until consumption of the starting
ester. After the reaction finished, H.O (3 mL) was added. The aqueous layer was
extracted with CH2Cl, (15 mL), the combined organic phase was dried over anhydrous

NaxSOq, filtered, and then evaporated under reduced pressure. The crude product was
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purified by flash column chromatography to give the corresponding ether 5 (35 mg,
70% yield). tH NMR (400 MHz, CDCls) § 1.07 (s, 3H), 1. 60 (ddd, J1 = 14.3 Hz, J2 =
4.0 Hz, J3 = 1.5 Hz, 1H), 2.86 (ddd, J1 = 14.2 Hz, J> = 10.2 Hz, J3 = 4.0 Hz, 1H), 2.97
(dd, J = 11.8 Hz, 1H), 3.21 (d, J = 7.6 Hz, 1H), 3.84 (d, J = 7.6 Hz, 1H), 4.98 (dd, J; =
4.0 Hz, Jo= 1.6 Hz, 1H), 6.31 (m, 2H), 6.95 (d, J = 7.2 Hz, 1H), 7.02-7.11 (m, 3H),
7.28-7.37 (m, 3H); 3C NMR (100 MHz, CDCls) & 16.6, 38.4, 39.7, 46.6, 70.5, 73.8,
122.3,123.6,126.4,126.7,127.8,127.9, 128.6, 140.4, 140.4, 143.8; HRMS (ESI) calcd.
for C1gH190OH [M+H]": 251.1430, found: 251.1431.

6.5 Synthesis of methyl 1-methyl-2-phenyl-1,2-dihydronaphthalene-1-carboxylate

6 5
(o)
@.... con. HCI @ COOMe
MeOH, 100 °C, 4h ‘O
3aa 6

In the air atmosphere, a mixture of 3aa (0.46 mmol, 120 mg), Concentrated

hydrochloric acid (0.1 ml, 2.0 eq.), and MeOH (2.0 mL) were added to Young-type
tube under air atmosphere. The reaction mixture was stirred at 100 °C for 4 hours. The
solvent was evaporated under reduced pressure and the resulting residue was purified
by column chromatography on silica gel to afford the product 6 (106 mg, 84% vyield).
!H NMR (400 MHz, CDCls) & 1.26 (s, 3H), 3.70 (s, 3H), 4.40 (s, 1H), 6.09 (dd, J:
=14.0 Hz, J2= 4.0 Hz, 1H), 6.60 (d, J = 9.6 Hz, 1H), 7.04-7.15 (m, 4H), 7.21-7.26 (m,
5H); 3C NMR (100 MHz, CDCls) § 20.1, 48.4,52.1, 52.5, 126.3, 126.6, 127.3, 127.6,
127.8, 128.2, 128.3, 129.5, 131.6, 132.8, 137.5, 139.0, 171.1; HRMS (ESI) calcd. for
C19H1902 [M+H]*: 279.1380, found: 279.1385.

6.6 Synthesis of 5-methyl-11H-benzo[b]fluorene 7

o
CHO
@ Fe(OTf); (10 mol%) O
chlorobenzene, 130 °C, 6 h .OO
3a 7

In a dry Young-type tube, a mixture of 3a (0.3 mmol, 88 mg), Fe(OTf)s3 (0.03 mmol,

17 mg) and chlorobenzene (2.0 mL) were added under air atmosphere. The reaction
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mixture was stirred at 130 °C for 6 hours. The solvent was evaporated under reduced
pressure and the resulting residue was purified by column chromatography on silica gel
to afford the product 7 (66 mg, 88% yield). M. p.: 166-169 °C. IR (neat) v(cm™): 3049,
2926, 2856, 1464. *H NMR (400 MHz, CDCls) & 3.06 (s, 3H), 4.09 (s, 2H), 7.25-7.35
(m, 1H), 7.37-7.52 (m, 3H), 7.54-7.60 (m, 1H), 7.84-7.86 (m, 2H), 8.15-8.21 (m, 2H);
13C NMR (100 MHz, CDCls) 6 15.4, 36.7, 121.6, 124.2, 124.5, 125.2, 125.3, 125.3,
126.9,127.0,128.4,128.6, 132.6, 133.1, 138.2, 141.3, 142.6, 144.5. HRMS (ESI) calcd.
for CigHis [M+H]: 231.1174, found: 231.1171.

6.7 Synthesis of (1S,3S,4R)-3-(2-(hydroxymethyl)phenyl)-4-methyl-1,2,3,4-
tetrahydro-1,4-(epoxymethano)naphthalen-9-one 8

o HO
CHO o
@ +  NaBH, _MeOn
1.1 equiv
3a 8

To a stirred solution of 3a (350 mg, 1.2 mmol) in MeOH (5.0 mL) at 0 < NaBH4 (50

mg, 1.1 equiv) was added. The reaction mixture was stirred at room temperature for 4
hours and then evaporated under reduced pressure. Water (3 mL) was added, then the
mixture was extracted with EtOAc (3 <5 mL). The combined organic layers were dried
over Na,SO4 and concentrated in vacuo. Flash column chromatography on silica gel
afforded the alcohol 8 (324 mg, 92% yield). M. p.: 163-166 °C. IR (neat) v(cm™): 3485,
3066, 2986, 2932, 1749. 'H NMR (400 MHz, CDCls3) § 1.39 (s, 3H), 1.76-1.81 (m, 2H),
3.08 (ddd, J1 = 14.2 Hz, J, = 10.2 Hz, J3 = 4.0 Hz, 1H), 3.77 (dd, J1 = 10.4 Hz, J»= 4.8
Hz, 1H), 4.66 (d, J = 12.0 Hz, 1H), 4.90 (dd, J1 = 12.0 Hz, J.= 3.2 Hz, 1H), 5.47 (d, J
= 3.8 Hz, 1H), 5.74(d, J = 7.6 Hz, 1H), 6.86(t, J = 7.6 Hz, 1H),7.09-7.14 (m, 2H), 7.29
(d, J=7.6 Hz, 1H), 7.37-7.43 (m, 3H). :3C NMR (100 MHz, CDCls) & 13.9, 36.6, 38.3,
49.7, 63.9, 77.2, 122.5, 125.3, 127.1, 127.2, 127.9, 128.3, 128.8, 129.1, 136.5, 138.3,
139.4, 139.4, 175.7; HRMS (ESI) calcd. for C19gH1803Na [M+Na] *: 317.1148, found:
317.1149.

6.8 Synthesis of (1S,3S,4R)-4-methyl-3-(2-vinylphenyl)-1,2,3,4-tetrahydro-1,4-

(epoxymethano)naphthalen-9-one 9*
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o)
CHO A o
+ CHgPhgP*Br _ FBUOK

THF,0 - t
3a 9

In a dry flask under N2 atmosphere, t-BuOK (115 mg 1.5 equiv.) was added to a
suspension of methyltriphenylphosphonium bromide (324 mg, 1.3 equiv.) in dry THF
(5.0 mL) at 0 € and then the mixture was stirred for 30 minutes. 3a (0.685 mmol, 200
mg) was added slowly and the reaction was stirred for 5 hours at room temperature.
After filtration over Celite, petroleum ether was added to the filtrate and the suspension
was filtered again over Celite. The solvent was evaporated under reduced pressure to
give the crude material. Purification through column chromatography on silica gel to
afford the product 9 (180 mg, 90% yield). *H NMR (400 MHz, CDCls) & 1.36 (s, 3H),
1.79 (dd, J; = 14.2, Jo= 4.8 Hz, 1H), 3.00 (ddd, J1 = 14.0 Hz, J» = 10.2 Hz, J3 = 4.2 Hz,
1H), 3.75 (dd, J1 = 10.4 Hz, J2= 4.8 Hz, 1H), 5.36 (M, 2H), 5.55 (d, J = 17.2 Hz, 1H),
5.72 (d, J = 3.8 Hz, 1H), 6.80 (t, J = 7.6 Hz, 1H), 7.03 (d, J = 7.4 Hz, 1H), 7.09-7.16
(m, 2H), 7.37-7.43 (m, 4H). ¥C NMR (100 MHz, CDCls) § 13.8, 36.9, 37.7, 50.1, 77.0,
118.0,122.4,125.3,126.5, 126.7, 127.2,127.6, 127.8,129.1, 135.4, 136.4, 137.5, 138.0,
138.9, 175.7; HRMS (ESI) calcd. for CyoHis02Na [M+Na]*: 313.1199, found:
313.1220.

7. Mechanistic studies

7.1 Kinetic isotope effect experiments

A 50 mL round-bottom flask containing 2-bromostyrene (910 mg, 5 mmol) in THF
(20.0 mL) was purged with N2 and cooled to -78 °C in an ethyl acetate / liquid nitrogen
bath. n-BuLi (2.5 M in hexane, 2.4 mL, 6 mmol, 1.2 equiv.) was added dropwise to the
solution and then the mixture was stirred at -78 °C for 1 hour. A solution of DMFq.7
(1.0 mL, 5 mmol, 1.0 equiv.) in THF (5.0 mL) was added and then the mixture was
warmed slowly to room temperature and stirred overnight. The reaction was quenched
(saturated NH4Cl) and then the aqueous phase was extracted with diethyl ether and the

organic extracts dried (Na.SQO4). The solvent was evaporated under reduced pressure to
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yield a crude product. Column chromatography (PE/EA = 10: 1) provided deuterium-
labeling 1a-D (460 mg, 70% yield, 100% D), The spectral data matched those reported
previously.® TH NMR (400 MHz, CDCls) § 5.50 (dd, J1 = 11.0 Hz, J,= 1.0 Hz, 1H),
5.68 (dd, J1 = 17.4 Hz, J,= 1.2 Hz, 1H), 7.42-7.47 (m, 1H), 7.50-7.59 (m, 3H), 7.83 (d,
J=7.6 Hz, 1H).

n-BuLi X
_7Q0,
Br THF, -78°C 100%

GBJ-X190320-1-1-D-CDC13-HNMR

W | R D

v
3lo
)

1.00
1.01

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (100 mg) and 1a-D (100 mg),
NH4Cl (2.1 mg, 0.04 mmol, 5 mol%), [Pd(allyl)Cl]. (6.9 mg, 0.019 mmol, 2.5 mol%),
RuPhos (19.4 mg, 0.082 mmol, 5.5 mol%), and anisole (4.0 mL) were added to a dry
glass vessel. The glass vessel was put into an autoclave equipped with a sampler and
then taken out from glove box. The autoclave was purged and charged with CO (20
atm). The reaction mixture was stirred at 120 °C for 50 minutes. After the reaction
finished, the autoclave was rapidly cooled to room temperature and the pressure was
carefully released in the fume hood. The solvent was evaporated under reduced pressure
and the resulting residue was purified by column chromatography on silica gel to afford
the product (3a + 3a-D-1 + 3a-D-2 + 3a-D-3) (38.0 mg, 8.6% yield). *H NMR (400
MHz, CDCl3) 6 1.35 (s, 3H), 1.82-1.87 (m, 1H), 3.05-3.12 (m, 1H), 4.89 (dd, J1 = 10.4
Hz, J.= 4.8 Hz, 1H), 5.57 (d, J = 8.0 Hz, 1H), 5.76 (d, J = 3.2 Hz, 0.51 H), 7.01 (d, J =
7.4 Hz, 1H), 7.10-7.15 (m, 1H), 7.32-7.47 (m, 4H), 7.74 (dd, J1 = 8.0 Hz, J,= 1.2 Hz,
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1H), 10.27 (s, 0.51H).

o]
cHO [} CDO
L Cstiry Oy
CHO 0
Pd(allyl)Cl] (2.5 mol%
1, 100 mg [Pd(allyl)Cl]; ( o) ! Y

RuPhos (6.5 mol%) 3a 3a-D-1

+CO +
, o) ki/kp = 1.04
N anisole, NH,Cl (5 moi%) CHO coo 2 (" kilko
120 °C, 50 min @ @
O e LR
D totally yield = 8.6% D,
D D
1a-D, 100 M . .
100% D 3a-D-2 3a-D-3

innn?

7.2 Control experiments

Reaction 1): In the glove box, a mixture of 3a (0.3 mmol), styrene 2a (0.36 mmol),
NH4CI (0.025 mmol and anisole (1.0 mL) were added to Young-type tube under argon.
The reaction mixture was stirred at 120 °C for 12 hours.

Reaction 2): In the glove box, a mixture of 3a (0.3 mmol), styrene 2a (0.36 mmol),
NH4CI (0.025 mmol, 5 mol%) and anisole (1.0 mL) were added to a dry glass vessel.
The glass vessel was put into an autoclave and then taken out from glove box. The

autoclave was purged and charged with CO (20 atm). The reaction mixture was stirred
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at 120 °C for 12 hours. After the reaction finished, the autoclave was cooled to room
temperature and the pressure was carefully released in the fume hood.

Reaction 3): In the glove box, a mixture of 3a (0.3 mmol), styrene 2a (0.36 mmol),
NH4Cl (0.025 mmol [Pd(allyl)Cl]2 (2.7 mg, 0.0075 mmol, 2.5 mol%), RuPhos (7.7 mg,
0.0165 mmol, 5.5 mol%) and anisole (1.0 mL) were added to Young-type tube under
argon. The reaction mixture was stirred at 120 °C for 12 hours.

Reaction 4): In the glove box, a mixture of 3a (0.3 mmol), styrene 2a (0.36 mmol),
NH4Cl (0.025 mmol, 5 mol%), [Pd(allyl)Cl]2 (2.7 mg, 0.0075 mmol, 2.5 mol%),
RuPhos (7.7 mg, 0.0165 mmol, 5.5 mol%) and anisole (1.0 mL) were added to a dry
glass vessel. The glass vessel was put into an autoclave and then taken out from glove
box. The autoclave was purged and charged with CO (20 atm). The reaction mixture
was stirred at 120 °C for 12 hours. After the reaction finished, the autoclave was cooled

to room temperature and the pressure was carefully released in the fume hood.

o
0,
NH4CI 5 mmol% No reaction 1
CHO anisole. mL, 120 °C Quant. s.m recovered
3aa

0.3 mmol 0.36 mmol
Q'% ©/\ NH4CI 5 mmol% @ No reaction 2)
0 Quant. s.m recovered
CHO anlsole 1 mL, 120 °C
(20 atm)
0.3 mmol 0.36 mmol

&

[Pd(allyl)]; (2.5 mmol%)
©/\ Ruphos (5.5 mmol%) No reaction
CHO anisole.1 mL, 120 °C Quant. s.m recovered

NH,4CI, 5 mmol%

0.3 mmol 0.36 mmol
o

[Pd(allyl)]; (2.5 mmol%)
+ ©/\ Ruphos (5.5 mmol%) No reaction
anisole,1 mL, 120 OC Quant. s.m recovered

CHO
NH,4CI, 5 mmol%
CO (20 atm)

&

3a 2a
0.3 mmol 0.36 mmol

7.3 Competition experiments

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (0.5 mmol, 66 mg), styrene
2a (0.5 mmol, 52 mg), MeOH (0.5 mmol, 16 mg), NH4CI (1.0 mg, 0.02 mmol, 5 mol%),
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[Pd(ally)CI]2 (4.6 mg, 0.025 mmol, 2.5 mol%), RuPhos (12.8 mg, 0.0275 mmol, 5.5
mol%), and anisole (1.0 mL) were added to a dry glass vessel. The glass vessel was put
into an autoclave equipped with a sampler and then taken out from glove box. The
autoclave was purged and charged with CO (20 atm). The reaction mixture was stirred
at 120 °C for 1.5h. After the reaction finished, the autoclave was rapidly cooled to room
temperature and the pressure was carefully released in the fume hood. The yield of 3aa,

10 and 11 were determined by GC analysis using n-tetradecane as internal standard.

OO
= [Pd(allyl)Cl], (2.5 mol%)
12,05mmol , o 4 MeoH —RuPhos (5.5 mol%) @ + + o
©/\ anisole, NH,4CI (5 mol%) _0 O

20 atm 0.5 mmol 120°C,1.5h
2a, 0.5 mmol

3aa, 15% 10, 2% 11,10%

Methyl 2-(2-formylphenyl)propanoate 10:

IH NMR (400 MHz, CDCls) § 1.55 (d, J = 7.1 Hz, 3H), 3.67 (s,
3H), 4.84 (dd, J; = 14.1 Hz, J2= 7.0 Hz, 1H), 7.41-7.49 (m, 2H),
0 | 758(t,J=75Hz, 1H),7.83(d,J = 7.6 Hz, 1H), 10.19 (s, 1H); 13C

10 NMR (100 MHz, CDCls) & 18.3, 40.6, 52.2, 127.6, 128.7, 133.4,

134.2, 134.3, 142.4, 174.7, 193.0; HRMS (ESI) calcd. for C11H120sNa [M+Na*]:
215.0679, found: 215.0686.

7.4 Experiments for monitoring

CHO 2 2
[Pd(allyl)Cl], (2.5 mol%) O
©j\ . co RuPhos (5.5 mol%) @,,,. +
CHO anisole, NH4CI (5 mol%) OHC Q
1a 120 °C
1.32g 3a

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (1.32 g, 10.0 mmol), NH4Cl
(13 mg, 0.25 mmol, 5 mol%), [Pd(allyl)Cl]> (46 mg, 0.125 mmol, 2.5 mol%), RuPhos
(128.0 mg, 0.275 mmol, 5.5 mol%), anisole (10.0 mL) and n-tetradecane were added
to a dry glass vessel. The glass vessel was put into an autoclave and then taken out from
glove box. The autoclave was purged and charged with CO (20 atm). The reaction
mixture was stirred at 120 °C. At each sampling time 0.2 mL reaction mixture was

extracted and examined by GC. The yield of 3a was determined using n-tetradecane as
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internal standard by GC analysis.

100 -T\
=) o®
S 80 - \ o
g ® ..
'5 60 \. o.. *la
§ 40 ':. o
g | .’ .o. 1la+3a
O 20 - See,,
...
0 T T |.H_._>1
0 200 400 600 800
Time/min

Figure S7. Reaction profiles under standard conditions.
7.5 Kinetic profiles of initial rates with 2-vinylbenzaldehyde 1a

X [Pd(allyl)Cl],, RuPhos
+ CO - c
CHO anisole, NH,4ClI

120 °C

o
CHO

1a

A
1 y =1.6622x + 0.0081
R==0.9925
0.8 A
5
E 0.6 .
; 1storder
a 0.4 A
T 0.2
0 T T T :
0 0.2 0.4 0.6

[1a]/M

Figure S8. Plot of initial rates with respect to substrate o-alkenyl benzaldehyde 1a

showing first-order dependence.
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Reaction conditions: 2-vinylbenzaldehyde l1la (0.1-0.6 M), NH4Cl (0.15 mmol),
[Pd(allyl)ClI]2 (0.075 mmol), RuPhos (0.165 mmol), anisole (10.0 mL), CO (20 atm),
120 °C.

Table 6. Kinetic profiles of initial rates with 2-vinylbenzaldehyde 1a

Entry 1 2 3 4 5
1a concentration (M) 0.1 0.2 0.3 0.4 0.6
Fipi (107#M/min) 0.2 0.3 0.5 0.7 1.0

In the glove box, a mixture of NH4Cl (0.15 mmol), [Pd(allyl)Cl]. (0.075 mmol),
RuPhos (0.165 mmol), anisole (10.0 mL) and n-tetradecane were added to a dry glass
vessel. Upon 2-vinylbenzaldehyde 1a (1 mmol, 2 mmol, 3 mmol, 4 mmol, 6 mmol) was
added to the tube. The glass vessel was put into an autoclave and then taken out from
glove box. The autoclave was purged and charged with CO (20 atm). The reaction
mixture was stirred at 120 °C for designed time, take 0.2 mL from the reaction mixture,
diluted with diethyl ether (2.0 mL), filtered on a silica gel, the resulting mixture was

subjected to GC analysis.

0.007 ~

0.1 M [1a]

y = 2E-05x + 0.0039
R?2=0.978

0.0065 -

0.006 -

0.0055 +

C/(M)

0.005 -

0.0045 -

0.004 T T T 1
40 60 80 100 120

Time/min

Figure S9. Kinetic profiles of initial rates with [1a] (0.1 M)
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Reaction condition: 2-vinylbenzaldehyde 1a (132 mg, 1.0 mmol), NH4ClI (0.15 mmol),
[Pd(allyl)Cl]2 (0.075 mmol), RuPhos (0.165 mmol), anisole (10.0 mL), CO (20 atm),
120 °C.

0.006 -
0.0058 - 0.2 M [1a]
y = 3E-05x + 0.003

R? = 0.9953

0.0056 -
0.0054 -
0.0052 -
0.005 -
0.0048 -
0.0046 -
0.0044 -
0.0042 -

0-004 T T T T 1
40 50 60 70 80 90

ci(M)

Time/min

Figure S10. Kinetic profiles of initial rates with [1a] (0.2 M)
Reaction condition: 2-vinylbenzaldehyde 1a (264 mg, 2 mmol), NH4CI (0.15 mmol),
[Pd(allyl)CI]2 (0.075 mmol), RuPhos (0.165 mmol), anisole (10.0 mL), CO (20 atm),
120 °C.

0.008 -+

0.0075 - 0.3 M [1a]

y = 5E-05x + 0.0028
0.007 - R?=0.9869

0.0065 -

0.006 -

ci(m)

0.0055 -

0.005 -

0.0045 -

0-004 T T T T T 1
40 50 60 70 80 90 100

Time/min

Figure S11. Kinetic profiles of initial rates with [1a] (0.3 M)
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Reaction condition: 2-vinylbenzaldehyde 1a (396 mg, 3 mmol), NH4Cl (0.15 mmol),
[Pd(allyl)Cl]2 (0.075 mmol), RuPhos (0.165 mmol), anisole (10.0 mL), CO (20 atm),
120 °C.

0.0075 - 04 M [1a]

0.007 -

y = 6E-05x + 0.0016
R2=0.9874

0.0065 -

0.006 -

C/(M)

0.0055 -

0.005 -

0.0045 -

0-004 T T T T 1
40 50 60 70 80 90

Time/min

Figure S12. Kinetic profiles of initial rates with [1a] (0.4 M)
Reaction condition: 2-vinylbenzaldehyde 1a (528 mg, 4 mmol), NH4Cl (0.15 mmol),
[Pd(allyl)CI]2 (0.075 mmol), RuPhos (0.165 mmol), anisole (10.0 mL), CO (20 atm),
120 °C.

] 0.6 M [1a]

0.006 - y=0.0001x - 0.0028
0.0055 + R%=0.9864

40 50 60 70 80
Time/min

Figure S13. Kinetic profiles of initial rates with [1a] (0.6 M)
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Reaction condition: 2-vinylbenzaldehyde 1a (792 mg, 6 mmol), NH4CI (0.15 mmol),
[Pd(allyl)Cl]2 (0.075 mmol), RuPhos (0.165 mmol), anisole (10.0 mL), CO (20 atm),
120 °C.

7.6 Kinetic profiles of initial rates with [Pd]

o)
CHO
X Pd(allyl)Cl],, RuPhos
@E\ + Cco [Pd( Y) I2 @....
CHO anisole, NH,CI

120 °C

1a

A
y = 0.1103x — 0. 0896
1 R2 = 0.9947
0.8 -
=
£
? 0.6 1 15t order
2
£ 0.4
0.2
0 . >
0 3 6 9
[Pd]/mol%

Figure S14. Plot of initial rates with respect to [Pd] showing first-order dependence.
Reaction conditions: 2-vinylbenzaldehyde 1a (4 mmol), NH4Cl (0.02-0.2 mmol),
[Pd(allyl)Cl]2 (0.01-0.1 mmol), RuPhos (0.022-0.22 mmol), anisole (10.0 mL), CO (20
atm), 120 °C.

Table 7. Kinetic profiles of initial rates with [Pd]

Entry 1 2 3 4 5
Pd loading (mol%) 1 3 5 8 10
Iini (107#M/min) 0.03 0.2 0.5 0.8 1.0

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (528 mg, 4 mmol), NH4CI
(x mol%), [Pd] (x mol%), RuPhos (1.1x mol%) and anisole (10.0 mL) were added to a
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dry glass vessel. The glass vessel was put into an autoclave and then taken out from
glove box. The autoclave was purged and charged with CO (20 atm), the time was
started. The reaction mixture was stirred at 120 °C for designed time, take 0.2 mL from
the reaction mixture, diluted with diethyl ether (2.0 mL), filtered on a silica gel, the

resulting mixture was subjected to GC analysis.

0.0009 - 0.002 M [Pd], 1 mol%

0.00085 -

¢

0.0008 - y = 3E-06x + 0.0005
R?=0.9833

C/(M)

0.00075 -

0.0007 -

0.00065 -

0.0006 T T T !
40 60 80 100 120

Time/min

Figure S15. Kinetic profiles of initial rates with [Pd] (0.002 M, 1 mol%)
Reaction condition: [Pd(allyl)Cl]> (0.01 mmol, 0.5 mol%), RuPhos (0.022 mmol, 1.1
mol%), 2-vinylbenzaldehyde 1a (4 mmol), NH4Cl (0.02 mmol), anisole (10.0 mL), CO
(20 atm), 120 °C.

0:002 0.006 M [Pd], 3 mol%

0.0019 -

y = 2E-05x + 0.0002
R2=0.9801

0.0018 -

0.0017 -

c/(M)

0.0016 -

0.0015 -+

0.0014 -

0.0013 -

0-0012 T T T T T 1
60 65 70 75 80 85 90

Time/min

Figure S16. Kinetic profiles of initial rates with [Pd] (0.006 M, 3 mol%)
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Reaction condition: [Pd(allyl)Cl]2 (0.03 mmol, 1.5 mol%), RuPhos (0.07 mmol, 3.3

mol%), 2-vinylbenzaldehyde 1a (4 mmol), NH4CI (0.06 mmol), anisole (10.0 mL), CO
(20 atm), 120 °C.

~

) 0.0046 -

0.0054 -
0.0052 -
0.005 -
0.0048 -

0.0044 -
0.0042 -
0.004 -

0.0038

0.01 M [Pd], 5 mol%

*

y = 5E-05x + 0.0014
R?=0.9898

45

50 55 60 65 70
Time(min)

75

Figure S17. Kinetic profiles of initial rates with [Pd] (0.01 M, 5 mol%)

Reaction condition: [Pd(allyl)Cl]2 (0.05 mmol, 2.5 mol%), RuPhos (0.11 mmol, 5.5

mol%), 2-vinylbenzaldehyde 1a (4 mmol), NH4Cl (0.1 mmol), anisole (10.0 mL), CO
(20 atm), 120 °C.

C/I(M)

0.009
0.0088
0.0086
0.0084
0.0082

0.008
0.0078
0.0076
0.0074
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0.007
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: y = 8E-05x + 0.002
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Figure S18. Kinetic profiles of initial rates with [Pd] (0.016 M, 8 mol%)
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Reaction condition: [Pd(allyl)Cl]> (0.08 mmol, 4 mol%), RuPhos (0.18 mmol, 8.8
mol%), 2-vinylbenzaldehyde 1a (4 mmol), NH4ClI (0.16 mmol), anisole (10.0 mL), CO
(20 atm), 120 °C.

0.013 -
0.02 M [Pd], 10 mol%
0.012 -
y =0.0001x + 0.0011
0.011 - R?=0.9849
5 0.01 -
O
0.009 -
0.008 -
0.007 -
0.006 T T T T 1
40 50 60 70 80 90
Time/min

Figure S19. Kinetic profiles of initial rates with [Pd] (0.02 M, 10 mol%)
Reaction condition: [Pd(allyl)Cl]2 (0.1 mmol, 5 mol%), RuPhos (0.22 mmol, 11 mol%),
2-vinylbenzaldehyde 1a (4 mmol), NH4Cl (0.2 mmol), anisole (10.0 mL), CO (20 atm),
120 °C.

7.7 Kinetic profiles of initial rates with CO

(o]
CHO
X Pd(allyl)Cl],, RuPhos
©f\ . co [Pd( Y) l2 _ @.... +
CHO anisole, NH,CI
120 °C 3a

1a

S44



A
1 .
S 0.8 1
£
2 0.6 zero order
S
~= 0.4 A
S - -2 o
0.2 A1
0 T T T >
0 15 30 45
[CO]/atm

Figure S20. Plot of initial rates with respect to [CO] showing zero order dependence.
Reaction conditions: CO (10-40 atm), 2-vinylbenzaldehyde 1a (3 mmol), [Pd(allyl)Cl]2
(0.0375 mmol, 2.5 mol%), RuPhos (0.083 mmol, 5.5 mol%), NH4CI (0.075 mmol, 5
mol%), anisole (10.0 mL), 120 °C.

Table 8. Kinetic profiles of initial rates with [CO]

Entry 1 2 3 4 5
CO loading (atm) 10 25 30 35 40
Iini (10*M/min) 0.33 0.32 0.28 0.34 0.32

In the glove box, a mixture of 2-vinylbenzaldehyde 1a (396 mg, 3 mmol), NH4CI
(0.075 mmol, 5 mol%), [Pd(allyl)CI]2 (0.0375 mmol, 2.5 mol%), RuPhos (0.083 mmol,
5.5 mol%) and anisole (10.0 mL) were added to a dry glass vessel. The glass vessel was
put into an autoclave and then taken out from glove box. The autoclave was purged and
charged with CO (10, 25, 30, 35, 40 atm), the time was started. The reaction mixture
was stirred at 120 °C for designed time, take 0.2 mL from the reaction mixture, diluted
with diethyl ether (2.0 mL), filtered on a silica gel, the resulting mixture was subjected

to GC analysis.

S45



0.0034 - CO (10 atm) .
0.0032 -
0.003 + y = 3.3E-05x - 0.0008
2:
< 00028 - R%=0.9872
51
0.0026 -
0.0024 -
0.0022 -
0.002 ' ' ' '
g5 95 105 115 125
Time/min

Figure S21. Kinetic profiles of initial rates with CO (10 atm)
Reaction condition: CO (10 atm), 2-vinylbenzaldehyde 1a (3 mmol), [Pd(allyl)Cl].
(0.0375 mmol, 2.5 mol%), RuPhos (0.083 mmol, 5.5 mol%), NH4CI (0.075 mmol, 5
mol%), anisole (10.0 mL), 120 °C.
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Figure S22. Kinetic profiles of initial rates with CO (25 atm)
Reaction condition: CO (25 atm), 2-vinylbenzaldehyde 1a (3 mmol), [Pd(allyl)Cl].
(0.0375 mmol, 2.5 mol%), RuPhos (0.083 mmol, 5.5 mol%), NH4ClI (0.075 mmol, 5
mol%), anisole (10.0 mL), 120 °C.
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Figure S23. Kinetic profiles of initial rates with CO (30 atm)
Reaction condition: CO (30 atm), 2-vinylbenzaldehyde 1a (3 mmol), [Pd(allyl)Cl].
(0.0375 mmol, 2.5 mol%), RuPhos (0.083 mmol, 5.5 mol%), NH4CI (0.075 mmol, 5
mol%), anisole (10.0 mL), 120 °C.
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Figure S24. Kinetic profiles of initial rates with CO (35 atm)
Reaction condition: CO (35 atm), 2-vinylbenzaldehyde 1a (3 mmol), [Pd(allyl)Cl].
(0.0375 mmol, 2.5 mol%), RuPhos (0.083 mmol, 5.5 mol%), NH4CI (0.075 mmol, 5
mol%), anisole (10.0 mL), 120 °C.
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Figure S25. Kinetic profiles of initial rates with CO (40 atm)

C(M)

Reaction condition: CO (40 atm), 2-vinylbenzaldehyde 1a (3 mmol), [Pd(allyl)Cl]2
(0.0375 mmol, 2.5 mol%), RuPhos (0.083 mmol, 5.5 mol%), NH4CI (0.075 mmol, 5
mol%), anisole (10.0 mL), 120 °C.
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8. X-ray crystallographic data

Table 9. Crystal data and structure refinement for product endo-3a

Qc
H
@o
endo-3a

Identification code GBJ-X190911-BZ
Empirical formula C19H1603
Formula weight 292.32
Temperature/K 293(2)
Crystal system monoclinic
Space group P2i/c
alA 7.03400(10)
b/A 16.0025(2)
c/A 13.2355(2)
a/° 90
/e 100.3580(10)
v/° 90
Volume/A3 1465.53(4)
Z 4
peaicg/cm?® 1.325
w/mm? 0.718
F(000) 616.0
Radiation CuKa (A =1.54184)
20 range for data collection/® 8.756 to 146.36

Index ranges -8<h<8,-19<k<19,-14<1<16
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Reflections collected 5804

Independent reflections 2851 [Rint = 0.0212, Rsigma = 0.0248]

Data/restraints/parameters 2851/2/200
Goodness-of-fit on F? 1.101
Final R indexes [[>=2c (1)] R1=0.0936, wR, = 0.2227

Final R indexes [all data] R1=0.0978, wR> = 0.2285
Largest diff. peak/hole /e A®  0.50/-0.63

Table 10. Crystal data and structure refinement for product exo-3a

Qc
H
@

exo-3a
Identification code Platon-tw
Empirical formula CasH3206
Formula weight 584.63
Temperature/K 293(2)
Crystal system monoclinic
Space group P2i/c
alA 20.5228(5)
b/A 8.2219(2)
c/A 17.4215(3)
a/° 90
B/° 96.111(2)
v/° 90
Volume/A3 2922.94(11)
Z 4
peaicg/cm?® 1.329
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w/mm

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.720
1232.0
0.12 x0.11 x0.04
CuKo (A = 1.54184)

8.666 to 133.174
24<h<24,-9<k<9,-20<1<20
5160
5160 [Rint = 0.0253, Rsigma = 0.0242]
5160/0/400
1.110
R1=0.0482, wR; = 0.1301
R1=0.0551, wR; = 0.1458
0.19/-0.23

Table 11. Crystal data and structure refinement for product endo-3aa

Qc
H
@

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

endo-3aa
GBJ-X190308
Ci1sH1602
264.31

293(2)
monoclinic
P21/n
13.6891(4)
7.0857(2)
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c/A

a/°

pre

y/°
Volume/A3
Z
peaicg/cm®
wmm'

F(000)

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

14.1959(5)

90

91.491(3)

90

1376.49(7)

4

1.275

0.650

560.0

CuKa (A = 1.54184)

8.86 to 147.318
-16<h<16,-5<k<8,-17<1<16
4942
2709 [Rint = 0.0186, Rsigma = 0.0250]
2709/0/182
1.034
R1=0.0475, wR, = 0.1287
R1 = 0.0545, wR; = 0.1374
0.17/-0.20

Table 12. Crystal data and structure refinement for product endo-3am

Qc
H
@

Identification code
Empirical formula

endo-3am

GBJ-X190318
C19H1802
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Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

pr°

y/°

Volume/A3

z

peaicg/cm?®

w/mm?

F(000)

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

278.33

293(2)

orthorhombic

Pbca

7.2898(2)

15.8113(4)

25.4414(9)

90

90

90

2932.41(15)

8

1.261

0.635

1184.0

CuKa (A= 1.54184)

6.948 to 147.6
-5<h<8,-19<k<19,-30<1<15
6277
2876 [Rint = 0.0210, Rsigma=0.0218]
2876/0/192
1.035
R1 =0.0659, wR> = 0.1652
R1=0.0737, wR2 =0.1764
0.23/-0.42

Table 13. Crystal data and structure refinement for product endo-3an
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Qc

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

(e]

o/
pr°

y/°
Volume/A3
z
pealcg/cm®
w/mm?

F(000)

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]

endo-3an

GBJ-X182720-1-8

C19H1802

278.33

293(2)

monoclinic

P21/n

14.4303(2)

7.16982(9)

14.45517(18)

90

90.2129(13)

90

1495.55(3)

4

1.236

0.623

592.0

CuKa (A =1.54184)

8.642 to 147.728

-17<h<17,-8<k<8,-17<1<18
12756
2918 [Rint = 0.0315, Rsigma = 0.0186]
2918/0/192
1.040
R1=0.0469, wR2 = 0.1302
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Final R indexes [all data] R1 = 0.0530, wR> = 0.1357
Largest diff. peak/hole /e A®  0.13/-0.20
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10. Copies of *H NMR, *C NMR and °F NMR of the products
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GBJ-X191112-HNMR
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