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1. General Information and Materials

Unless otherwise noted, all reactions and manipulations were performed using
standard Schlenk techniques or in a glovebox. Anhydrous CH.Cl,, DCE, DMF, 1,4-
Dioxane, CHCI3 and acetic ether were distilled from CaH> under an atmosphere of
argon. Anhydrous THF, EtsN and toluene were distilled from sodium benzophenone
ketyl under an atmosphere of argon. Anhydrous PhF and CH3CN were distilled from
P-Os under an atmosphere of argon. Anhydrous MeOH and EtOH were distilled from
magnesium turnings under argon atmosphere. Unless otherwise noted, all palladium
salts, (R)-BINAP, (R)-SegPhos, (R)-SDP were purchased from commercial sources and
were used without further purification.

Melting points were measured on a RY-1 apparatus and uncorrected. 'H, $3C, 1B,
F and *'P NMR spectra were recorded on Agilent 400 MHz, Varian 400 MHz or
Agilent 500 MHz spectrometers. Chemical shifts (6 values) were reported in ppm
downfield from internal TMS for *H NMR, CDClIs for *C NMR, external CFsCOzH
for °F NMR, external BFsEt,O for !B NMR and external 85% HsPO4 for 3P NMR
respectively. Optical rotations were determined using a Perkin Elmer 341 MC
polarimeter or Jasco 1030-P. The IR spectra were measured on a BRUKER TENSOR
27 FT-IR spectrometer. MS was measured on Agilent 5973N (EI) or Agilent 1100 Series
LC/MSD (ESI) or Shimadzu LCMS-2010EV, BRUKERDALTONICS APEX IIl or
Agilent Technologies 6224 TOF LC/MS spectrometer (HR-ESI) or Waters GCT CA
176 (HR-EI) mass spectrometers. HPLC analyses were performed on a Jasco 2089
liquid chromatograph or Agilent 1260 Infinity liquid chromatograph. Column

chromatography was performed with silica gel (200-300 mesh).

2. Synthetic procedures for chiral ligands

The chiral SKP ligand series L4a-i were synthesized according to procedures
described in our previous reports.!*!

Racemic and chiral BI-DIME were prepared according to a procedure reported
previously in our laboratory.?l Chiral AntPhos was prepared according to a procedure
reported previously in our laboratory.F! Ligand L13-23 were also prepared according
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to a procedure previously reported in our laboratory.[4]
3. General procedures for the synthesis of 1,1-disubstituted allenes

CHBr; (1.5 equiv)

R2 NaOH(aq.) (4.0 equiv) R2 Br Br EtMgBr (1.5 equiv) i
R1& BnNEt;Cl (1.0 mol%) R1><}/ THF, 0°C-rt, 1 h R IS
neat, 60 °C
1a-1z

3.1 General Procedures :

The 1,1-disubstituted allenes 1a-1z, laa, lab, lae, laf were prepared according
to a general procedure reported by Krische and co-workers. [
Preparation of 1,1-Dibromocyclopropanes: 1,1-Dibromocyclopropanes were
prepared according to a similar procedure described for (2,2-dibromo-1-
methylcyclopropyl)benzene.
(2,2-Dibromo-1-methylcyclopropyl)benzene: To a mixture of 1-methyl-1-
phenylethylene (6.5 mL, 50 mmol), bromoform (6.6 mL, 75 mmol), and
triethylbenzylammonium chloride (114 mg, 0.5 mmol) was added dropwise a solution
of NaOH (8.0 g) in water (8.0 mL) over 1 h. The resulting mixture was stirred
vigorously at 60 °C for 24 h, then cooled to room temperature, and quenched with water
(50 mL). The mixture was extracted with dichloromethane and the organic phase was
separated, dried over sodium sulfate, and concentrated. The residue was purified by
column chromatography over silica gel with hexane as eluent to give (2,2-dibromo-1-
methylcyclopropyl)benzene (13.7 g, 95% yield) as yellow oil.
Preparation of 1,1-disubstituted allenes: 1,1-Disubstituted allenes were prepared
according to a similar procedure described for buta-2,3-dien-2-ylbenzene (1a).
Buta-2,3-dien-2-ylbenzene (l1a): To a stirred solution of (2,2-dibromo-1-
methylcyclopropyl)benzene (13.0 g, 45 mmol) in dry THF (50 mL) at 0 °C was added
dropwise ethylmagnesium bromide (67.5 mL, 67.5 mmol, 1.0 M in THF) under
nitrogen over 0.5 h. After stirred at 0 °C for 1 h, the mixture was quenched with 3M
hydrochloric acid solution (20 mL) and diluted with ethyl ether (200 mL). The organic
phase was washed with water (50 mL), dried over magnesium sulfate, and concentrated.
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The residue was purified by column chromatography over silica gel with n-pentane as

eluent to give buta-2,3-dien-2-ylbenzene (1a) (5.7 g, 97% yield) as colorless oil.

Preparation of buta-2,3-dien-2-ylcyclohexane (1ac): The allene 1aa was synthesized

according to a procedure reported by Tsuji and co-workers. V]

cat. CuBr Me
OH TsCl, KOH OTs CyMgCl
——4 =/ > .\
Me™= E,0,00c  MeT— THF, -40°C
1aa

To a solution of 2-butyn-1-ol (7.5 g, 100 mmol) in diethyl ether (200 mL) at 0 °C
was added p-toluenesulfonyl chloride (22.9 g, 120 mmol) and crushed KOH (35 g)
sequentially. The resulting mixture was stirred at 0 °C for 1 h before it was poured into
an ice-water mixture. Ethyl ether (100 mL) was added and the organic phase was
separated, dried over magnesium sulfate, and concentrated to give propargyl tosylate

as a light yellow oil.

To this oil in a dried 500 mL 3-necked flask was added CuBr (1.4 g, 10 mmol) and
THF (200 mL). To the mixture at -40 °C was charged dropwise CyMgCl (2.0 M in ethyl
ether, 55 mL, 110 mmol) over 1 h. The resulting mixture was stirred at the same
temperature for 3.5 h before it was quenched by saturated NH4ClI solution (100 mL).
Ethyl ether (200 mL) was added and the organic layer was separated, dried over
magnesium sulfate, and concentrated. The residue was purified by column
chromatography over silica gel with n-pentane as eluent to give buta-2,3-dien-2-

ylcyclohexane (1aa, 8.5 g, 63% yield over 2 steps) as colorless oil.

Preparation of (2,2,3-trimethylpenta-3,4-dien-1-yl)benzene (1ad): The allene

lad was synthesized according to a procedure reported by Breit and co-workers. B

O

OH .
=—MgBr, THF = AICl3, LiAIH,
_— .
oRe (YRS s
1ad

The 3,3-dimethyl-4-phenylbutan-2-one (7.5 g, 42.6 mmol) was added to a solution

of ethynylmagnesium bromide (102 mL, 51.1 mmol, 1.2 equiv) in THF (0.5 M). The
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reaction mixture was heated under reflux until ketone was consumed completely as
monitored by TLC. After cooling to room temperature, the solution was quenched by
the addition of H20 (5 ml). The crude mixture was concentrated until most of the THF
was removed. The residue was dissolved in diethyl ether (200 mL) and saturated NH4Cl
solution (100 mL) was added. The phases were separated and the aqueous layer was
extracted with diethyl ether (100 mL *3). The combined organic phases were washed
with brine and dried over magnesium sulfate, and concentrated. The residue was
purified by column chromatography over silica gel with hexane and ethyl acetate as
eluent to give 3,4,4-trimethyl-5-phenylpent-1-yn-3-ol (6.7 g, 78% vyield) as slightly
yellow oil.

A 3-neck flask equipped with a reflux condenser was charged with AICI3 (2.4 g,
17.8 mmol, 0.75 equiv) and THF (1 mL /100 mg AIClI3). When all AIClswas suspended
the mixture was cooled to 0 °C followed by a slow addition of a suspension of LiAlH4
(2.1 g, 53.4 mmol, 2.25 equiv) in THF (1 mL / mmol LiAlH4). After stirring for 15
minutes, 3,4,4-trimethyl-5-phenylpent-1-yn-3-ol (4.8 g, 23.7 mmol, 1.0 equiv) was
added as a solution in THF (2 M). The reaction mixture was heated under reflux
overnight (15 h). It was cooled to 0 °C and quenched by slow addition of H20 (0.1 mL
/ mmol alcohol), ag. NaOH (15%, 0.1 mL / mmol alcohol) and additional H20 (0.3 mL
/ mmol alcohol). The precipitate was filtered and washed with pentane (3 <3 mL /mmol
alcohol). The combined organic layers were dried over sodium sulfate, concentrated in
vacuo, and purified by column chromatography over silica gel with n-pentane as eluent
to give (2,2,3-trimethylpenta-3,4-dien-1-yl)benzene (lad, 2.2 g, 50% vyield ) as

colorless oil.
3.2 Analytical Data of 1,1-disubstituted allenes
Buta-2,3-dien-2-ylbenzene (1)

Me
O/&\

Colorless oil, 97% vyield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
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MHz, CDCls) § 7.41 (d, J = 8.0 Hz, 2H), 7.32 (t, J = 8.0 Hz, 2H), 7.19 (t, J = 8.0 Hz,
1H), 5.02 (g, J = 2.8 Hz, 2H), 2.09 (t, J = 2.8 Hz, 3H) ppm; 3C NMR (100 MHz, CDCl5)
5 208.9, 136.6, 128.3, 126.5, 125.6, 99.7, 76.9, 16.6 ppm. The *H NMR and *C NMR
spectra are in agreement with those reported in the literature. ¢!

1-(Buta-2,3-dien-2-yl)-4-methylbenzene (1b)5%

Me
D&
Me

Colorless oil, 94% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCls) 6 7.30 (t, J = 6.0 Hz, 2H), 7.13 (t, J = 6.0 Hz, 2H), 5.00 (s, 2H), 2.34-
2.33 (m, 3H), 2.09-2.07 (m, 3H) ppm; 3C NMR (100 MHz, CDCls) § 208.8, 136.2,
133.7,129.0, 125.5, 99.6, 76.8, 21.0, 16.7 ppm. The *H NMR and *3C NMR spectra are
in agreement with those reported in the literature.[>

1-(Buta-2,3-dien-2-yl)-4-methoxybenzene (1c)

Me
jons
MeO

Colorless oil, 96% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCls) § 7.35-7.31 (m, 2H), 6.89-6.85 (m, 2H), 5.00 (q, J = 2.8 Hz, 2H), 3.80 (s,
3H), 2.07 (t, J = 2.8 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) § 208.5, 158.4, 128.9,
126.7, 113.7, 99.2, 76.8, 55.3, 16.8 ppm. The *H NMR and *C NMR spectra are in

agreement with those reported in the literature.
1-(Buta-2,3-dien-2-yl)-4-fluorobenzene (1d) (53

Me
o
F
Colorless oil, 87% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400

SI-6



MHz, CDCls) § 7.37-7.33 (m, 2H), 7.00 (t, J = 8.4 Hz, 2H), 5.01 (d, J = 2.4 Hz, 2H),
2.07 (t, J = 2.4 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) & 208.7 (d, Jc) = 1.6 Hz),
161.7 (d, Jc) = 244.5 Hz), 132.6 (d, JEc) = 3.0 Hz), 127.1 (d, Jrc) = 8.0 Hz), 115.1
(d, Jc) = 21.4 Hz), 99.0, 77.1, 16.8 ppm; °F NMR (376 MHz, CDCls) & -116.4 ppm.
The 'H NMR, C NMR spectra and °F NMR are in agreement with those reported in

the literature. [
1-(Buta-2,3-dien-2-yl)-4-chlorobenzene (1e) 54

Me
o
Cl

White solid, 97% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400 MHz,
CDCl3) § 7.33-7.25 (m, 4H), 5.03 (g, J = 3.2 Hz, 2H), 2.07 (t, J = 3.2 Hz, 3H) ppm; *C
NMR (100 MHz, CDCl3) 6 208.9, 135.2, 132.2, 128.3, 126.9, 99.0, 77.3, 16.6 ppm. The

'H NMR and *C NMR spectra are in agreement with those reported in the literature.
1-Bromo-4-(buta-2,3-dien-2-yl)benzene (1f) [5¢

Me
jon
Br

White solid, 94% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400 MHz,
CDCls) 5 7.43 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 5.02 (q, J = 2.8 Hz, 2H),
2.06 (t, J = 2.8 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) § 208.8, 135.7, 131.3, 127.2,
120.4,99.1, 77.4, 16.6 ppm. The *H NMR and **C NMR spectra are in agreement with

those reported in the literature.l
1-(Buta-2,3-dien-2-yl)-4-(trifluoromethyl)benzene (1g)

Me

o
F3C



Colorless oil, 94% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCl3) § 7.56 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 5.09-5.08 (m, 2H),
2.10 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) & 209.5, 140.6, 128.4 (q,
JFo)=32.2 Hz), 125.8,125.1 (q, Jrc) = 3.8 Hz), 124.4 (q, Jrc) = 270.7 Hz), 99.1, 77.5,
16.4 ppm; °F NMR (376 MHz, CDCls) § -62.4 ppm. The *H NMR, 3C NMR spectra

and *°F NMR are in agreement with those reported in the literature.>
1-(Benzyloxy)-4-(buta-2,3-dien-2-yl)benzene (1h)

Me

@Ax
BnO

White solid, 96% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400 MHz,
CDCl3) § 7.43-7.31 (m, 7H), 6.93 (d, J = 8.8 Hz, 2H), 5.05 (s, 2H), 4.99-4.98 (m, 2H),
2.06 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) § 208.6, 157.6, 137.0, 129.2,
128.5, 127.9, 127.4, 126.7, 114.7, 99.3, 76.8, 70.0, 16.8 ppm. ESI-MS m/z: 237.1
[M+H]"; HRMS (ESI) m/z: calcd. for C17H170™: 237.1274, Found: 237.1282 [M+H]".

(4-(Buta-2,3-dien-2-yl)phenoxy)(tert-butyl)dimethylsilane (1i)

Me

o
TBSO

Light yellow oil, 92% yield from its 2,2-dibromocyclopropy! precursor. *tH NMR (400
MHz, CDCl3) & 7.26 (d, J = 8.8 Hz, 2H), 6.80 (d, J = 8.4 Hz, 2H), 4.98 (g, J = 2.8 Hz,
2H), 2.06 (t, J = 2.8 Hz, 3H), 0.98 (s, 9H), 0.19 (s, 6H) ppm; 3C NMR (100 MHz,
CDCIs) 6 208.6, 154.5, 129.5, 126.7, 120.0, 99.4, 76.8, 25.7, 18.2, 16.8, -4.4 ppm. ESI-
MS m/z: 261.1 [M+H]"; HRMS (ESI) m/z: calcd. for C16H250Si™: 261.1669, Found:
261.1679 [M+H]".

1-(Buta-2,3-dien-2-yl)-3-methylbenzene (1j)



Colorless oil, 87% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCls) § 7.22-7.21 (m, 3H), 7.03-7.01 (m, 1H), 5.01 (q, J = 2.8 Hz, 2H), 2.35 (s,
3H), 2.09-2.08 (m, 3H) ppm; 3C NMR (100 MHz, CDCl3) § 208.9, 137.8, 136.6, 128.2,
127.3, 126.4, 122.7, 99.7, 76.8, 21.5, 16.7 ppm. EI-MS m/z: 144.0 [M]"; HRMS (EI)
m/z: calcd. for C11H1o"™: 144.0934, Found: 144.0941 [M]".

1-(Buta-2,3-dien-2-yl)-3-chlorobenzene (1k)

Me
Cl
X

Colorless oil, 97% yield from its 2,2-dibromocyclopropyl precursor. *tH NMR (400
MHz, CDCl3) § 7.37 (s, 1H), 7.28-7.21 (m, 2H), 7.17-7.15 (m, 1H), 5.05 (g, J = 3.2 Hz,
2H), 2.06 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) § 209.0, 138.8, 134.3,
129.4, 126.5, 125.7, 123.7, 99.0, 77.5, 16.5 ppm. EI-MS m/z: 164 [M]*; HRMS (EI)
m/z: calcd. for C11H12"™: 164.0393, Found: 164.0388 [M]".

1-Bromo-3-(buta-2,3-dien-2-yl)benzene (11) 9
Me

Br
X

Light yellow oil, 100% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCls) § 7.53 (t, J = 2.0 Hz, 1H), 7.33-7.30 (m, 2H), 7.19-7.15 (m, 1H), 5.06 (q,
J = 3.2 Hz, 2H), 2.06 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) & 209.0,
139.1, 129.7, 129.4, 128.6, 124.2, 122.6, 98.9, 77.5, 16.5 ppm. The *H NMR and *C

NMR spectra are in agreement with those reported in the literature. 591

1-(Buta-2,3-dien-2-yl)-3-methoxybenzene (1m)B"
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Me

MeO
X

Light yellow oil, 98% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCls) & 7.26-7.22 (m, 1H), 7.05-6.98 (m, 1H), 6.96 (t, J = 2.1 Hz, 1H), 6.76
(dd, J=8.2, 2.6 Hz, 1H), 5.02 (g, J = 3.2 Hz, 2H), 3.81 (s, 3H), 2.08 (t, J = 3.1 Hz, 3H)

ppm. The *H NMR spectra is in agreement with those reported in the literature. "
1-(Buta-2,3-dien-2-yl)-2-methylbenzene (1n) 5

Me Me

S

Colorless oil, 93% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCls) § 7.23-7.08 (m, 4H), 4.74 (g, J = 3.2 Hz, 2H), 2.36 (s, 3H), 2.04 (t, J =
3.2 Hz, 3H) ppm; *C NMR (100 MHz, CDCls) & 207.6, 137.7, 135.8, 130.5, 127.5,
126.9, 125.8, 98.9, 74.2, 20.4, 20.3 ppm. The *H NMR and 3C NMR spectra are in

agreement with those reported in the literature.l!

1-(Buta-2,3-dien-2-yl)-2-methoxybenzene(10) ¢!

OMe
@*.%

Colorless oil, 95% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (500
MHz, CDCl3) § 7.24-7.19 (m, 2H), 6.92 (td, J = 7.5, 1.1 Hz, 1H), 6.89-6.85 (m, 1H),
4.79 (g, J = 3.2 Hz, 2H), 3.83 (s, 3H), 2.09 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (126
MHz, CDCl3) 6 209.4, 157.0,129.3,128.4,127.4,120.8,111.5,73.7,55.62,
19.4 ppm. The *H NMR and *C NMR spectra are in agreement with those reported in

the literature.l®¢

1-(Buta-2,3-dien-2-yl)-2-chlorobenzene (1p) 59
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Cl  Me

J

Colorless oil, 72% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (500
MHz, CDCls) & 7.40-7.34 (m, 1H), 7.30 (dd, J = 7.6, 1.9 Hz, 1H), 7.23 (td, J = 7.4,
1.5 Hz, 1H), 7.18 (td, J=7.7, 1.9 Hz, 1H), 4.84 (q, J = 3.2 Hz, 2H), 2.09 (t, J = 3.3

Hz, 3H) ppm. The *H NMR is in agreement with those reported in the literature.[9!

2-(Buta-2,3-dien-2-yl)naphthalene (1qg)c®

White solid, 89% yield from its 2,2-dibromocyclopropy! precursor. *H NMR (400 MHz,
CDCl3) 5 7.81-7.71 (m, 4H), 7.64-7.62 (m, 1H), 7.46-7.40 (m, 2H), 5.10 (q, J = 3.2 Hz,
2H), 2.21 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) & 209.6, 134.0, 133.6,
132.3, 127.9, 127.6, 127.5, 126.1, 125.6, 124.9, 123.3, 100.1, 77.2, 16.7 ppm. The H

NMR and *C NMR spectra are in agreement with those reported in the literature.]
1-(Buta-2,3-dien-2-yl)naphthalene (1r)?

Me F

Light yellow oil, 89% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (500
MHz, CDCls) § 8.25-8.19 (m, 1H), 7.89-7.85 (m, 1H), 7.81-7.76 (m, 1H), 7.55-7.48 (m,
2H), 7.46 (d, J = 7.7 Hz, 1H), 7.45-7.42 (m, 1H), 4.86 (q, J = 3.3 Hz, 2H), 2.22 (t, J =
3.2 Hz, 3H) ppm; 3C NMR (126 MHz, CDCl3) § 208.2, 136.6, 134.1, 131.1, 128.6 ,
127.6,126.0 , 125.8 , 125.62 , 125.58 , 125.1 , 98.3 , 74.4 , 21.3 ppm. The 'H NMR

and *C NMR spectra are in agreement with those reported in the literature.l

2-(Buta-2,3-dien-2-yl)furan (1s)
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7|
ol

Z

Me

Colorless oil, 95% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCls) § 7.40-7.35 (m, 1H), 6.39 (dd, J = 3.3, 1.9 Hz, 1H), 6.26-6.12 (m, 1H),
5.12 (g, J = 3.1 Hz, 2H), 2.00 (t, J = 3.1 Hz, 3H) ppm; 3C NMR (100 MHz, CDCl3) &
208.2,150.9,142.1,111.5, 106.2, 93.1, 78.3, 15.9 ppm. EI-MS m/z: 120.0 [M]*; HRMS
(EI) m/z: calcd. for CgHgO™: 120.0575, Found: 120.0578 [M]".

5-(Buta-2,3-dien-2-yl)-1,2,3-trimethoxybenzene (1t)

Me
MeO
X
MeO
OMe

Light yellow solid, 45% vyield from its 2,2-dibromocyclopropyl precursor. *H NMR
(400 MHz, CDCl3) & 6.64 (s, 2H), 5.03 (g, J = 3.2 Hz, 2H), 3.87 (s, 6H), 3.84 (s, 3H),
2.09 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (100 MHz, CDCls) § 208.8, 153.1, 137.0, 132.4,
103.0,99.8, 77.1, 60.9, 56.1, 16.8 ppm. ESI-MS m/z: 221.1 [M+H]*; HRMS (ESI) m/z;
calcd. for C13H1703": 221.1172, Found: 221.1172 [M+H]".

5-(Buta-2,3-dien-2-yl)benzo[d][1,3]dioxole (1u) 4
Me

ST

White solid, 86% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (500 MHz,
CDCl3) 4 6.97-6.93 (m, 1H), 6.86-6.83 (m, 1H), 6.80-6.76 (m, 1H), 5.95 (s, 2H), 5.01
(g, J = 3.1 Hz, 2H), 2.06 (t, J = 3.2 Hz, 3H) ppm; 1*C NMR (126 MHz, CDCls) § 208.8,
147.9,146.5, 130.9, 118.8, 108.1, 106.6, 101.1, 99.7, 77.2, 17.1 ppm. The *H NMR and

13C NMR spectra are in agreement with those reported in the literature. 52

1-(Buta-2,3-dien-2-yl)-4-(prop-1-en-2-yl)benzene (1v)
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Me

Vi

White solid, 96% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400 MHz,
CDCls)  7.48-7.41 (m, 2H), 7.41-7.35 (m, 2H), 5.41-5.37 (m, 1H), 5.10-5.06 (m, 1H),
5.04 (g, J = 3.1 Hz, 2H), 2.18-2.13 (m, 3H), 2.1 (t, J = 3.2 Hz, 3H) ppm; 3C NMR (100
MHz, CDClz) 6 209.2, 143.0, 139.5, 135.9, 125.61, 125.56, 112.2,99.7,77.1,21.9, 16.8
ppm. EI-MS m/z: 170.0 [M]*; HRMS (EI) m/z: calcd. for C13H14*: 170.1096, Found:
170.1102 [M]".

1-Vinylidene-1,2,3,4-tetrahydronaphthalene (1w) [

s

Colorless oil, 96% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (500
MHz, CDCl3) § 7.52-7.47 (m, 1H), 7.17-7.12 (m, 1H), 7.12-7.07 (m, 2H), 5.07 (t, J =
3.3 Hz, 2H), 2.81 (t, J = 6.2 Hz, 2H), 2.62-2.56 (m, 2H), 1.94-1.88 (m, 2H) ppm; 3C
NMR (126 MHz, CDCls) 6 206.7, 136.5, 131.3, 129.3, 127.0, 126.6, 126.2, 101.1, 78.0,
30.2, 28.8, 22.9 ppm. The *H NMR and 3C NMR spectra are in agreement with those

reported in the literature.l>

4-Vinylidenechromane (1x) 59

X,

Light yellow oil, 93% yield from its 2,2-dibromocyclopropy! precursor. *tH NMR (500
MHz, CDCl3) 6 7.41-7.35 (m, 1H), 7.15-7.08 (m, 1H), 6.94-6.87 (m, 1H), 6.87-6.82 (m,
1H), 5.16 (t, J = 3.3 Hz, 2H), 4.25 (dd, J = 6.0, 5.1 Hz, 2H), 2.78-2.71 (m, 2H) ppm;

13C NMR (126 MHz, CDCls) § 205.1, 154.1, 128.4, 127.2, 121.1, 118.5, 117.5, 96.2,
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79.6, 66.0, 27.9 ppm. The 'H NMR and 3C NMR spectra are in agreement with those

reported in the literature. [°9
Penta-1,2-dien-3-ylbenzene (1y) B9

Et

Colorless oil, 96% yield from its 2,2-dibromocyclopropyl precursor. *tH NMR (400
MHz, CDCls) § 7.43-7.41 (m, 2H), 7.35-7.30 (m, 2H), 7.22-7.18 (m, 1H), 5.12-5.10 (m,
2H), 2.47-2.40 (m, 2H), 1.19-1.14 (m, 3H) ppm; 3C NMR (100 MHz, CDCls) & 208.3,
136.5, 128.3, 126.5, 125.9, 106.6, 78.8, 22.3, 12.4 ppm. The *H NMR and *C NMR

spectra are in agreement with those reported in the literature. 9

(1-Cyclopropylpropa-1,2-dien-1-yl)benzene (1z) [

x

Light yellow oil, 93% yield from its 2,2-dibromocyclopropy! precursor. *tH NMR (400
MHz, CDCls) § 7.56 (d, J = 8.0 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.19 (t, J = 7.6 Hz,
1H), 5.07 (d, J = 2.8 Hz, 2H), 1.57-1.50 (m, 1H), 0.88-0.83 (m, 2H), 0.56-0.52 (m, 2H)
ppm; ¥C NMR (100 MHz, CDCls) & 207.8, 136.7, 128.3, 126.7, 126.2, 108.2, 79.2,
10.3, 6.8 ppm. The *H NMR and *C NMR spectra are in agreement with those reported

in the literature. ¢

3-methylnona-1,2-diene (1aa)®™

M.

X

Colorless oil, 60% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (400
MHz, CDCl3) 6 4.57 (h, J = 3.2 Hz, 2H), 1.95-1.89 (m, 2H), 1.67 (t, J = 3.1 Hz, 3H),
1.46-1.38 (m, 2H) , 1.31-1.25 (m, 6H), 0.89 (t, J = 6.6 Hz, 3H) ppm; *C NMR (100

MHz, CDCls) § 206.3, 98.6, 73.9, 33.6, 31.9, 29.1, 27.5, 22.8, 18.9, 14.3 ppm. The H
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NMR and *C NMR spectra are in agreement with those reported in the literature.>™

4-ethyl-3-methylhexa-1,2-diene (1ab)B"

Colorless oil, 65% yield from its 2,2-dibromocyclopropyl precursor. *H NMR (500
MHz, CDCl3) § 4.56 (qd, J = 3.1, 1.4 Hz, 2H), 1.82-1.71 (m, 1H), 1.61 (t, J = 3.2 Hz,
3H), 1.44-1.33 (m, 4H), 0.86 (t, J = 7.4 Hz, 6H) ppm. The *H NMR spectra are in

agreement with those reported in the literature."

Buta-2,3-dien-2-ylcyclohexane (1ac)®!]

Vi

Colorless oil, 85% yield. *H NMR (400 MHz, CDCls3) & 4.59 (app quintet, J = 3.2 Hz,
2H), 1.81-1.62 (m, 9H), 1.29-1.08 (m, 5H) ppm. The *H NMR spectra are in agreement

with those reported in the literature. 5]

Buta-2,3-dien-2-ylcyclohexane (1ad)®"

R

Colorless oil, 50% yield from its propargylic alcohol. *H NMR (500 MHz, CDCls) §
7.27-7.22 (m, 2H), 7.21-7.17 (m, 1H), 7.13-7.08 (m, 2H), 4.47 (q, J = 3.1 Hz, 2H), 2.64
(s, 2H), 1.76 (t, = 3.1 Hz, 3H), 0.99 (s, 6H) ppm; 3C NMR (126 MHz, CDCl3) § 206.5,
139.3, 130.6, 127.7, 126.0, 105.6, 74.5, 46.8, 36.9, 26.8, 15.4 ppm. The *H NMR and

13C NMR spectra are in agreement with those reported in the literature. "

1-methyl-4-(1-phenylpropa-1,2-dien-1-yl)benzene (1ae)K
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Me

s

Light yellow oil, 95% yield from its 2,2-dibromocyclopropy! precursor. *H NMR (500
MHz, CDCls) § 7.39-7.30 (m, 4H), 7.28-7.23 (m, 3H), 7.17-7.13 (m, 2H), 5.24 (s, 2H),
2.36 (s, 3H) ppm; C NMR (126 MHz, CDCls) & 209.8, 137.0, 136.4, 133.3, 129.1,
128.39, 128.36, 128.32, 127.1, 109.0, 77.9, 21.2 ppm. The *H NMR and *C NMR

spectra are in agreement with those reported in the literature.°Kl

1-methyl-2-(1-phenylpropa-1,2-dien-1-yl)benzene (1af)?l

I Me
(s

Colorless oil, 80% vyield from its its 2,2-dibromocyclopropyl precursor. *H NMR (500
MHz, CDCls) § 7.30-7.17 (m, 9H), 5.16 (s, 2H), 2.20 (s, 3H) ppm; 13C NMR (126 MHz,
CDCIs) 6 208.3, 137.0, 136.4, 135.5, 130.4, 130.3, 128.43, 127.7, 126.8, 126.7, 126.0,
107.2, 77.6, 20.1 ppm. The *H NMR and *C NMR spectra are in agreement with those

reported in the literature.
4. General procedures for palladium-catalyzed diboration of 1,1-
disubstituted allenes

4.1. General procedure for palladium-catalyzed diboration of 1,1-

disubstituted allenes

RI
/& cat. [Pd], Ligand (pin)B, R’
RN+ Balpink R B(pin)
Solvent, rt, 24 h
1 2 (1.2 equiv) 3

To a 25 mL flame-dried Schlenk tube was added palladium precursor (2.0 mol %
Pd) and chiral ligand (2.5 mol %), then purged with nitrogen three times. Solvent (2.0
mL) was added and the mixture was stirred at rt for 0.5 h. Then buta-2,3-dien-2-
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ylbenzene (1a, 0.2 mmol, 1.0 equiv) and Bzpinz (0.24 mmol, 1.2 equiv) were added in
one portion. The resulting mixture was stirred under nitrogen at rt for 24 h, and then
quenched with saturated NH4Cl solution (5 mL). EtOAc (10 mL) was added and the
organic layer was separated, washed with brine, dried over sodium sulfate, and
concentrated. The residue was purified by flash chromatography on silica gel and the
enantiomeric excess was determined by chiral HPLC.

4.2. Asymmetric diboration of 1a: optimization of reaction conditions

Table S1 Asymmetric diboration of 1a: solvent optimization[®

Ligand (2.5 mol%) B(pin)
"\, By(pin), _ Pda(dbas (1.0 moi%) B(pin)
solvent, rt, 24 h

1a 2(1.2 equiv) 3a
Entry Ligand Solvent Yield (%)! ee (%)
1 (S, S, S)-SKP L4 Toluene 96 -51
2ld] (S, S, S)-SKP L4 Toluene 48 -56
3 (S, S, S)-SKP L4 DCM 42 -36
4 (S, S, S)-SKP L4 THF 93 -47
5 (S, S, S)-SKP L4 CH3CN 41 -20
6 (S, S, S)-SKP L4 MeOH 13 -40
7 (S, S, S)-SKP L4 DMF 41 -24
8 (S, S, S)-SKP L4 EA 73 -38
9 (S, S, S)-SKP L4 n-Hexane 88 -59
10 (S, S, S)-SKP L4 PhF 51 -49
11 (S, S, S)-SKP L4 1,4-dioxane 96 -48
12 (S, S, S)-SKP L4 Et,O 93 -53
13 (S, S, S)-SKP L4 Benzene 92 -47
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14 (S, S, S)-SKP L4 p-Xylene 80 -50

15 (S, S, S)-SKP L4 CyH 95 -59
166 (S, S, S)-SKP L4 CyH 85 -59
17 (S)-BI-DIME L8 CyH 08 94
18 (S)-BI-DIME L8 Toluene 82 92
19 (S)-BI-DIME L8 THF 51 91
20 (S)-BI-DIME L8 1,4-dioxane 27 92
21 (S)-BI-DIME L8 DCM N.R. N.D.

[a] Unless otherwise noted, all reactions were performed at rt for 24 h in the presence
of 1a (0.2 mmol), 2 (0.24 mmol), Ligand (2.5 mol%) and Pdz(dba)s (1.0 mol%) in a
specified solvent (2.0 mL). The reactions have an excellent regioselectivity and the 3a
was the only product. [b] Yield of the isolated 3a. [c] The ee value was determined by
HPLC using a chiral column. [d] The reaction was performed at 0 °C. [e] (S, S, S)-SKP
L4 (1.2 mol%) and Pd»(dba)s (0.05 mol%) were used. N.R. = No Reaction; N.D. = Not
Determined.

Table S2 Asymmetric diboration of 1a: chiral ligand[®

Ligand (2.5 mol%) B(pin)
. Bloi
A + Bg(pin)z sz(dba)s (10 mol%) (pln)
CyH, rt, 24 h

3a

1a 2(1.2 equiv)
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.
™

L1 (R)-BINAP L2 (R)-SDP L3 (S,S)-Me-Duphos

Ph" Ph

Ph_ Ph OO
(0]
0] \ / O\
~ P—N _P—N
o O/ AN ] i fe)

L5 L6
Oy 2 O l PPh,
NH HN
PPh,
PPh,Ph,P “
L10 (R,R)-Trost ligand L11 (S)-Hg-BINAP

PR, RyP
(S,S,S)-SKP Series
L4a: R = Ph (L4)

L4b: R = 2-MeCgH,

L4c: R = 3,5-Me,CgH3

L4d: R = 4-MeCgH,

L4e: R=4-MeOCgH,4

L4f: R = 4-FCgH,4

L4g: R = 4-CF3CgH,4

L4h: R = 3,5-Bu,CgHj

L4i: R = 3,5-Buy-4-OMeCgH,

L8 L13
0 0
P, (L
‘tBu tBu
PhO ‘ OPh BnO O OBn
L16 L17
D
o
) 8
P",/ N fBu
L20 L21
Entry Ligand Yield (%) ee (%)
1 L1 N.R. N.D.
2 L2 N.R. N.D.
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

L3
L4a
L4b
L4c
L4d
L4e
L4f
L4g
L4h
L4i

L5

L6

L7

L8

L9
L10
L11
L12
L13
L14
L15

L16
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95

97

68

92

85

95

97

97

97

76.

45.

60

98

N.R.

N.R.

N.R.

26

88

69

96

92

52

59

39

43

63

72

76

78

74

82

79.

12.

91

94

N.D.

N.D.

N.D.

35

24

19

94



25 L17

26 L18
27 L19
28 L20
29 L21
30 L22
31 L23

95

N.R.

<10

<10

92

88

26

92

N.D.

91

28

82

[a] Unless otherwise noted, all reactions were performed at rt for 24 h in the presence
of 1a (0.2 mmol), 2 (0.24 mmol), ligand (2.5 mol%) and Pd(dba)s (1.0 mol%) in CyH
(2.0 mL). The reactions have an excellent regioselectivity and 3a was the only product.
[b] Yield of the isolated 3a. [c] The ee value was determined by HPLC using a chiral
column. N.R. = No Reaction; N.D. = Not Determined.

Table S3 Asymmetric diboration of 1a catalyzed by Pd-(S)-BI-DIME: optimization of

palladium precursorst

(S)-BI-DIME (2.5 mol%)

(pin)B, =

0
(L
P\

Bu

O/g\ . By(pin), [Pd] (2.0 mol%) ©)§W8(pin) Moo o
CyH, t, 24 h O
1a 2(1.2 equiv) . (S)-BI-DIME
Entry [Pd] Yield (%)™ ee (%)
1 Pdz(dba)s 98 94
2 Pd(dba). 87 95
3 Pd(PPhz3)4 80 54
4 Pd(OAC)2 33 92
5 [PACI(Cinnamyl)], N.R. N.D.
5 PdB, NLR. N.D.
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7 PdCL(PPh,), N.R. N.D.

[a] Unless otherwise noted, all reactions were performed at rt for 24 h in the presence
of 1a (0.2 mmol), 2 (0.24 mmol), (S)-BI-DIME (2.5 mol%) and [Pd] (2.0 mol% in terms
of palladium atom) in CyH (2.0 mL). The reactions have an excellent regioselectivity
and the 3a was the only product. [b] Yield of the isolated 3a. [c] The ee value was
determined by HPLC using a chiral column. N.R. = No Reaction; N.D. = Not
Determined.

Table S4 Asymmetric diboration of la catalyzed by Pd-(S)-BI-DIME: Effects of

0
(L
in)B, PS

~

(S)-BI-DIME (x mol%) (P E 5
: . "
"\, By(pin), _ Pdz(dba)s (1.0 moi%) B(Pin) | me0 OMe
CyH, rt, 24 h O

Pd/ligand ratio [@

1a 2(1:2 equi) > (S)-BI-DIME
Entry [Pd]/L Yield (%)®! ee (%)
1 1:1 98 9
2 1:2 99 93
3 2:1 95 91
4 No Ligand <5% N.D.
5 No Pdx(dba)s N.R. N.D.
6 Pd(0)[(S)-BI-DIME], [ 99 94

[a] Unless otherwise noted, all reactions were performed at rt for 24 h in the presence
of 1a (0.2 mmol), 2 (0.24 mmol), (S)-BI-DIME (x mol%) and Pd2(dba)s (1.0 mol%) in
CyH (2.0 mL). The reactions have an excellent regioselectivity and the 3a was the only
product. [b] Yield of the isolated 3a. [c] The ee value was determined by HPLC using
a chiral column. [d] The Pd(0)[(S)-BI-DIME]. complex (1.0 mol%) was used. N.R. =
No Reaction; N.D. = Not determined.

Table S5 Asymmetric diboration of 1a catalyzed by Pd-(S)-BI-DIME: Study of catalyst

loading!®
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0
(L2
P\

(S)-BI-DIME(2.5x mol%)  (Pin)B & _ 5
"N\ + B,(pin), Pd,(dba); (x mol%) B(pin) MeO OMe u
CyH, rt, 24 h O
: 3
1a 2(1.2 equiv) ° (S)-BI-DIME

Entry Pd2(dba)s Yield (%)™ ee (%)
1 1.0 mol% 98 94
2 0.5 mol% 95 91
3 0.1 mol% 85 94
4 0.5 mol% 96 94
5l 0.1 mol% 96 93
6l¢] 0.1 mol% 97 94

[a] Unless otherwise noted, all reactions were performed at rt for 24 h in the presence
of 1a (4.0 mmol), 2 (4.8 mmol), (S)-BI-DIME (2.5x mol%) and Pdz(dba)s (x mol%) in
CyH (20.0 mL). The reactions have an excellent regioselectivity and the 3a was the
only product. [b] Yield of the isolated 3a. [c] The ee value was determined by HPLC

using a chiral column. [d] 48 h. [e] 72 h.

5. Analytical data of chiral diboronate products

(R)-2,2'-(3-Phenylbut-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)

(32)

Oo. O
Y ‘?J%
©/"\[(B\O

White solid, 98% vyield, M.p. 70-72 °C. [o]p?®® = 53.6 (¢ 0.80, CHCIl3), 94% ee

[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,

0.7 mL/min, A = 214 nm; tr (Major) = 5.21 min; tg (Minor) = 6.51 min]. *H NMR (400

MHz, CDCls) & 7.37-7.35 (m, 2H), 7.27-7.23 (m, 2H), 7.14-7.11 (m, 1H), 5.82 (d, J =
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2.8 Hz, 1H), 5.18 (d, J = 2.8 Hz, 1H), 1.52 (s, 3H), 1.24 (s, 6H), 1.22-1.20 (m, 18H)
ppm; 3C NMR (100 MHz, CDCls) 3 144.9, 128.4, 127.6, 126.8, 125.2, 83.4, 83.3,24.9,
24.8,24.4,24.3, 22.3 ppm; 1'B NMR (128 MHz, CDCls3) § 33.1, 30.8 ppm. IR (neat) v
2979, 1308, 1140, 1089, 884, 701 cm™; ESI-MS m/z: 402.3 [M+NHJ]*; HRMS (ESI)
m/z: calcd. for C22H3s*°B2NO4*: 400.3054, Found: 400.3052 [M+NHa]*.

(R)-2,2'-(3-(p-Tolyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3b)

0.0
i ‘?J%

White solid, 91% vyield, M.p. 88-89 °C. [0]p?® = 51.7 (c 0.80, CHCIls), 93% ee
[determined by HPLC analysis using a Chiralcel OD-H column; n-Hex/i-PrOH =
99.9:0.1, 0.7 mL/min, A = 214 nm; tr (Major) = 5.14 min; tr (Minor) = 6.48 min]. *H
NMR (400 MHz, CDCls) § 7.24 (d, J = 8.0 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 5.81 (d,
J=2.8Hz, 1H), 5.15 (d, J = 2.8 Hz, 1H), 2.29 (s, 3H), 1.50 (s, 3H), 1.26-1.22 (m, 24
H) ppm; 3C NMR (100 MHz, CDCls) & 141.6, 134.4, 128.4, 128.3, 126.8, 83.3, 83.2,
24.9,24.8,24.33,24.28, 22.3, 20.9 ppm. !B NMR (128 MHz, CDCls) 6 33.2, 30.8 ppm;
IR (neat) v 2975, 1348, 1305, 1143, 1093, 854 cm™; ESI-MS m/z: 416.3 [M+NH4]";
HRMS (ESI) m/z: calcd. for C23Ha0'°B2NO4*: 414.3211, Found: 414.3208 [M+NH]*.

(R)-2,2'-(3-(4-Methoxyphenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3c)

White solid, 90% yield, M.p. 95-97 °C. [0]p®® = 60.3 (¢ 0.80, CHCI3), 94% ee
[determined by HPLC analysis using a Chiralcel ID-3 column; n-Hex/i-PrOH = 99:1,
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0.7 mL/min, A = 214 nm; tr (Major) = 6.40 min; tr (Minor) = 7.06 min]. *H NMR (400
MHz, CDCl3) & 7.28 (d, J = 8.4 Hz, 2H), 6.81 (d, J = 8.8 Hz, 2H), 5.80 (d, J = 2.8 Hz,
1H), 5.18 (d, J = 2.8 Hz, 1H), 3.77 (s, 3H), 1.49 (s, 3H), 1.26-1.21 (m, 24 H) ppm; 13C
NMR (100 MHz, CDCls) 6 157.2, 136.8, 129.3, 126.5, 113.0, 83.3, 83.2, 55.0, 24.8,
24.7,24.33, 24.27 22.4 ppm; 'B NMR (128 MHz, CDCls) § 33.0, 31.0 ppm. IR (neat)
v2978,1510, 1373, 1304, 1140, 1089, 845 cm™; ESI-MS m/z: 432.2 [M+NH4]*; HRMS
(ESI) m/z: calcd. for C2sH10*°B2NOs*: 430.3160, Found: 430.3157 [M+NH4]*.

(R)-2,2'-(3-(4-Fluorophenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane) (3d)

m

White solid, 98% yield, M.p. 69-71 °C. [a]p®® = 22.0 (¢ 1.00, CHCI3), 90% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tr (Major) = 4.86 min; tg (Minor) = 5.16 min]. *H NMR (400
MHz, CDCl3) § 7.35-7.31 (m, 2H), 6.96-6.91 (m, 2H), 5.83 (d, J = 2.8 Hz, 1H),5.22 (d,
J=2.8Hz, 1H), 1.49 (s, 3H), 1.24 (s, 6H), 1.22 (s, 6H), 1.20 (s, 6H), 1.19 (s, 6H) ppm;
13C NMR (100 MHz, CDCls) & 160.8 (d, Jirc) = 242.0 Hz), 140.7 (d, Jc) = 3.0 Hz),
129.8 (d, JFc) = 7.5 Hz), 126.6, 114.3 (d, Jrc) = 21.4 Hz), 83.5, 83.3, 24.8, 24.7, 24.4,
24.3, 22.6 ppm; F NMR (376 MHz, CDCls) § -118.9 ppm; 'B NMR (128 MHz,
CDCls) 5 33.0, 30.8 ppm. IR (neat) v 2977, 1507, 1373, 1349, 1306, 1142, 1094, 854
cm; ESI-MS m/z: 420.2 [M+NH4]*; HRMS (ESI) m/z: calcd. for C22H37°B2FNO4*:
418.2960, Found: 418.2957 [M+NH4]".

(R)-2,2'-(3-(4-Chlorophenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3e)
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White solid, 93% vyield, M.p. 67-69 °C. [a]o?®® = 33.7 (c 1.00, CHCIl3), 92% ee
[determined by HPLC analysis using a Chiralcel ID-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tr (Major) = 5.29 min; tr (Minor) = 5.63 min]. *H NMR (400
MHz, CDCl3) & 7.31 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.8 Hz, 2H), 5.84 (d, J = 2.8 Hz,
1H), 5.23 (d, J = 2.8 Hz, 1H), 1.48 (s, 3H), 1.26-1.19 (m, 24H) ppm; *C NMR (100
MHz, CDCls) 6 143.8, 130.8, 129.8, 127.7, 126.9, 83.5, 83.3, 24.8, 24.7, 24.4, 24.3,
22.4 ppm; 1B NMR (128 MHz, CDCls) & 33.2, 30.9 ppm. IR (neat) v 2978, 1347, 1314,
1143, 1096, 854 cm™; ESI-MS m/z: 436.2 [M+NH4]*; HRMS (ESI) m/z: calcd. for
C22H371°B2CINOS*: 434.2664, Found: 434.2664 [M+NH]".

(R)-2,2'-(3-(4-Bromophenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3f)

White solid, 85% vyield, M.p. 87-88 °C. [u]o?®® = 30.9 (¢ 1.00, CHCIls), 90% ee
[determined by HPLC analysis using a Chiralcel ID-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tr (Major) = 5.34 min; tg (Minor) = 5.70 min]. *H NMR (400
MHz, CDCls) 6 7.37 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 5.84 (d, J = 2.4 Hz,
1H), 5.23 (d, J = 2.0 Hz, 1H), 1.47 (s, 3H), 1.23-1.19 (m, 24H) ppm; 3C NMR (100
MHz, CDCls) & 144.4, 130.6, 130.3, 127.0, 119.1, 83.5, 83.4, 24.8, 24.7, 24.4, 24.3,
22.4 ppm; B NMR (128 MHz, CDCl3) § 33.0, 30.9 ppm. IR (neat) v 2976, 1303, 1143,
1097, 886, 855, 711 cm™*; ESI-MS m/z: 485.1 [M+Na]*; HRMS (ESI) m/z: calcd. for
C22H371°B2BrNO,*: 478.2159, Found: 478.2161 [M+NHa]*.
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(R)-2,2'-(3-(4-(Trifluoromethyl)phenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethy|-
1,3,2-dioxaborolane) (39)

0.0
2" 0
F3C

White solid, 94% vyield, M.p. 76-78 °C. [a]o®® = 30.6 (c 1.00, CHCIls), 87% ee
[determined by HPLC analysis using a Chiralcel IC-3 column; n-Hex/i-PrOH =
99.5:0.5, 0.4 mL/min, A = 214 nm; tr (Major) = 9.68 min; tz (minor) = 10.33 min]. *H
NMR (400 MHz, CDCls) § 7.52-7.47 (m, 4H), 5.88 (d, J = 2.8 Hz, 1H), 5.26 (d, J = 2.4
Hz, 1H), 1.52 (s, 3H), 1.24 (s, 6H), 1.23 (s, 6H), 1.19 (s, 6H), 1.18 (s, 6H) ppm; 3C
NMR (100 MHz, CDCls) § 144.9, 128.7, 127.3 (q, Jc) = 32.5 Hz), 127.2, 124.5 (g,
JFc) = 270.6 Hz), 124.48 (q, Jrc) = 3.3 Hz), 83.6, 83.4, 24.72, 24.71, 24.4, 24.3, 22.4
ppm; °F NMR (376 MHz, CDCls) & -62.2 ppm; B NMR (128 MHz, CDCl3) § 33.3,
30.8 ppm. IR (neat) v2977, 1611, 1321, 1143, 1118, 1072, 853, 705, 680 cm™}; ESI-MS
m/z: 453.2 [M+H]*; HRMS (ESI) m/z: calcd. for C23Hz7°B2FsNO4*: 468.2928, Found:
468.2929 [M+NH4]".

(R)-2,2'-(3-(4-(Benzyloxy)phenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3h)

White solid, 93% vyield, M.p. 89-91 °C. [u]p?®® = 22.7 (¢ 1.00, CHCIl3), 90% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tg (Major) = 7.32 min; tg (Minor) = 10.40 min]. *H NMR (400
MHz, CDCls) § 7.43-7.41 (m, 2H), 7.38-7.34 (m, 2H), 7.31-7.26 (m, 3H), 6.90-6.87 (m,
2H), 5.81 (d, J = 2.8 Hz, 1H), 5.20 (d, J = 2.8 Hz, 1H), 5.02 (s, 2H), 1.49 (s, 3H), 1.25

(s, 6H), 1.24 (s, 6H), 1.20 (s, 6H), 1.19 (s, 6H) ppm; 3C NMR (100 MHz, CDCls) &
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156.5, 137.3, 137.2, 129.4, 128.4, 127.7, 127.4, 126.5, 114.0, 83.3, 83.2, 69.8, 24.8,
24.7,24.4,24.3,22.4 ppm; B NMR (128 MHz, CDCl3) 6 32.0 ppm. IR (neat) v 2974,
1670, 1601, 1508, 1307, 1239, 1138, 833, 698 cm'*; ESI-MS m/z: 508.3 [M+NHa]*;
HRMS (ESI) m/z: calcd. for CagH44*°B2NOs*: 506.3473, Found: 506.3469 [M+NH4]*.

(R)-(4-(2,3-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-2-
yl)phenoxy)(tert-butyl)dimethylsilane (3i)

0.0
87 0
TBSO

White solid, 93% vyield, M.p. 91-93 °C. [a]p®® = 30.7 (c 1.00, CHCls), 91% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.5 mL/min, A = 214 nm; tg (Major) = 6.34 min; tz (minor) = 6.96 min]. *H NMR (400
MHz, CDCl3) & 7.20 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 8.8 Hz, 2H), 5.79 (d, J = 3.2 Hz,
1H), 5.20 (d, J = 2.8 Hz, 1H), 1.48 (s, 3H), 1.23-1.20 (s, 24H), 0.97 (s, 9H), 0.17 (s, 6H)
ppm; 1*C NMR (100 MHz, CDCl3) § 153.1, 137.5, 129.3, 126.4, 119.2, 83.3, 83.2, 25.7,
24.9,24.7,24.4,24.3,22.4,18.2, -4.5 ppm; 1'B NMR (128 MHz, CDCl3) & 32.1 ppm.
IR (neat) v 2968, 1305, 1253, 1145, 1086, 914, 837, 683 cm™; ESI-MS m/z: 532.4
[M+NH4]*; HRMS (ESI) m/z: calcd. for CasHs»'°B2NOsSi*: 530.3868, Found:
530.3862 [M+NHa]".

(R)-2,2'-(3-(m-Tolyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3j)

White solid, 91% yield, M.p. 84-86 °C. [0]p®® = 35.4 (¢ 1.00, CHCI3), 92% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
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0.7 mL/min, A = 214 nm; tr (Major) = 5.01 min; tr (Minor) = 5.78 min]. *H NMR (400
MHz, CDCls) 6 7.16-7.15 (m, 3H), 6.95-6.93 (m, 1H), 5.81 (d, J = 2.8 Hz, 1H), 5.15
(d, J = 2.8 Hz, 1H), 2.30 (s, 3H), 1.51 (s, 3H), 1.25-1.22 (m, 24H) ppm; 3C NMR (100
MHz, CDCl3) 6 144.6, 136.9, 129.2, 127.5, 126.9, 125.9, 125.4, 83.4, 83.3, 24.9, 24.8,
24.,24.2,22.2, 21.5 ppm; "B NMR (128 MHz, CDCls) & 33.3, 31.0 ppm. IR (neat) v
2977, 1350, 1303, 1143, 1096, 851, 705 cm™; ESI-MS m/z: 416.3 [M+NH4]"; HRMS
(ESI) m/z: calcd. for C2Hao'°BoNO4*: 414.3211, Found: 414.3207 [M+NH4]*.

(R)-2,2'-(3-(3-Chlorophenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane) (3k)

m

White solid, 97% vyield, M.p. 81-83 °C. [a]p®® = 40.4 (c 1.00, CHCI3), 92% ee
[determined by HPLC analysis using a Chiralcel ID-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tr (Major) = 5.13 min; tg (Minor) = 5.69 min]. *H NMR (400
MHz, CDCls) 6 7.37 (t, J = 1.6 Hz, 1H), 7.27-7.24 (m, 1H), 7.17 (t, J = 8.0 Hz, 1H),
7.12-7.09 (m, 1H), 5.85 (d, J = 2.4 Hz, 1H), 5.25 (d, J = 2.8 Hz, 1H), 1.49 (s, 3H), 1.24
(s, 6H), 1.22 (s, 6H), 1.20 (s, 6H), 1.19 (s, 6H) ppm; *C NMR (100 MHz, CDCl3) §
147.6, 133.5, 128.8, 128.7, 127.0, 126.7, 125.3, 83.6, 83.4, 24.8, 24.7, 24.4, 24.3, 22.3
ppm; B NMR (128 MHz, CDCIs) & 33.2, 30.7 ppm. IR (neat) v 2976, 1589, 1462,
1311, 1138, 840, 786 cm™*; ESI-MS m/z: 436.2 [M+NH4]*; HRMS (ESI) m/z: calcd.
for C22Hs7'°B2CINO4*: 434.2664, Found: 434.2659 [M+NH4]".

(R)-2,2'-(3-(3-Bromophenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3I)
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o. .0
87 0
Br\<>/"wTB\O

White solid, 80% vyield, M.p. 97-99 °C. [a]o®® = 29.0 (c 1.00, CHCIls), 86% ee
[determined by HPLC analysis using a Chiralcel ID-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tr (Major) = 5.05 min; tg (Minor) = 5.38 min]. *H NMR (400
MHz, CDCls) 6 7.52 (t, J = 1.6 Hz, 1H), 7.32-7.25 (m, 2H), 7.12 (t, J = 8.0 Hz, 1H),
5.85 (d, J = 2.8 Hz, 1H), 5.25 (d, J = 2.8 Hz, 1H), 1.48 (s, 3H), 1.24 (s, 6H), 1.22 (s,
6H), 1.20 (s, 6H), 1.19 (s, 6H) ppm; 3C NMR (100 MHz, CDCl3) § 147.9, 131.6, 129.1,
128.2,127.1,127.0, 122.0, 83.6, 83.4, 24.8, 24.7, 24.4, 24.3, 22.2 ppm; !B NMR (128
MHz, CDCl3) 6 33.2, 30.8 ppm. IR (neat) v 2971, 1602, 1307, 1255, 1145, 1087, 914,
838, 778 cm; ESI-MS m/z: 480.2 [M+NHi]*; HRMS (ESI) m/z: calcd. for
C22H371°B,BrNO4": 478.2159, Found: 478.2154 [M+NHa]".

(R)-2,2'-(3-(3-Methoxyphenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3m)

Colorless oil, 95% yield, [o]p?° = 45.7 (c 0.68, CHCl3), 94% ee [determined by HPLC
analysis using a Chiralcel IC-3 column; n-Hex/i-PrOH = 99:1, 0.7 mL/min, A = 214 nm;
tr (Major) = 7.76 min; tz (minor) = 8.28 min]. *H NMR (500 MHz, CDCls) § 7.19-7.14
(m, 1H), 6.97-6.92 (M, 2H), 6.72-6.67 (m, 1H), 5.81 (d, J = 2.9 Hz, 1H), 5.20 (d, J =
2.9 Hz, 1H), 3.77 (s, 3H), 1.51 (s, 3H), 1.27-1.18 (m, 24H) ppm; 13C NMR (126 MHz,
CDCI3) 6 159.2, 146.7,128.4, 126.8, 121.0, 114.2, 110.8, 83.4, 83.3, 55.0, 24.89, 24.86,
24.4,24.3, 22.4 ppm; 1B NMR (128 MHz, CDCls) § 33.2, 30.5 ppm. IR (neat) v 2980,
1594, 1305, 1141, 961, 853, 699 cm™; ESI-MS m/z: 415.7 [M+H]*; HRMS (ESI) m/z:

calcd. for CosHs71%B,0s": 413.2894, Found: 413.2897 [M+H]".
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(R)-2,2'-(3-(o-Tolyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3n)

o.__0
2" 0

White solid, 91% yield, M.p. 67-69 °C. [a]o®® = 34.2 (c 1.00, CHCI3), 92% ee
[determined by HPLC analysis using a Chiralcel OD-H column; n-Hex/i-PrOH =
99.9:0.1, 0.7 mL/min, A = 214 nm; tr (Major) = 10.91 min; tr (minor) = 14.04 min]. *H
NMR (400 MHz, CDCl3) & 7.28 (d, J = 7.6 Hz, 1H), 7.17-7.12 (m, 1H), 7.10-7.07 (m,
2H), 5.61 (d, J = 2.8 Hz, 1H), 5.06 (d, J = 2.8 Hz, 1H), 2.21(s, 3H), 1.64 (s, 3H), 1.25-
1.21 (m, 24H) ppm; 3C NMR (100 MHz, CDCls) § 143.5, 137.3, 130.5, 127.3, 125.6,
125.4,125.3, 83.3,82.8, 24.8, 24.5, 24.4, 23.1, 21.6 ppm; B NMR (128 MHz, CDCls)
& 33.6, 31.1 ppm. IR (neat) v 2977, 1463, 1301, 1142, 1086, 849, 730, 673 cm™; ESI-
MS m/z: 416.2 [M+NH4]*; HRMS (ESI) m/z: calcd. for C22H40'°B2NO4*: 414.3211,
Found: 414.3209 [M+NH4]".

(R)-2,2'-(3-(2-Methoxyphenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (30)

o. O
2" 0
mB\O
OMe

White solid, 95% vyield, M.p. 102-104 °C. [a]o?® = 23.9 (c 0.70, CHCls), 94% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tg (Minor) = 6.50 min; tr (Major) = 6.87 min]. *H NMR (500
MHz, CDCl3) § 7.21-7.13 (m, 2H), 6.91 (dt, J = 7.5, 1.1 Hz, 1H), 6.80 (dd, J = 8.2, 1.1
Hz, 1H), 5.65 (d, J = 3.0 Hz, 1H), 5.02 (d, J = 3.0 Hz, 1H), 3.74 (s, 3H), 1.55 (s, 3H),
1.27-1.22 (m, 24H) ppm; *C NMR (126 MHz, CDCls) 5 156.7, 135.4, 127.9, 126.5,

125.6, 120.8, 110.0, 82.8, 55.2, 24.85, 24.83, 24.64, 24.58, 21.9 ppm; !B NMR (128
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MHz, CDCls) & 33.3, 31.4 ppm. IR (neat) v 2979, 1328, 1291, 1143, 1086, 846, 749
cm®; ESI-MS m/z: 437.5 [M+Na]*; HRMS (ESI) m/z: calcd. for CsH37'°B20s":
413.2894, Found: 413.2891 [M+H]*.

(R)-2,2'-(3-(2-Chlorophenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3p)

White solid, 90% yield, M.p. 105-107 °C. [o]p?®® = 20.0 (c 0.80, CHCls) 93% ee
[determined by HPLC analysis using a Chiralcel ID-H column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tr (Major) = 5.37 min ; tr (Minor) = 5.69 min]. *H NMR (500
MHz, CDCl3) & 7.33-7.28 (m, 2H), 7.21 (td, J = 7.6, 1.5 Hz, 1H), 7.11 (td, J = 7.6, 1.7
Hz, 1H), 5.72 (d, J = 2.7 Hz, 1H), 5.19 (d, J = 2.7 Hz, 1H), 1.63 (s, 3H), 1.26-1.21 (m,
24H) ppm; 3C NMR (126 MHz, CDCl3) § 144.1, 134.8, 129.4, 129.2, 126.8, 126.5,
126.4, 83.4, 82.9, 24.8, 24.7, 24.60, 24.58, 22.5 ppm; !B NMR (128 MHz, CDCls) &
32.8,30.4 ppm. IR (neat) v 2978, 1314, 1141, 1099, 847, 722 cm’L; ESI-MS m/z: 419.6
[M+H]*; HRMS (ESI) m/z: calcd. for C22H34°B204Cl*: 417.2399, Found: 417.2398
[M+H]".

(R)-2,2'-(3-(Naphthalen-2-yl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3q)

o. 0O
i ‘?J%

White solid, 98% vyield, M.p. 136-138 °C. [a]p?® = 41.9 (c 1.00, CHCls), 94% ee
[determined by HPLC analysis using a Chiralcel OD-3+ IB-3 column; n-Hex/i-PrOH =
99:1, 0.4 mL/min, A = 214 nm; tr (minor) = 10.51 min; tg (major) = 10.78 min]. *H
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NMR (400 MHz, CDCls) & 7.78-7.75 (m, 3H), 7.71 (d, J = 8.8 Hz, 1H), 7.55 (dd, J =
8.8, 2.0 Hz, 1H), 7.42-7.36 (m, 2H), 5.86 (d, J = 2.8 Hz, 1H), 5.19 (d, J = 2.8 Hz, 1H),
1.63 (s, 3H), 1.24 (s, 6H), 1.21-1.20 (m, 18H) ppm; C NMR (100 MHz, CDCls) §
142.6, 133.6, 131.7, 128.1, 127.8, 127.4, 127.2, 126.6, 126.1, 125.3, 124.9, 83.5, 83.3,
24.9, 24.8, 24.4, 24.3, 22.3 ppm; B NMR (128 MHz, CDCls) § 33.2, 31.3 ppm. IR
(neat) v 2979, 1308, 1137, 1092, 850, 746 cm; ESI-MS m/z: 457.2 [M+Na]*; HRMS
(ESI) m/z: calcd. for C26Ha0'°BoNO4*: 450.3211, Found: 450.3207 [M+NH4]*.

(R)-2,2'-(3-(Naphthalen-1-yl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3r)

White solid, 86% vyield, M.p. 104-106 °C. [a]o® = 26.3 (c 0.46, CHClIs), 91% ee
[determined by HPLC analysis using a Chiralcel 1C-3+OD-3 column; n-Hex/i-PrOH =
99:1, 0.4 mL/min, A = 214 nm; tr (major) = 19.55 min; tr (minor) = 20.63 min]. *H
NMR (500 MHz, CDCls) § 8.06-8.00 (m, 1H), 7.81-7.76 (m, 1H), 7.70-7.65 (m, 1H),
7.52-7.48 (m, 1H),7.48-7.42 (m, 1H), 7.39-7.31 (m, 2H), 5.66 (d, J = 2.8 Hz, 1H), 4.98
(d,J=2.8 Hz, 1H), 1.80 (s, 3H), 1.28-1.07 (m, 24H) ppm; *C NMR (126 MHz, CDCls)
5 142.3,134.0,132.6,128.3,127.7,127.2,126.5, 125.7, 124.7, 124.6, 124.5, 83.6, 83.0,
24.86, 24.77, 24.6, 24.3, 23.6 ppm; B NMR (128 MHz, CDCl3) § 34.5, 31.2 ppm. IR
(neat) v 2977, 1302, 1143, 1092, 848, 777 cm™; ESI-MS m/z: 457.5 [M+Na]*; HRMS
(ESI) m/z: calcd. for CasH40'°BoNO4*: 450.3211, Found: 450.3208 [M+NH.]".

(R)-2,2'-(3-(Furan-2-yl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3s)
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White solid, 93% yield, M.p.82-84 °C. [a]o® = 24.9 (c 0.50, CHCI3), 88% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tg (Major) = 7.11 min; tr (Minor) = 10.45 min]. *H NMR (500
MHz, CDCls) § 7.33-7.30 (m, 1H), 6.28 (dd, J = 3.2, 1.8 Hz, 1H), 6.15-6.10 (m, 1H),
5.80 (d, J = 2.7 Hz, 1H), 5.13 (d, J = 2.7 Hz, 1H), 1.47(s, 3H), 1.28-1.17 (m, 24H), ppm;
13C NMR (126 MHz, CDCl3) & 158.8, 140.8, 126.9, 109.8, 105.8, 83.7, 83.4, 25.0, 24.7,
24.4,24.3, 20.8 ppm; B NMR (128 MHz, CDCl3) § 33.1, 30.6 ppm; IR (neat) v 2978,
1315, 1140, 1102, 846, 722 cmt; ESI-MS m/z: 375.3 [M+H]*; HRMS (ESI) m/z: calcd.
for C2oH33'°B,05": 373.2581, Found: 373.2579 [M+H]".

(R)-2,2'-(3-(3,4,5-Trimethoxyphenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-

o. 0O
8" 0
MeO B

MeO

1,3,2-dioxaborolane) (3t)

OMe

White solid, 86% yield, M.p.110-112 °C. [a]p®® = 32.6 (c 1.00, CHCIs), 90% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 95:5,
0.7 mL/min, A = 214 nm; tg (Minor) = 15.23 min; tg (Major) = 17.72 min]. *H NMR
(400 MHz, CDCls) 5 6.61 (s, 2H), 5.80 (d, J = 2.8 Hz, 1H), 5.20 (d, J = 2.8 Hz, 1H),
3.82 (s, 9H), 1.51 (s, 3H), 1.27-1.22 (m, 24H) ppm; 3C NMR (100 MHz, CDCls) &
152.3, 140.6, 135.6, 126.6, 105.6, 83.4, 83.2, 60.7, 55.8, 24.92, 24.88, 24.33, 24.31,
22.4 ppm; B NMR (128 MHz, CDCl3) § 30.9 ppm. IR (neat) v 2979, 1586, 1310, 1129,
1094, 845 cm™; ESI-MS m/z: 475.3 [M+H]*; HRMS (ESI) m/z: calcd. for
CasH41*°B207*: 473.3106, Found: 473.3104 [M+H]".
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(R)-2,2'-(3-(Benzo[d][1,3]dioxol-5-yl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (3u)

Pale yellow solid, 98% yield, M.p. 103-105 °C. [a]p? = 41.8 (c 0.91, CHClIs3), 94% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tg (Major) = 9.59 min; tz (Minor) = 10.81 min]. *H NMR (500
MHz, CDCl3) 6 6.93 (d, J = 1.8 Hz 1H), 6.81-6.78 (m, 1H), 6.73-6.69 (m, 1H), 5.89 (s,
2H), 5.81 (d, J = 2.9 Hz, 1H), 5.24 (d, J = 2.8 Hz, 1H), 1.46 (s, 3H), 1.28-1.17 (m, 24H)
ppm; *C NMR (126 MHz, CDCls) § 147.1, 145.0, 139.2, 126.6, 121.3, 109.3, 107.5,
100.5, 83.4, 83.3, 24.84, 24.80, 24.4, 24.3, 22.7 ppm; B NMR (128 MHz, CDCl3) &
33.5, 30.9 ppm; IR (neat) v 2981, 1478, 1310, 1140, 1088, 1033, 932, 849, 816 cm™;
ESI-MS m/z: 429.3[M+H]*; HRMS (ESI) m/z: calcd. for Ca3H35'°B,0s*: 427.2687,
Found: 427.2684 [M+H]".

(R)-2,2'-(3-(4-(Prop-1-en-2-yl)phenyl)but-1-ene-2,3-diyl)bis(4,4,5,5-tetramethy|-
1,3,2-dioxaborolane) (3v)

White solid, 99% vyield, M.p. 84-86 °C. [a]p®® = 38.2 (c 0.87, CHCls), 96% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tg (Major) = 5.55 min; tr (minor) = 6.42 min]. *H NMR (500
MHz, CDCls) § 7.41-7.36 (m, 2H), 7.35-7.29 (m, 2H), 5.83 (d, J = 2.9 Hz, 1H), 5.39-
5.35 (m, 1H), 5.21 (d, J = 2.9 Hz, 1H), 5.04-4.99 (m, 1H), 2.17-2.12 (m, 3H), 1.52 (s,
3H), 1.30-1.15 (m, 24H) ppm; 3C NMR (126 MHz, CDCls) & 144.4, 143.1, 137.8,
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128.3,126.9, 124.8, 111.2, 83.4, 83.3, 24.9, 24.8, 24.4, 24.3, 22.4, 21.8 ppm; 1'B NMR
(128 MHz, CDCl3) 6 33.4, 31.4 ppm; IR (neat) v 2978, 1307, 1143, 1093, 964, 849, 693
cml; ESI-MS m/z: 425.4 [M+H]"; HRMS (ESI) m/z: calcd. for CasH39'°B204™
423.3097, Found: 423.3102 [M+H]".

(+)-4,4,5,5-Tetramethyl-2-(1-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1,2,3,4-tetrahydronaphthalen-1-yl)vinyl)-1,3,2-dioxaborolane (3w)

White solid, 98% vyield, M.p.125-127 °C. [a]o?® = 58.3 (c 0.82, CHCIls), 91% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,
0.7 mL/min, A = 214 nm; tg (Major) = 5.29 min; tz (minor) = 6.21 min]. *H NMR (400
MHz, CDCls) § 7.25-7.19 (m, 1H), 7.06-7.01 (m, 3H), 5.93 (d, J = 3.2 Hz, 1H), 4.88
(d, J = 3.2 Hz, 1H), 2.78-2.64 (m, 2H), 2.12-2.01 (m, 2H), 1.66-1.53 (m, 2H), 1.27 (s,
6H), 1.26 (s, 6H), 1.24 (s, 6H), 1.22 (s, 6H) ppm; 3C NMR (100 MHz, CDCl3) § 138.0,
130.9, 130.1, 129.6, 125.1, 124.6, 83.4, 83.3, 30.2, 30.0, 25.3, 25.0, 24.3, 24.1, 17.9
ppm; B NMR (128 MHz, CDCl3) & 33.4, 30.8 ppm. IR (neat) v 2977, 1309, 1264,
1136, 851, 743, 662 cm™t; ESI-MS m/z: 428.3 [M+NHa]*. HRMS (ESI) m/z: calcd. for
C24Ha0°B,NO4*: 426.3211, Found: 426.3202 [M+NHa]".

(+)-4,4,5,5-Tetramethyl-2-(1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)chroman-4-yl)vinyl)-1,3,2-dioxaborolane (3x)

* |
Be
(0]

Pale yellow solid, 96% yield, M.p. 101-103 °C. [a]o® = 76.7 (c 0.81, CHClIs3), 90% ee
[determined by HPLC analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH = 99:1,

0.7 mL/min, A = 214 nm; tr (Major) = 7.11 min; tr (minor) = 8.72 min]. *H NMR (500
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MHz, CDCl3) & 7.18-7.12 (m, 1H), 7.09-7.02 (m, 1H), 6.83-6.74 (m, 2H), 6.07 (d, J =
3.0 Hz, 1H), 5.10 (d, J = 3.0 Hz, 1H), 4.15-4.08 (m, 1H), 3.98-3.82 (m, 1H), 2.45-2.35
(m, 1H), 2.09-2.02 (m, 1H), 1.30-1.23 (m, 18H), 1.21 (s, 6H) ppm; *C NMR (126 MHz,
CDCI3) 6 155.1, 131.9, 131.2, 127.1, 123.1, 119.3, 117.2, 83.7, 83.5, 61.8, 29.5, 25.3,
25.0, 24.3, 24.1 ppm; 1B NMR (128 MHz, CDCls) § 33.1, 31.0 ppm. IR (neat) v 2976,
1372, 1306, 1137, 1092, 854, 753 cm™*; ESI-MS m/z: 435.4 [M+Na]*; HRMS (ESI)
m/z: calcd. for C23Hss'°B20s": 411.2738, Found: 411.2732 [M+H]".

(R)-2,2'-(3-Phenylpent-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)
@3y)

Colorless oil, 76% yield, [a]o®® = 14.4 (¢ 1.00, CHCls), 72% ee [determined by HPLC
analysis using a Chiralcel OD-H column; n-Hex/i-PrOH = 99.9:0.1, 0.7 mL/min, A =
214 nm; tg (minor) = 7.50 min; tg (Major) = 8.00 min]. *H NMR (400 MHz, CDCls) §
7.39 (d, J = 7.6 Hz, 2H), 7.21 (t, J = 7.6 Hz, 2H), 7.10-7.06 (m, 1H), 5.94 (d, J = 2.8
Hz, 1H), 5.60 (d, J = 2.8 Hz, 1H), 2.11-1.97 (m, 2H), 1.20 (s, 12H), 1.09 (s, 6H), 1.07
(s, 6H), 0.81 (t, J = 7.6 Hz, 3H) ppm; *C NMR (100 MHz, CDCls) & 144.4, 129.2,
127.4,127.3,124.8, 83.1, 83.0, 27.1, 24.6, 24.5, 24.4, 10.6 ppm; !B NMR (128 MHz,
CDCl3) § 33.1, 30.8 ppm; IR (neat) v 2976, 1600, 1345, 1303, 1140, 1105, 967, 850,
699 cm™; ESI-MS m/z: 399.2 [M+H]*; HRMS (ESI) m/z: calcd. for C23H40*°B2NO4*:
414.3211, Found: 414.3208 [M+NHa]*.

(+)-2,2'-(1-Cyclopropyl-1-phenylprop-2-ene-1,2-diyl)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (3z)
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Colorless oil, 28% yield, [0]p?° = 11.3 (c 1.00, CHClIs3), 34% ee [determined by HPLC

analysis using a Chiralcel 1C-3 column; n-Hex/i-PrOH =99:1, 0.7 mL/min, A = 214 nm;

tr (Major) = 4.99 min; tg (Minor) = 5.35 min]. *H NMR (400 MHz, CDCls) § 7.54-7.51

(m, 2H), 7.22-7.19 (m, 2H), 7.12-7.10 (m, 1H), 5.99 (d, J = 3.2 Hz, 1H), 5.78 (d, J =

2.8 Hz, 1H), 1.23-1.22 (m, 12H), 1.14-1.11 (m, 7H), 1.04 (s, 6H), 0.48-0.42 (m, 2H),

0.31-0.29 (m, 2H) ppm; 3C NMR (100 MHz, CDCls) § 144.1, 129.8, 127.4, 127.1,

125.0,83.2,83.1,24.7, 24.6, 24.5,24.2,17.2, 2.6, 2.3 ppm; B NMR (128 MHz, CDCls)
§32.6,31.1 ppm. IR (neat) v 2981, 1351, 1304, 1138, 961, 855, 698 cm™*; ESI-MS m/z:

411.2 [M+H]*; HRMS (ESI) m/z: calcd. for C24H0B2NO4*: 426.3208, Found:

426.3211 [M+NHa]".

(-)-2,2'-(3-methylnon-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)
(3aa)

o. 0O
I ‘?J%
\/\/\>kH/B\O

Colorless oil, 92% vyield, [a]o? = -2.0 (¢ 0.60, CHCIls), 67% ee [determined by HPLC
analysis using a Chiralcel OX-3 column; n-Hex/i-PrOH = 99.5:0.5, 0.5 mL/min, A =
214 nm; tR (minor) = 17.49 min; tR (major) = 19.88 min]. *H NMR (500 MHz, CDCl5)
§5.81 (d, J = 2.9 Hz, 1H), 5.51 (d, J = 2.9 Hz, 1H), 1.70-1.62 (m, 1H), 1.57-1.45 (m,
1H), 1.33-1.01 (m, 35H), 0.85 (t, J = 6.8 Hz, 3H) ppm; 3C NMR (126 MHz, CDCls) §
1254, 83.3, 83.1, 36.0, 32.0, 30.3, 24.9, 24.8, 24.8, 24.7, 24.6, 22.8, 20.0, 14.2 ppm;
1B NMR (128 MHz, CDCIs) & 33.8, 30.5 ppm. IR (neat) v 2977, 2928, 1378, 1370,
1339, 1300, 1147, 968, 854, 723, 684, 671 cm™*; ESI-MS m/z: 415.5 [M+Na]*; HRMS
(ESI) m/z: calcd. for C22H42*°B,NaO4*: 413.3234, Found: 413.3237 [M+Na]".
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(-)-2,2'-(4-ethyl-3-methylhex-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3ab)

o. .0
I ‘?J%

White soild, 95% vyield, M.p. 65-68 °C. [a]p®® = -6.0 (c 1.086, CHCIs), 87% ee
[determined by HPLC analysis using a Chiralcel OX-3 column; n-Hex/i-PrOH =
99.5:0.5, 0.5 mL/min, A = 214 nm; tR (minor) = 14.84 min; tR (major) = 18.50 min].
IH NMR (500 MHz, CDCls) § 5.74 (d, J = 2.7 Hz, 1H), 5.50 (d, J = 2.7 Hz, 1H), 1.86-
1.77 (m, 1H), 1.50-1.15 (m, 28H), 1.01 (s, 3H), 0.96 (t, J = 7.5 Hz, 3H), 0.89 (t, J = 7.4
Hz, 3H) ppm; *C NMR (126 MHz, CDCls) 5 144.5, 143.0, 129.3, 128.6, 128.2, 127.6,
127.5, 125.6, 125.1, 83.3, 83.2, 36.8, 34.4, 28.2, 24.8, 24.7, 24.6, 24.6 ppm; B NMR
(128 MHz, CDCl3) & 33.0, 30.5 ppm. IR (neat) v 2975, 2931, 1389, 1333, 1299, 1145,
1106, 966, 852, 703 cm™*; ESI-MS m/z: 401.4 [M+Na]*; HRMS (ESI) m/z: calcd. for
C21H401°B204*: 399.3078, Found: 399.3078 [M+Na]*.

(-)-2,2"-(3-Cyclohexylbut-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3ac)

o. 0O
I ‘?J%
mB\O

White solid, 92% yield, M.p.51-53 °C. [a]p®® = -3.5 (c 0.64, CHCls), 91% ee
[determined by HPLC analysis using a Chiralcel 1C-3 + ID-3 column; n-Hex/i-PrOH =
99:1, 0.4 mL/min, A = 214 nm; tr (Major) = 18.57 min; tg (Minor) = 20.88min]. *H NMR
(500 MHz, CDCls) & 5.76 (d, J = 2.8 Hz, 1H), 5.50 (d, J = 2.8 Hz, 1H), 1.91 (tt, J =
11.9, 2.8 Hz, 1H), 1.73-1.65 (m, 3H), 1.65-1.53 (m, 2H), 1.33-1.14 (m, 26H), 1.12—
1.05 (m, 2H), 1.02 (s, 3H), 0.89-0.80 (m, 1H) ppm; 3C NMR (126 MHz, CDCl3) &
125.6, 82.9, 82.8, 42.0, 30.1, 28.1, 27.3, 27.2, 27.0, 24.74, 24.69, 24.64, 24.63, 16.2
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ppm; B NMR (128 MHz, CDCls) & 33.9, 30.7 ppm. IR (neat) v 2977, 2921, 1337,
1299, 1141, 1092, 960, 853, 721, 674 cm’*; ESI-MS m/z: 413.5 [M+Na]*; HRMS (ESI)
m/z: calcd. for C22H40°B,NaO4*: 411.3078, Found: 411.3071 [M+Na]".

(-)-2,2'-(3,4,4-trimethyl-5-phenylpent-1-ene-2,3-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3ad)

O. O
I 9?

White soild, 81% yield, M.p.119-122 °C. [a]p?® = -17.8 (¢ 3.4, CHCIs), 89% ee
[determined by HPLC analysis using a Chiralcel PC-3 column; Actone/H20 = 80:20,
0.7 mL/min, A = 214 nm; tR (minor) = 5.51 min; tR (major) = 5.96 min]. *H NMR (500
MHz, CDCls) § 7.25-7.20 (m, 2H), 7.19-7.11 (m, 3H), 6.01 (d, J = 2.8 Hz, 1H), 5.71 (d,
J=2.8 Hz, 1H), 2.79-2.68 (m, 2H), 1.30-1.22 (m, 27H), 0.83 (s, 3H), 0.80 (s, 3H) ppm;
13C NMR (126 MHz, CDCl3) § 140.9, 131.4, 129.8, 127.4, 125.4, 83.4,82.9, 44.8, 38.5,
25.2,25.1, 24.8, 24.7, 23.5, 23.3, 17.7 ppm; 1B NMR (128 MHz, CDCls) § 33.6, 31.0
ppm. IR (neat) v 2977, 2929, 1371, 1273, 1317, 1295, 1273, 1143, 1083, 966, 864, 745,
704 cm; ESI-MS m/z: 463.4 [M+Na]*; HRMS (ESI) m/z: calcd. for C26H42*°B204™:
461.3234, Found: 461.3237 [M+Na]".

(-)-2,2'-(1-phenyl-1-(p-tolyl)prop-2-ene-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3ae)

Colorless oil, 97% yield. [0]p?® = -0.4 (¢ 1.76, CHCI3), 8% ee [determined by HPLC
analysis using a Chiralcel OD-3 column; n-Hex/i-PrOH = 100:0, 1.0 mL/min, A = 214
nm; tR (minor) = 6.70 min; tR (major) = 7.29 min]. *H NMR (500 MHz, CDCls) & 7.35-
7.29 (m, 2H), 7.26-7.21 (m, 2H), 7.17-7.12 (m, 3H), 7.07-7.02 (m, 2H), 6.05 (d, J = 2.8
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Hz, 1H), 5.24 (d, J = 2.8 Hz, 1H), 2.31 (s, 3H), 1.27 (d, J = 1.7 Hz, 12H), 1.11 (d, J =
7.2 Hz, 12H) ppm; **C NMR (126 MHz, CDCls) § 144.4, 141.0, 134.6, 130.5, 130.3,
128.3,128.2, 127.4,125.2, 83.7, 83.3, 24.7, 24.6, 24.5, 24.4, 21.0 ppm; 'B NMR (128
MHz, CDCls) § 31.7 ppm. IR (neat) v 2978, 2926, 1599, 1347, 1302, 1145, 1132, 967,
857, 844, 753, 702, 666 cm™; ESI-MS m/z: 483.3 [M+Na]*; HRMS (ESI) m/z: calcd.
for C2sH39'°B204": 459.3098, Found: 459.3102 [M+H]".

(+)-2,2'-(1-phenyl-1-(o-tolyl)prop-2-ene-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (3af)

O\B,O o
Ph.], é
[:E \W ~0
Me

Colorless oil, 93% yield. [a]o® = 2.7 (c 4.84, CHClIs), 75% ee [determined by HPLC
analysis using a Chiralcel OD-3 column; n-Hex/i-PrOH = 100:0, 1.0 mL/min, A = 214
nm; tR (major) = 8.30 min; tR (minor) = 9.97 min]. *H NMR (500 MHz, CDCls) § 7.38-
7.31(m, 2H), 7.25-7.20 (m, 2H), 7.17-7.13 (m, 2H), 7.12-7.02 (m, 3H), 6.04 (d, J = 2.8
Hz, 1H), 5.27 (d, J = 2.8 Hz, 1H), 2.07 (5, 3H), 1.22 (d, J = 1.9 Hz, 12H), 1.12 (d, J =
14.2 Hz, 12H) ppm; *3C NMR (126 MHz, CDCls) § 143.30, 143.25, 138.3, 131.2, 131.0,
130.6, 129.3, 127.5, 125.9, 125.3, 125.1, 83.8, 83.3, 25.0, 24.8, 24.7, 24.6, 22.4 ppm;
1B NMR (128 MHz, CDCls3) § 32.2 ppm. IR (neat) v 2977, 2930, 1598, 1343, 1303,
1265, 969, 855, 843, 743, 743, 702, 666 cm™; ESI-MS m/z: 483.4 [M+Na]*; HRMS
(ESI) m/z: calcd. for CasHz9°B204": 459.3099, Found: 459.3102 [M+H]".

Crystal structural data of 3f

Single crystal of the product 3f was obtained by recrystallization from CH2Cl/n-
hexane. X-ray diffractional data and the refinement were shown in Table S6. The
absolute configuration of 3f was determined to be (R) by X-ray crystallographic
analysis (Figure S1).

Table 6. Crystal data and structure refinement for 3f.

SI-41



Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

mo_dm16225 0m
C22 H31B2Br0O4
461.00
130 K
0.71073 A
Monoclinic
P1211
a=11.1006(17) A o=90%
b =6.9951(10) A B=94.930(3)<
¢ =30.827(5) A y=90<
2384.8(6) A3
4
1.284 Mg/m?3
1.747 mm-1
960
0.3x0.2x0.18 mm?3
1.841t0 30.591<
-12<=h<=15, -9<=k<=10, -44<=|<=43
24139
14501 [R(int) = 0.0379]
99.9 %
Semi-empirical from equivalents
0.7461 and 0.6136
Full-matrix least-squares on F2
14501/1 /541
0.944
R1 =0.0494, wR2 = 0.0935
R1 =0.0995, wR2 = 0.1093
0.020(6)
n/a
0.544 and -0.461 e.A3
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Figure S1. X-ray crystal structure of (R)-3f

The CIF files of 3f can be obtained from the Cambridge Crystallographic Data
Centre using deposition numbers 1517472. Copies of the data can be obtained, free of
charge, on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax:
+44 (1223) 336 033; e-mail: deposit@ccdc.cam.ac.uk].

6. Procedure for a gram scale reaction

To a flame-dried Schlenk tube was charged Pd>(dba)sz (33.7mg, 0.1 mol %) and L8
(30.1 mg, 0.25 mol %) and the mixture was purged with nitrogen three times.
Cyclohexane (50 mL) was added and the resulting mixture was stirred at rt for 0.5 h.
To the mixture was charged substrate 1a (4.8 g, 36.8 mmol, 1.0 equiv) and B2pin2 (11.2
g, 44.2 mmol, 1.2 equiv) in one portion. The resulting mixture was stirred at rt for 72 h
and then quenched with saturated NH4Cl solution (50 mL). EtOAc (100 mL) was added
and the organic layer was separated, washed with brine, dried over sodium sulfate, and
concentrated. The crude product was purified by flash chromatography on silica gel to
afford product 3a (13.6 g, 97 %, 94 % ee) as white solid.

SI-43


mailto:deposit@ccdc.cam.ac.uk

7. Computational studies for Pd-catalyzed asymmetric diboration

7.1. Computational results and discussion

B3LYP/6-31G*/gas

AG kcal/mol
L B ' L ¥
\ /4 \ B
Rd. Rd
| ‘\\ :B ’r‘\\ ‘\‘B
%Ph T7.13 7 A”//\A‘/QF'Me
Me Stsi Ph L t

Reactant

H Ph
——
H Me
+

B-B

/XB
Me Ph
Product

Figure S2. Free-energy profile (in kcal/mol) for the Pd-catalyzed asymmetric
diboration of allene with the chiral phosphorus ligand (L=(S)-BI-DME) at the B3LYP-
D3/6-31G(d)+SDD level.[®]

As shown in Figure S2, the Pd-allene-diborane reaction complex RC was chosen
as the starting point of the catalytic cycle. The reaction initiates with oxidative-addition
of diboration concerted with allene insertion (via TS1re or TS1si), in which the boryl
group is favored to migrate to the middle carbon of the allene. It is noted that the initial
oxidative boryl migration transition state TS1re is higher in free energy than reductive
elimination transition state (TS2re) by 10.9 kcal/mol, and thus, the initial oxidative
boryl migration process is an irreversible and stereo-determining step. Our calculations
also show that TS1re is kinetically lower in free energy than TS1s; by 1.4 kcal/mol

(Figure S3). These results qualitatively agree to the experimental observation (94%
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ee~> AG: 2.1 kcal/mol, according to Eyring Equation). The formation of the resultant
i Pd(I1)-allyl intermediates INTre and INTs;, in which the other boryl group is above
the allyl plane, are computed to be thermodynamically favorable (-18.6~-19.9 kcal/mol).
Similarly, the formation of the (R)-form intermediate INTre is thermodynamically

lower in free energy than INTs; by 1.3 kcal/mol.
(A)

7~ Me: 0.060
C3 C3: 0.034

Charges on C3MePh group:
0.088

(B)

TS1ge TS1g;

Figure S3. (A) 3D model of the optimized geometry of TS1re and TS1si with the
selected structural parameters, at the B3LYP-D3/6-31G(d)+SDD level.! Bold italic
numbers below are relative free Gibbs energies in kcal/mol. Bond lengths are given in
A; blue bold numbers are NPA charges on the specified groups or atoms. (B) van der
Waals representation models of TS1re and TS1si (more dispersion interactions for
TS1Re).

As shown in Scheme S1, our distortion/interaction analysis!’ reveals that a larger

interaction energy in TS1ge than TS1s; is the key factor to favor the observed (R)-form
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product via TS1re. We further found that dispersion interaction plays an essential role
in the enantioselectivity (Scheme S3 and Figure S3B). When excluding the dispersion
contribution, TS1re becomes unfavorable to TS1s; by 2.5 kcal/mol in electronic energy,
that should lead to the opposite enantioselectivity. What’s more, when the phenyl group
of the allene in these two transition states is simply substituted by a hydrogen atom
without the geometry optimization, single-point energy calculations also suggests that
TS1ge-H is 1.1 kcal/mol higher in electronic energy than TS1si-+. These results suggest
that dispersion interaction (between the phenyl group on the allene and the two boryl
group, see belows) favors the observed enantioselectivity. As shown in Scheme S3, 7
groups are divided in TS1re and TS1s; for the detailed dispersion analysis. TS1re Was
computed to gain 4.0 kcal/mol more dispersion interactions than TS1s;, prompting the
stability of TS1re. Also, the dispersion contribution between the large phenyl (Ph)
group and the two boryl groups (B1, B2) are the major contributor: their dispersion
interactions contribute -4.8 kcal/mol. Whereas, the dispersion interactions between the

small Me group and the two boryl groups are smaller (1.7 kcal/mol).

(A) L\ . (B)
L
| P’
" ° .8
| + /;\.’\
;_'%F_,::Ae B Teph Entry AEgs AEiny  AEgs + AEjy
51 (kcal/mol) (kcal/mol) (kcal/mol)
Re
TS1ge 112.4 -130.1 -17.7
TS 111.0 -127.2 -16.2
AEn¢ .
AE 4is AAE  +1.4 -2.9 -1.5
L
\
Pd
Al;\.twph ‘IB
Me
TS1ge-no-BB TS14.-BB

Scheme S1. (A).The calculated distortion energy (Edis) and interaction energy (Eint) of
TS1re as an example. (B). The distortion energy (Edis) and interaction energy (Eint) are
calculated for TS1ge and TS1s; at the B3LYP-D3/6-31G(d)+SDD level. !

SlI-46



Single-Point Energy Calculation

L L
L B B
\ A \ B \
/1 Pd_ Ph-->H \ Rd.:
HES /B 3 Rd. | 5B
A ARy | S\ A
EEES T M g\«’\ *TTMe
Tph Ph T H
e Me
TS1ge TS1g;
TS1R9H TS1SIH
with D3 0.0 1.5 0.0 11
nop3 |00 2.5 |

Scheme S2. (A). Relative electronic energies of TS1re and TS1s; in the presence of
dispersion (with D3) and in the absence of dispersion (no D3). (B). Single-point energy
calculation for substituting the Ph group of the allene by hydrogen atom in TS1ge and
TS1si at the B3LYP-D3/6-31G(d)+SDD level. *

Natural population analysis (Figure S3-A) suggests that the total charges on the
Ph group of the allene is slightly increased from RC (0.022 €) to TS1re (0.034 €; v.s. -
0.006 e in TS1si). Such increasing charge on the Ph group of the allene in TS1re and
decreasing charge on the Ph group of the allene in TS1si might explain the observed
slightly lower ee values with an electron-withdrawing group on the Ph group (e.g. CF3),
and explain the observed slightly higher ee values with an electron-donating group on

the Ph group (e.g. OMe).
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(A) (B)

Interacting groups Egisp for TS1ge Edisp for TS1si  AEgisp(re-si) L 3 L +
(i--j) (kcal/mol) (kcal/mol)  (kcal/mol) /Efz \ B2
1-1 -12.94 -12.92 -0.02 Rd. Rd-.
2-1 -5.44 -5.42 -0.02 N B i B
2--2 -13.03 -13.03 0.00 VA L=
3-1 -3.96 2.33 163 /\ﬁeph /\FhMe
3--2 -3.26 0.11 -3.15 st Ts1.
3-3 -2.64 -2.64 0.00 Re Si
41 -1.13 -1.90 0.77 o ;

4--2 -0.05 -0.97 0.92 > o
4-3 178 179 0.1 L= Pogy  Be B :@
4--4 -0.05 -0.05 0.00 _0 oL ! o}
5--1 -0.18 -0.18 0.00 O :

5--2 -0.39 -0.38 -0.01

5--3 051 -0.20 -0.31

5--4 0.11 -0.20 0.09

5--5 -4.05 -4.06 0.01 c

6--1 -4.15 -4.30 0.15 (€)

6--2 -2.98 -2.87 0.11 group entry  group symbol

6--3 0.12 -0.16 0.04

6--4 -0.06 -0.05 -0.01 1 Bl

6-5 3.46 3.40 -0.06 2 B2

6--6 772 772 0.00 3 Ph

7--1 -6.60 -6.61 0.01 4 Me

7--2 -8.30 -8.03 0.27 5 tBu

7--3 -4.05 -3.24 -0.81 6 2,6-di-OMe-Ph

7--4 -1.55 -1.01 0.36

7-5 11.24 11.22 -0.02 ! Other atoms

7-6 -12.22 -12.28 0.06

7--7 -9.33 -9.29 -0.04

Total -121.30 -117.26 -4.04

Scheme S3. (A). Dispersion interactions analysis among fragments in TS1re and TS1s;.
(B). Representative structures of TS1ge and TS1si. (C). Fragment table.

Finally, reductive elimination via TS2ge proceeds from INTge to produce the
product complex PCre with a computed barrier of about 14.9 kcal/mol. This step is also
exergonic by 10.7 kcal/mol. A thermodynamically favorable ligand-exchange process
with allene and diborate reagent takes place to release the final product and regenerate
RC for the next catalytic cycle. Our proposed catalytic cycle is qualitatively similar to
that reported by the Morken group (the initial oxidative addition of the diborane as the
rate-determining step),®! but we found a concerted mechanism for the first step, the first
computational insight on the origin of the enantioselectivity (such as molecular details
and an important role of the dispersion effect) and the final reductive elimination step

as the rate-determining step in this study.

7.2 Computational details
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All the optimization and frequency calculations were performed at B3LYP-D3[%
method (with SDD basis set and its ECP% for Pd and 6-31G(d) basis set for the other
atoms).[*Y] Harmonic vibrational frequency calculations (at 298.15 K) are performed to
ensure that one imaginary frequency for all transition states and no imaginary
frequencies for all intermediates. IRC calculations were carried out to ensure that the
transition states connect to their corresponding reactant complex and product complex.
Gaussian 09 software package!*? was used in all the DFT calculations. The 3D models
were generated with CYL view™ and Pymol™4. Dispersion analysis were done by

DFTD3 Program. [

7.3 Cartesian coordinates and energies of all the optimized structure
RC
Opt @ B3LYP/6-31G(d)/SDD in gas phase
SCF Done: E(RB3LYP) = -2642.57728517 A.U.
Zero-point correction= 0.920743 (Hartree/Particle)
Sum of electronic and thermal Free Energies= -2641.743734 A.U.

C,-3.984445557,-2.8269916234,-1.9547501602
H,-4.3504905972,-2.844022411,-2.9884172952
H,-3.4536641303,-3.7597005769,-1.7491288588
H,-4.8647489561,-2.7954366044,-1.298316277
C,-3.0777563485,-1.6268490876,-1.7224596781
C,-1.9245776578,-1.8369150369,-1.0852469309
C,-0.9040895265,-2.6391754638,-0.6876978299
H,-0.7540498936,-2.9281655535,0.3520633088
H,-0.3114373426,-3.1737538856,-1.4263231422
B,-1.9798826364,0.2060380113,0.7949708097
0,-3.0680702923,1.034479363,0.602323787
0,-2.1170323747,-0.5287759071,1.9709892358
Pd,-0.3793887962,-0.3963992443,-0.3947222456
B,-0.3706167772,1.613588863,0.15644 78632
0,-0.1485651728,2.2267139819,1.3794785075
0,-0.3692302962,2.5563093988,-0.8686284878
C,-3.485659334,-0.3773029742,2.4362229167
C,-3.8977489093,0.9935844788,1.7952046317
C,0.2535384905,3.601988341,1.1406713395
C,-0.3582022022,3.8841412454,-0.2760666058
C,-5.3568058485,1.1001727841,1.3633936404
H,-5.5273322925,2.075060716,0.8961316366
H,-6.0266358471,1.0051609316,2.2262781076
H,-5.6095852505,0.3359076582,0.6267428164
C,-3.5016964202,2.1960541476,2.6605254 366
H,-4.0895977845,2.2402090696,3.5833494942
H,-3.6835147572,3.1160925586,2.0972286033
H,-2.4377546165,2.1569252088,2.9100780106
C,-4.2796417761,-1.5650324758,1.8784477966
H,-5.3177883843,-1.5567979972,2.2276037093
H,-3.8058902373,-2.4942448072,2.2106251812
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H,-4.2694344884,-1.5553710201,0.785483259
C,-3.4786909705,-0.4113017023,3.9616516623
H,-3.155680977,-1.4000910541,4.304244322
H,-4.4817372416,-0.2231612356,4.3617686748
H,-2.7917145456,0.3305458003,4.3753381368
C,0.4710407911,4.8110500019,-1.161187638
H,-0.0068795803,4.9058861705,-2.1417215396
H,1.4850720241,4.4344908827,-1.3142803914
H,0.5372257298,5.8110053695,-0.7167121343
C,-1.8174062896,4.3524628776,-0.2335795827
H,-2.2147755354,4.362733663,-1.252626423
H,-1.9105281327,5.3584768338,0.1897362158
H,-2.4253925349,3.6527869328,0.3433591559
C,1.7883904099,3.615997335,1.162710738
H,2.1315957523,3.1986839152,2.1139228378
H,2.187336545,4.6309529951,1.0598713789
H,2.2047359041,2.9923180149,0.3672771787
C,-0.2986827851,4.4729381218,2.2651477809
H,-0.0747691918,5.5301761595,2.0815071638
H,0.165140896,4.1872469206,3.2152755942
H,-1.3792140732,4.3563147083,2.3667850261
C,-3.5579280677,-0.2991217612,-2.1731782158
C,-4.9328338711,-0.0115974851,-2.2242919561
C,-2.6582925569,0.7115196503,-2.5542684537
C,-5.3880643955,1.2532061145,-2.5971505967
H,-5.6573496966,-0.7723782426,-1.9493460066
C,-3.1111346554,1.9734128341,-2.9272736499
H,-1.5916958106,0.5110973229,-2.5293063947
C,-4.4791132819,2.2542061444,-2.9457149059
H,-6.4560636478,1.4562724805,-2.6125085813
H,-2.3863924704,2.737553214,-3.1923299838
H,-4.8342283074,3.2402752908,-3.2342405736
C,5.7597496527,0.4631141611,0.9343391952
C,4.947240733,-0.5485805063,1.4541689489
C,3.7125759937,-0.8485635906,0.8654169466
C,3.3227996383,-0.1258162694,-0.2748984146
C,4.1315775501,0.9167347168,-0.7566663495
C,5.3597837171,1.2173803796,-0.1695044866
C,2.8032123025,-1.8672065529,1.4672540119
C,3.0146005381,-3.2456982967,1.298007106
C,2.0967621462,-4.1826442533,1.791580849
C,0.97783551,-3.7257541346,2.4898380239
C,0.7733371434,-2.3705201064,2.7331194825
C,1.7052970243,-1.4425586522,2.2424852672
P,1.8447237848,-0.3054135378,-1.3324642159
C,2.2986491538,1.3322951985,-2.1279526507
0,3.6820058323,1.6285945471,-1.8313101045
C,2.3580742788,-1.5381681797,-2.7019990597
C,1.2023479811,-1.5498399949,-3.7214186828
C,2.5393104811,-2.9284620752,-2.0719371114
C,3.6760087568,-1.152631515,-3.3979515466
H,6.712249623,0.6820775175,1.4098115064
H,5.2604296438,-1.1046437383,2.3320613694
H,5.9668079958,2.024045394,-0.5669858787
H,0.2552361358,-4.4471780789,2.8628911167
H,1.6633533888,2.1184388571,-1.7191500616
H,2.1816472814,1.3165988917,-3.213696684
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H,1.0663991822,-0.5711965641,-4.1984406756
H,1.4191645091,-2.2741460006,-4.5176789371
H,0.2495562595,-1.8262430708,-3.2585173767
H,3.4324701046,-2.9547053762,-1.4444956744
H,2.6568488487,-3.6783340701,-2.8662474701
H,1.6909485617,-3.222637202,-1.449930778
H,3.9324817044,-1.9247199688,-4.135960612
H,3.614072278,-0.1992014312,-3.9305566106
H,4.5010654176,-1.0884433516,-2.6815054327
H,2.2455948168,-5.2452295519,1.645285625
H,-0.1098684866,-2.0344938831,3.2599711812
0,4.163281469,-3.5826421612,0.632632799
0,1.6387065111,-0.1079892915,2.4818526144
C,4.4005637641,-4.9511596112,0.3468758248
H,3.6050981039,-5.3750835718,-0.2809447264
H,5.3457236905,-4.9814764945,-0.1987163049
H,4.4932512817,-5.546376925,1.2651623212
C,0.7425246741,0.3492750601,3.4941199177
H,0.9557340494,1.4101108488,3.6139476538
H,-0.2965418531,0.2292105504,3.1827329158
H,0.9277834069,-0.1839634767,4.4370607494

TS1re

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) = -2642.56948295 A.U.

Zero-point correction=0.920730 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -2641.734291 A.U.

C,-3.8696677324,-2.2713287892,-1.9029678704
H,-4.1342754016,-2.3810409061,-2.9618175244
H,-3.3171874267,-3.1553344317,-1.5772608903
H,-4.8141833981,-2.2474691759,-1.3400800673
C,-3.0537467395,-1.0132519122,-1.6766228069
C,-1.9475559224,-1.1051716201,-0.8801946516
C,-0.961163482,-2.0679912497,-0.6665390776
H,-0.6585847956,-2.3707120283,0.332917182
H,-0.7035296647,-2.743427184,-1.4795612191
B,-2.0648772885,0.2578986855,0.5157370898
0,-3.0661580723,1.2104829228,0.4422202086
0,-2.0759572255,-0.3965493676,1.749630604
Pd,-0.2160137116,0.0932729096,-0.5643198778
B,-0.2060562461,2.1231697831,-0.1565380539
0,-0.1021886119,2.7402341854,1.0813943947
0,-0.2148099307,3.0760416622,-1.1735240321
C,-3.3597678302,-0.120780717,2.3698610946
C,-3.7601774561,1.2526865353,1.7139758907
C,0.224906108,4.1394186456,0.8709868399
C,-0.3436256785,4.3927477107,-0.5674126154
C,-5.2512284811,1.4218330624,1.4297793396
H,-5.4198298293,2.3890729151,0.9461694006
H,-5.8342488218,1.3919090669,2.3578526213
H,-5.6183312444,0.6479136285,0.7527315
C,-3.2246827186,2.4643471246,2.4845698913
H,-3.7106475438,2.5690380129,3.4604677512
H,-3.4300194949,3.3678596623,1.9031032353
H,-2.1427625404,2.3931700273,2.6179073338
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C,-4.2935999503,-1.2727917171,1.9755298932
H,-5.2804242232,-1.1726912654,2.4397817691
H,-3.8461876486,-2.2168982263,2.3013472033
H,-4.4159567835,-1.3161816274,0.8900623545
C,-3.1679393845,-0.0896998704,3.883231732
H,-2.8635209007,-1.0810477852,4.235417697
H,-4.1027984355,0.1794549453,4.3880608433
H,-2.3958338617,0.6256816949,4.1745070916
C,0.4439837576,5.3947632096,-1.4055922459
H,-0.0035187159,5.4738554968,-2.4018767252
H,1.4862778496,5.0899706628,-1.5268829668
H,0.4239792933,6.3885743197,-0.942976265
C,-1.837412213,4.7378157586,-0.5750770037
H,-2.1993841558,4.7315241574,-1.6067265141
H,-2.0282672769,5.7268579304,-0.1444584011
H,-2.4062143355,3.9834678448,-0.0257950073
C,1.7538425926,4.2533234399,0.9545489048
H,2.0851099602,3.8625905004,1.9215758463
H,2.0890751362,5.2921384167,0.8640352751
H,2.2422188761,3.6579105273,0.177846199
C,-0.4197162444,4.9694970058,1.977105158
H,-0.2480216381,6.0389146321,1.8077625645
H,0.0225804973,4.7038090377,2.9432811804
H,-1.4944340826,4.7927829881,2.0385568353
C,-3.5567522207,0.2415062787,-2.2560091939
C,-4.9385017434,0.4603780798,-2.426448911
C,-2.6719775975,1.2571784259,-2.6662204289
C,-5.4152319538,1.6596184138,-2.949558503
H,-5.6484210863,-0.3032272818,-2.1232374364
C,-3.1494272019,2.4533103625,-3.1960532289
H,-1.6034741141,1.105285205,-2.5599285688
C,-4.5222602859,2.664091114,-3.3358609997
H,-6.4863085741,1.8123713593,-3.0562742483
H,-2.4396842441,3.2184239037,-3.4970429718
H,-4.8954737235,3.5973140452,-3.749963705
C,5.9476493494,0.6409714768,0.8542021558
C,5.0753419211,-0.3214625988,1.3700398288
C,3.8170198198,-0.5331656178,0.7924077263
C,3.4628922261,0.2307754573,-0.3322737697
C,4.3382993455,1.2174678749,-0.816597942
C,5.5890716762,1.4299238688,-0.2389801075
C,2.867322714,-1.5161312144,1.38871024
C,3.0553974749,-2.9011493271,1.2456846961
C,2.12683097,-3.8131225219,1.7638787315
C,1.0183787205,-3.3242844856,2.4560556666
C,0.829542372,-1.9607088825,2.6627970843
C,1.769202942,-1.0572152423,2.1431725539
P,1.9839784372,0.1516008794,-1.3945987917
C,2.5424049656,1.7531646593,-2.1949572237
0,3.9382043867,1.9580481003,-1.8913858691
C,2.3890778874,-1.1357058321,-2.7453929865
C,1.2469192832,-1.0584354712,-3.7763425101
C,2.419024019,-2.5279598564,-2.095280803
C,3.7460251441,-0.8743026005,-3.4234095596
H,6.9173074544,0.7904295622,1.3217626592
H,5.3611591084,-0.9108808455,2.2352395294
H,6.2461709538,2.1949783156,-0.6389837145
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H,0.2868120487,-4.0261123718,2.8481280238
H,1.9571628057,2.5839774181,-1.798080129
H,2.4298491973,1.7362245459,-3.2811674478
H,1.1745662821,-0.0689041213,-4.2446917543
H,1.4262010048,-1.7882755732,-4.5767325926
H,0.279889651,-1.2849877877,-3.3156158025
H,3.2932853785,-2.6377703252,-1.4503906531
H,2.4758136463,-3.2944435603,-2.8803856464
H,1.5250498414,-2.7175041798,-1.495642897
H,3.9359528452,-1.6647565572,-4.1616965514
H,3.7800324004,0.0830496647,-3.9523274636
H,4.566184708,-0.8911339206,-2.6983334407
H,2.2573517115,-4.8805475904,1.6369272005
H,-0.0513186871,-1.6033185819,3.1790172011
0,4.1884961498,-3.2692090129,0.5693720579
0,1.7113818994,0.2861376118,2.3303267326
C,4.3978016897,-4.6462504751,0.3022985692
H,3.5845422672,-5.0662148353,-0.3050081765
H,5.3329905822,-4.7013575139,-0.2583412537
H,4.4957530382,-5.2281198749,1.2285554701
C,0.740224509,0.8020491457,3.2380463432
H,0.9302152314,1.8721845119,3.2903862205
H,-0.2715303628,0.6402457722,2.8612398265
H,0.8590853642,0.3431066021,4.2297375154

TS1s;

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) = -2642.56710619 A.U.

Zero-point correction=0.921049 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -2641.732068 A.U.

C,-2.9255837148,0.6076692598,2.6182902628
H,-3.9583048189,0.9625966051,2.5165704847
H,-2.7267879732,-0.1261320627,1.8375153132
H,-2.8439894404,0.0877395596,3.5829357014
C,-1.9330560229,1.7430744054,2.5711780327
C,-0.8913623828,1.7406795235,1.686284 7647
C,0.4496292765,2.1090467518,1.6962281366
H,0.9101669197,2.639850006,0.866728413
H,0.9737933059,2.1329161496,2.6489251886
B,-1.6167374929,1.4530846886,-0.0958022683
0,-2.9836659457,1.2459046813,-0.228499298
0,-1.1856216994,2.5043152399,-0.9061226286
Pd,-0.0346975225,0.1610209983,0.5601164792
B,-1.1257444622,-1.1646263131,-0.5865753735
0,-1.3474191396,-1.1461311953,-1.9566536582
0,-1.7128290311,-2.290413707,-0.0135380459
C,-2.3622973991,3.2473076123,-1.317797674
C,-3.4915354551,2.1544303992,-1.2392725694
C,-1.8997157477,-2.4320518102,-2.3484035776
C,-2.555609948,-2.9256923396,-1.0138725255
C,-4.8503319002,2.6719052843,-0.7721079513
H,-5.5600651885,1.8398362663,-0.7220395789
H,-5.2462991438,3.4179391196,-1.4711319472
H,-4.7868260645,3.1200487034,0.2218469413
C,-3.6454461987,1.3499255433,-2.5345380328
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H,-4.0191897317,1.9720026538,-3.354629846
H,-4.3659446744,0.5446343017,-2.3629842092
H,-2.6975216314,0.8894048149,-2.8223136138
C,-2.545242497,4.3831457584,-0.301696948
H,-3.389635355,5.0287281532,-0.5653967168
H,-1.6345472647,4.9900770287,-0.2853593265
H,-2.7031686176,3.990919298,0.7065581516
C,-2.1058813359,3.8190922585,-2.7091892666
H,-1.2855014253,4.5430724508,-2.6620748985
H,-2.9949290254,4.3360211853,-3.0879596379
H,-1.8269011737,3.0373997992,-3.4191688562
C,-2.5206572758,-4.4353664716,-0.7967696925
H,-2.9693890468,-4.678587622,0.1718069117
H,-1.4980512475,-4.8202937522,-0.8007025287
H,-3.0909258757,-4.9529368582,-1.577237154
C,-3.9739961349,-2.3826199336,-0.7978503077
H,-4.2880099671,-2.6188302667,0.2237970643
H,-4.6921807964,-2.8293486149,-1.4940938976
H,-3.9890526378,-1.2946598008,-0.9081321332
C,-0.718786525,-3.2988661397,-2.8086614782
H,-0.1901417489,-2.776684923,-3.6120987221
H,-1.0519321254,-4.2720048158,-3.1851182289
H,-0.003012607,-3.4630495392,-1.9980543917
C,-2.8722170619,-2.2238209244,-3.5055122493
H,-3.3588098913,-3.1688246756,-3.7740456807
H,-2.3298151937,-1.8591282858,-4.3843684671
H,-3.6419866943,-1.4921843225,-3.2570948573
C,-2.1461586504,2.8933660342,3.4750529244
C,-1.4580127385,4.1163067997,3.3113017246
C,-3.0838968665,2.8146063475,4.5267840498
C,-1.6852445149,5.1926565078,4.1625366901
H,-0.7506395468,4.2176732334,2.4961546397
C,-3.305071856,3.8929839993,5.3826041335
H,-3.6391564492,1.8977628686,4.6892634877
C,-2.6081942259,5.0891504304,5.2081180267
H,-1.143107434,6.1216912281,4.0049458762
H,-4.0274072486,3.7953301191,6.189111762
H,-2.7835892644,5.9306853972,5.8728413619
C,4.9517384762,-2.7170071274,-2.1214003502
C,4.757220443,-1.3359269038,-2.0321073029
C,3.775541106,-0.8030347639,-1.1867548484
C,3.0074754318,-1.6901526173,-0.4147396929
C,3.1929857334,-3.0768700786,-0.5428817166
C,4.1674974032,-3.6069965983,-1.3869524999
C,3.5270516041,0.6664901574,-1.1463797138
C,4.4206174024,1.5475279079,-0.5143681351
C,4.1485887015,2.9195638135,-0.4377240396
C,2.9807464619,3.4074738974,-1.0251565406
C,2.0987702468,2.570032545,-1.7021891882
C,2.3852019076,1.1987130955,-1.7776001099
P,1.7446227029,-1.3568281949,0.8576535008
C,1.3129617722,-3.1815961546,0.8222440647
0,2.4002263386,-3.900635876,0.2033373375
C,2.7017190343,-1.1960754073,2.5014145821
C,1.6402406959,-1.1523672158,3.6174917397
C,3.4947165852,0.1203346548,2.475607903
C,3.6793353004,-2.3619952905,2.7326157531

SI-54



H,5.7162121986,-3.1081375615,-2.7875994271
H,5.3603366282,-0.6587680786,-2.6282282087
H,4.2920482922,-4.6822290711,-1.4609528559
H,2.7569789033,4.4690078938,-0.9568279577
H,0.4003688279,-3.328240343,0.2418633847
H,1.1591909641,-3.5943658319,1.8217060465
H,1.0497451137,-2.0756977873,3.6642318301
H,2.1357867421,-1.0293068284,4.5895504269
H,0.9471293757,-0.3160649203,3.4775639614
H,4.3152292541,0.0674971633,1.7565943693
H,3.9243399003,0.3042693911,3.4698696213
H,2.8629145677,0.9729134554,2.2135994121
H,4.2132267227,-2.2005575554,3.6785395535
H,3.1760499228,-3.3312872003,2.8002865782
H,4.4256478921,-2.422541344,1.933869677
H,4.82517092,3.59895614,0.0655668309
H,1.1847356518,2.9657091605,-2.1231753859
0,5.5422202809,0.9625313502,0.0113272921
0,1.620236899,0.3008890978,-2.4506068982
C,6.445638876,1.7736531084,0.7441185581
H,5.9591922451,2.2305308933,1.6165960081
H,7.2392387575,1.1043311624,1.0819565288
H,6.8804895011,2.5636466205,0.1171650539
C,0.5694954515,0.7921754888,-3.2797021371
H,0.1517459489,-0.0846774891,-3.7701049026
H,-0.2108201653,1.2668941907,-2.6820154282
H,0.9648951971,1.4974064005,-4.0243716188

INTs;

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) = -2642.61022440 A.U.

Zero-point correction=0.924139 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -2641.773314 A.U.

C,-3.8549505435,0.5050044014,0.758860015
H,-4.6609309382,1.1775220061,1.0861917041
H,-3.8330027988,0.5087612001,-0.3319169851
H,-4.1071512007,-0.5042773955,1.0953925631
C,-2.5226127925,0.9293241,1.3610257117
C,-1.7357540348,1.99088072,0.7713148555
C,-0.4720823137,2.3547946748,1.2916085542
H,0.1413514667,3.0511209705,0.7279941761
H,-0.2236699175,2.2452433428,2.3413852672
B,-2.1667333808,2.6850408078,-0.5643437698
0,-3.4749220964,2.9119171198,-0.9169594682
0,-1.2769465005,3.221114868,-1.4705174892
Pd,-0.6002706128,0.0834242389,0.6537835536
B,-1.484045215,-1.6458635836,0.0088949507
0,-1.6361792901,-1.957845114,-1.3355857533
0,-1.9555955657,-2.6918564725,0.8000218109
C,-2.0371515538,4.0646980369,-2.379736628
C,-3.4822974571,3.4560404428,-2.2641709657
C,-1.9251373573,-3.3790431482,-1.443135658
C,-2.5941147118,-3.6791465427,-0.0583401823
C,-4.6206784992,4.4654085173,-2.3757969186
H,-5.5802493789,3.9505255328,-2.2663305834

SI-55



H,-4.6058471092,4.9580424068,-3.3547285998
H,-4.5570468556,5.2283387637,-1.5971700431
C,-3.7221602316,2.2747540749,-3.2132558283
H,-3.7970132956,2.6025889679,-4.2552252626
H,-4.6592121906,1.7830592122,-2.9348489211
H,-2.9196944539,1.535322302,-3.1341604737
C,-1.9368269176,5.4935406766,-1.8333986363
H,-2.4337266944,6.2133131881,-2.4920062096
H,-0.880387592,5.7663134391,-1.7506852658
H,-2.3835910324,5.5623555107,-0.8367138662
C,-1.4135532173,3.98230512,-3.7696 774248
H,-0.4134742174,4.4275998726,-3.7556530865
H,-2.0206907156,4.5336663682,-4.4963922431
H,-1.3191234553,2.9482126643,-4.1075269018
C,-2.313466849,-5.0666567933,0.5109715533
H,-2.8027549031,-5.1720209073,1.4849883745
H,-1.2427846534,-5.2330922957,0.650483481
H,-2.7053026226,-5.8451305532,-0.1540097518
C,-4.0978518419,-3.3833720852,-0.0361471802
H,-4.4478427344,-3.400533477,1.0008568019
H,-4.664572305,-4.1271249726,-0.6065047476
H,-4.3057158936,-2.3912513459,-0.4473463719
C,-0.5789786645,-4.0918468253,-1.6299094471
H,-0.0586139781,-3.6477440652,-2.4834715593
H,-0.7122095574,-5.1633398461,-1.8156413151
H,0.0613188761,-3.9692449521,-0.7522851712
C,-2.8203689258,-3.6038078062,-2.6573998551
H,-3.1374268796,-4.6515294447,-2.7182864673
H,-2.2682271034,-3.3626348589,-3.5719246942
H,-3.7093850768,-2.969926056,-2.6212410355
C,-2.439719752,0.6723555738,2.8442915778
C,-2.3854693009,1.741987922,3.7534927266
C,-2.4712010788,-0.6355701394,3.3640333979
C,-2.328956893,1.5166703735,5.1304427767
H,-2.3839862331,2.7595832471,3.3742229023
C,-2.4147657566,-0.860139829,4.7386641088
H,-2.503063694,-1.4758662625,2.678391246
C,-2.335490647,0.2136070644,5.6304472181
H,-2.2838726979,2.3629348786,5.8117576983
H,-2.4257354712,-1.8804029773,5.1150221653
H,-2.2860475015,0.0362179012,6.7016996537
C,4.1252914507,-3.3957572204,-1.7240711904
C,4.0094477179,-2.027792612,-1.9841796922
C,3.1929728459,-1.2126779831,-1.1905831005
C,2.4994428439,-1.7945854216,-0.1158733849
C,2.6264247455,-3.1716330312,0.1258207657
C,3.4339860247,-3.9860316573,-0.6678884183
C,3.0782743263,0.2413404193,-1.4915963553
C,4.1351295585,1.1203832387,-1.2019581974
C,4.0208795871,2.4936707282,-1.4493774475
C,2.8290740164,2.9803011688,-1.987146196
C,1.7703599835,2.1345957919,-2.3045117307
C,1.9055939738,0.7583223565,-2.0711454565
P,1.385085717,-1.0352142809,1.1163200418
C,1.0962051906,-2.7562467006,1.8449439995
0,1.9347920763,-3.7148896348,1.1659379947
C,2.4796486406,-0.2304042436,2.4629144394

SI-56



C,1.5993041466,-0.0956877726,3.7229767909
C,2.9178591603,1.1693536747,2.000854671
C,3.7285321778,-1.0807120363,2.7522344672
H,4.7603214965,-4.0111065535,-2.355979157
H,4.5534907616,-1.5790882621,-2.8090892028
H,3.5061711671,-5.0465167072,-0.4503951483
H,2.724096437,4.0479934424,-2.1625265089
H,0.0565277764,-3.0538803041,1.7106766995
H,1.3425855845,-2.7892782724,2.908746759
H,1.3007674055,-1.0645527474,4.1374788845
H,2.1651219221,0.4305195003,4.5026394969
H,0.6847600533,0.4726637813,3.5253285719
H,3.6551722452,1.1068589065,1.2004473956
H,3.3819353209,1.6988748293,2.8440462589
H,2.0729395632,1.7630052005,1.6431690287
H,4.3121287161,-0.6083924142,3.5538395116
H,3.4843912122,-2.0971711641,3.0802051554
H,4.3667190663,-1.1527053406,1.8654016194
H,4.8276891747,3.1767431519,-1.2142205698
H,0.8459216216,2.5426786302,-2.6856533741
0,5.233973957,0.5366158927,-0.6264719774
0,0.9566565097,-0.1635588331,-2.3784870935
C,6.3150157657,1.3687059139,-0.2404 735218
H,6.0055796701,2.1100184475,0.5089737834
H,7.0610487405,0.7027605352,0.1975898728
H,6.7547815492,1.8888502617,-1.1022621226
C,-0.2409130535,0.2768091702,-3.0080119694
H,-0.8539926769,-0.6145115251,-3.1187619616
H,-0.7691060629,0.9981435894,-2.3790064739
H,-0.0239612968,0.7297503288,-3.9865560399

INTRre

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) = -2642.61172433 A.U.

Zero-point correction=0.923357 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -2641.775462 A.U.

C,-2.3895260726,0.3848828539,-3.1917015523
H,-1.7037095435,-0.3777694671,-3.5664840477
H,-3.3746068642,0.1780566619,-3.6384507458
H,-2.0367504851,1.3521065543,-3.5609998363
C,-2.4744453266,0.3982747766,-1.668753328
C,-2.4627099679,-0.8473780674,-0.9338159264
C,-1.7785343408,-1.9928112646,-1.386612772
H,-1.7341582258,-2.862167801,-0.7376505519
H,-1.5827762622,-2.1838706919,-2.4379630473
B,-3.1748950689,-1.0307080373,0.4510705827
0,-4.4819421903,-0.6815306571,0.6668489847
0,-2.6151498229,-1.6946882526,1.523160006
Pd,-0.3592757999,-0.1029780687,-1.0758411548
B,0.0749815073,1.8920862065,-1.0820207505
0,0.1772111247,2.67537769,0.0505609869
0,0.2594142109,2.6392509118,-2.2336541709
C,-3.7075099505,-2.0386818135,2.4245884043
C,-4.7861928859,-0.9547933503,2.0613770673
C,0.6505357908,3.9946707719,-0.3414205487

SI-57



C,0.2712582131,4.0500569773,-1.866287013
C,-6.234610264,-1.4233597831,2.1569529415
H,-6.902578454,-0.6048028087,1.8714655028
H,-6.4774109092,-1.7227157532,3.182975125
H,-6.4282624312,-2.2651560093,1.4887198837
C,-4.600033982,0.3587125949,2.8299253679
H,-4.8981293068,0.2517254184,3.8782136198
H,-5.2115653546,1.1345654901,2.3618353096
H,-3.5598730169,0.6943680956,2.7920738848
C,-4.1353248983,-3.4649170973,2.0601355029
H,-4.9172221448,-3.8360605362,2.7308217543
H,-3.2655805696,-4.1246046443,2.1373212176
H,-4.5057046664,-3.5103473645,1.0313129827
C,-3.2028624725,-1.9880028469,3.8632842185
H,-2.475836012,-2.7888913192,4.031931189
H,-4.0317553881,-2.1307505663,4.5656691978
H,-2.7186710397,-1.0347457918,4.087210133
C,1.2843041679,4.7636036009,-2.7577407028
H,0.9377978446,4.740145162,-3.7962275741
H,2.2623973524,4.2788140436,-2.7161210424
H,1.3962666199,5.8125330301,-2.4591605274
C,-1.141670161,4.5857104108,-2.1213292218
H,-1.4026015617,4.4093035102,-3.169703628
H,-1.2038986896,5.6617209842,-1.9249962321
H,-1.8801563548,4.0713188528,-1.5023971551
C,2.162605599,4.0080914476,-0.0914289686
H,2.3517489827,3.7265587348,0.9487599718
H,2.5926063597,4.9996750628,-0.272065286
H,2.6704561482,3.2838633398,-0.7323645845
C,-0.0504977929,5.0286107709,0.5353146024
H,0.1979222404,6.0466619848,0.213406513
H,0.2785646195,4.9109175446,1.5734550297
H,-1.1349941495,4.9015684634,0.5061991052
C,-3.191878931,1.5824181871,-1.0935410681
C,-4.1321768242,2.3039703266,-1.8502335322
C,-2.9397434325,2.034937086,0.2136622349
C,-4.7912865181,3.4165568769,-1.3219547128
H,-4.3594670782,1.9992288966,-2.8659372287
C,-3.5979175411,3.138305936,0.7479520442
H,-2.1701144793,1.5406421172,0.7930895025
C,-4.5309936386,3.8424029381,-0.0195470833
H,-5.5095300834,3.9530079875,-1.9371681247
H,-3.3633610763,3.4631707275,1.7588124686
H,-5.0347117219,4.7151343708,0.3873960777
C,5.3565859984,1.0592644032,1.1343513458
C,4.5645246194,0.0876814999,1.7503736028
C,3.4694361625,-0.4770283804,1.0840675635
C,3.191159582,-0.0645400718,-0.2293848858
C,3.9987494932,0.9150036802,-0.8281577766
C,5.0816222668,1.4877811074,-0.1624836287
C,2.6287348697,-1.4852833961,1.7856157207
C,3.1036725979,-2.7864942776,2.0217673731
C,2.3128251446,-3.7321168099,2.6870527095
C,1.035040748,-3.3608709046,3.1086953365
C,0.5397521509,-2.0772794847,2.8998605213
C,1.3467442454,-1.135252161,2.2464107696
P,1.8709046792,-0.5795705551,-1.3854908763

SI-58



C,2.6547348554,0.5360941925,-2.7013608382
0,3.6867136864,1.3313479991,-2.0880562917
C,2.3088240624,-2.328028068,-2.0305881835
C,1.6827632743,-2.457714348,-3.4347077295
C,1.665121805,-3.3838706693,-1.1160382451
C,3.8307251904,-2.5413093476,-2.0843168197
H,6.1971468408,1.4892281476,1.6724636647
H,4.787122729,-0.240320937,2.7606348395
H,5.6790329603,2.2435045888,-0.6614394428
H,0.4105409521,-4.0944910956,3.6122995213
H,1.9166762965,1.2194207648,-3.1190856323
H,3.1120294926,-0.0538251898,-3.501344897
H,2.1421393223,-1.7892724493,-4.1706873044
H,1.8212721031,-3.4841301978,-3.7979277717
H,0.6062342029,-2.2538740392,-3.4112894575
H,2.0896208994,-3.3703526138,-0.1122234036
H,1.8369802887,-4.3816483596,-1.5424222628
H,0.5869391783,-3.2274300827,-1.0262373021
H,4.0446163979,-3.5235494353,-2.5270166902
H,4.3397548472,-1.7876105401,-2.6963210064
H,4.2687363013,-2.5164390146,-1.0816655084
H,2.6689851649,-4.7395208111,2.8628986727
H,-0.4619597193,-1.8207572828,3.2120493833
0,4.3510937766,-3.0496639514,1.5203951783
0,0.9857614907,0.151434277,2.0158388152
C,4.8584023968,-4.3690394383,1.6315642376
H,4.2105634049,-5.0942100378,1.1204554084
H,5.8362466647,-4.353274619,1.1464302944
H,4.9796858506,-4.6705036075,2.6808564597
C,-0.2337830775,0.6364243461,2.5648588601
H,-0.303072305,1.668704327,2.2241301501
H,-1.089388417,0.0632875345,2.1953066457
H,-0.2108365046,0.5916419041,3.6635835862

TS2Re

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) = -2642.59045374 A.U.

Zero-point correction= 0.923595 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -2641.751743 A.U.

C,2.0981825618,0.9160386992,2.9416433146
H,1.0977017686,1.0761552204,3.3473826312
H,2.5738802042,0.1098214663,3.516934428
H,2.6486089802,1.844825989,3.0966959549
C,2.0305076446,0.531254871,1.4554634788
C,1.3586597589,-0.8242246909,1.2812680422
C,0.2811260947,-1.2400437063,2.0280345595
H,-0.1466056472,-2.226450095,1.8742089802
H,-0.1399584222,-0.6687269903,2.8513534008
B,2.1082322998,-1.9396608183,0.4621927785
0,2.9344544672,-2.8032158841,1.1346115786
0,2.0604276193,-2.1922695542,-0.8865082901
Pd,-0.1383416821,0.7156041806,0.4470146315
B,1.2202325905,2.2803310813,0.6672250689
0,1.7150573466,2.8232119789,-0.510101024
0,1.2018198773,3.225369227,1.6809077502

SI-59



C,2.8661361304,-3.3738674802,-1.1660085134
C,3.7127821302,-3.5468761558,0.160585319
C,2.2705413659,4.1366116617,-0.255568128
C,1.7526421918,4.4774228406,1.2130747978
C,3.8454714347,-4.9858120455,0.656265944
H,4.4119128802,-4.9942894614,1.5924797619
H,4.3832057664,-5.6009570521,-0.0741347227
H,2.8713472995,-5.4406734376,0.850050887
C,5.0920360255,-2.8816828941,0.1070150984
H,5.7623851588,-3.4025553803,-0.5850622979
H,5.5343373955,-2.9114511902,1.107305155
H,5.018272961,-1.8344450199,-0.1905734674
C,1.8908072121,-4.5277921865,-1.421765825
H,2.4214188131,-5.4587603407,-1.6444975564
H,1.2559286179,-4.2849404626,-2.2792865483
H,1.2427719598,-4.6936185715,-0.5554567832
C,3.6865833758,-3.0866471261,-2.4215873688
H,3.0118493592,-2.9388848085,-3.2714679341
H,4.3507003181,-3.9263817655,-2.6544675285
H,4.286005233,-2.1819066821,-2.3033566019
C,0.6262082919,5.5146050684,1.2657210869
H,0.2482701575,5.5755555835,2.2911174748
H,-0.20532165,5.2305854355,0.6193891188
H,0.9759499028,6.5078396792,0.9647661892
C,2.8544555767,4.8833462556,2.1967782525
H,2.4153705713,5.0213298906,3.1901189655
H,3.3292249544,5.8241135917,1.8966150439
H,3.623947672,4.1120097804,2.2733639548
C,1.7582001352,5.0757961315,-1.3496422239
H,2.1111033439,4.7175865236,-2.3218624889
H,2.1324029538,6.0953681261,-1.2038791454
H,0.6669403144,5.1058627408,-1.3820128107
C,3.7953410593,4.0122327774,-0.3710974874
H,4.2885248706,4.9748933341,-0.1974163393
H,4.0463126605,3.6689490596,-1.3785170254
H,4.1951286383,3.2756401809,0.3279025018
C,3.3605093915,0.5995834824,0.7323101244
C,4.5752200927,0.7577538185,1.4212121856
C,3.4204860856,0.5193660269,-0.6723768862
C,5.7924657564,0.8424094395,0.7379443042
H,4.581691645,0.812697004,2.5040163708
C,4.6311194164,0.5941455745,-1.3551440471
H,2.4955451251,0.4357465907,-1.230098708
C,5.8295436764,0.7636014423,-0.6539275122
H,6.7134959038,0.966669763,1.3021034028
H,4.6360825556,0.5421036725,-2.4412281864
H,6.7744046116,0.8356132569,-1.1857896546
C,-5.4674430464,1.234751006,-3.0009649239
C,-4.9377097454,0.0634550816,-2.4523125193
C,-3.8533851298,0.1164264279,-1.5667283697
C,-3.3348953414,1.3718040178,-1.2173706938
C,-3.8442523203,2.5315706964,-1.8197608917
C,-4.9186427989,2.4838799213,-2.7060930659
C,-3.1981572397,-1.1306021132,-1.0860084435
C,-3.8156193151,-2.0017169259,-0.1739381508
C,-3.1594992744,-3.1542155044,0.2797836045
C,-1.8804119997,-3.4336090916,-0.2014320652
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C,-1.2487521105,-2.6016174382,-1.1215838469
C,-1.9137840642,-1.452933667,-1.5668757146
P,-2.0713799534,1.8184327368,0.0272547813
C,-2.0397848841,3.5218922707,-0.7562428033
0,-3.2623261716,3.7244097808,-1.4917776861
C,-3.0747237905,2.0910413786,1.6296955658
C,-2.1552789201,2.8227063631,2.625904 7642
C,-3.4463427359,0.7039413745,2.1862385819
C,-4.3593967292,2.9059385505,1.4016447747
H,-6.3058238613,1.1721359678,-3.6897442219
H,-5.3491876121,-0.9034376611,-2.7237296002
H,-5.2978257043,3.3993380385,-3.1481896072
H,-1.3633721933,-4.323148393,0.1507123963
H,-1.1892869824,3.5730773512,-1.4466543681
H,-1.9588660544,4.3242629898,-0.0219116967
H,-1.8633009682,3.8164032172,2.2683862687
H,-2.6863119916,2.9556599024,3.5781117047
H,-1.2344030456,2.2629777353,2.8162158919
H,-4.1245076128,0.1727012995,1.5120658996
H,-3.9555949379,0.8252849763,3.1521219233
H,-2.5590108925,0.0811807647,2.34209038
H,-4.8806545946,3.0318875475,2.3598502739
H,-4.1566076476,3.9037069979,1.0001627238
H,-5.0417012863,2.3974189515,0.7134888852
H,-3.6273361491,-3.8231714701,0.9913735722
H,-0.2434978788,-2.8149524207,-1.4500890907
0,-5.0677877795,-1.6255728227,0.2332554891
0,-1.3949974074,-0.5801603148,-2.4734136186
C,-5.7054604383,-2.3877641929,1.2452173906
H,-5.112963168,-2.4036203977,2.1700195875
H,-6.6588648307,-1.8909559888,1.4350186497
H,-5.8937364277,-3.4192986277,0.9181968938
C,-0.0868904403,-0.8142790628,-2.9826184928
H,0.1204027959,0.0253750216,-3.6484104003
H,0.658403955,-0.8498707836,-2.1841409758
H,-0.0471236494,-1.7530331774,-3.553636697

PCRe

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) = -2642.63057240 A.U.

Zero-point correction=0.925032 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -2641.792519 A.U.

C,-4.2849204965,-1.2952528066,1.5581731745
H,-3.9435240054,-1.5520501716,2.5640462547
H,-4.8454553277,-0.35805966,1.6085704828
H,-4.9662471281,-2.0892666305,1.2263185724
C,-3.0534806027,-1.1661883309,0.6136526414
C,-2.1518452608,-0.0227501722,1.1711892811
C,-1.2308875881,-0.2467891632,2.2022675468
H,-0.8653608878,0.5924345973,2.7935701281
H,-1.1295153606,-1.224629027,2.6677455421
B,-2.6774957971,1.4288403729,0.9591880971
0,-4.0056906154,1.7030512563,0.7169882464
0,-1.9190136172,2.5824659486,1.0497960938
Pd,-0.0364708122,-0.1789007055,0.3920821635
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B,-2.3370720626,-2.5877166263,0.663618331
0,-1.9283610091,-3.321857274,-0.4251739408
0,-2.1849964764,-3.2771014459,1.8479071741
C,-2.8499681655,3.7003374656,1.1231344437
C,-4.126784577,3.1143942499,0.4200126704
C,-1.7274366175,-4.6890202442,0.0274869023
C,-1.436350391,-4.4885215904,1.5574012462
C,-5.456438129,3.6163880277,0.9755977654
H,-6.2816234024,3.1439447026,0.4334088102
H,-5.5428498597,4.7020433791,0.8526248316
H,-5.5653577903,3.3726611497,2.0346575525
C,-4.1061222185,3.2468311981,-1.1085671855
H,-4.2736298154,4.2809312715,-1.428184058
H,-4.8922846312,2.6118790771,-1.5263240028
H,-3.1561354054,2.8982524311,-1.5221770887
C,-3.0606478118,3.9913476113,2.6142290633
H,-3.7069119786,4.861233914,2.7711853856
H,-2.0880754517,4.1906020558,3.0745644129
H,-3.5055855554,3.1284685499,3.1197723385
C,-2.2414839556,4.9144801959,0.430369744
H,-1.3423326976,5.2365353592,0.9652277487
H,-2.954041128,5.7471984891,0.427639104
H,-1.9665682793,4.6954709533,-0.6035239759
C,0.0319591982,-4.171989796,1.8497242451
H,0.131468872,-3.8642542632,2.8949746754
H,0.368242653,-3.3395304833,1.2271431315
H,0.6792585027,-5.0386339705,1.6785725652
C,-1.9410428571,-5.6047293342,2.4657104127
H,-1.7090551004,-5.3640131144,3.5080796457
H,-1.4536304719,-6.5544091694,2.2168303903
H,-3.0225313075,-5.7324244089,2.381781584
C,-0.5922244453,-5.3160540618,-0.7739472158
H,-0.8803922485,-5.3867745907,-1.8275431294
H,-0.3758228003,-6.3266152649,-0.4088172531
H,0.3199483366,-4.7210504505,-0.7132087512
C,-3.0424511606,-5.4311599141,-0.2433544127
H,-2.9647246693,-6.4950894558,0.0035058453
H,-3.2891495472,-5.3344875836,-1.3047256088
H,-3.863131597,-4.9959671167,0.3357469127
C,-3.4511437842,-0.8487982107,-0.8358834612
C,-4.7768957369,-0.6375561646,-1.2364586959
C,-2.4553833162,-0.7501185429,-1.8233529336
C,-5.095395448,-0.3288936331,-2.5621920512
H,-5.5786062137,-0.6901788308,-0.50919879
C,-2.7652293767,-0.4447526939,-3.1476868094
H,-1.4166319986,-0.9267953926,-1.5437862616
C,-4.0925597226,-0.2275668109,-3.5262614957
H,-6.1347584983,-0.166220085,-2.8380796534
H,-1.9688483326,-0.3899332004,-3.8865725271
H,-4.3401284137,0.0095564251,-4.5577665799
C,4.9341540734,0.1221151158,-3.5623672009
C,4.4354358654,1.2235749448,-2.8641812922
C,3.553206523,1.0547107273,-1.7874075908
C,3.182443433,-0.2482230515,-1.4194245807
C,3.6909827698,-1.3418100024,-2.1402928209
C,4.567615371,-1.1770859731,-3.2104006837
C,3.0506473705,2.2472087667,-1.0501580903
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C,3.9220328588,3.0054001317,-0.246566017
C,3.4655687411,4.1182707966,0.4692663349
C,2.1197411848,4.4701175936,0.3740677893
C,1.2344676831,3.7496851506,-0.4211745322
C,1.7043490797,2.6431866218,-1.1415607315
P,2.1256456607,-0.8336958592,-0.0386604165
C,2.2315145248,-2.5489131521,-0.8083316831
0,3.3255271405,-2.5960657125,-1.7402931641
C,3.3042882372,-0.9438847873,1.4599064183
C,2.6553887997,-1.8875908368,2.4885856783
C,3.4157596051,0.4635254827,2.072748939
C,4.7014031471,-1.4549044669,1.0707133585
H,5.6139506756,0.2772097649,-4.3960070678
H,4.7297455802,2.2290801954,-3.1471651326
H,4.9413397347,-2.046626552,-3.7409410474
H,1.7530381084,5.3264232921,0.934308194
H,1.2970359723,-2.7418701986,-1.3482390213
H,2.3852510891,-3.3393029875,-0.0707522694
H,2.6130554722,-2.9232128599,2.1345082926
H,3.2514723495,-1.8833037148,3.4107306621
H,1.6366362197,-1.5696316329,2.7355617705
H,3.9490096901,1.1421937629,1.4056934335
H,3.978168714,0.4070470174,3.0149318211
H,2.4293987361,0.8910693525,2.2851789418
H,5.3299578971,-1.5250738324,1.9686743561
H,4.6655664311,-2.4478127235,0.6088595258
H,5.1913121126,-0.7732627048,0.3682340851
H,4.133131745,4.6955554176,1.0966251533
H,0.1942555342,4.0336945431,-0.4624088175
0,5.2110376436,2.5443846702,-0.1931506948
0,0.9224613461,1.896314699,-1.9709244562
C,6.1273225787,3.1983339378,0.6686 798674
H,5.7934761697,3.1605699387,1.7145864 764
H,7.068182598,2.6534168752,0.5700160751
H,6.2830969195,4.2459026331,0.3771591099
C,-0.4277761869,2.3051692271,-2.1655188443
H,-0.8647006572,1.581188443,-2.8518691011
H,-0.9837571002,2.2888220572,-1.2237653872
H,-0.4747530493,3.310373599,-2.6080469147

Allene

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) = -387.038192396 A.U.

Zero-point correction=0.166653 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -386.905965 A.U.

C,4.9250386586,2.0855302259,-1.1061272125
H,5.9168080362,1.6941633707,-1.3654308983
H,4.6063885158,2.764354597,-1.9006398845
H,5.031304866,2.6652714583,-0.1805872325
C,3.924825996,0.9567826922,-0.9285318945
C,2.8555509358,0.9206523579,-1.6979902487
C,1.7975629622,0.88967073,-2.4632264316
H,0.868903164,1.3848265727,-2.1795113189
H,1.7961088784,0.367977085,-3.4202620647
C,4.1752328981,-0.0806124661,0.1087882751
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C,5.3197414543,-0.0287832463,0.9217185119
C,3.2731488565,-1.1438933398,0.3059197774
C,5.5543837331,-1.0027498171,1.8952599566
H,6.0391474537,0.7742683986,0.8013013814
C,3.5075475872,-2.113071,1.275343278
H,2.3820874181,-1.2017434596,-0.3126654338
C,4.6517671944,-2.0490635055,2.0781043404
H,6.448054689,-0.9386790247,2.5107013074
H,2.7949379824,-2.9233462983,1.4067445189
H,4.8342919403,-2.806636911,2.8353793229

pinB-Bpin
Opt @ B3LYP/6-31G(d)/SDD in gas phase
SCF Done: E(RB3LYP) = -822.578383351 A.U.

Zero-point correction=0.366676 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -822.258069 A.U.

B,-2.7801965122,-0.0375659533,1.7497910113
0,-3.983710764,-0.6831837279,1.5874612148
0,-1.7884418029,-0.8731747731,2.2078306535
B,-2.5439746736,1.6147703593,1.4199207827
0,-1.9661091598,2.4942301851,2.3054971448
0,-2.9100778638,2.2165555193,0.2386304925
C,-2.3008194854,-2.2352821186,2.1536549461
C,-3.8554828762,-2.0081479122,2.1780794165
C,-2.1423080704,3.8371006505,1.7702764239
C,-2.3497317571,3.5607352368,0.2374118229
C,-4.6680465005,-2.9945625294,1.3440627233
H,-5.7319704842,-2.7470665705,1.414086818
H,-4.5290111542,-4.0174660347,1.7127633506
H,-4.3828564147,-2.9592272067,0.2905465289
C,-4.4315199243,-1.9105487616,3.5964767562
H,-4.4360317889,-2.8837234268,4.0985915007
H,-5.4610185926,-1.5450217091,3.5351667955
H,-3.8569092144,-1.2046993622,4.2042129782
C,-1.7970310832,-2.8382485022,0.8361481634
H,-2.0821556423,-3.8910430368,0.7384949251
H,-0.7053510277,-2.7688246926,0.8106248876
H,-2.1918649536,-2.2865796213,-0.0226369216
C,-1.7406837976,-3.0145650272,3.3401722978
H,-0.65480503,-3.1084903747,3.2394886861
H,-2.1700507708,-4.0224824394,3.3769018714
H,-1.9486326661,-2.5096177329,4.2858275334
C,-1.0342880556,3.4837500896,-0.5479986768
H,-1.2412495854,3.0836690384,-1.5451634578
H,-0.3230508675,2.8138243868,-0.0549599838
H,-0.5704315719,4.4697458169,-0.6569351359
C,-3.3300196063,4.4970822966,-0.4634142014
H,-3.4164019741,4.217415924,-1.5181257589
H,-2.9774496114,5.5337063763,-0.4113529425
H,-4.3255105985,4.4419554241,-0.0179461806
C,-0.909582139,4.6665182578,2.1185872045
H,-0.8451647657,4.792539064,3.2039723036
H,-0.9718209568,5.660717899,1.6610952685
H,0.0086825466,4.1814604351,1.7809603006
C,-3.3855157392,4.4193651115,2.4548136891
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H,-3.5597358848,5.4593315924,2.1592893807
H,-3.2407378684,4.3844801367,3.538814576
H,-4.2765323119,3.8317617128,2.2128268111

Product

Opt @ B3LYP/6-31G(d)/SDD in gas phase

SCF Done: E(RB3LYP) =-1209.69328872 A.U.

Zero-point correction= 0.537995 (Hartree/Particle)

Sum of electronic and thermal Free Energies= -1209.213107 A.U.

C,-4.5517763589,-1.3979786804,1.6893117097
H,-4.2347111366,-1.6696754061,2.6995320891
H,-5.1130453288,-0.4593057332,1.7365024824
H,-5.2233870527,-2.1872490747,1.3298353165
C,-3.3023845535,-1.247515467,0.7809327247
C,-2.4188904616,-0.1340550301,1.3840148814
C,-1.3430417113,-0.3561125286,2.1551706737
H,-0.7718295057,0.4768426975,2.5584261969
H,-1.0054139125,-1.351239496,2.4333852499
B,-2.8477224887,1.3439234732,1.1195515598
0,-4.1503107433,1.7287544604,0.9086297046
0,-1.9644290049,2.396771527,1.08681247
B,-2.5413572098,-2.6433195512,0.7669889105
0,-1.9859825669,-3.2187025153,-0.3475380527
0,-2.3911018333,-3.4171402561,1.8948978516
C,-2.7538206929,3.6176844442,1.0232741016
C,-4.1168860633,3.1014685447,0.4310992015
C,-1.6357051322,-4.5873622176,-0.0055072866
C,-1.4938921919,-4.5128261161,1.559048858
C,-5.3600432589,3.8242650724,0.9391158577
H,-6.2520047306,3.3825774894,0.4836177436
H,-5.3273818448,4.8858860831,0.668582395
H,-5.458435044,3.7411159532,2.0238070114
C,-4.1245294148,3.0296888275,-1.1008491751
H,-4.1635239266,4.0274617342,-1.551024298
H,-4.999324193,2.4593791075,-1.4242989511
H,-3.2410253422,2.5041129835,-1.4737083783
C,-2.8774819841,4.1368796386,2.4608326757
H,-3.4040576625,5.0962426023,2.500458704
H,-1.8739991072,4.2727953305,2.8757069643
H,-3.4112232137,3.4179828015,3.0904436426
C,-2.013379717,4.627450228,0.1522191983
H,-1.0737326331,4.9134881428,0.6356900806
H,-2.6162202985,5.5320500487,0.0122396382
H,-1.7757227903,4.2083925371,-0.8277830103
C,-0.0908650122,-4.0947851539,2.0156558729
H,-0.1213378442,-3.8578428175,3.0836191876
H,0.2461353793,-3.20337392,1.4780472686
H,0.6388630055,-4.8954938023,1.8573632533
C,-1.9465561982,-5.7601090582,2.3118168217
H,-1.8218596033,-5.6064321722,3.3883949947
H,-1.3454420396,-6.6279833941,2.0173524821
H,-2.9989933116,-5.9815331129,2.1228984451
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8. Asymmetric synthesis of (2R, 3R)- and (2R, 3S)-brassinazole

i) 9-BBN, toluene, rt
Bpin >

i II) Pd(PPh3)4 K3PO4 80°C SOC|2, Et3N, DCM
m ‘)Y\‘\ then RuCls, NalO,
Cl

iii) NaOH, H202 THF, rt

(cis/tran 4/1) 78% yield
79% yield (over 3 steps) 4
NaH, DMF
HO:Z 120°C

0S0,0H —————>»

5 80% yield (2R,3R)-brassinazole (6)

(2R, 3R)-1-(4-Chlorophenyl)-3-phenylbutane-2,3-diol (4): To a solution of 3a (3.84
g, 10 mmol, 1.0 equiv) in toluene (20 mL) was added 9-BBN dimer (3.63 g, 15 mmol,
1.5 equiv) at rt and the mixture was stirred at rt for 10 h. To the mixture was added
water (1.8 mL, 100 mmol, 10.0 equiv), Pd(PPhz)4 (577.8 mg, 0.5 mmol, 5 mol %), 1-
chloro-4-iodobenzene (4.76 g, 20 mmol, 2.0 equiv), and K3PO4 (6.39 g, 30 mmol, 3.0
equiv). The resulting mixture was stirred at 80 °C under nitrogen for 12 h and then
cooled to room temperature for next oxidation step. To the mixture at 0 °C was charged
THF (50 mL), NaOH (3 M, 10 mL), and H202 (30% w/w, 10 mL). The resulting mixture
was kept at 0 °C for 1 h, then allowed to warm to room temperature over 1 h, and kept
stiring at rt for additional 8 h. The mixture was quenched with saturated aqueous sodium
thiosulfate (10 mL) and transferred to a separatory funnel for extraction. The aqueous
phase was extracted with EtOAc (20 mL x3). The combined organic phase was washed
with brine, dried over magnesium sulfate, and evaporated to dryness. The diasteromeric
ratio 4/7 (4/1) was determined by collecting the *H NMR data of the crude product. The
residue was purified by column chromatography (eluent: PE/EA 3/1) to afford
compound (4/7, 2.19 g, 79%, 4/1) as white solid. 4: *H NMR (500 MHz, acetone-d6) &
7.66-7.59 (m, 2H), 7.37-7.30 (m, 2H), 7.28-7.20 (m, 3H), 7.18-7.12 (m, 2H), 4.16 (s,
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1H), 3.91-3.83 (m, 2H), 2.87-2.82 (m, 1H), 2.29 (dd, J = 13.9, 10.1 Hz, 1H), 1.63 (s,
3H) ppm; 1*C NMR (126 MHz, acetone-d®) § 147.1, 140.6, 131.81, 131.75, 128.7, 128 4,
127.3, 127.1, 80.7, 76.7, 38.0, 25.4 ppm. EI-MS m/z: 276; HRMS (EI) m/z: calcd. for
C16H17ClO2": 276.0917, Found: 276.0923.

(2R, 3R)-1-(4-Chlorophenyl)-3-hydroxy-3-phenylbutan-2-yl hydrogen sulfate (5):
To a mixture of 4/7 (138.4 mg, 0.5 mmol, 1.0 equiv), EtsN (0.17 mL, 1.2 mmol, 2.4
equiv) in CH2Cl, (2.0 mL) at 0 °C was added dropwise SOCI; (44 uL, 0.6 mmol, 1.2
equiv) over 5 min. The mixture was further stirred at 0 °C for 30 min and then
concentrated to dryness. To the residue was added NalO4 (160.4 mg, 0.75 mmol, 1.5
equiv), RuClz3H20 (7mg, 5.0 mol %), and CH3CN/H20 (1mL/1mL). After stirred at rt
for 30 min, the solution was quenched with saturated aqueous sodium thiosulfate (2
mL). Dichloromethane (10 mL) was added and the organic phase was separated,
washed with brine, dried over sodium sulfate, concentrated, and purified by column
chromatography (eluent: EA/MeOH 10/1) to afford compound 5 (138.5 mg, 78% vyield,
dr >20:1) as yellow solid. 5: *H NMR (500 MHz, acetone-d6) & 7.62-7.57 (m, 2H),
7.33-7.26 (m, 2H), 7.26-7.22 (m, 1H), 7.11-7.07 (m, 2H), 7.06-7.01 (m, 2H), 5.13 (s,
1H), 4.84 (dd, J = 6.2, 5.1 Hz, 1H), 3.50 (s, 1H), 2.70 (dd, J = 14.7, 6.2 Hz, 1H), 2.64
(dd, J = 14.7, 5.0 Hz, 1H), 1.66 (s, 3H) ppm; 3C NMR (126 MHz, acetone-d6) & 145.6,
138.8, 132.0, 131.6, 128.6, 128.4, 127.8, 127.7, 87.4, 77.2, 37.9, 23.3 ppm; ESI-MS
m/z: 355.1 [M-H]; HRMS (ESI) m/z: calcd. for C16H16CINa20OsS™: 401.0197, Found:
401.0202 [M+2Na-H]*.

(2R,3R)-4-(4-Chlorophenyl)-3-methyl-2-phenyl-3-(1H-1,2,4-triazol-1-yl)butan-2-

ol (6): To asolution of NaH (320 mg, 8.0 mmol, 5.0 equiv, 60% content) in DMF (10
mL) at 0 °C was added 1,2,4-triazole (1.1g, 16.0 mmol, 10.0 equiv) under nitrogen. The
mixture was allowed to warm to rt and stirred for 0.5 h. The mixture at 0 °C was added
dropwise to a solution of 5 (540 mg, 1.6 mmol, 1.0 equiv) in DMF (10 mL). The
resulting mixture was stirred at 120 °C for 12 h, then cooled to room temperature, and

concentrated. To the residue was added EtOAc (50 mL) and water (20 mL). The organic
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layer was washed with brine, dried over sodium sulfate, concentrated, and purified by
column chromatography (eluent: PE/EA 3/1) to afford compound 6 (420 mg, 80 % yield)
as yellow soild. 6: M.p. 133-135 °C. [0]p?° = 71.4 (¢ 0.75, CHCI3), 92% ee [determined
by HPLC analysis using a Chiralcel OD-3 column; n-Hex/i-PrOH = 85:15, 1.0 mL/min,
A =210 nm; tr (major) = 11.07 min; tg (minor) = 16.51 min].*H NMR (500 MHz, CDCls)
§7.80 (s, 1H), 7.71-7.67 (m, 1H), 7.49-7.45 (m, 2H), 7.26-7.21 (m, 2H), 7.18-7.12 (m,
3H), 7.01-6.96 (m, 2H), 5.02 (dd, J = 11.6, 3.4 Hz, 1H), 4.93 (s, 1H), 3.45 (dd, J = 14.2,
11.6 Hz, 1H), 3.35 (dd, J = 14.2, 3.3 Hz, 1H), 1.74 (s, 3H) ppm; 3C NMR (126 MHz,
CDCIs) 6 151.7, 147.1, 145.7, 137.9, 132.5, 131.4, 129.0 ,128.7, 127.6, 125.9, 76.8,
70.6, 35.1, 26.7 ppm. IR (neat) v 3272, 2981, 1497, 1277, 1133, 1087, 1012, 812, 761,
695, 666 cm™; ESI-MS m/z: 328.3 [M+H]*; HRMS (ESI) m/z: calcd. for C1sH19CIN3O*:
328.1211, Found: 328.1212 [M+H]".
Crystal structural data of product 6

A single crystal of product 6 was obtained by recrystallization from CH2Cl2/n-
hexane. Its X-ray diffractional data and the refinement were shown in Table S7. The
absolute configuration of 6 was determined to be (2R, 3R) (Figure S4).

Table S7. Crystal data and structure refinement for 6.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

mo_dm16701_0m
C18H18 CIN3 O
327.80

130 K

0.71073 A
Monoclinic
P1211
a=11.6963(15) A
b = 7.8375(10) A
c=18.213(2) A
1659.0(4) A3

4

1.312 Mg/m?
0.238 mm-!

688

0.15 x 0.1 x 0.05 mm3

o=90<
B=96.443(2)<
y=90%
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Theta range for data collection 1.125t0 30.618<

Index ranges -16<=h<=16, -11<=k<=11, -26<=I<=25
Reflections collected 16974

Independent reflections 9757 [R(int) = 0.0321]
Completeness to theta = 26.000° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7461 and 0.6819

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9757 /11419

Goodness-of-fit on F2 1.014

Final R indices [I>2sigma(l)] R1 =0.0464, wR2 = 0.0871

R indices (all data) R1 =0.0693, wR2 = 0.0972
Absolute structure parameter 0.00(3)

Extinction coefficient n/a

Largest diff. peak and hole 0.240 and -0.302 e. A3

Figure S4. X-ray crystal structure of (2R, 3R)-6

The CIF file of 6 can be obtained from the Cambridge Crystallographic Data Centre
using deposition numbers 1517578. Copies of the data can be obtained, free of charge,
on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44 (1223)

336 033; e-mail: deposit@ccdc.cam.ac.uk].

i) SOCl,, Et;N, DCM

HO = i) Dess-Martin reagent HO =
N CH,Cl,, 0°C Q then RuCls, NalO,
O OH O ¢y i) NaBHy, CeCly-7TH,0 O OH O o NaH;_lD'V'F
MeOH, -78°C N
(cisttran 1/3) over 2 steps:85% yield (tran/cis 4/1) '\|‘|/\//N
4 7 60% yield ~ (2R:3S)-

brassinazole

®)
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(2R, 3S)-1-(4-Chlorophenyl)-3-phenylbutane-2,3-diol (7): Toasolution of 4 (276.8
mg, 1.0 mmol, 1.0 equiv) in DCM (5.0 mL) at 0 °C was added Dess-Martin periodinane
(636.2 mg, 1.5 mmol, 1.5 equiv) under nitrogen. The mixture was allowed to warm to
rt and stirred for 3 h. The mixture was then quenched with saturated NaHCO3 solution
(5 mL) and extracted with dichloromethane (20 mL). The organic layer was separated,
washed sequentially with sodium thiosulfate (20 mL) and brine (20 mL), dried over
sodium sulfate, concentrated under vacuum, and purified by column chromatography
(eluent: PE/EA 3/1) to afford crude (R)-1-(4-chlorophenyl)-3-hydroxy-3-phenylbutan-

2-one.

To a solution of (R)-1-(4-chlorophenyl)-3-hydroxy-3-phenylbutan-2-one (55 mg,
0.2 mmol, 1.0 equiv) and CeCl37H20 (89.4 mg, 0.24 mmol, 1.2 equiv) in MeOH (2
mL) at -78 °C was added NaBH4 (15 mg, 0.4 mmol, 2.0 equiv) under nitrogen. The
mixture was stirred at -78 °C for 5 h, then allowed to warm to 0 °C, and quenched with
saturated NH4Cl solution (5 mL). EtOAc (10 mL) was added and the organic phase was
separated, washed with brine, dried over sodium sulfate, concentrated, and purified by
column chromatography (eluent: PE/EA 3/1) to afford compound 7/4 (4/1, 56 mg, 85%
yield for over two steps) as white solid. 7: *H NMR (500 MHz, acetone-d®) & 7.60-7.54
(m, 2H), 7.38-7.32 (m, 2H), 7.26-7.18 (m, 3H), 7.13-7.08 (m, 2H), 4.01 (s, 1H), 3.88
(g, J = 6.4 Hz, 1H), 3.81 (d, J = 6.9 Hz, 1H), 2.51 (d, J = 6.2 Hz, 2H), 1.60 (s, 3H) ppm;
13C NMR (126 MHz, acetone-d®) & 147.8 140.7, 131.8, 131.7, 128.71, 128.68, 127.1,
126.3, 79.9, 76.9, 38.0, 27.5 ppm. EI-MS m/z: 276; HRMS (El) m/z: calcd. for
C16H17CIO,": 276.0917, Found: 276.0923.

(2R,3S)-4-(4-Chlorophenyl)-3-methyl-2-phenyl-3-(1H-1,2,4-triazol-1-yl)butan-2-

ol (8) To a mixture of 7 (138.4 mg, 0.5 mmol, 1.0 equiv), EtsN (0.17 mL, 1.2 mmol,
2.4 equiv) in CH2Cl> (2.0 mL) at 0 °C was added dropwise SOCI, (44 uL, 0.6 mmol,
1.2 equiv) over 5 min. The mixture was further stirred at 0 °C for 30 min and then
concentrated to dryness. To the residue was added NalO4 (160.4 mg, 0.75 mmol, 1.5
equiv), RuClz3H20 (7mg, 5.0 mol%), and CH3CN/H20 (1mL/1mL). After stirred at rt

for 30 min, the solution was quenched with saturated aqueous sodium thiosulfate (2
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mL). Dichloromethane (10 mL) was added and the organic phase was separated,
washed with brine, dried over sodium sulfate, concentrated, and purified by column
chromatography (eluent: EA/MeOH 10/1) to afford compound (2R,3S)- 1-(4-
Chlorophenyl)-3-hydroxy-3-phenylbutan-2-yl hydrogen sulfate.

To a solution of NaH (9.0 mg, 0.23 mmol, 5.0 equiv, 60% content) in DMF(1.0
mL) at 0 °C was added 1,2,4-triazole (31 mg, 0.45 mmol, 10.0 equiv) under nitrogen.
The mixture was allowed to warm to rt and stirred for 0.5 h. Then the mixture at 0 °C
was added dropwise to a solution of (2R,3S)- 1-(4-Chlorophenyl)-3-hydroxy-3-
phenylbutan-2-yl hydrogen sulfate (16 mg, 0.045 mmol, 1.0 equiv) in DMF (1 mL).
The resulting mixture was stirred at 120 °C for 12 h, then cooled to room temperature,
and concentrated. To the residue was added EtOAc (5 mL) and water (2 mL). The
organic layer was washed with brine, dried over sodium sulfate, concentrated, and
purified by column chromatography (eluent: PE/EA 3/1) to afford compound 8 (8.8 mg,
60% yield) as yellow soild. 8: M.p. 175-178 °C. [a]p®® = -8.7 (¢ 0.175, CHCl3). 91% ee
[determined by HPLC analysis using a Chiralcel 1D-3 column; n-Hex/i-PrOH = 90:10,
1.0 mL/min, A = 210 nm; tg (minor) = 5.70 min; tz (Major) = 6.78 min]. *H NMR (500
MHz, CDCl3) § 7.74 (s, 1H), 7.27-7.23 (m, 2H), 7.22-7.17 (m, 2H), 7.17 (s, 1H), 7.15-
7.12 (m, 1H), 7.12-7.09 (m, 2H), 6.80-6.73 (m, 2H), 4.83 (s, 1H), 4.48 (dd, J = 11.7,
3.0 Hz, 1H), 3.46 (dd, J = 14.2, 11.6 Hz, 1H), 3.28 (dd, J = 14.2, 3.0 Hz, 1H), 1.72 (s,
3H). ppm; 3C NMR (126 MHz, CDCls) § 151.4, 145.1, 144.1, 135.7, 132.6, 129.8,
128.6, 128.2, 127.1, 124.0, 76.3, 70.7, 34.4, 26.4 ppm. IR (neat) v 3332, 1509, 1491,
1447,1277, 1141, 1095, 763, 698, 679 cm™’; ESI-MS m/z: 328.1 [M+H]*; HRMS (ESI)
m/z: calcd. for C1gH19CIN3O™: 328.1211, Found: 328.1210 [M+H]".
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9. Nonlinear effect study

<

Pd,(dba);, L8 (pin)B, =
. . <__B(pin
N+ Bylpin) (pir)
CyH, rt,24 h

1a 2(1.2 equiv) 3a

To a flame-dried Schlenk tube was added Pd»(dba)z (1 mol %), L8 (2.5 mol%,
mixture of L8 and ent-L8), and cyclohexane (2 mL). The resulting mixture was stirred
at rt under nitrogen for 0.5 h. Substrate 1a (0.2 mmol, 1.0 equiv) and B2pin2 (0.24 mmol,
1.2 equiv) was added in one portion and the resulting mixture was stirred at rt for 24 h,
then quenched with saturated NH4Cl solution (2 mL), and extracted with EtOAc (2 mL).
The organic layer was separated, washed with brine, dried over sodium sulfate, and
concentrated. The crude product was purified by flash chromatography on silica gel and
the enantiomeric excess was determined by HPLC using a chiralcel 1C-3 column.

Entry 1 2 3 4 5 6
ee of L8 0 32% 46% 61% 76% >99%
ee of 3a 0 29% 49% 63% 78% 94%
120
100 .
80 7
_ L y = 0.9789x + 0.9372
S -~ R2=0.9917
= 60 o '
™ Lo
Y— -
o f&&
g 40
20 P
0 e’
0 20 40 60 80 100 120

ee of L8 (%)
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NMR spectra of 1b
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NMR spectra of 1c
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NMR spectra of 1d
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NMR spectra of 1h
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NMR spectra of 1i
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NMR spectra of 1j
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NMR spectra of 1k
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NMR spectra of 1l
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NMR spectra of 1m
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NMR spectra of 19

0000

cee
(144
glee

680°S
960°S
YoL'S
ZLs
0ge2
26872
Lov'2
SiyL
(153
gerL
gEVL
8EvL
8kk'L
43
Sop'2
61972
29’2
P92
SK9°2
(4.3
LEL°L
65272
[¥723
S22
L6272

RS

8L

4

e

w0
5
&
8
S —
=
S
8
b
& —
o ¥
A 3
& [
g 8
= ) o
) o

PPM

oy

=

10

L9k

61992
000722
0se2L
91€°LL

0207001

£LTECL
006'+ZL 1/
065521 1/
890°9ZL
865224 W
99221 wl
£E6° 221
02228l —7
695°EEL
OO VEL

K602

/

ljw-20-12-400c

T
PPM

SI-91



NMR spectra of 1r
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NMR spectra of 1s
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NMR spectra of 1t
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NMR spectra of 1u
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NMR spectra of 1v
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NMR spectra of 1w
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NMR spectra of 1x
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NMR spectra of 1y
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NMR spectra of 1z
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NMR spectra of laa
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NMR spectra of 1ab
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NMR spectra of lad
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NMR spectra of lae
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NMR spectra of laf
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NMR spectra of 3a

08L's
818
8Le's
528°9
8012
9L L
[ 258
SkLL
lees
w®TL
oz L
0LeL
05e7L
25€72
GOE"L
0LE72
€LE°L

NS

Bpin

Bpin

ljw-19-80-400h

18.03

208

098

PPM

10

weew
6OE"HE /
£5E P —
WLV

Bai—

SBE°E8

goL'szL
i, —

069 IZL—
g =

SEG YL

Bpin

ljw-19-80-400c

|

T
PPM

SI-106



2011154b-19-104 -z 1400
Z=
I
1200
F1200
1100
1000
Bpin [e00
HsC
Bpin
800
CH,
2 700
[jw-19-104
1600
1500
[-400
300
200
¥ 100
o
100
[-200
T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -0 -20 -3 -4 -3 60 -0 -80 -90 -l00 -110 -120
£1 (ppm)
SRER 28 58 & SBRIE 2
NNS e = @ = o EERR =1
NN ee o5 o e S
Bpin
Bpin
ljw-19-88-400h 2438
300 292
203
097 087
o7 i I
U I} ] l U\_.
T T T T T T T T T T T T T T T T T T T T
10 B 4 0 PPM

SI-107



g ZERE BEEE EBERZE
s ZE8Y BERR SIIINR

1@

T
==
ST 76689

Bpin
Bpin

ljw-19-88-400c

T T T T
200 150 100 50 0 PPM

2011154b-19-88

1300

—a2

— 0. 7T

1200
1100
(1000
Bpin

HaC 00
Bpin

800
CH,

HaC
ljw-19-88 [F700

600
500
400
300
200

100

[0

=100

=200

T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -0 -20 -30 -40 -5 60 -70 -80 -90 -100 ~-110 -120
1 {(ppm)

SI1-108



NMR spectra of 3c

ZLLE

viLS
lg1s —

%S
s ———

6619 ——
g ——

9T ———__
mBTL —

Bpin

2417

Bpin

MeQ

ljw-19-98-400h

298

PPM

10

(%
£LTVT /
82ee

151V \
8rere

220°SG

G499
000°22
ne—
vezes
£1£°E8

666°CLL

S6¥'9CL
BEZL6TL

S6279€ 1

251461

Bpin

Bpin

MeO

ljw-19-98-400c

PPM

SI-109



2011154b-13-98

23
i (900
800
700
Bpin
HiC
Bpin 600
CH,
o 2 500
[
CH, ljw-19-98
[~400
[~300
200
100
Ll
0
100
T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -0 -20 -3 -4 -3 60 -0 -80 -90 -l00 -110 -120
1 (ppm)
SHI2BE8I 58 88 2BRI28 g
NmOQaeaa @Qw Ll ik s r =3
NENNSG S i W R =
Bpin
F
ljw-19-90-400h
2401
00
1 1M 089 0.97
/ 7
r T T T T T T T T T T T T T T T T T T T T
10 8 6 4 2 0 PPM

SI-110



vraer
000722 W
[F

12878 —
Sar'E8

ESLPLE
L9E°FLE

W@k

9086 L —_—
1BB6C L
oLl ovk —
6L 0P

EPIESL — —
£90'291

Bpin

Bpin

ljw-19-90-400c

T
PPM

0

K68l
CEGBL L
£26°8
816781
60678 |
006°8 -
68l L
88°8LL
[P:5:14%

Bpin

Bpin

ljw-19-90-400f

T
-200

T
-150

T
-100

T
-50

SI-111



2011154b-13-90

— 301
— 0, 79

[-800
700
Bpin 600
H;C
Bpin
[-300
CH,
F
ljw-19-90 [F400
[F300
200
[F100
il
o
100
T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -0 -20 -3 -4 -3 60 -0 -80 -90 -l00 -110 -120
£1 (ppm)
583 g8 X gha-84 2
KRR @ @ b TNNNET 2
PN @ u ww RiNLIL L =
Bpin
mﬂpm 2420
Cl
ljw-19-89-400h
3.00
2.00
1.03 101
93
L . L
T T T T T T T T T T T T T T T T T T T T T
10 8 B 4 2 0 PPM

SI-112



143.788
130.839
129.836

/_ X
T TT——126.901

127 659

Bpin
Bpin

Cl

ljw-19-88-400c

mo~go
BE-88
TERSG
SONn©
BERRKE

\

BEL8T
SRaT
IIIIN

2011154b-13-89

16
— 0. 89

—n

jw-19-89

0

T
PPM

[-800

700

(600

(500

400

(300

200

100

T T T T T T T T T T T T

T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -10

£1 (ppm)

NMR spectra of 3f

SI-113

T T
-30 40

T
-70

T
-80

T T T T
-80 100 -110 -120



PPM

1611 -
mmw.w / g 3@.&1/
weh — & - mmm.av
. 8 Wiz
L o r R
Lev
889°02
000° 22 Wl
Lo €ze L
LLEE8
mNm.mm%I
. L
xS 3. -
s — °
. 150611
8E8'S 24 —_
we's Lo o —
L0808 L
@0t ——
c = .
< B9E L
£ &
9L < q 3 [
= &
5L W & e a.fm ]
e ——— & i
sgr — T F
Lo

10

PPM

50 0

100

SI-114

Bpin

Bpin
ljw-19-102-400c




2011154b-18-102
1200

— 3306
— 0,91

1100
1000
900
Bpin
HaC 800
Bpin
700
(600
ljw-19-102
500
(400
[-300

200

100

=100

=200

T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 %0 80 70 60 30 40 3 20 10 0 -0 -20 -30 -40 -3 €0 -0 -80 90 -100 -1l0 -120
£1 (ppm)

NMR spectra of 3g

7.521
7.497
7.474
7.263
5.883
5.876
5.268
5.262
1.521
1.241
1.226
1.190
1.177
0.000

— e
— 126
— 11
—

Bpin
mﬂpm
F3C

3
507 600 ljw-20-3-400h
S agr e

MM

e R R TR R R P R e TR an
135 130 128 120 148 110 1.08

3.00
1.02 1.00 J

1
10 8 6 4 2 0 PPM

SI-115



8YY'EZ — =
¥ZE VT
PREVT
0LLve
zzLve

€19°9L
00072
€Ie7LL
€EV'ER
6Y9°E8
[ v
8/1°€Ch
82F ¥l
Lov'vel
66¥ 1
2e5vel
€48°621
1e8'gct
avL L2l
00z L2}
Viv'iel
0612}
1857821
102821

N

-, G

698°6Y 1

Bpin

Bpin
ljw-20-3-400c

c

Ly oe —

BLVETE —

ek vel
LY vel
[idt i G
zesyel

£48°52 —
LE80ZL
b1 L) M
00 424 —
L LZL “
062° 421

[17%5:14]

122

124

126

128

130

A

T
PPM

50

LB L 29

Bpin

Bpin

FsC

ljw-20-3-400f

T
-200

-150

-100

T
-50

SI-116



2011154b-20-3
1800

F1300
k1400
1200
1200
1100
Bpin

HaC ) 1000
Bpin

Fs00
800
w-20-3 [
600
500
400
300

200

100

100

200

T T T T T T T T T T T T T T T T
120 110 100 %0 80 70 60 30 40 3 20 10 0 -0 -20 -30 -40 -3 €0 -0 -80 90 -100 -1l0 -120
£1 (ppm)

NMR spectra of 3h

w7 (X

7429

7411

BEEB
ERRR
NN~

5.809
5.802

5.207

g

6.874
5.022
1.491
1.246
1.214
1.202
1.195
0.000

g
@
@

Bpin
Bpin

BnO

Ijw-20-26-2-400h

17.88

10 8 3] 4 2 0 PPM

SI-117



shz
0887 /
'R yf
BN
B —

KEEY—
899,
000°22
e —
617768
%m.nw%l

000 FLL —
mwvwwa

SN
T
e

LIy oSk

Bpin

Bpin

BnO

ljw-20-26-2-400c

T
PPM

[

900

(800

700

600

500

[~400

300

200

(100

=100

91—

2011154b-20-26

Bpin

HsC

Bpin

jw-20-26

-120

-100 -110

-90

-20

-10

30

40

110 100 20 80

120

{ppm)

fl

SI-118



NMR spectra of 3i

661°S
oze ———

LS
wLS

W@ ——
wee ——

L ——
QT ——

595

.23

Bpin

Bpin

TBSO

ljw-20-29-400h

24.07

301

PPM

10

518

089°92
00022
02E° 1L %I
VL Eg H\I
8T8

€LTBLE

BE9L L
LLEBC L

ey el

¥S0ESE

Bpin

Bpin

TBSO

ljw-20-29-400c

T
PPM

SI-119



2011154b-20-29 430
100
350
-300
Bpin
HaC
Bpin 250
HiC  CHa
A4
HaC si CH,
o
HaC 200
CH,
ljw-20-29 Liso
100
50
|
_/\ N Fo
|50
L-100
T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 9 8 70 60 50 40 30 0 0 -0 -20 -30 -40 -5 60 -7T0 -B0 -390 -100 -110 -120
£1 (ppm)
BHEHESS o8 53 5 2 €5 8
—mmaaaaq & ® == 3 AN 3
NNNooo o G @ &6 o P s
Bpin
B pin
2428
ljw-19-100-400h
29 228 292
J 1.07 0,98 o098 ( f
I S I
L I | J L L..
T T T T T T T T T r T T T T T
10 8 8 4 2 0 PPM

SI-120



144 586
136.862
129.229
127.548
126.904
83.388
83.262
77317
77.000
76.678

f
TR 125.909

125432

Bpin
Bpin

ljw-19-100-400c

24911
24.795
24.334
24.224
22172
21518

2011154b-13-100

Bpin

HaC

ljw-19-100

Bpin

CH,

0

T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -0 -20 -30 -40
£1 (ppm)

SI-121

T
-30 60

T
-70

T
-80

T T T T
-80 100 -110 -120

T
PPM

k1400
1200
1200
1100
1000
900
800
700
600
500
400
300
200
100
o
100

=200




NMR spectra of 3k

1525

852'S H\I
058°S

%E'S %
260°2

602
960°2
660°L
oLz
[y
9lLs
6LL2
ssbL
vz
voLL
e L
w2
b2 L
2L
S9TL
8922
orEs
ves
6LE°L

e

PPM

0

11.88

Bpin

Bpin
ljw-20-21-400h

Cl

K
662°¥C
Lib v
LELVC
8LLVE

14

58992
000°22 Wl
\ze
ZBEE8
Z65°E8 *.I

062'se L
004921
90 L2) %H
PIO8EL
R —

0ESEE )

(Yt

PPM

]

Bpin
Bpin
jw-20-21-400¢
150 100
SI-122

Cl

200




1000

(900

(800

[-700

600

300

400

300

200

100

100

b0 —
Ve p—

2011154b-20-21

Bpin

Bpin

Cl

jw-20-21

-120

-100 -110

-90

-20

-10

30

40

110 100 20 80

120

{ppm)

fl

NMR spectra of 3l

TS
¥se's
68°S
958°5
880 L
FAY S
eV L
0se L
szt
¥TL
[L:Ta
29T,
69272
WoL
vl
0622
¥eT'L
0LE2
ELeL
9L
21572
@5t
952

/Y

Bpin

Bpin

1196

283

ljw-20-17-400h

[

PPM

SI-123



0zTee
S8THE /
91—
6806
08L'¥e H“W

WYY —
00022
e %I
Z8E'E8
2658 =

696'121
010 s8L —
Qb —
018z} ———
9L 6Ch %
8GIEL

Eetaady

Bpin

Bpin

Br

ljw-20-17-400c

T
PPM

{1000

[~900

[~800

700

(600

00

400

300

200

100

[0

100

78—
Ve

72

2011154b-20-1

Bpin

HaC

Bpin

jW-20-17-2

-120

-100 -110

-90

-20

-10

30

40

110 100 20 80

120

{ppm)

fl

SI-124
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NMR spectra of 3u
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NMR spectra of 3w
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NMR spectra of 3y
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NMR spectra of 3aa
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NMR spectra of 3ac
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NMR spectra of 3ae
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NMR spectra of 4
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NMR spectra of 5
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NMR spectra of 7
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NMR spectra of 8
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HPLC Chromatograms
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

6.477

7] (min)
%5 W44 LR B8 I (] e WEHE AR CF
5.200 862812, 938 4594880. 500 49, 3899
2 6. 477 656502. 313 4708407. 500 50.6101
Bt 1519315, 250 9303288, 000 100. 0000
2000 Chromatogram (1 jw—19-80-2. org)
1,900
1,800
1,700
1,600
1.500
1.400
1,300
1,200
Z 1,100
= 1,000 ~
= 900 N
800 o
700
600
500
400
300 -
100 2
0 A 2
0 1 2 3 4 5 6 7 8 9 10 " 12
Time(min)
Peak No. Peak ID Ret Time Height Area Cone.
1 5212 754755.125 4042411.250 96.9931
2 6.513 20941.803 125319.508 3.0069
Total 775696.928 4167730.758 100.0000

SI-160



o. O

2,000
1,900
1,800
1,700
1,600
1,500
1,400
1,300
1,200
1,100
1,000
800
800
700
600
500
400
300
200
100

{mv})

5

LiN]]

Peak No.

Chromatogram (1jw—19-51.org)

5.190

6.437

Al

1 2 3 4 5 5]
Time(min)
Ret Time

Peak ID Height

Area

10

Conc.

1
2

1163921.625
870803.375

5.190
6.437

6332170.500
6705427.000

49.3456
50.6544

Total

2034725.000

Chromatogram (1jw-19-88. org)

13237597.500

100.0000

1,300
1,200
1,100
1,000
800
800
700
600
500

1 s mvy

400
300
200
100

5140

6.475

Peak No.

1 2 3 4 5 ] 7
Time(rnin)
Ret Time

Peak ID Height

9 10

Area

12

Conc.

5.140 737342.250
6.475 20501.066

3987581.500
144494297

96.5031

3.4969

Total

757843.316

SI-161

4132075.797

100.0000



B O
7 B/
~0
MeO 3c
. . w—19-09-3, )
600 Chromatogram (1jw—19-99-3. org)
550
500
450
400
. 350
Z
~= 300
= 3
= 250 =
200
150 -
100 ~
50
0 AM
0 1 2 3 4 5 6 7 8 9 10 1 12
Time({min)
Peak No. Peak ID Ret Time Height Area Conc.
1 6.422 215655.844 1836346.625 49,7242
2 7.117 T5111.141 1856717.000 50.2758
Total 290766.984 3693063.625 100.0000
I - {1 3w—10—08
s 300 Chromatogram (1 jw—19-98. org)
1,200
1,100
1,000
a0
800 2
- =
£ T00 ©
=
= &0
500
400
300
200
g
100 =
g
1] -rh_lrLr-— -J -
i 1 2 3 4 5 & T B 9 10 11 12 13
Timne{min)
Peak No. Peak 1D Ret Time Height Area Cone.
1 6.395 649506438 5469564.500 97.0784
2 7.055 6012.103 164605.500 29216
Total 655518.540 5634170.000 100.0000

SI-162



2,000
1,900
1,800
1,700
1,600
1,500
1,400
1,300
1,200
1,100
= 1,000
900
800
700
600
500
400
300
200
100

{mv})

e

Peak No.

Chromatogram (1jw—19-58. org)

4.925
5175

Peak 1D Ret Time

5 [
Time(min)

Height

Area

10

Conc.

1
2

4.925
5.175

T52237.438
T13567.813

3641601.750
3642875.500

49.9913
50.0087

Total

1465805.250

Chromatogram (1jw-19-90. org)

T284477.250

100.0000

600
5507
500
450
400

350

HJE (mv)
Now
g 8

s8]
=]
[=]

150
100

50

4.860

Peak No.

Peak ID Ret Time

i

Time(min)

Height

Area

Conc.

4.860
5.155

383485.313
20867.223

1892385.625
98892.391

95.0337
4.9663

Total

404352.535

SI-163

1691278.016

100.0000



Cl

700

650
600
560
500
450

5 40

£ 350

= 300
250
200
150
100

50

5398

58356

Peak No.

Peak ID

3 4 5 5}
Time(min)

Ret Time Height

Area

10

Conc.

1
2

5.308 333972.656
5.835 209372.406

1921781.375
1929408.000

49.9010
50.0990

Total

600

543345.063

Chromatogram (1 jw—19-89. org)

3R851189.375

100.0000

550
500
450
400
350

250
200
150
100

50

= 5288

i

Peak No.

Peak ID

3 4 5 6
Time(min)

Ret Time Height

Area

10

Conc.

1
2

5.288 391123.688
5.630 12269.142

2237415.750
92865.797

96.0148
3.9852

Total

403392.829

SI-164

2330281.547

100.0000



Br

800
550
500
450
400
350

300

L HE(my)

250

200

150

100

950

Peak No.

Chromatogram (1 jw—19-97-7. org)

5.272

5.560

1 2 3 4 5 3] 7 8 9 10
Time(min)

Peak ID Ret Time Height Area Conc.

49.9347
50.0653

1424821.000
1428548.250

249293.281
155967.672

5272
5.560

Total

405260.953 2853369.250 100.0000

Chromatogram (1 jw—19-102. org)

600

550

500

5.337

5.695

Peak No.

1 2 3 4 5 6 7
Time(min)

Peak ID Ret Time Height Area Cone.

95.2810
4.7190

1380376.500
68366.430

225482.063
6897.184

5.337
5.695

Total

232379.246 1448742.930 100.0000

SI-165



Chromatogram (1 jw—20-4-8. org)

1,000
950
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100

50

HUE ()

9.222
9.767

Peak No.

Time(min)

Peak 1D Ret Time Height

Area

Conec.

9.222 485820.500
9.767 436909.531

4819668.500
4867953.500

49.7508
50.2492

Total

1,300
1,200
1,100
1,000
900
800
700

i (mv)

600
500
400
300
200
100

922730.031

Chromatogram (1jw—-20-3. org)

9687622.000

100.0000

9.678

10.332

Peak No.

1 2 3 4 5 5] 7 8 9 10
Time(min)

Peak ID Ret Time Height

Area

15

Conc.

9.678 652401.125
10.332 43714.844

7481558.000
504566.781

93.6820
6.3180

Total

696115.969

SI-166

7986124.781

100.0000



BnO

HUE (mivy

Peak No.

1,000
950
900
850
800

700
650
600
550
500
450
400
350
300

200
150
100

Chromatogram (1jw-20-27-2. org)

7.192

10.122

PANPN

Peak ID Ret Time

7 8 g 10 11
Time(min)

Height

Area

Conc.

7.192
10.122

562343.000
292035.813

5884960.500
5814652.000

50.3005
49.6995

Total

150
140
130
120
110
100

L mv)

Peak No.

854378.813

Chromatogram (1 jw—20-26-1. org)

11699612.500

100.0000

7.323

>1D.398

Peak ID Ret Time

5] 7 8 9
Time(min)

Height

10 " 12

Area

Cone.

1
2

7323
10.398

80168.555
2942.202

902015.813
46610.598

95.0865
4.9135

Total

83110.756

SI-167

948626.410

100.0000



B’ o
B\o
TBSO 3i
600 Chromatogram (1 jw—20-30. org)
550
500
450
400
.. 350
=
5 300
= 250 2
Mo
200 © &
-]
150
100
50
0
0 1 2 4 5} 7 10 1 12
Time(min)
Peak No. Peak ID Ret Time Height Area Conc.
1 6.323 190254.813 1197377.000 49,9567
2 6.965 163239.188 1199452.625 50.0433
Total 353494.000 2396829.625 100.0000
Chromatogram (1jw—20-29. org)
2,400
2,200
2,000
1,800
1,600
Z 1,400
= 1,200 2
= «
~ 1,000 ©
800
600
400
iy
wn
200 o3
w
0
0 1 3 4 5 6 7 9 10 11
Time(min)
Peak No. Peak ID Ret Time Height Area Cone.
1 6.335 964526.750 6172118.000 95.5166
2 6.955 44364.574 289708.906 4.4834
Total 1008891.324 6461826.906 100.0000

SI-168



1000000

-
>
ES
=
oy
2
2
=
=

500000

.0 4.0
Retention Time [min]

# | Peak Name | CH | tR [min] | Area [uV-sec] | Height [uV] | Area% | Height% | Quantity | NTP I Resolution | Symmetry Fac‘torl Waming
1]nknown 5.000) 2760225 502476] 50014  55.041 N/Al 19438l 5.030) 1.1 Bﬂ
2unkrown 5,800 2758732 41044 499sf] a4959]  na]l 17473 N/A 1259

600000

400000

Intensity [pV]

200000

4.0

4.5
Retention Time [min]

5.0

# | Peak Name | CH | tR [min] I Area [uV-sec] | Height [uV] | Area% | Height% | Quantity | NTP | Resolution | Symmetry Fac‘torl Warning
1nknown 1 5.005' 1986947 358894 96.031] 96.562] N/A] 19523 4.916 1.1 5q
2unknown 1 5775 82131 12779] 3969 3438 n/a] 18602 N/ A 1.209]

SI-169




o. 0
B
7, /

Cl P B.
3k

600000 id-3 - CH1

400000

—
5
=1
=
&
g2
3
=

200000

.0 6.0
Retention Time [min]

# | Peak Name | CH | tR [min] | Area [uV-sec] I Height [uV] | Area% | Height% |Quantity | NTP I Resolution | Symmetry Fa::‘tarl Warning
1unknown 1 5.125 1710018] 298694 50.829 61594 n/a]  19159] 3.113 1.259
2Junknown 1 5.683 1654631 1g6249]  49.177]  38.406 nal 11548 N/A N/

1500000

1000000

Intensity [pV]

500000

4.0 6.
Retention Time [min]

# | Peak Name | CH | tR [min] | Area [uV-sec] | Height [uV] | Area% | Height% | Quantity| NTP I Resolution | Symmetry Factorl Warming
1Unknown 1 5.13] 3433176 580941] 96.374 96.997 N/Al 18095' 3.264) 1 .16.“
onknown | 1 5692 129208] 17989 3620 3003 n/a] 14299 /A 419

SI-170



o, .0

Br . B

3l

ID-3 - CH1

2000000

—
=
ES
=
oy
2
2
=
S

1000000

.0 6.
Retention Time [min]

# | Peak Name | CH | tR [min] | Area [uV-sec] | Height [uv] | Area% | Heights | Quantity| NTP | Resolution | Symmetry Factor | Warning
1Unknown 1 5.075) 5308184 900052] 49.801 57.260) N/Al 18943 2.209 1.143
2nknown 1 5.450} 5350644] 671821]  50.199  42.740) N/Al 12769 N/Al 1.175

600000 id-3 - CH1]

400000

Intensity [uV]

200000

.0 6.0
Retention Time [min]

# | Peak MName | CH | tR [min] | Area [uV-sec] I Height [uV] | Area% | Height% | Quantity| NTP I Resolution | Symmetry Factor | Warning
1Unknown 1 5.050) ISGSDQSI 2934121 93077 94.794 N/ A 19575I 1.916| 1.157]
2nknown | 1 5,389 124067] 16114 6929 5208]  N/A]  1108g N/A 1233

SI-171



MeO

600000

<
&
)
2
g
15

200000

4.0

6.0
Retention Time [min]

# | Peak Name | CH | tR [min] | Area [V-sec] | Height [uV] | Area% | Height% | Quantity] NTP | Resolution | Symmetry Factor | Warning
1Junknown 1 7.699) 3439211 355473]  50.157] 538s6]  N/Al 14591 1.698] 1.200)
2Junknown 1 8.154 3417682 304566] 49.843 46144 N/l 12133 N/A] 1.400)

1500000

1000000

Intensity [pV]

500000

6.0
Retention Time [min]

# I Peak Name | CH | tR [min] I Area [uV-sec] | Height [uV] | Area% | Height% | Quantity| NTP | Resolution | Symmetry Factnrl Warning
1|unknown 1 7.758] 8553961 g19293] 97006] 97.156]  nNvAl 12910 1.865) 1.375
unknown | 1 8.289| 264014) 23986| 2994 2844]  nv| 12037 N/A N/Af

SI-172



—
-

—
e

&

Chromatogram (1jw—20-2-6. org)

900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100

50

10.958

13.558

Peak No.

Peak ID

7 8 9

Ret Time

10

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time(min)

Height Area Conc.

10.958
13.558

312925.656 6606156.500 49.8662
219594.391 6641596.500 50.1338

Total

K (mv)

532520.047 13247753.000 100.0000

Chromatogram (1 jw-20-1. org)

1,300
1,200
1,100
1,000
900
800
700
600
500
400
300
200
100

A

10.913

?14042

0

0

Peak No.

1

2 3 4 5 6

Peak ID

7 8 9

Ret Time

10

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time(min)

Height Area Conc.

10.913
14.042

593058.000 13318128.000 96.0389
19276.408 549298.813 3.9611

Total

612334.408 13867426.812 100.0000

SI-173



400000

300000

200000

s
=
Z
2
]
=

100000

.0
Retention Time [min]

6.0

# I Peak Name

tR [min]

Area [uV-sec] | Height [uV] | Area% | Height%

Quantity

NTP Resolution I Symmetry Factor

Warning

IlJnknown

6.333

1073307 132057]  49.601]  52.243

N/A

14314 1.468] N/A

Z'Jnknuwn

6.659]

1090589 120716]  50.399  47.757

N/A

13169] N/A| N/A

800000

600000

400000

Intensity [UV]

200000

.0 6.
Retention Time [min]

# | Peak Name | GH | +R [min] | Area [uv-sec] | Height [V | Areat | Heights [ uantity] NTP ] Resolution | symmetry Factor | Waming
1junknown 1 6.500 16517¢| igi53] 2916 3644  N/A] 11519 1.383 N/A
2Junknown 1 6.867) 5499336]  480036] 97.084]  96.356 nNA 8999 N/A| 1.534)

SI-174




o._ .0

400000

s
=
Z
2
]
=

200000

3.0

4.0
Retention Time [min]

5.0

# | Peak Name | CH | +R [min] | Area [uv-sec] | Height [uV] | Areat | Heights | Quantity] NTP ] Resolution | symmetry Factor | Waming
funknown | 1 5283 1980063 296657 49.98d 51507  nA 14730) 1.486] 1088
Junknown | 1 5550 1981629  279295] 50020 a4sa4s3]  n/A 1a26g N/A| 1089

1500000

S 1000000
=
Z
g
g
E

500000

3.0

4.0
Retention Time [min]

# I Peak Name | CH | tR [min] | Area [uV-sec] I Height [uV] I Area’ | Height% | Quantity] NTP | Resolution ISymmetry Factor | Warning
1Junknown 1 5.367) 5679374 799058] 96.669 96.780]  N/A] 13597 1.699] 1.174
2lunknown 1 5.697) 196034] 26500 33371 32200  n/A 13037 N/A| N/A

SI-175




Chromatogram

(1jw—20-14-2. org)

Peak No.

Peak ID Ret Time

Time(min)

Height

15 16

Area Cone.

1
2

10.522
10.793

202002.094
195260.750

1512127.250
1559016.750

49.2366
50.7634

Total

1L ()

397262.844

Chromatogram (1 jw—20-13. org)

3071144.000 100.0000

1,300
1,200
1,100
1,000
900
800
700
600
500
400
300
200
100

10777

10.508

Peak No.

Ret Time

8 9 10

Time(min)

"

Height

12 13 14 15

Area Conc.

10.508
10.777

17564.004
456951.625

3.0734
96.9266

114069.539
3597414.250

Total

474515.629

SI-176

3711483.789 100.0000



1000000

500000

Intensity [pV]

1C-3-0D-3 - CH1

10.0 15.0
Retention Time [min]
# | Peak Name | CH | tR [min] | Area [uv-sec] | Height [uv] | Areat ] Heights J quantity] NTP ] Resolution | symmetry Factor | Waming
1Junknown 1 19567 780968 433992] 49864 51085  n/Al  29926] 2.268] 1.366]
2Junknown 1 20,625 7850768]  415561] 50131] 4891s]  N/A| 30139 N/A] 1.341]

1000000

500000

Intensity [HV]

15.0
Retention Time [min]

20.0

# | Peak Name | GH | tR [min] | Area [uv-sec] | Height [uv] | Areat ] Height% J uantity] NTP ] Resolution | Symmetry Factor | Warning
Wurknown | 1 | 19550 9423679 524540] 95724 96067  n/A| 30163 2.261 1376]
Junknown | 1 | 20659 42100 21470] 427 393 /A 26159 N/A N/A

SI-177




\B/ /O
S B\O
\_0
3s

300000

200000

s
=
Z
g
g
E

100000

6.0 8.0
Retention Time [min]

it | Peak Name | CH | tR [min] | Area [uv-sec] | Height [uv] | Areat | Heights | Quantity] NTP ] Resolution | symmetry Factor | Waming
1Junknown 1 7183 2725235 204973] 50089 60914 w1349 10.370) 1.516]
2Junknown 1 10.408] 2715582 182855] 49911  39.086 A 11773 N/A 1.675]

1000000

500000

Intensity [uV]

8.0

6.0
Retention Time [min]

# | Peak Name | GH | tR [min] | Area [uV-sec] | Height [uV] | Areat | Height% | Quantity] NTP | Resolution | Symmetry Factor | Waming
1Junknown 1 7109 8090043 833495] 93814 95071 N 13247 11.478] 1579
2unknown 1 10.450) 533497 43209]  6.186]  4.929 n/A 15397 N/A| 1179

SI-178



o. 0

B~ (/)
MeO B\O
MeO 3t
OMe
300 Chromatogram (1 jw—-20-33. org)
280
260
240
220
200
180
z 160
Z 140 g
= 120 5_-; g
100 :
80
60
40
20
0 A
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time(min)
Peak No. Peak ID Ret Time Height Area Conec.

1 15.142 104116.086 2649219.250 50.1819
2 17.645 84493.305 2630012.000 498181
Total 188609.391 5279231.250 100.0000

600 Chromatogram (1 jw—20-32. org)
550
500
450
400
350 w
= ~
£ 300 ~
= 250
200
150
100 Ife}
o
o
50 ,JL el
0 AN
0 2 3 4 5 6 7 8 89 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time(min)
Peak No. Peak ID Ret Time Height Area Cone.
1 15.225 18300.555 443189.594 4.8358
2 17.715 276260.406 8721627.000 95.1642
Total 294560.961 9164816.594 100.0000

SI-179



100000

s
=
Z
é
8
=

10.0

. 8.0
Retention Time [min]

# | Peak Name | GH | tR [min] | Area [uv-sec] | Height [uv1 ] Area% | Height% | Quantity] NTP | Resolution | Symmetry Factor | Waming
Wunknown | 1 9.647 1470621 5671 49920 56251 w4 ssod 2.146] 1,63
Junknown | 1 | 10874 1474934) 56630] 50079 43749] /A 645 N/A] 1.698]

800000

600000

400000

Intensity [uV]

200000

6.0 8.0
Retention Time [min]

# | Peak Name | GH | tR [min] | Area [uv-sec] | Height [uv] | Area% | Heights | Quantity] NTP | Resolution | symmetry Factor | Warning
1Junknown 1 9.502 8103483 433285] 9717¢] 97.418] /Al 6679 2.409] 1.987
2Junknown 1 10.809] 235350) 11496] 2822 2588  n/A| 6334 | N/A

SI-180



600000

400000

=
e’
z
2
£
L=

200000

] d
Retention Time [min]

# I Peak Name | CH | tR [min] | Area [pV-sec] | Height [uV] I Area% I Height% | Quantity| NTP I Resolution ISymmetrv Factor | Warning
1Junknown 1 5517 2762691 396502] 49.919 55357 N/A 15608 4307 1.373
2Junknown 1 6.367] 2771601 319758] 50081] 44.643 N/A 13453 n/A| 1.408]

300000

Intensity [pV]

100000

.0 6.
Retention Time [min]

# I Peak Name | CH | tR [min] | Area [uV-sec] | Height [uV] I Area% | Height% | Quantity] NTP | Resolution | Symmetry Factor | Wamning
I'Jnknﬂwn 1 5.550) 1525965 21 5246' 97.921 98.070) N/ 15331 4477 1.382]
Jonknown | 1 6417 32406| az3] 201 1930]  w/A 1508 N/A 1150

SlI-181



600000

400000

Intensity [HV]

200000

3.0 4.0 5.0
Retention Time [min]
# I Peak Name | CH | tR [min] | Area [uV-sec] | Height [uV] | Area% | Height% | Quantity| NTP I Resolution | Symmetry Factor | Waming
l'.lnknown 1 5.133 1818813 308157] 50.161] 54.684) N/A 1?926' 4.744] 1.285}
lenknown 1 5933 1807167 255367 49.839  45.316 N/A 1 6493I N/Al 1.205]

800000

600000

400000

Intensity [uV]

200000

3.0 4.0 5.0

Retention Time [min]

# | Peak Name | CH | tR [min] | Area [uv-sec] | Heignt [V] | Areat | Heightt | Quantity] NTP [ Resolution | symmetry Factor | Waming
1Junknown 1 5.297 2663878]  437018] 9568 959200  nAl 17874 5511 1212
2|unknown 1 6.217 120215 18602] 4319 ao0s]  nN/A| 1o4st N/A 1167

SI-182



200000

100000

Intensity [HV]

8.0

7.0
Retention Time [min]

# I Peak Name | CH | tR [min] I Area [uV-sec] | Height [uV] | Area% | Height% IG.lanhty NTP I Resolution ISymmetry Factor | Warning
1Junknown 1 6.879 1645045} 202484 s0021] 71.978] /Al 16626] 4.049] 1.195)
2Junknown 1 8.450 1643658] 78828] 49979 28022] w3559 N/A| 1.132)

800000

600000

400000

Intensity [pV]

200000

4.0

6.0
Retention Time [min]

# | Peak Name | cH | tR [min] | Area [V:sec] | Height [uv] | Areat | Height% | Quantity] NTP | Resolution | Symmetry Factor | Waming
1Jurknown 1 7109 5195158]  s556114] 95109 esasd w1372 2.953] 1.272)
2unknown 1 8717 267533 9168] 4897]  1616] /A 1685 N/Al 1.624)
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CH | tR [min] | Area [uV-sec] | Height [uV] | Area% | Height% IOuantity NTP | Resclution | Symmetry Factor | Waming
1Unknown 1 4.979) 2700521 498706  49.699 52.288' N/AL 19436 2.417] 1.2024
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200000

Intensity [UV]

100000

10.0

15.0

Retention Time [min]

# | Peak Name | cH [ R [min] | Area [uv-sec] | Height [uv1 | Areat | Heights | Quantity] NTP ] Resolution | Symmetry Factor | Warning
1Junknown 1 14,897 353827 14805]  6.899 13014  n/Al  ses0) 3.943] 1.474)
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# | Peak Name | GH | R [min] | Area [uV'sec] | Height [uv] | Areat | Height% | Quantity] NTP | Resolution | Symmetry Factor | Waming
1unknown 1 18.425] 2610737} 176580] 50334 61.030] N/ 30643 3.480 1.140)
2|unknown 1| 20219 2773478] 112753 49666 38970  n/A] 17496 N/A 1.664)
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[ 700, 11 20160303 #1246 [manipulated] NM-14-29A PC3 ABW2 214 0.7 20 UV_VIS_1
mAU
1-5.510
500
500
400 -
2 - 5.957
3004
200
100+
04 T
100 min
0'o 10 20 30 40 50 50 70 80 90 191
Integration Results
No. Retention Time Area Height Relative Area
min mAL*min mALU %o
1 5510 85.997 625825 4972
2 5.957 86.968 361.879 50.28
Total: 172.965 987.704 100.00
500- 17 20160303 #1267 [manipulated] NM-14-20B PC3 ABW?2 214 0.7 20 UV_VIS_1
mAU
500 12-5.957
400
3004
200
100+
1-5.51
0-{ i T
1004 min
00 10 20 30 40 50 50 7.0 80 50 100
Integration Results
No. Retention Time Area Height Relative Area
min mAL*min mAL %
1 5510 7.053 52993 .57
2 5.957 119.561 502.619 94 .43
Total: 126.614 555.612 100.00
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# | Peak Name | cH [ R [min] | Area [uV-sec] | Height [uv] | Areat | Height% | Quantity] NTP ] Resolution | Symmetry Factor | Warning
1Junknown 1 6.733 6281019]  498289] 49463 54.430]  N/A 7394 1.742) 1.937)
2Junknown 1 7.333 6417316]  417185] 50537 45570  n/A  603g] N/A| 2.026]
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# | Peak Name | cH [ tR [min] | Area [uv-sec] | Height [uv] | Areas | Heights ] Quantity] NTP ] Resolution | symmetry Factor | warming
1Junknown 1 8479 1891389 72741 49743 s0.868]  n/Al  3427) 2,568 3.95(
2Junknown 1 10.017 1910931 70260] 50257 49.132] w4119 N/A 3.166]
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IlJnknuwn 1 8.300 7997920f 339131]  85.204 36.356| N/A 393‘.* 2.934] 3.934)
orknown | 1 9.967 1388883 53581)  14.796 13644  N/A| 4223 N/A N/A
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DAD1 C, Sig=210,4 Ref=360,100 (NM\E3§_LC 2016-10-10 19-54-251072-0401.D)

mAl =

16.399

T T T T T
5 10 15 20 25

# el [T S g AR Emil %
11.114 6042.4 184 0.4871 0.635 | 50.908
16.399 5826.9 118.2 0.609 0.637 | 49.092

RSN

DAD1 C, Sig=210,4 Ref=260,100 (NM\FE35_LC 2016-10-10 19-54-351074-0202.D)

mall | 3
500 |

400-]
300
200

100-|

16.510

T T T T T
5 10 15 20 25

# it iel [ Tig S R AR Emil %
11.07 16775.9 526.7 0.4876 0.605 | 96.197

16.51 663.2 14 0.5593 0.683 3.803
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DAD1 C. Sig=210.4 Ref=360,100 (NM\%%_LC 2016-11-11 14-28-451092-0102.0)
mal | o

3 )
800 d

2

3

T
6699

100

55 -] 75 8 min

# el [ S g ARET Emil %
5.585 12260.3 887.9 0.2091 0.422 | 43.460

6.699 12528 545.8 0.3338 0.338 50.540

N |

DAD1 C, Sig=210,4 Ref=260,100 (NM\ZE3E_LC 2016-11-11 14-28-45\092-0202.0)

T T G T
55 6 65 7

= il @il [ 55 R HWET EmE %
1 5.707 200.4 14.5 0.2298 0.671 4.036
2 6.783 4764.4 203.1 0.391 0.518 | 95.964
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