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General Information 
All materials received new from commercial sources were used without further purification, and all 
materials previously opened or used were filtered through a silica plug and sparged with nitrogen prior to 
use. The following compounds were purchased from MilliporeSigma: 2-allylphenol, 11-bromo-1-
undecene, allyltriphenylsilane, 1,2-epoxy-oct-7-ene, hydrocinnemaldehyde (purified by column before 
use), nonanal (distilled before use), 4-pentenoic acid, and 1-allylfluorobenzene. The following compound 
was purchased from Alfa-Aesar: 2-methyl-4-pentenoic acid. The following compounds were purchased 
from Combi-Blocks: 4-iodobenzotrifluoride, 1-phenyl-4-penten-1-yne, 1-allyl-2-bromobenzene, and 1-
phenyl-4-penten-1-yne. The following compounds were purchased from Oakwood: 4-phenyl-1-butene 
and 3-(3-chlorophenyl)-1-propene. The following compound was purchased from Thermo Fisher 
Scientific: 11-chloro-1-undecene. The following compounds were purchased from TCI: 8-nonen-1-ol 
(purified by silica plug before use), 2-allylaniline hydrochloride, 1,4-dihydronaphthalene, and KOtBu 
(opened and used in an argon-filled glovebox). The following compound was purchased from Indofine 
Chemical Company: 7-allyloxycoumarine. The following compound was purchased from VWR: PCy3•HBF4. 
The following compounds were purchased from Cambridge Isotopes Laboratory: D2O, DMF-d7, and CDCl3. 
The following compounds were purchased from Strem: Ni(4-tBustb)3 and Ni(COD)2. The following compound 
was purchased from ChemScene: Methyltriphenylphosphonium bromide and was heated to 120 °C under 
vacuum overnight before use. The free aniline, 2-allylaniline, was prepared by washing 2-allylaniline 
hydrochloride with a saturated solution of NaHCO3 in using ether as the organic phase. The following 
compounds were prepared according to literature procedure: 11-fluoroundec-1-ene,1 1-allyl-1H-indole,2 
(E)-hexa-1,5-dien-1-ylbenzene,3 (E)-hepta-1,6-dien-1-ylbenzene,4 2-(but-3-en-1-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane,5 N-phenylpent-4-enamide,6 2-(but-3-en-1-yl)pyridine,7 pent-4-en-1-yl(p-
tolyl)sulfane,8 1-hexene-6-triphenylphosphonium bromide (dried under high vacuum at 110 °C overnight 
before use),9 and [Ni(µ-I)(dppf)]2.

10 Ni(COD)(DQ), Ni(COD)(BQtBu), Ni(COD)(BQCy), Ni(COD)(TOH), 
Ni(COD)(TOCF3), Ni(COD)(CPDH), Ni(COD)(CPDOMe), Ni(COD)(CPDCF3), and Ni(COD)(TOA) nickel(0) pre-
catalysts were prepared according to literature protocols.11 Anhydrous solvents were purchased from 
Fischer Scientific or VWR in extra dry form over molecular sieves. The 1H, 13C, 19F, and 31P spectroscopic 
data were recorded with Bruker AVIII 400 MHz, Bruker AV NEO 500 MHz, Bruker AV NEO 600, Bruker AV 
NEO 399 MHz, and JEOL JNM-ECZ400R 400 MHz NMR instruments. Spectra were internally referenced to 
SiMe4 or residual deuterated solvent signals. The following abbreviations, or combinations thereof, were 
used to describe multiplicities: b = broad, s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet. 
GC-MS spectra were acquired on an Agilent Technologies 7820A GC System. GCMS data are reported as 
integer values, as recorded by MS on this instrument. The data for relevant compounds are attached in 
the spectra section. Preparative Thin-Layer Chromatography (PTLC) plates were acquired from 
MilliporeSigma as 1,000 micron or 500 micron size particles. Flash column chromatography was 
performed using silica gel from SILICYCLE in 40–63 micron size particles, or AgNO3 impregnated silica, 
prepared using 1 g AgNO3 dissolved in CH3CN (10 mL per 10 g silica) and dried in the oven overnight.  
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General Procedures 
General Procedure 1A: Z-selective reaction conditions 
In a nitrogen- or argon-filled glovebox, to a 8-mL screw-cap reaction vial equipped with a stir bar, were 
added Ni(COD)2 (7 mg, 10 mol%), dppf (10 mg, 7.5 mol%), alkene (0.25 mmol, 1 equiv), and 4-
iodobenzotrifluoride (34 mg, 0.125 mmol, 0.5 equiv), and DMA (2.5 mL). The reaction vial was sealed with 
a Teflon-lined screw cap and removed from the glovebox. The reaction was stirred at room temperature 
overnight. After this time, the mixture was quenched with 1 M HCl (aq.) solution, unless otherwise stated. 
The reaction mixture was extracted with diethyl ether (2 × 5 mL), and the combined organic layers were 
washed with brine (3 × 10 mL), dried over Na2SO4, and concentrated under reduced pressure. The crude 
reaction mixture was analyzed by 1H NMR using CH2Br2 as internal standard. The product was purified by 
either preparative thin-layer chromatography (PTLC) or by flash column chromatography (silica 2 cm3, or 
AgNO3-impregnated silica, 4 cm3). 

General Procedure 1B: Z-selective reaction conditions at 55 °C 
In a nitrogen- or argon-filled glovebox, to a 8-mL screw-cap reaction vial equipped with a stir bar were 
added Ni(COD)2 (7 mg, 10 mol%), dppf (10 mg, 7.5 mol%), alkene (0.25 mmol, 1 equiv), 4-
iodobenzotrifluoride  (34 mg, 0.125 mmol, 0.5 equiv), and DMA (2.5 mL). The reaction vial was sealed with 
a Teflon-lined screw cap and removed from the glovebox. The reaction was stirred at 55 °C overnight. 
After this time, the mixture was quenched with 1 M HCl (aq.) solution, unless otherwise stated. The 
reaction mixture was extracted with diethyl ether (2 × 5 mL) and the combined organic layers were 
washed with brine (3 × 10 mL), dried over Na2SO4, and concentrated under reduced pressure. The crude 
reaction mixture was analyzed by 1H NMR using CH2Br2 as internal standard. The product was purified by 
either preparative thin-layer chromatography (PTLC) or by flash column chromatography (silica 2 mL, or 
AgNO3 impregnated silica, 4 mL). 

General Procedure 2A: E-selective reaction conditions 
In a nitrogen- or argon-filled glovebox, to a 8-mL screw-cap reaction vial equipped with a stir bar were 
added Ni(COD)2 (7 mg, 10 mol%), PCy3•HBF4 (10 mg, 11 mol%), alkene (0.25 mmol, 1 equiv), and DMF (5 
mL). The reaction vial was sealed with a Teflon-lined screw cap and removed from the glovebox. Nitrogen-
sparged water (2.2 µL, 0.5 equiv) was added to the reaction mixture via a microsyringe. The reaction was 
stirred at room temperature overnight. The reaction mixture was extracted with diethyl ether (2 × 5 mL) 
and the combined organic layers were washed with brine (3 × 10 mL), dried over Na2SO4, and concentrated 
under reduced pressure. The crude reaction mixture was analyzed by 1H NMR using CH2Br2 as internal 
standard. The product was purified by either preparative thin-layer chromatography (PTLC) or by flash 
column chromatography (silica 2 mL, or AgNO3 impregnated silica, 4 mL). 

General Procedure 2B: E-selective reaction conditions for isomerization to a conjugated 
position 
In a nitrogen- or argon-filled glovebox, to a 8 mL screw-cap reaction vial equipped with a stir bar were 
added Ni(COD)2 (7 mg, 10 mol%), PCy3•HBF4 (10 mg, 11 mol%), TBABr (40 mg, 0.5 equiv), alkene (0.25 
mmol, 1 equiv) and DMF (5 mL). The reaction vial was sealed with a Teflon-lined screw cap and removed 
from the glovebox. Nitrogen-sparged water (2.2 µL, 0.5 equiv) was added to the reaction mixture via a 
microsyringe. The reaction was stirred at room temperature overnight. After this time, the mixture was 
quenched with 1 M HCl (aq.) solution, unless otherwise stated. The reaction mixture was extracted with 
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diethyl ether (2 × 5 mL) and the combined organic layers were washed with brine (3 × 10 mL), dried over 
Na2SO4, and concentrated under reduced pressure. The crude reaction mixture was analyzed by 1H NMR 
using CH2Br2 as internal standard. The product was purified by either preparative thin-layer 
chromatography (PTLC) or by flash column chromatography (silica 2 mL, or AgNO3 impregnated silica, 4 
mL). 

Reaction Optimization 
All optimization experiments were run on a 0.15 mmol scale of the alkene according to General 
Procedures 1A or 2A for Z-selective or E-selective alkene products, respectively, unless otherwise stated. 
Deviations from the standard protocols are stated in the schemes and tables below (Tables S1–S15). 

Optimization of Z-selective conditions 
Table S1: Salt screen for Z-selective conditionsa 

 
Entry Salt Yield (%)b Z:E ratio 

1 TBACl 74 75:25 
2 TBABr 68 83:17 
3 TBAI 62 91:9 
4 ZnBr2 49 83:17 
5 LiCl 36 70:30 
6 MgI2 83 88:12 
7 KI 20 88:12 
8 NaI 33 87:13 
9 I2 0 - 

10 MgCl2 80 50:50 
a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard.  

Table S2: Ligand screen for Z-selective conditionsa 

 
Entry Ligand Yield (%)b Z:E ratio 

1 PCy3•HBF4 0 - 
2 P(tBu)3•HBF4 90 83:17 
3 PPh3 12 66:44 
4 DPPB 71 88:12 
5 BINAP 0 - 
6 CPhos 0 - 
7 DCYPE 45 91:9 
8 DPPF 20 89:11 

20 mol% Ni(COD)2
2 equiv salt

20 mol% dppf
3 mL DMA

rt, overnight
Me

20 mol% Ni(COD)2
2 equiv TBAI

20 mol% ligand

3 mL DMA
rt, overnight

Me
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9 Xantphos 45 35:65 
10 None 0 - 
11 1,1-bis(dicyclohexylphosphino)ferrocene 0 - 
12 1,1-bis(diisopropylphosphino)ferrocene 0 - 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard.  

Table S3: Screen of relative equivalence of catalyst, additive, etc. for Z-selective conditionsa 

 
Entry Deviation from above  Yield (%)b Z:E ratio 

1 10 mol% Ni, 10 mol% dppf 30 21:79 
2 1.5 mL DMA 15 64:44 
3 10 mol% dppf - - 
4 1 equiv TBAI 74 88:12 
5 0.75 equiv TBAI 83 79:21 
6 0.2 equiv TBAI 68 86:14 
7 0.1 equiv TBAI 60 70:30 
8 10 mol% dppf, 10 mol% Ni(COD)2, 10 mol% TBAI 20 60:40 
9 5 mol% dppf, 5 mol% Ni(COD)2, 5 mol% TBAI - - 

10 50 °C 13 - 
a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S4: Solvent screen for Z-selective conditionsa 

 
Entry Solvent Yield (%)b Z:E ratio 

1 THF 30 21:79 
2 Toluene 15 64:44 
3 DMA with molecular sieves 53 85:15 
4 NMP 60 70:30 
5 MeCN 20 60:40 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S5: Screening of aryl iodide additives in Z-selective conditionsa 

 
Entry Additive Yield (%)b Z:E ratio 

1 0.2 equiv TBAI + 0.2 equiv iodobenzene 68 73:27 
2 1 equiv iodobenzene  80 83:17 

20 mol% Ni(COD)2
2 equiv TBAI
20 mol% dppf

3 mL DMA
rt, overnight

Me

20 mol% Ni(COD)2
12 mol% dppf
0.2 equiv TBAI

3 mL solvent
rt, overnight Me

20 mol% Ni(COD)2
15 mol% dppf
Additive

3 mL DMA
rt, overnight

Me
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2 1 equiv 4-methoxyiodobenzene 68 73:27 
3 1 equiv 4-cyanoiodobenzene 18 100:0 
4  1 equiv 4-nitroiodobenzene 12 100:0 
5 1 equiv 4-methylester iodobenzene 55 95:5 
6 1 equiv 2-methyliodobenzene 74 76:24 
7 1 equiv 4-iodobenzotrifluoride  74 92:8 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S6: Screening of Ni(0) precatalysts for Z-selective conditionsa 
For Ni(0) precatalyst synthesis see General Information.11 

 
Entry [Ni] Yield (%)b Z:E ratio 

1 Ni(COD)(DQ)  - - 
2 Ni(COD)(BQtBu) 30 100:0 
3 Ni(COD)(BQCy) - - 
4 Ni(COD)(TOH) - - 
5 Ni(COD)(TOCF3) 77 90:10 
6 Ni(COD)(TOCF3) with 1 equiv p-F3CC6H4I instead of 

iodobenzene 
72 96:4 

7 Ni(COD)(CPDH) - - 
8 Ni(COD)(CPDOMe) - - 
9 Ni(COD)(CPDCF3) - - 

10 Ni(COD)(TOA) - - 
11 Ni(4-tBustb)3 13 17:83 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

 

Table S7: Catalyst loading and concentration screen for Z-selective conditionsa 

 
Entry Ni(COD)2 (mol%) dppf (mol%) DMA (mL) Yield (%)a Z:E ratio 

20 mol% [Ni]
1 equiv iodobenzene

15 mol% dppf

3 mL DMA
rt, overnight

Me

Me Me

PhPh
Ni

NC CN

S
O

E2 CO2Et

O

Ph Ph

PhPh

O

O

MeMe

Me Me
Ni

O

O

t-Bu

t-Bu
Ni

O

O

Cy

Cy
Ni

Ni

O

Ph Ph

PhPh

S

Ni

O

Ar1

Ar1Ar1
Ni

O

Ar2

Ar2Ar2

S

Ni

O

Ar2

Ar2Ar2
Ni

Ni

Ni(COD)(BQCy)Ni(COD)(DQ)

Ni(COD)(CPDH)

Ni(COD)(CPDOMe)

Ni(COD)(CPDCF3)

Ni(COD)(TOH)

Ni(COD)(TOCF3)

Ni(COD)(TOA)

Ni(COD)(FVCN)Ni(COD)(BQtBu)

OMe

CF3 CF3

Ni(COD)2
dppf

1 equiv p-F3CC6H4I

DMA
rt, overnight

Me
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1 20 15 3  76 93:7 
2 10 7.5 1.5 79 94:6 
3 5 3.75 0.75 74 93:7 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S8: Screening of p-F3CC6H4I equivalents for Z-selective conditionsa 

 
Entry p-F3CC6H4I (equiv) Yield (%)b Z:E ratio 

1 0.5 83 93:7 
2 0.25 79 93:7 
3 0.1 75 88:12 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S9: Control experiments for Z-selective conditionsa 

 
Entry Deviation from above Yield (%)b Z:E ratio 

1 1 equiv water  30 - 
2 Without Ni 0 - 
3 In the dark 64 90:10 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Optimization of E-selective conditions 
Table S10: General screening for E-selective conditionsa 

 
Entry Deviation from above Yield (%)b Z:E ratio 

1 none 96 18:82 
2 50 °C 68 19:81 
3 10 mol% [P] + 5 mol% [Ni] 53 16:84 
4 1.5 mL DMF 56 16:84 
5 10 mol% [P] + 10 mol% [Ni] 17 21:79 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S11: Solvent screen for E-selective conditionsa 

 

10 mol% Ni(COD)2
p-F3CC6H4I

7.5 mol% dppf

1.5 mL DMA
rt, overnight

Me

20 mol% Ni(COD)2
2 equiv iodobenzene

20 mol% dppf

3 mL DMF
rt, overnight Me

10 mol% Ni(COD)2
20 mol% Cy3P•HBF4

3 mL DMF
rt, overnight

Me

20 mol% Ni(COD)2
20 mol% Cy3P•HBF4

3 mL solvent
rt, overnight
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Entry Solvent Yield (%)b Z:E ratio 
1 DMF 100 18:82 
2 DMSO 33 30:70 
3 MeCN 70 29:71 
4 NMP 100 25:75 
5 toluene 68 40:60 
6 THF 17 25:75 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S12: Screening of catalyst loading and concentration for E-selective conditionsa 

 
Entry Ni(COD)2 (mol%) Cy3PHBF4 (mol%) DMF (mL) Yield (%)b Z:E ratio 

1 10 10 3  96 18:82 
2 5 5 1.5 48 19:81 
3 2.5 2.5 0.75 17 20:80 

a Reactions performed on 0.15 mmol scale of alkene.b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S13: Screening of ligand component for E-selective conditionsa 

 
Entry Deviations from above Yield (%)b Z:E ratio 

1 Stir 10 min before alkene addition 71 17:83 
2 10 mol% PCy3 instead of PCy3•HBF4 - - 
3 10 mol% NH4BH4 instead of PCy3•HBF4 - - 
4 10 mol% TBABF4 instead of PCy3•HBF4 - - 
5 10 mol% PCy3 + 10 mol% TBABF4 instead of PCy3•HBF4 - - 
6 Addition of 11 equiv Et3N 58 17:83 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S14: Screening of water addition to E-selective conditionsa 
During our optimization experiments, we changed bottles of PCy3•HBF4. The original bottle was used 
outside the glovebox, and the new bottle was opened and used inside the glovebox. After switching to a 
new bottle, we observed significantly more of the chain walking isomerization product. This prompted us 
to evaluate whether water that was trapped by the hygroscopic salt was increasing the regioselectivity of 
the reaction. The following equivalents of degassed water were added to the reaction mixture using the 
new dry PCy3•HBF4. 

 
Entry Equiv H2O  Yield A (%)b Yield B (%)b Z:E ratio 

 Ni(COD)2
Cy3P•HBF4

DMF
rt, overnight

Me

10 mol% Ni(COD)2
11 mol% Cy3P•HBF4

3 mL DMF
rt, overnight

Me

10 mol% Ni(COD)2
11 mol% Cy3P•HBF4

H2O

3 mL DMF
rt, overnight

Me

A

Me

B
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1 None 83 17 17:83 
2 0.5 88 6 17:83 
3 1.0 83 <5 19:81 
5 1.5 29 5 21:79 

a Reactions performed on 0.15 mmol scale of alkene. b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

Table S15: Screening of Ni(0) precatalysts for E-selective conditionsa 
For Ni(0) precatalyst synthesis see General Information.11 

 
Entry [Ni] Yield (%)b Z:E ratio 

1 Ni(COD)(DQ)  - - 
2 Ni(COD)(BQtBu) - - 
3 Ni(COD)(BQCy) - - 
4 Ni(COD)(TOH) - - 
5 Ni(COD)(TOCF3) - - 
6 Ni(COD)(CPDH) - - 
7 Ni(COD)(CPDOMe) - - 
8 Ni(COD)(CPDCF3) - - 
9 Ni(COD)(TOA) - - 

10 Ni(4-tBustb)3 69 20:80 
a Reactions performed on 0.15 mmol scale of alkene.b Yields determined by 1H NMR analysis using CH2Br2 as internal standard. 

 

  

10 mol% [Ni]
10 mol% Cy3P•HBF4

3 mL DMF
rt, overnight

Me

Me Me

PhPh
Ni

NC CN

S
O

E2 CO2Et

O

Ph Ph

PhPh

O

O

MeMe

Me Me
Ni

O

O

t-Bu

t-Bu
Ni

O

O

Cy

Cy
Ni

Ni

O

Ph Ph

PhPh

S

Ni

O

Ar1

Ar1Ar1
Ni

O

Ar2

Ar2Ar2

S

Ni

O

Ar2

Ar2Ar2
Ni

Ni

Ni(COD)(BQCy)Ni(COD)(DQ)

Ni(COD)(CPDH)

Ni(COD)(CPDOMe)

Ni(COD)(CPDCF3)

Ni(COD)(TOH)

Ni(COD)(TOCF3)

Ni(COD)(TOA)

Ni(COD)(FVCN)Ni(COD)(BQtBu)

OMe

CF3 CF3
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Characterization of Products 

(Z)-Non-7-en-1-ol 2Z 
The title compound was prepared according to General Procedure 1A, 
employing non-8-en-1-ol (36 mg, 1 equiv). The crude reaction mixture was 
analyzed by 1H NMR and contained the desired product in 93% yield with 

unclear Z:E ratio. Column chromatography (silica, hexane to 20% diethyl ether in hexane) afforded the 
title compound as a colorless oil, containing 7% starting material that could not be separated (34 mg, 87% 
corrected yield, 94:6 Z:E). The spectroscopic data correspond to reported data from the literature.12 

(E)-Non-7-en-1-ol 2E 
The title compound was prepared according to General Procedure 2A, 
employing non-8-en-1-ol (36 mg, 1 equiv). The crude reaction mixture 

was analyzed by 1H NMR and contained the desired product in 91% yield, 21:79 Z:E ratio. Column 
chromatography (silica, hexane to 20% diethyl ether in hexane) afforded the title compound as a colorless 
oil (31 mg, 84% yield, 20:80 Z:E). The spectroscopic data correspond to reported data from literature.12 

(Z)-2-(But-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3Z 
The title compound was prepared according to General Procedure 1A, employing 
2-(but-3-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (46 mg, 1 equiv). The 
crude reaction mixture was analyzed by 1H NMR and contained the desired 
product in 82% yield, 11:89 Z:E ratio. Column chromatography (AgNO3 
impregnated silica, hexane to 20% diethyl ether in hexane) afforded the title 

compound as a colorless oil containing 23% starting material that could not be separated (42 mg, 70% 
corrected yield, 13:87 Z:E). The spectroscopic data correspond to reported data from literature.13 

(E)-2-(But-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3E 
The title compound was prepared according to General Procedure 2A, 
employing 2-(but-3-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (46 mg, 1 
equiv). The crude reaction mixture was analyzed by 1H NMR and contained the 
desired product in 49% yield, 19:89 Z:E ratio. Column chromatography (silica, 

pentane to 20% diethyl ether in pentane) afforded the title compound as a colorless oil containing 19% 
starting material and 4% overisomerized alkene that could not be separated (29 mg, 48% corrected yield, 
15:85 Z:E). The spectroscopic data correspond to reported data from literature.13 

(Z)-Pent-3-en-1-yl(p-tolyl)sulfane 4Z 
The title compound was prepared according to General Procedure 1A, employing 
pent-4-en-1-yl(p-tolyl)sulfane (48 mg, 1 equiv). The crude reaction mixture was 
analyzed by 1H NMR and contained the desired product in 95% yield, 82:18 Z:E 

ratio. PTLC (silica, hexane) afforded the title product as a colorless oil containing 20% starting material 
that could not be separated (46 mg, 76% corrected yield, 86:14 Z:E). 1H NMR (600 MHz, CDCl3) δ 7.29–
7.23 (m, 2H), 7.10 (d, J = 8.0 Hz, 2H), 5.59–5.51 (m, 1H), 5.46–5.39 (m, 1H), 2.90 (t, J = 7.5 Hz, 2H), 2.39–
2.33 (m, 2H), 2.32 (d, J = 1.8 Hz, 3H), 1.59 (ddt, J = 6.7, 1.8, 0.9 Hz, 3H).  13C NMR (151 MHz, CDCl3) δ 130.0, 
130.00, 129.6, 129.6, 128.1, 125.8, 34.2, 26.8, 21.0, 12.9. HRMS calculated for [C12H17S]+ 193.1051, found 
193.1051. 

HO
Me

HO
Me

B

Me

O

O
Me
Me

Me Me

BO

O
Me
Me

Me Me

Me

S

Me

p-Tol
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(E)-Pent-3-en-1-yl(p-tolyl)sulfane 4E 

The title compound was prepared according to General Procedure 2A, 
employing pent-4-en-1-yl(p-tolyl)sulfane (48 mg, 1 equiv). The crude reaction 

mixture was analyzed by 1H NMR and contained the desired product in 100% yield, 21:79, Z:E ratio. PTLC 
(silica, hexane) afforded the title product as a colorless oil (43 mg, 90%, yield 21:79 Z:E). 1H NMR (600 
MHz, CDCl3) δ 7.24 (d, J = 8.2 Hz, 2H), 7.10–7.07 (m, 2H), 5.59–5.33 (m, 2H), 2.88 (td, J = 7.6, 4.7 Hz, 2H), 
2.30 (d, J = 2.2 Hz, 3H), 2.29–2.22 (m, 2H), 1.68–1.61 (m, 3H). 13C NMR (151 MHz, CDCl3) δ 136.0, 132.9, 
130.0, 129.6, 129.1, 126.8, 34.4, 32.5, 21.0, 17.9. HRMS calculated for [C12H17S]+ 193.1051, found 
193.1049. 
 
(E)-2-Methylpent-3-enoic acid 5E 

The title compound was prepared according to General Procedure 1A, employing 2-
methylpent-4-enoic acid (29 mg, 1 equiv). The crude reaction mixture was analyzed by 
1H NMR and contained the desired product in 64% yield, 18:82 Z:E ratio. Column 
chromatography (silica, 10% diethyl ether in hexane to 40% diethyl ether in hexane) 

afforded the title compound as a pale-yellow oil containing 9% starting material and 7% overisomerized 
alkene that could not be separated (20 mg, 59% corrected yield, 17:83 Z:E). The spectroscopic data 
correspond to reported data from literature.14 

(E)-2-Methylpent-3-enoic acid 5E 
The title compound was prepared according to General Procedure 2A, employing 2-
methylpent-4-enoic acid (29 mg, 1 equiv). The crude reaction mixture was analyzed by 
1H NMR and contained the desired product in 69% yield, 18:82 Z:E ratio. Column 
chromatography (silica, 10% diethyl ether in hexane to 40% diethyl ether in hexane) 

afforded the title compound as a colorless oil containing 4% starting material that could not be separated 
(26 mg, 75% corrected yield, 14:86 Z:E). The spectroscopic data correspond to reported data from 
literature.14 

(Z)-But-2-en-1-ylbenzene 1Z 
The title compound was prepared according to General Procedure 1A, employing but-
3-en-1-ylbenzene (33 mg, 1 equiv). The crude reaction mixture was analyzed by 1H 
NMR and contained the desired product in 91% yield, 93:7 Z:E ratio. Column 
chromatography (AgNO3 impregnated silica, pentane) afforded the title product as a 

colorless oil containing 11% of starting material that could not be separated (27 mg, 73% corrected yield, 
>95:5 Z:E).  

0.250 mmol scale: In a nitrogen- or argon-filled glovebox to a 40-mL screw-cap reaction vial equipped with 
a stir bar were added Ni(COD)2 (69 mg, 10 mol%), dppf (104 mg, 7.5 mol%), but-3-en-1-ylbenzene (330 
mg, 2.5 mmol, 1 equiv), 4-iodobenzotrifluoride  (340 mg, 1.25 mmol), and DMA (25 mL). The reaction vial 
was sealed with a screw cap and stirred at room temperature in the glovebox overnight. The reaction was 
removed from the glovebox, and the mixture was diluted with diethyl ether and quenched with 1 M HCl 
(aq.) solution. The organic layer was separated, and the aqueous phase extracted with diethyl ether (2 × 
10 mL). The organic phases were combined and washed with brine (3 × 20 mL), dried over Na2SO4, and 
concentrated under reduced pressure. Column chromatography (AgNO3 impregnated silica, pentane) 
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afforded the title compound as a colorless oil (245 mg, 74% yield, 93:7 Z:E). The spectroscopic data 
correspond to reported data from literature.15 

(E)-But-2-en-1-ylbenzene 1E 
The title compound was prepared according to General Procedure 2A, employing 
but-3-en-1-ylbenzene (33 mg, 1 equiv). The crude reaction mixture was analyzed by 
1H NMR and contained the desired product in 86% yield, 17:83 Z:E ratio. Column 

chromatography (silica, pentane) afforded the title product as a colorless oil containing 7% of 
overisomerized alkene that could not be separated (28 mg, 79% corrected yield, 15:85 Z:E).  

0.25 mmol Scale: In nitrogen-filled glovebox, to a 50-mL round-bottomed flask equipped with a stir bar 
were added Ni(COD)2 (69 mg, 10 mol%), PCy3•HBF4 (101 mg, 11 mol%), but-3-en-1-ylbenzene (330 mg, 
2.5 mmol, 1 equiv), and DMF (20 mL). The flask was sealed with a septum and parafilm. The reaction was 
removed from the glovebox, and nitrogen sparged water (22 µL, 0.5 equiv) was added under a nitrogen 
atmosphere. The reaction mixture was transferred back into the nitrogen-filled glovebox and stirred 
overnight at room temperature. After this time, the reaction was removed from the glovebox, and the 
mixture was diluted with diethyl ether and quenched with 1 M HCl (aq.) solution. The organic layer was 
separated, and the aqueous phase extracted with diethyl ether (2 × 10 mL). The organic phases were 
combined and washed with brine (3 × 20 mL), dried over Na2SO4, and concentrated under reduced 
pressure. Column chromatography (silica, pentane) afforded the product as a colorless oil (311 mg, 94% 
yield, 15:85 Z:E). The spectroscopic data correspond to reported data from literature.15 

(Z)-11-Chloroundec-2-ene 6Z 
The title compound was prepared according to General Procedure 1A, 
employing 11-chloroundec-1-ene (47 mg, 1 equiv). The crude reaction 
mixture was analyzed by 1H NMR and contained the desired product in 

94% yield, 94:6 Z:E ratio. Column chromatography (AgNO3 impregnated silica, pentane) afforded the title 
compound as a colorless oil (42 mg, 89% yield, >95:5 Z:E). 1H NMR (500 MHz, CDCl3) δ 5.48–5.33 (m, 2H), 
3.53 (t, J = 6.8 Hz, 2H), 2.05–2.00 (m, 2H), 1.81–1.73 (m, 2H), 1.60 (d, J = 6.3 Hz, 3H), 1.47–1.28 (m, 10H). 
13C NMR (151 MHz, CDCl3) δ 130.9, 123.8, 45.3, 32.8, 29.6, 29.5, 29.3, 29.0, 27.0, 26.9, 12.9. GCMS 
calculated for [C11H21Cl] 188, found 188. 

(E)-11-Chloroundec-2-ene 6E 
The title compound was prepared according to General Procedure 
2A, employing 11-chloroundec-1-ene (47 mg, 1 equiv). The crude 

reaction mixture was analyzed by 1H NMR and contained the desired product in 98% yield, 20:80 Z:E ratio. 
PTLC (hexane) afforded the title compound as a colorless oil (40 mg, 85% yield, 21:79 Z:E). The 
spectroscopic data correspond to reported data from literature. 16 

(Z)-2-(Hex-4-en-1-yl)oxirane 7Z 
 The title compound was prepared according to General Procedure 1A, employing 2-
(hex-5-en-1-yl)oxirane (32 mg, 1 equiv). The crude reaction mixture was analyzed by 1H 
NMR and contained the desired product in 81% yield, with unclear Z:E ratio. Column 
chromatography (AgNO3 impregnated silica, pentane to 20% E2O in pentane) afforded 

the product as a colorless oil containing 12% starting material that could not be separated (22 mg, 60% 
corrected yield, 91:9 Z:E). 1H NMR (500 MHz, CDCl3) δ 5.50–5.34 (m, 2H), 2.93–2.90 (m, 1H), 2.76–2.74 (m, 
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1H), 2.47 (dd, 1H), 2.13–2.05 (m, 2H), 1.62–1.58 (m, 3H), 1.58–1.48 (m, 4H). 13C NMR (151 MHz, CDCl3) δ 
130.1, 124.5, 52.4, 47.3, 32.2, 26.8, 26.0, 12.9. GCMS calculated for [C8H14O] 126, found 126. 

(E)-2-(Hex-4-en-1-yl)oxirane 7E 
 The title compound was prepared according to General Procedure 2A, employing 2-
(hex-5-en-1-yl)oxirane (32 mg, 1 equiv). The crude reaction mixture was analyzed by 
1H NMR and contained the desired product in 44% yield with unclear Z:E ratio. 
Column chromatography (silica, pentane to 20% E2O in pentane) afforded the 

product as a colorless oil containing 38% starting material that could not be separated (25 mg, 48% 
corrected yield, 23:77 Z:E). The spectroscopic data correspond to reported data from literature.16 

(Z)-N-Phenylpent-3-enamide 8Z 
The title compound was prepared according to General Procedure 1A, employing 
N-phenylpent-4-enamide (44 mg, 1 equiv). The crude reaction mixture was 
analyzed by 1H NMR and contained the desired product in 92% yield, 78:22 Z:E 
ratio. Column chromatography (silica, hexane to 50% diethyl ether in hexane) 

afforded the title compound as a colorless solid (42 mg, 94% yield, 78:22 Z:E). The spectroscopic data 
correspond to reported data from literature.17 

(E)-N-Phenylpent-3-enamide 8E 
The title compound was prepared according to General Procedure 2A, 
employing N-phenylpent-4-enamide (44 mg, 1 equiv). The crude reaction 
mixture was analyzed by 1H NMR and contained the desired product in 93% 
yield, 21:79 Z:E ratio. Column chromatography (silica, hexane to 50% diethyl 

ether in hexane) afforded the title compound as a colorless solid (34 mg, 77% yield, 22:78 Z:E). The 
spectroscopic data correspond to reported data from literature.17 

(Z)-11-Fluoroundec-2-ene 9Z 
The title compound was prepared according to General Procedure 1A, 
employing 11-fluoroundec-1-ene (47 mg, 1 equiv). The crude reaction 
mixture was analyzed by 1H NMR and contained the desired product in 

89% yield, 94:6 Z:E ratio. Column chromatography (AgNO3 impregnated silica, pentane) afforded the title 
compound as a colorless oil containing 14% starting material that could not be separated (24 mg, 56% 
corrected yield, >95:5 Z:E). 1H NMR (500 MHz, CDCl3) δ 5.47–5.33 (m, 2H), 4.44 (dt, J = 47.4, 6.2 Hz, 2H), 
2.03 (q, J = 6.9 Hz, 2H), 1.74–1.64 (m, 2H), 1.60 (d, J = 6.34 Hz, 3H), 1.41–1.26 (m, 10H). 13C NMR (126 MHz, 
CDCl3) 131.0, 125.1, 84.4 (d, J = 163.9 Hz), 30. 6 (d, J = 19.2 Hz), 29.7, 29.6, 29.4, 29.3, 27.0, 25.3 (d, J = 5.4 
Hz), 12.3. 19F NMR (376 MHz, CDCl3) δ -220.66. GCMS calculated for [C11H21F] 172, found 172. 

(E)-11-Fluoroundec-2-ene 9E 
The title compound was prepared according to General Procedure 
2A employing 11-fluorundec-1-ene (43 mg, 1 equiv). The crude 

reaction mixture was analyzed by 1H NMR and contained the desired product in 92% yield, 22:78 Z:E ratio. 
Column chromatography (silica, pentane) afforded the title compound as a colorless oil (29 mg, 67% yield, 
19:81 Z:E).1H NMR (500 MHz, CDCl3) δ 1H NMR (500 MHz, CDCl3) δ 5.46–5.37 (m, 2H), 4.43 (dt, J = 47.4, 
6.2 Hz, 2H). 2.00 (m, 2H), 1.74–1.66 (m, 2H), 1.66–1.63 (m, 3H), 1.42–1.26 (m, 10H). 13C NMR (126 MHz, 
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CDCl3) δ 131.7, 125.3, 84.4 (d, J = 164.0 Hz), 32.7, 30.6 (d, J = 19.2 Hz), 29.7, 29.5, 29.4, 29.2, 25.3 (d, J = 
5.7 Hz), 18.1. 19F NMR (376 MHz, CDCl3) δ -220.7. GCMS calculated for [C11H21F] 172, found 172. 

(E)-2-(But-3-en-1-yl)pyridine 10Z 
The title compound was prepared according to General Procedure 1A, employing 
2-(but-3-en-1-yl)pyridine (33 mg, 1 equiv). Column chromatography (silica, hexane 
to 20% diethyl ether in hexane) afforded the title product as a colorless oil (20 mg, 

60% yield, <5:95 Z:E). The spectroscopic data correspond to reported data from literature.18 

(E)-2-(But-2-en-1-yl)pyridine 10E 
The title compound was prepared according to General Procedure 2A, employing 
2-(but-3-en-1-yl)pyridine (33 mg, 1 equiv). Column chromatography (silica, hexane 
to 20% diethyl ether in hexane) afforded the title product as a colorless oil 

containing 32% starting material that could not be separated (18 mg, 36% corrected yield, 21:79 Z:E). The 
spectroscopic data correspond to reported data from literature.19 

((1E,4Z)-Hexa-1,4-dien-1-yl)benzene 11Z 
The title compound was prepared according to General Procedure 1A, employing (E)-
hexa-1,5-dien-1-ylbenzene (40 mg, 1 equiv). The crude reaction mixture was 
analyzed by 1H NMR and contained the desired product in 47% yield with unclear Z:E 

ratio. PTLC (silica, hexane) afforded the title product as a colorless oil containing 16% starting material 
that could not be separated (25 mg, 46% corrected yield, 89:11 Z:E) The spectroscopic data correspond to 
reported data from literature.20 

(Z)-1-Chloro-3-(prop-1-en-1-yl)benzene 12Z 
The title compound was prepared according to General Procedure 1A, employing 1-allyl-
3-chlorobenzene (38 mg, 1 equiv). The crude reaction mixture was analyzed by 1H NMR 
and contained the desired product in 85% yield, 93:7 Z:E ratio. The spectroscopic data 
correspond to reported data from literature.21 

(E)-1-Chloro-3-(prop-1-en-1-yl)benzene 12E 
The title compound was prepared according to General Procedure 2B, employing 1-
allyl-3-chlorobenzene (38 mg, 1 equiv). The crude reaction mixture was analyzed by 1H 
NMR and contained the desired product in 47% yield, <5:95 Z:E ratio. PTLC (AgNO3 
impregnated silica, hexane) afforded the title product as a colorless oil (29 mg, 59% 
yield, <5:95 Z:E). The spectroscopic data correspond to reported data from literature.22 

(Z)-1-Bromo-2-(prop-1-en-1-yl)benzene 13Z 
The title compound was prepared according to General Procedure 1A, employing 1-allyl-
2-bromobenzene (49 mg, 1 equiv). The crude reaction mixture was analyzed by 1H NMR 
and contained the desired product in 64% yield, 78:22 Z:E ratio. Column chromatography 
(AgNO3 impregnated silica, pentane) afforded the title product as a clear oil (12 mg, 25% 

yield, 82:18 Z:E). The spectroscopic data correspond to reported data from literature.23 

(E)-1-Bromo-2-(prop-1-en-1-yl)benzene 13E 
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The title compound was prepared according to General Procedure 2B, employing 1-
allyl-2-bromobenzene (49 mg, 1 equiv). The crude reaction mixture was analyzed by 1H 
NMR and contained the desired product in 42% yield, 8:92 Z:E ratio. Column 
chromatography (silica, pentane) afforded the title product as a clear oil containing 

84% of starting material that could not be separated (38 mg, 12% corrected yield, 13:87 Z:E). The 
spectroscopic data correspond to reported data from literature.23 

1,2-Dihydronaphthalene 14Z 
 The title compound was prepared according to General Procedure 1A, employing 1,4-
dihydronaphthalene (33 mg, 1 equiv). The crude reaction mixture was analyzed by 1H NMR 
and contained the desired product in 80% yield. PTLC (silica, hexane) afforded the title 

product as a colorless oil (13 mg, 39% yield). The spectroscopic data correspond to reported data from 
literature.24 

1,2-Dihydronaphthalene 14Z 
The title compound was prepared according to General Procedure 2A, employing 1,4-
dihydronaphthalene (33 mg, 1 equiv). Column chromatography (silica, hexane) afforded 
the title product as a colorless oil containing 50% yield of starting material that could not 

be separated (16 mg, 24% corrected yield). The spectroscopic data correspond to reported data from 
literature.24 

(E)-2-(Prop-1-en-1-yl)aniline 15E 
The title compound was prepared according to General Procedure 1A, employing 2-
allylaniline (33 mg, 1 equiv). After end reaction, the mixture was quenched with 1 M 
HCl and the aqueous layer was washed three times with 5 mL diethyl ether. Then, 
NaCO3 was slowly added to the aqueous layer until bubbles stopped forming. At this 

point, the desired product was extracted from the slightly basic aqueous layer three times with 7 mL 
diethyl ether. The combined organic phases were dried and to afford the title product as a light brown oil 
(27.8 mg, 84% yield, 5<:95 Z:E). The spectroscopic data correspond to reported data from literature.25 

(E)-2-(Prop-1-en-1-yl)aniline 15E 
The title compound was prepared according to General Procedure 2B, employing 2-
allylaniline (33 mg, 1 equiv). After end reaction, the mixture was quenched with 1 M 
HCl and the aqueous layer was washed three times with 5 mL diethyl ether. Then, 
NaCO3 was slowly added to the aqueous layer until bubbles stopped forming. At this 

point, the desired product was extracted from the slightly basic aqueous layer three times with 7 mL 
diethyl ether. The combined organic phases were dried and to afford the title product as a light brown oil 
(29 mg, 89% yield, <5:95 Z:E). The spectroscopic data correspond to reported data from literature.25 

(Z)-2-(Prop-1-en-1-yl)phenol 16Z 
The title compound was prepared according to General Procedure 1A, employing 2-
allylphenol (34 mg, 1 equiv). The crude reaction mixture was analyzed by 1H NMR and 
contained the desired product in 81% yield, 76:24 Z:E ratio. PTLC (silica, hexane) afforded 
the title compound as a clear oil containing 18% starting material that could not be 

separated (23 mg, 52% corrected yield, 73:27 Z:E). The spectroscopic data correspond to reported data 
from literature.15 
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(E)-2-(Prop-1-en-1-yl)phenol 16E 
The title compound was prepared according to General Procedure 2B, employing 2-
allylphenol (34 mg, 1 equiv). The crude reaction mixture was analyzed by 1H NMR and 
contained the desired product in 84% yield, 5:95 Z:E ratio with 10% starting material. 
Column chromatography (silica, pentane to 20% diethyl ether in pentane) afforded the 

title compound as a colorless oil containing 10% starting material that could not be separated (31 mg, 82% 
corrected yield, 6:94 Z:E). The spectroscopic data correspond to reported data from literature.15 

(Z)-1-Fluoro-4-(prop-1-en-1-yl)benzene 17Z 
The title compound was prepared according to General Procedure 1A, employing 1-
allyl-4-fluorobenzene (34 mg, 1 equiv). The crude reaction mixture was analyzed by 1H 
NMR and contained the desired product in 74% yield, 92:8 Z:E ratio. Column 

chromatography (AgNO3 impregnated silica, pentane) afforded the title product as a colorless oil (16 mg, 
48% yield, >95:5 Z:E). The spectroscopic data correspond to reported data from literature.26 

(E)-1-Fluoro-4-(prop-1-en-1-yl)benzene 17E 
The title compound was prepared according to General Procedure 2B, employing 1-
allyl-4-fluorobenzene (34 mg, 1 equiv). The crude reaction mixture was analyzed by 
1H NMR and contained the desired product in 64% yield, <5:95 Z:E ratio. Column 

chromatography (silica, hexane) afforded the title product as a colorless oil (17 mg, 50% yield, <5:95 Z:E). 
The spectroscopic data correspond to reported data from literature.26 

(Z)-Pent-3-en-1-yn-1-ylbenzene 18Z 
The title compound was prepared according to General Procedure 1A, employing 
pent-4-en-1-yn-1-ylbenzene (36 mg, 1 equiv). The crude reaction mixture was 
analyzed by 1H NMR and contained the desired product in 37% yield, 87:13 Z:E ratio. 
PTLC (silica, hexane) afforded the title product as a clear oil (15 mg, 45% yield, 94:6 

Z:E). The spectroscopic data correspond to reported data from literature.27 

(Z)-1-(Prop-1-en-1-yl)-1H-indole 19Z 
The title compound was prepared according to General Procedure 1B, employing 1-
allyl-1H-indole (39 mg, 1 equiv). The crude reaction mixture was analyzed by 1H NMR 
and contained the desired product in 72% yield, 59:41 Z:E ratio. PTLC (silica, 15% EtOAc 

in hexanes) afforded the title product as a colorless oil (29 mg, 75% yield, 60:40 Z:E). The spectroscopic 
data correspond to reported data from literature.28 

(E)-1-(Prop-1-en-1-yl)-1H-indole 19E 
The title compound was prepared according to General Procedure 2A, employing 
1-allyl-1H-indole (39 mg, 1 equiv). The crude reaction mixture was analyzed by 1H 
NMR and contained the desired product in 72% yield, 20:80 Z:E ratio. PTLC (silica, 
15% EtOAc in hexanes) afforded the title product as a colorless oil (20 mg, 59% 

yield, 21:79 Z:E). The spectroscopic data correspond to reported data from literature.28 

(E)-4,4,5,5-tetramethyl-2-(prop-1-en-1-yl)-1,3,2-dioxaborolane 20E 
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The title compound was prepared according to General Procedure 1B, employing 
2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (42 mg, 1 equiv). The crude 
reaction mixture was analyzed by 1H NMR and contained the desired product in 
50% yield, 40:60 Z:E ratio. Column chromatography (silica, hexane to 5% diethyl 

ether in hexane) afforded the title product as a colorless oil containing 22% of starting material that could 
not be separated (11 mg, 20% corrected yield, 40:60 Z:E). The spectroscopic data correspond to reported 
data from literature.13 

(E)-4,4,5,5-Tetramethyl-2-(prop-1-en-1-yl)-1,3,2-dioxaborolane 20E 
The title compound was prepared according to General Procedure 2A, employing 
2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (42 mg, 1 equiv). The crude 
reaction mixture was analyzed by 1H NMR and contained the desired product in 
72% yield, 8:92 Z:E ratio. Column chromatography (silica, hexane to 5% diethyl 

ether in hexane) afforded the title product as a colorless oil (27 mg, 65% yield, 8:92 Z:E). The spectroscopic 
data correspond to reported data from literature.13  

(E)-Triphenyl(prop-1-en-1-yl)silane 21E 
The title compound was prepared according to General Procedure 2A, employing 
allyltriphenylsilane (75 mg, 1 equiv). The crude reaction mixture was analyzed by 1H 

NMR and contained the desired product in 100% yield, >5:95 Z:E ratio. PTLC (silica, hexane) afforded the 
title product as a white solid (56 mg, 75% yield, <5:95 Z:E). The spectroscopic data correspond to reported 
data from literature.15 

Reaction with 4-pentenoic acid  
The reaction was performed according to General Procedure 1A employing 0.25 mmol of 4-pentenoic 
acid. The reaction was stirred at room temperature for 8 h. After this time, the reaction was quenched 
with 1M NaOH (aq.), and the aqueous layer washed with diethyl ether (3 × 5 mL). At this point, the water 
phase was acidified using 1M HCl (aq.) and the title compound was extracted using diethyl ether (3 × 7 
mL). The organic layers were dried over Na2SO4 and concentrated. The reaction mixture was analyzed by 
1H NMR using 2 µL CH2Br2 as internal standard to determine yield and selectivity. The spectroscopic data 
correspond to the reported data from literature.29 

Scheme S1: Reaction of 4-pentenoic acid. 

 

Unsuccessful Substrates 
No reaction took place with the substrates below and no conversion was observed by 1H NMR analysis.  

 

>99% yield by NMR, 23:77 Z:E
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Mechanistic Experiments 
Synthesis of PCy3•HCl 
Into a mixture of PCy3 (285 mg) and diethyl ether (5 mL) was added HCl (1 mL, 2 M solution in diethyl 
ether, 2 equiv). A white suspension was immediately observed. The mixture was stirred for 20 min and 
then concentrated to dryness, resulting in a white powder in quantitative yield. The white powder was 
used without further purification. Note: PCy3•HCl is highly hygroscopic and was only handled inside the 
glovebox. Spectroscopic characterization was in accordance with the literature.30  

Mercury Drop Test 
Mercury drop experiments were performed according to General Procedure 1A or 2A on 0.15 mmol scale 
of alkene. After the reaction setup was complete, one drop of elemental mercury was added via syringe 
to the sealed reaction mixture. The reaction was allowed to stir overnight. After reaction completion, the 
cap was unscrewed, and a pipette was used to carefully remove and discard the drop of mercury from the 
bottom of the vial. The reaction mixture was quenched with 1 M HCl (aq.) solution, and the organic phase 
was extracted with diethyl ether. The organic layers were washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure. The crude mixture was analyzed by 1H NMR (CDCl3) using CH2Br2 
(1 µL) added as internal standard. 

Scheme S2: Mercury drop test experiments for Z-selective reaction conditions. 

 

Scheme S3: Mercury drop test experiments for E-selective reaction conditions. 

 

Deuterium Labeling Experiments 
Synthesis of deuterated starting materials 
Synthesis of 4-phenyl-1-butene-3-d2 1D 

To a flamed-dried 25-mL flask under N2 was added a stir bar, hydrocinnemaldehyde 
(1.10 g, 8.20 mmol, 1.0 equiv), 4-dimethylaminopyridine (100 mg, 0.820 mmol, 0.1 
equiv), D2O (2.0 mL, 4.0 M), and was heated to 100 °C for 2 h. The reaction was cooled 

to room temperature and diluted with diethyl ether (25 mL). The layers were separated, and the organic 
layer was washed with 1 N HCl (10 mL x 2) and brine, dried over anhydrous MgSO4, and concentrated 
under reduced pressure at room temperature. The yellow oil was then resubjected to the same reaction 
condition to form cinnemaldehyde-d2, which was carried through to the next step without further 
purification. To a flamed–dried 100 mL flask under N2 was added methyltriphenylphosphonium bromide 
(3.17 g, 8.87 mmol, 1.7 equiv) and diethyl ether (20 mL). Then, KOtBu (878 mg, 7.83 mmol, 1.5 equiv) was 

DMA (0.1 M), rt, 20 h

Ni(COD)2 (10 mol%)
dppf (7.5 mol%) 

p-F3CC6H4I (0.5 equiv)
Hg (1.0 equiv)

Me

87% yield, 93:7 Z:E

DMF (0.05 M), rt, 20 h

Ni(COD)2 (10 mol%)
PCy3HBF4 (11 mol%)

H2O (0.5 equiv)
Hg (1.0 equiv)

Me

95% yield, 82:18 Z:E
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added resulting in an yellow solution. After stirring for 30 minutes, cinnemaldehyde-d2 (700 mg, 5.2 mmol, 
1.0 equiv), was added as a single portion at 0 °C. The reaction was allowed to warm up to room 
temperature and stirred for additional 3 h. Upon completion, the reaction was quenched with sat. aq. 
NH4Cl. Layers were separated, and the aqueous layer was extracted with diethyl ether (25 mL x 2). The 
combined organic layers were washed with brine, dried over anhydrous MgSO4, filtered, and concentrated 
under reduced pressure at room temperature. The resulting mixture was purified by flash column 
chromatography (hexane) to afford the 4-phenyl-1-butene-3-d2 in a 70% yield as a colorless oil (490 mg, 
5.22 mmol) with >99% D incorporation. 1H NMR (400 MHz, CDCl3) δ 7.37–7.28 (m, 2H), 7.25–7.19 (m, 3H), 
5.89 (dd, J = 17.1, 10.2 Hz, 1H), 5.16–4.97 (m, 1H), 2.73 (s, 2H). 13C NMR (151 MHz, CDCl3) δ 141.9, 138.1, 
125.8, 115.0, 35.4. GCMS calculated for [C10D2H10] 134, found 134. 

Synthesis of 1-decene-d2 22D 
To a flamed-dried 25 mL flask under N2 was added a stir bar, nonanal (1.42 
g, 10 mmol, 1.0 equiv), 4-dimethylaminopyridine (122.2 mg, 1 mmol, 0.1 
equiv), D2O (2.5 mL, 4.0 M), and was heated to 100 °C for 2 h. The reaction 

was cooled to room temperature and diluted with CH2Cl2 (25 mL). The layers were separated, and the 
organic layer was washed with 1 N HCl (10 mL x 2) and brine, dried over anhydrous MgSO4, and 
concentrated under reduced pressure at room temperature. The yellow oil was then resubjected to the 
same reaction conditions to achieve nonanal-d2 with >95% D incorporation. The nonanal-d2 was carried 
through to the next step without further purification. To a flamed–dried 100 mL flask under N2 was added 
methyltriphenylphosphonium bromide (3.25 g, 8.8 mmol, 1.7 equiv) and diethyl ether (20 mL). Then, 
KOtBu (953 mg, 7.8 mmol, 1.5 equiv) was added. The reaction was stirred for 30 minutes, and nonanal-d2 
(750 mg, 5.2 mmol, 1.0 equiv) was added in a single portion at 0 °C. The reaction was allowed to warm up 
to room temperature and stirred for additional 3 h. Upon completion, the reaction was quenched with 
sat. aq. NH4Cl. Layers were separated, and the aqueous layer was extracted with diethyl ether (25 mL x 
3). The combined organic layers were washed with brine, dried over anhydrous MgSO4, filtered and 
concentrated under reduced pressure at room temperature. The resulting mixture was purified via flash 
column chromatography (hexane) to afford 1-decene-d2 in 80% yield as a colorless oil (591 mg, 4.16 mmol) 
with >99% D incorporation. The spectroscopic data correspond to reported literature.31 

Synthesis of PCy3•DBF4 

To a Schlenk tube was added PCy3•HBF4 (330 mg, 0.90 mmol), 4 mL THF, and 1 mL D2O. The tube was 
sealed and refluxed at 100 °C overnight. Solids dissolved upon heating. After this time, the mixture was 
then concentrated to dryness, and the resulting white powder was used without further purification. 31P 
NMR analysis revealed that the solid comprised of a mixture of 5:1 of D to H salts. Note: PCy3•DBF4 is 
hygroscopic and was only handled inside the glovebox. 31P NMR (162 MHz, CDCl3): 28.0 ppm (t, JP-D = 72 
Hz). 

Me

DD
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Deuterium Labeling Experiments using DMF-d7  
Experiments were performed according to General Procedure 1A or 2A, on a 0.05 mmol scale of alkene 
using DMF-d7 as solvent. The crude reaction mixtures were analyzed by 1H NMR analysis using CH2Br2 as 
internal standard. 

Scheme S4: Experiment performed in deuterated solvent for Z-selective reaction conditions. 

 

Scheme S5: Experiment performed in deuterated solvent for E-selective reaction conditions. 

 

Me

DMF-d7 (0.1 M), rt, 20 h

Ni(COD)2 (10 mol%)
dppf (7.5 mol%)

p-F3CC6H4I (0.5 equiv)

HH H
H

71% yield, 91:9 Z:E

Ni(COD)2 (10 mol%)
Cy3P•HBF4 (11 mol%)

DMF-d7 (0.05 M), rt, 20 h

Me
H

H

60% yield, 18:92 Z:E, full conversion
HH

PCy3•HBF4 

PCy3•DBF4 
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Deuterium Labeling Experiments for the E-selective Reaction 
The experiments were performed according to General Procedure 2A, on a 0.25 mmol scale of alkene 1 
using either D2O or Cy3P•DBF4 instead of H2O or Cy3P•HBF4, respectively. The crude reaction mixtures 
were analyzed by quantitative 1H NMR analysis using CH2Br2 as internal standard. 

Scheme S6: Experiment performed using D2O instead of H2O in E-selective reaction conditions. 

 

Scheme S7: Experiment performed using Cy3P•DBF4 instead of Cy3P•HBF4in E-selective reaction 
conditions. 

 

Regioconvergent Experiments 
The experiments were performed following General Procedure 1A or 2A, on a 0.25 mmol scale of either 
alkene 1E or 1Z. The crude reaction mixtures were analyzed by 1H NMR analysis using CH2Br2 as internal 
standard. No reaction was observed, and the starting material was fully recovered with retained Z:E ratios 
under both Z- and E- selective reaction conditions. 

Scheme S8: Internal alkene 1E subjected to Z-selective reaction conditions. 

 

Scheme S9: Internal alkene 1Z subjected to E-selective reaction conditions. 

 

Radical Clock Experiment 
The experiments were performed following General Procedure 1A, on a 0.25 mmol scale employing (E)-
hepta-1,6-dien-1-ylbenzene. The crude reaction mixtures were analyzed by 1H NMR analysis using CH2Br2 

Ni(COD)2 (10 mol%)
Cy3P•HBF4 (11 mol%)

D2O (0.5 equiv)

DMF (0.05 M), rt, 20 h

CH3

H

H

87% yield, 17:83 Z:E

95% yield, 17:83 Z:E

Ni(COD)2 (10 mol%)
Cy3P•DBF4 (11 mol%)

H2O (0.5 equiv)

DMF (0.05 M), rt, 20 h

CH3

H

H

92% yield, 25:75 Z:E (which is ratio of SM).

Me Me

DMA (0.1 M), rt, 20 h

Ni(COD)2 (10 mol%)
dppf (7.5 mol%)

p-F3CC6H4I (0.5 equiv)

Me Ni(COD)2 (10 mol%)
Cy3P•HBF4 (11 mol%)

DMF (0.05 M), rt, 20 h

Me

66% yield, 93:8 Z:E (which is ratio of SM)
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as internal standard. Ring closure products were not detected by 1H NMR analysis, and 70% yield of the 
isomerization product was observed. 

Scheme S10: Radical clock experiment using (E)-hepta-1,6-dien-1-ylbenzene as substrate. 

 

Radical Scavenger Experiments 
The experiments were performed according to General Procedure 1A or 2A, on a 0.25 mmol scale of 
alkene 1. After reaction setup was complete, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), 2,6-Di-tert-
butyl-4-methylphenol (BHT), or 1,1-diphenylethylene (DPE) (0.25 mmol, 1.0 equiv) was added to the 
reaction and stirred at room temperature overnight. After this time, the mixture was quenched with 1 M 
HCl (aq.) solution. The reaction mixture was extracted with diethyl ether (2 × 5 mL), and the combined 
organic layers were washed with brine (3 × 10 mL), dried over Na2SO4, and concentrated under reduced 
pressure. The crude reaction mixtures were analyzed by 1H NMR analysis using CH2Br2 as internal standard 
and by GCMS. No derivatives of the radical scavengers were observed. 

 

Active Catalyst Experiments for Z-Selective Reaction Conditions 
Modified reaction using [Ni(µ-I)(dppf)]2 precatalyst 
In a nitrogen- or argon-filled glovebox to a 4 mL reaction vial equipped with a stir bar and screw cap was 
added [Ni(µ-I)(dppf)]2 (19 mg, 5 mol%), 1 (33 mg, 0.25 mmol, 1 equiv), 4-iodobenzotrifluoride  (34 mg, 
0.125 mmol, 0.5 equiv), benzene (250 µL), and DMA (2.5 mL). The reaction vial was sealed with a Teflon-
lined screw cap and removed from the glovebox. The reaction was stirred vigorously at room temperature 
overnight. After this time, the mixture was quenched with 1 M HCl (aq.). The reaction mixture was 
extracted with diethyl ether (2 x 5 mL) and the combined organic layers were washed with brine (3 x 10 
mL), dried over Na2SO4, and concentrated under reduced pressure. The reaction mixture was analyzed by 
1H NMR using 1 µL CH2Br2 as internal standard to determine yield and selectivity.  

Scheme S11: Modified conditions using Ni(I) precatalyst, [Ni(µ-I)(dppf)]2, for Z-selective conditions. 

Me

70% yield, 30% SM

DMA (0.1 M), rt, 20 h

Ni(COD)2 (10 mol%)
dppf (7.5 mol%)

 p-F3CC6H4I (0.5 equiv)

Me

not detected
+

Ph

Z-selective

Me

TEMPO 100% yield, 95:5 Z:E
BHT 91% yield, 93:7 Z:E   

DPE 100% yield, 94:6 Z:E

Ni(COD)2 (10 mol%), Cy3P•HBF4 (11 mol%)
H2O (0.5 equiv)

radical scavenger (1.0 equiv)

DMF (0.05 M), rt, 20 h
Me

TEMPO 100% SM
BHT 87% yield, 18:82 Z:E

 DPE 40% yield,13:87 Z:E, 60% SM

E-selective

DMA (0.1 M), rt, 20 h

Ni(COD)2 (10 mol%), dppf (7.5 mol%)
 p-F3CC6H4I (0.5 equiv)

radical scavenger (1.0 equiv)

Not detected

Ph

Me

Ph Me Ph

Me

O O
N

Me
Me

MeMe
Ph

Ph

MetBu

tBu

1
1Z 1E
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Reactions using [Ni(µ-I)(dppf)]2 precatalyst to evaluate different substrate classes 
In a nitrogen- or argon-filled glovebox to a 4 mL reaction vial equipped with a stir bar and screw cap was 
added [Ni(µ-I)(dppf)]2 (19 mg, 5 mol%), alkene 1, 16, 4, or 8 (0.25 mmol, 1 equiv), benzene (250 µL), and 
DMA (2.5 mL). The reaction vial was sealed with a Teflon-lined screw cap, removed from the glovebox, 
and stirred vigorously at room temperature overnight. After this time, the reaction the mixture was 
quenched with 1 M HCl (aq.). The reaction mixture was extracted with diethyl ether (2 x 5 mL) and the 
combined organic layers were washed with brine (3 x 10 mL), dried over Na2SO4, and concentrated under 
reduced pressure. The reaction mixture was analyzed by 1H NMR using 1 µL CH2Br2 as internal standard 
to determine yield and selectivity.  

Scheme S12: Evaluation of Ni(I) precatalyst for different alkene substrates under Z-selective reaction 
conditions. 

 

Active Catalyst Experiments for E-Selective Reaction Conditions 
Synthesis of Nickel Complexes 
Synthesis of Ni(PCy3)2Br2 
To a solution of NiBr2 (440 mg, 2.01 mmol, 1 equiv) in 20 mL EtOH was added PCy3 (1.18 g, 4.21 mmol, 2.1 
equiv) under a nitrogen atmosphere. The resulting brown suspension was refluxed at 80 °C for 4 hours. 
The mixture was then cooled to room temperature and filtered. The title compound was obtained as a 
brown solid (1.43 g, 92%) and used without further purification.  

Synthesis of Ni(PCy3)2(H)(Br) 
Ni(PCy3)2Br2 (156 mg, 0.20 mmol) was suspended in 5 mL THF inside a nitrogen- or argon-filled  glovebox. 
DIBAL (1 M in THF, 0.22 mL, 1.1 equiv) was added to the mixture in one portion and the reaction was 
stirred at room temperature overnight. The mixture was then concentrated to dryness under high 
vacuum. The solid residue was suspended in pentane and filtered through celite. The pentane filtrate was 
concentrated to dryness, resulting in a yellow solid (42 mg, 30%). Spectroscopic characterization was in 
accordance with literature.32  

DMA (0.1 M), C6H6 (0.01 M), rt, 20 h

Ni(I) (5 mol%)
p-F3CC6H4I (0.5 equiv)

Me

DMA (0.1 M), C6H6 (0.01 M), rt, 20 h

Ni(I) (5 mol%)
Substrates:

1 or 16 or 4 or 8

Products:

1Z or 16Z or 4Z or 8Z

OH H
N

O

S
p-Tol

1 16 4 8
n.r.n.r. 85% yield, 56:44 Z:E92% yield, 92:8 Z:E
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General Procedure 2A followed by 31P NMR analysis 
Into a 2-dram (8 mL) vial containing Ni(COD)2 (28 mg, 0.1 mmol) and PCy3•HBF4 (76 mg, 0.2 mmol) was 
added 5 mL DMF. The reaction mixture was stirred at room temperature. Aliquots from the reaction 
mixture were collected after 25 and 80 minutes of stirring, and the homogenous yellow solution was 
analyzed by 31P NMR. During these times, there was no evidence of substitution. The only species 
observed by 31P NMR was PCy3•HBF4. 31P{1H} NMR (162 MHz, DMF) δ 30.40. Coupled and proton-
decoupled spectra are shown below. 
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Investigation of the fate of COD  
The experiment was performed in accordance with General procedure 2A, except the aqueous workup 
was omitted. Instead, 20 µL of the reaction mixture were filtered through a silica plug and washed with 
hexanes. The filtrate was collected into a vial suitable for GCMS. The GCMS analysis revealed a peak with 
a mass and splitting pattern consistent with 1,5-cyclooctadiene. Cyclooctene was not detected under 
these conditions.  

Scheme S13: Experiments to investigate the fate of COD under E-selective reaction conditions 

 

GCMS data for Scheme S12 that shows detection of 1,5-cyclooctadiene under General Procedure 2A and 
no detection of cyclooctene: 

�������������������������	�
�������������������������	��
�������
��
�����

���������
�������

����
�����
�� 
������!�"
#!$����"
��%��

�
�
��
�

�
�
��
�

Ni(COD)2 (10 mol%)
Cy3P•HBF4 (11 mol%)

DMF (0.05 M), rt, 20 h

■ detected

not detected

+



 S28 

 

 

  



 S29 

References
 
(1) Iwasaki, T.; Shimizu, R.; Imanishi, R.; Kuniyasu, H.; Kambe, N. Copper-Catalyzed Regioselective Hydroalkylation of 
1,3-Dienes with Alkyl Fluorides and Grignard Reagents. Angew. Chem. Int. Ed. 2015, 54, 9347–9350. 
(2) Turnu, F.; Luridiana, A.; Cocco, A.; Porcu, S.; Frongia, A.;  Sarais, G.; Secci, F. Catalytic Tandem Friedel-Crafts 
Alkylation/C4-C3 Ring-Contraction Reaction: An Efficient Route for the Synthesis of Indolyl 
Cyclopropanecarbaldehydes and Ketones. Org. Lett. 2019, 21, 7329–7332. 
(3) Jimenez-Aquino, A.; Flegeau, E. F.; Schneider, U.; Kobayashi, S. Catalytic Intermolecular Allyl-Allyl Cross-Couplings 
between Alcohols and Boronates. Chem. Commun. 2011, 47, 9456–9458. 
(4) Yu, R.; Rajasekar, S.; Fang, X. Enantioselective Nickel-Catalyzed Migratory Hydrocyanation of Nonconjugated 
Dienes. Angew. Chem. Int. Ed. 2020, 59, 21436–21441. 
(5) Yu, R.; Rajasekar, S.; Fang, X. Enantioselective Nickel-Catalyzed Migratory Hydrocyanation of Nonconjugated 
Dienes. Angew. Chem. Int. Ed. 2020, 59, 21436–21441. 
(6) Jankins, T. C.; Martin-Montero, R.; Cooper, P.; Martin, R.; Engle, K. M. Low-Valent Tungsten Catalysis Enables 
Site-Selective Isomerization-Hydroboration of Unactivated Alkenes. J. Am. Chem. Soc. 2021, 143, 14981–14986. 
(7) Gladfelder, J. J.; Ghosh, S.; Podunavac, M.; Cook, A. W.; Ma, Y.;  Woltornist, R. A.;  Keresztes, I.;  Hayton, T. W.;  
Collum, D. B.; Zakarian, A. Enantioselective Alkylation of 2-Alkylpyridines Controlled by Organolithium Aggregation. 
J. Am. Chem. Soc. 2019, 141, 15024–15028. 
(8) Du, B.; Ouyang, Y.; Chen, Q.; Yu, W.-Y. Thioether-Directed NiH-Catalyzed Remote gamma-C(sp(3))-H 
Hydroamidation of Alkenes by 1,4,2-Dioxazol-5-ones. J. Am. Chem. Soc. 2021, 143, 14962–14968. 
(9) Liu, C.-F.; Luo, X.; Wang, H.; Koh, M. J. Catalytic Regioselective Olefin Hydroarylation(alkenylation) by Sequential 
Carbonickelation-Hydride Transfer. J. Am. Chem. Soc. 2021, 143, 9498–9506. 
(10) Bajo, S.; Laidlaw, G.; Kennedy, A. R.; Sproules, S.; Nelson, D. J. Oxidative Addition of Aryl Electrophiles to a 
Prototypical Nickel(0) Complex: Mechanism and Structure/Reactivity Relationships. Organometallics 2017, 36, 
1662–1672. 
(11) Tran, V. T.;  Kim, N.;  Rubel, C. Z.;  Wu, X.;  Kang, T.;  Jankins, T. C.;  Li, Z.-Q.;  Joannou, M. V.;  Ayers, S.;  Gembicky, 
M.;  Bailey, J.;  Sturgell, E. J.;  Sanchez, B. B.;  Chen, J. S.;  Lin, S.;  Eastgate, M. D.;  Wisniewski, S. R.; Engle, K. M. 
Structurally Diverse Bench-Stable Nickel(0) Pre-Catalysts: A Practical Toolkit for In Situ Ligation Protocols. Angew. 
Chem. Int. Ed. 2022, e202211794. 
(12) Cahiez, G.; Gager, O.; Buendia, J.; Patinote, C. Iron Thiolate Complexes: Efficient Catalysts for Coupling Alkenyl 
Halides with Alkyl Grignard Reagents. Chem. Eur. J. 2012, 18, 5860–5863. 
(13) Weber, F.; Schmidt, A.; Rose, P.; Fischer, M.; Burghaus, O.; Hilt, G. Double-Bond Isomerization: Highly Reactive 
Nickel Catalyst Applied in the Synthesis of the Pheromone (9Z,12Z)-Tetradeca-9,12-dienyl Acetate. Org. Lett. 2015, 
17, 2952–2955. 
(14) Heindl, S.; Riomet, M.; Matyasovsky, J.; Lemmerer, M.; Malzer, N.; Maulide, N. Chemoselective γ-Oxidation of 
β,γ-Unsaturated Amides with TEMPO. Angew. Chem. Int. Ed. 2021, 60, 19123–19127. 
(15) Kawamura, K. E.; Chang, A. S.-m.; Martin, D. J.; Smith, H. M.; Morris, P. T.; Cook, A. K. Modular Ni(0)/Silane 
Catalytic System for the Isomerization of Alkenes. Organometallics 2022, 41, 486–496. 
(16) Wang, Y.; Qin, C.; Jia, X.;  Leng, X.; Huang, Z. An Agostic Iridium Pincer Complex as a Highly Efficient and Selective 
Catalyst for Monoisomerization of 1-Alkenes to trans-2-Alkenes. Angew. Chem. Int. Ed. 2017, 56, 1614–1618. 
(17) Li, H.; Neumann, H.; Beller, M. Palladium-Catalyzed Aminocarbonylation of Allylic Alcohols. Chem. Eur. J. 2016, 
22, 10050–10056. 
(18) Azpíroz, R.; Di Giuseppe, A.; Passarelli, V.; Pérez-Torrente, J. J.; Oro, L. A.; Castarlenas, R. Rhodium–N-
Heterocyclic Carbene Catalyzed Hydroalkenylation Reactions with 2-Vinylpyridine and 2-Vinylpyrazine: Preparation 
of Nitrogen-Bridgehead Heterocycles. Organometallics 2018, 37, 1695-1707. 
(19) Heaton, B. T.; McCaffrey, D. J. A. Isomerisation of 2-(Alkenyl)pyridines by Group 6 Metals. J. Chem. Soc., Dalton 
Trans. 1979, 6, 1078–1083. 
(20) Tsukamoto, H.; Uchiyama, T.; Suzuki, T.; Kondo, Y. Palladium(0)-Catalyzed Direct Cross-Coupling Reaction of 
Allylic Alcohols with Aryl- and Alkenylboronic Acids. Org. Biomol. Chem. 2008, 6, 3005–3013. 
 



 S30 

 
(21) Zhang, C.; Liu, P.-X.; Huang, L.-Y.; Wei, S.-P.; Wang, L.; Yang, S.-Y.; Yu, X.-Q.;  Pu, L.; Wang, Q. Engineering P450 
Peroxygenase to Catalyze Highly Enantioselective Epoxidation of cis-β-Methylstyrenes. Chem. Eur. J. 2016, 22, 
10969–10975. 
(22) Su, M.-D.; Liu, Y.-F.; Nie, Z.-W.; Yang, T.-L.; Cao, Z.-Z.; Li, H.; Luo, W.-P.; Liu, Q.; Guo, C.-C. Regioselective Synthetic 
Approach to Higher Alkenes from Lower Alkenes with Sulfoxides in the Fe3+/H2O2 System via Direct Alkylation or 
Arylation of the Csp2-H Bond on the C=C Bond of Alkenes. J. Org. Chem. 2022, 87, 7022–7032. 
(23) Hazelden, I. R.; Carmona, R. C.; Langer, T.; Pringle, P. G.; Bower, J. F. Pyrrolidines and Piperidines by Ligand-
Enabled Aza-Heck Cyclizations and Cascades of N-(Pentafluorobenzoyloxy)carbamates. Angew. Chem. Int. Ed. 2018, 
57, 5124–5128. 
(24) Kong, D.; Han, S.; Zi, G.; Hou, G.; Zhang, J. Enantioselective Synthesis of Boryl Tetrahydroquinolines via Cu-
Catalyzed Hydroboration. J. Org. Chem. 2018, 83, 1924–1932. 
(25) Ortgies, S.; Breder, A. Selenium-Catalyzed Oxidative C(sp2)–H Amination of Alkenes Exemplified in the Expedient 
Synthesis of (Aza-)Indoles. Org. Lett. 2015, 17, 2748–2751. 
(26) Kustiana, B. A.; Elsherbeni, S. A.; Linford-Wood, T. G.; Melen, R. L.; Grayson, M. N.; Morrill, L. C. B(C6F5)3-
Catalyzed E-Selective Isomerization of Alkenes. Chem. Eur. J. 2022, 28, e202202454. 
(27) Zhou, H.; Moberg, C. Tunable Cross Coupling of Silanols: Selective Synthesis of Heavily Substituted Allenes and 
Butadienes. J. Am. Chem. Soc. 2012, 134, 15992–15999. 
(28) Gauthier, D.; Lindhardt, A. T.; Olsen, E. P.; Overgaard, J.; Skrydstrup, T. In situ Generated Bulky Palladium Hydride 
Complexes as Catalysts for the Efficient Isomerization of Olefins. Selective Rransformation of Rerminal Alkenes to 2-
Alkenes. J. Am. Chem. Soc. 2010, 132, 7998–8009. 
(29)Morrill, L. C.; Smith, S. M.; Slawin, A. M. Z.; Smith, A. D. Isothiourea-Mediated Asymmetric Functionalization of 
3-Alkenoic Acids. J. Org. Chem. 2014, 79, 1640-1655. 
(30) Yoon, S.; Won, Y.; Park, Y.; Chun, S.; Choi, D. Method of Preparing Phosphonium Compound for Cyclic Olefin 
Polymerization. WO2007013759A1, 2007. 
(31) Ma, R.; White, M. C. C-H to C-N Cross-Coupling of Sulfonamides with Olefins. J. Am. Chem. Soc. 2018, 140, 3202–
3205. 
(32) Darensbourg, M. Y.; Ludwig, M.; Riordan, C. G. Spectroscopic and Chemical Studies of Nickel(II) Hydrides. Inorg. 
Chem. 2002, 28, 1630–1634. 
 



 S31 

Spectra 

 

 

����������������������������������������	��	��
��
������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�
��
�

�
�	
	

�
�	



�
�	



�
�	
�

�
�	
�

�
�	
�

�
�

�

�
�

�

�
�

�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

	
��
	

	
��
�

	
��
�



�	





�	





�	





�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
	



��
	



��
�



��
�



��
�



��





��





��





��





��
�



��
�



��
�

�
��
�

��

���

����������������������������������������	��	��
��
������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
�

�

�
�




�
�

�

�
�

�

�
�

	

�
�

	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	



�
�	
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��





��





��





��
�



��
�



��
�



��
�



��
�



��
	



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��





��



�
��
�

��

���



 S32 

 

 

����������������������������������������	��	��
��
������������������

�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
	

�
�	
	

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	



�
�	



�
�	



�
�	
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
	

�
��
�

�
��
�

�
�

�

���

���

���

���
���

����������������������������������������	��	��
��
������������������

�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

	
��
�

�
�	
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	



�	
�

�
�

�

���

���

���
���

���



 S33 

 

 

����������������������������������������	��	��
��
������������������

�������

�������������������
�������
� 

��
�
�

��
��

��
��

��
�
	

��




��
��

��
�
	

��
�
�

��
�	

��

�

��
�
�

��
�
	

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
	
�

��
	
�

��
	
�

��
	
�

��
	
�

��
	
�

��
	
	

��
	
	

��
	
	

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
	

��
�



��
�
�

��
�
�

��
�



��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
�	


�
�
�


�
��


�
��


�
�	


�
�	


�
�



�
�


����������������	�
�������������������������	��
����������������
��
�����

����������������������������� 

��
��
�

��
��
�

��
�	
�

�
�
��
	

��
��
	�

��

�
��

��
�
��
�

��
�
��
�

��
��
�
�

��
��
�
�



 S34 

 

 

����������������������������������������	��	��
��
������������������

�������

���������
�������
��

��

�
��
�
�

	
�	
�

��
	
�

��
�
�

��
��

��
�
�

��
�

��
�

��
�

��
�

��
��
��
��
��
��
��
��
��
	
�

��
	
�

��
	
�

��
	
�

��
	
�

��
	
�

��
�	
��
�	
��
�

��
�

��
�

��
�

��
��
��
��
��
��
��
��
��
��
��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
	

��
�
	

��
�



��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
	

��
�
	

��
�
	

��
�



��
�



��
�



��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

�
�


�
�


�
�
�


�
�
�


�
��

�
��

�
��

����������������	�
�������������������������	��
����������������
��
�����

��������������������

�

��

��
��

��
�


�
��
�

�
�
��

	�
��

		
��

		
��

��
�
�


��
�
��

��
�
��

��
��
�

��
��



��
�
��



 S35 

 

 

����������������������������������������	��	��
��
����������������������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
��
�

�
�

�

�
�	
�



��
�

�
�




�
��





�

	



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
	



��
�



��
�



��
�



��
�



��
�



��
�



��
�

�
��
�

�
�




�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�

��

���

���

����������������������������������������	��	��
��
����������������������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

	
��
�

	
��
�

	
��
�

	
��



	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
	

	
�	
�

	
�	
�

	
�	
�

	
�	



	
�	



	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

�
��
�

�

��

���

���



 S36 

 

 

����������������������������������������	��	��
��
������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��



	
��
�

	
��
�

	
�

�

	
�

�

	
�

	

	
�

�

	
��
�

���

����������������������������������������	��	��
��
������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
	

�
��
�

�
��
�

�
��
�

�
��



�
��
	

�
��
�

���



 S37 

 

 

����������������������������������������	��	��
��
������������������

�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
	

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

	
��
	

	
��
�

�
�	
	

�
�	
�

�
�	
�

�
�	



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

��

���

���������������	�
��������������������������	��
�������������
���
����

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
�	



�
��

�
�
��

�
�
��

�
�
�


�
�
�
�	

�
�
�
��

��

���



 S38 

 

 

 

Me

Cl 6



 S39 

 

 

����������������������������������������	��	��
��
������������������

�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�

�

�
�

�

�
�

�

�
�

�

�
�

	

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
	

�
��



�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
	

	
��



	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��



�
��



��

���

����������������������������������������	��	��
��
������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��



�
��
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
	

�

���



 S40 

 

 

 

���������������	�
��������������������������	��
�������������
���
����

�
�
��

�
�
��

�
�
��

�
�
��

�
	
��



�
��

	
�
��

	
	
��

	
	
��

�
�
�
�


�
�
�
��

�

���

Me
O



 S41 

 

 

����������������������������������������	��	��
��
������������������

�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	



�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
�

�

�
�

�

�
�

	

�
�

�

�
��
�

�
��
�

�
��
	

�
�	
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
�

�
��



�

���

����������������������������������������	��	��
��
������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
	

�
�	
�

�
�	
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��



�
��



�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	



�
��
�

�
��



�
�

�

�
�

�

�
�

�

�
�

�

�
�

�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

��

�

���



 S42 

 
����������������������������������������	��	��
��
������������������


�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��



�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��
�

	
��



	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��
�

	
��



	
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

��

�

���



 S43 

����������������������������������������	��	��
��
������������������

�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
�	
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�

�

�
�

�

�
�

�

�
�

�

�
��
�

�
��
�

�
��
	

�
��
�

	
��
�

	
��
�

	
�	
�

	
�	



	
�	
�

	
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��



�
��



�
��



�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
	

�
�	
�

�
�	





��
�

�

���

����������������	�
�������������������������	��
����������������
��
�����

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
�	

�
�
��

�
�
��

�
�
�	

�
	
��

�
�
��

�
�
��



�
��



�
��

�
�
�
��

�
�
�
��

�

���



 S44 

 

 

������������������������������	���
�������������������������������	��
����������������������
�	���
��
�����

�
�
�
�
��
�

�

���

Me

F 6



 S45 

 

 

����������������������������������������	��	��
��
������������������

�������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
�	
�

�
�	
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
�

	

�
�

�

�
�

�

�
�

�

�
��
�

�
��
	

	
��
�

	
��



	
�	
�

	
�	
�

	
�	
�

	
�	



�
��
�

�
��
�

�
��



�
��



�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
	

�
�	
�

�
��
�

�

���

����������������	�
�������������������������	��
����������������
��
�����

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
�
��

�
	
��

�
	
�


�
�
��

�


��

�
�
��

�
�
��

�
�
��

�
�
�	

�
�
�
��

�
�
�
��

�

���



 S46 

 

 

������������������������������	���
�������������������������������	��
����������������������
�	���
��
�����

�
�
�
�
��
�

�

���

MeF 6



 S47 

 

 

����������������������������������������	��	��
��
������������������

�������

����������������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
�

	

	
�

�

	
�

�

	
�

�

	
�

�

	
��
�

	
��
	

	
��
�

	
��
�

	
��
�

	
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

����������������������������������������	��	��
��
������������������

�������

����������������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	



�
�	



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��
�

�
��
	

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
�	
�

�
�

�

�
�

	

�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
�	
�

�
�	
	

�
�	
	

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�



 S48 

 

  

��������������������������������������������	��	��
��
������������������

�������

���������������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
�

�

�
�

�

�
�

	

�
�

�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��
�

	
��
�

	
��
�

�
��
�

�
��
	

�
��
�

�
��



�
��
�

�
��
�

�
��
�

��������������������������������������������	��	��
��
������������������

�������

�������������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	



��
�



��
�



��
�



��
�



��
�



��
�



�	
�



�	
	



�	
�



�	
�



�	
�



�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
�	
�

�
�	
�

�
�	
�



 S49 

 

 

����������������������������������������	��	��
��
������������������

�������

���������������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
	

�
�

�

�
�

�

�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
	

�
�	



�
�	



�
�	
�

�
��
�

�
�

�

�
�

�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�

��������	
����������
���
����

������
��������

�
��
�

�
��
�

�
�
��
�

�
�
��
�

	
��
�

�
��
�

�
��
�



��
�

�
��
�

�
��
�

	
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

	
��



	
��



	
��



	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��
	

	
��
�

	
��



	
��



	
��
�

	
��
�

	
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�



��





��





��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
	



��
�



��





��





��
�



�	
�



�	
	



�	
	



�	
�



 S50 

 

 

����������������������������������������	��	��
��
������������������

�������

�������������
����������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��
	

	
��
	

	
��
�

	
��
�

	
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

����������������������������������������	��	��
��
������������������

�������

�������	�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��



	
��



	
��
�

	
��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
	



��





��





��
�



��
�



��
�



��
	



��
	



 S51 

  

 

������������������������������������������	��	��
��
��������������������������������
��
�����

��������	������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
	

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
	

����������������������������������������	��	��
��
������������������

�������

�������	�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�

�

�
�

�

�
�

�

�
�

�

�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�



 S52 

 

 

����������������������������������������	��	��
��
������������������

�������

�������������
��	����
��

��
�
�

��
�
�

��
�
	

��
��

��
�
�

��
�
�

��

�
��
�
�

��
�
�

��
�
�

��
�
�

��

�
��

�
��

�
��

�
��
�
�

��
�
�

��
�
�

��
�
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
�	
�

	
�	
�

	
�	
�

	
�

�

	
�

�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�


�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
�


�
�


�
�


�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
�
�


�
�
�


�
�
�


�
�
�

����������������������������������������	��	��
��
������������������

�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
�

�

�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

��

���



 S53 

 

 

����������������������������������������	��	��
��
������������������

�������

���������������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
�	



�
�	
�

�
�	
	

�
�	
	

�
�	
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
��
�

�
�

�

�
�

�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��



	
��



	
��
�

	
��
�

	
��
�

	
��
	

	
��
�

����������������������������������������	��	��
��
������������������

�������

�������	�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	



�
�	
	

�
�	
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
	

�
��
�

�
��
�

�
��
�

�
��
	

�
��
	

�
��
�

�
��



�
��
	

�
��
�



��





��
	



��
	



��
�



 S54 

 

 

����������������������������������������	��	��
��
������������������

�������

����������������������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	



�
�	
�

�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�



��
�

����������������������������������������	��	��
��
������������������

�������

�����������������
��

��
�
�

��
��

��
�
�

��
�
	

��
	
�

��
��

��
�	

��
�



��
	



��
�
�

��
�
	

��
�
�

��




��
��

��
�
�

��
�
�

��
�
	

��
�
	

��
�



��
�



��
�



��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
��
��
��
��
�	
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
�	
��
�

��
�

��
�

��
��
��
��
��
	
�

��

�
��



��



��

�
��

�
��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
��
�

	
��
�

	
��
	

	
��




�
�


�
�


�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
�	

�
�	

�
�	

�
��

�
��

�
��

�
�
�


�
�
	


�
�




�
�




�
�




�
�




�
�




�
�




�
�
�


�
�
�


�
	
�


�
	
�


�
	
	


�
	




�
	




�
	




�
	
�


�
	
�


�
	
�



 S55 

 

 

����������������������������������������	��	��
��
������������������

�������

�������������
��

��

�
��
�
�

��
��

��
�



��
��

��
�	
��
�
�

��
��

��
��
��
�



��
��

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
	

��
�
	

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
��
��
��
��
��
��
�	
��
�	
��
�	
��
�

��
�

��
�

��
��
��

	
��

	
��



��



��

�
��

�
��

�
��
�
�

��
�
�

��
�
�

	
��
�

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�


�
�
�


�
�
�


�
�
�


�
��

�
��

�
��

�
�	

�
�


�
�


�
��

�
��

�
��

�
��

�
�	

�
�	

�
�	

�
�


�
�


�
��

�
�
�


�
�
�


�
�
�


�
�
	


�
�
	


�
�
�


�
	
	


�
	



����������������������������������������	��	��
��
������������������

�������

�����������������

�
�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�

�

�
�

�

�
�

�

�
�

�

�
�

	

�
�

�

�
�

�

�
�

�

�
�

�

�
�




�
�




�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�



 S56 

 

 

����������������������������������������	��	��
��
������������������

�������

�������������

�
�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
�	
�

�
�	
�

�
��
�

�
��
�

�
�

�

�
�

�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
	

����������������������������������������	��	��
��
������������������

�������

������������������� ���
�!
�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

��
�
�

��
�
�

	
��
�

	
��
�

	
��
�


�
�
�


�
�
�


�
�
�


�
�
	


�
�




�
�
�


�
	
�


�
	
�


�
	
�


�
	
�


�
	
�


�
	
�


�
	
�



 S57 

 

 

����������������������������������������	��	��
��
������������������

�������

���������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��



	
��



	
��
�

	
��
�

	
��
	

	
��
�

	
��
�

	
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

����������������	�
�������������������������	��
����������������
��
�����

�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
�	
�



 S58 

 

D
D



 S59 

 

 

�����������������������	��
������������������
��
�����

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

��������	�
�����

���������		���
���
�

�
����������������������������
������

����������������������������	�
�������������������������	��
�������
��
�����

�
�
��
�

�
�
��
�

��������	�
�����

����������	
����
����������	������������
��������������


