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Scheme 1. Overview of Hydrofunctionalization of Alkenes and Initial Report of
Mukaiyama Hydration
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Scheme 2. Genneration of Metal Hydride
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Scheme 3. Hydrogenation of Alkenes via MHAT
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Scheme 4. Intermolecular Hydroarylation of Alkenes via MHAT
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Scheme 5. Deuterium Atom Transfer Deuteration of
Electron-Deficient Alkenes

Co(3,5-ditBu-salophen) 14
(10 mol%)
Ru(bpy)sCly 15 (2 mol%)

[e) 2,4,6-collidine (5.0 equiv.) [e) CD;
PMP /\)\ Ascorbic Acid-dy (1.0 equiv.) | pmp.
g~ H)k o~ e,

H MeCN/D,0,

32 10 °C, 18 h, Blue LED 33 D
work up Co(3,5-ditBusalophen) 14
extraction (10 mol%) 2.49
wash Ru(bpy)sCl, 15 (2 mol%) 16} CD,
(1 MHClaq.) Ascorbic Acid-ds (3.0 equiv.) pyp I D 0.66
N~ O CD3
evap. MeCN/D,0 = 3/1 H o b
dried in vacuo 25°C, 36 h, Blue LED 34 5 2

Scheme 6. Multiple Deuterium Atom Transfer Perdeuteration of UnactivatedAlkenes
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Scheme 7. Cobalt/Photoredox Dual-Catalyzed Cross-Radical Coupling of
Alkenes via Hydrogen Atom Transfer
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Scheme 8. Distal Heteroaryl Ipso-Migration of Unactivated Alkenes via MHAT
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Scheme 9. Light-Driven Cobalt Hydride Catalyzed Hydroarylation of Styrenes
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Scheme 11. Photoredox/Cobalt/Brensted Acid Catalysis Enabling Markovnikov Hydroalkoxylation of Unactivated
Alkenes
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Scheme 12. Hydrofluorination of Alkenes via MHAT
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Scheme 13. Photo- and Cobalt-Catalyzed Synthesis of Heterocycles
via Cycloisomerization of Unactivated Olefins
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Scheme 14. Photocatalytic Metal Hydride Hydrogen Atom Transfer Mediated Allene Functionalization
by Cobalt and Titanium Dual Catalysis
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Scheme 15. Photoinduced Co/Ni-cocatalyzed Markovnikov Hydroarylation of
Unactivated Olefins with Aryl Bromides
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Scheme 16. Isomerization of Activated Alkenes via MHAT
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Scheme 17. Isomerization of Unactivated Alkenes via MHAT
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F1E 3oL b b e SR ETTMBE D )R 1< X 2 MHAT Z w727 v 7 v BIERIGIC X 5
LE T I FEIEDRSE

H1H R

MHAT 13 & L@ R & BRI AR CT A7 v OB LG EIT ) T LB TE 2N TFIET
Hb, ZOHPTH, MHAT ZH\\7z 7 VAN T AT v OBEACKICIE, @ LysE@ RN & B ReAET
TUCHERT AT V232 LR TE2ENTIETH S, 2014 4FIC Shenvi Hl1d, 250 P L vl
108 % 7= MHAT IC X % 7 Y A AW T T v BHACKIE % 8 L 72 (Scheme 1-1)'s L 2> L 2235,
ZDMHAT ICX 2 7Y ANNGET VT v EERISIC X 2 ~T n g FEBET V7 v OEMIE. WEREF
[EZEETH 5,

2014 Shenvi
Co(Sal®"Bu)C| 108 !
! (1-10 mol%) ! 3
P . PhSiH5 (2-50 mol%) . o Q
i | H =N_ N=
114 116 1 Co,
'\ tBu O (‘:Io tBu
[Co'] |
MHAT H H tBu tBu
J\/L : Co(Sal®uBu)C|
- ~ ! 108
[Co"-H ! [Co"-H ‘
48 s 48 !

Scheme 1-1. Isomerization of alkene via MHAT

MHAT iC X% 7 Y AnaT AT v B LG E IV ie~T v i BT A7 v Aol LT, 7Y
VI =T Hh 6D =)V —T VERIHE LT 5 (Scheme 1-2), 2014 £ Shenvi H 1, 3L b
L VAR E AT IALZ =T A LD LT —TF AR EHRE LT3 1,2016 4E1C Norton & 1.
KEMESEETcoasaxoahrba s rIDe FY FOERICK 3T A7 v O REARIGICE N
T TINVZ=TADLDEZ VI —TAEEEZHE LT 2, 2020 4£1C Chen & (Z, MHAT & Ffliy
Radical-Polar-Crossover Z W72 7 VLV T =T AL DY ¥ VT — T AGKERE LT3 3,2022 4
IZ Li 1%, Shenvi L AR KIGR T, TV LVZ—TADPHLDOE AT —TAHERERE LTS 4 L
L7236, MHAT IC X 2 7 Y AN T T v BALRIS Z iV 7e~T v i FE#L T V7 v SR o fliE,
TILVI—=TAPLDEZ AL —TAERICRONTED, ho~T v JTERT VT v OEITIE
INThirdhotz,
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2014 Shenvi Co(Sal®uBu)c| 108

(1-10 mol%)

H . 0
RO\J\/R PhSiH3 (2-50 mol%) Ro\)\/R'

17 Benzene, 22 °C 18

2016 Norton 2 examples
Cobaloxime103 (7 mol%)

‘ OMe H, (6 atm) x._OMe
Benzene, 50 °C

119 120
2 examples
2020 Chen Co(SalBuBu) 47 (3 mol%)
(Me,SiH),0 (2.0 equiv)
MesNFPY-OTf (2.0 equiv X
N 3 (2.0 equiv) RO/\‘
PhCF3, 22 °C
121 122
2022 Li Co(Sal®BY) 47 (5 mol%)

tBUOOH (2.5 mol%)

. y (Me,SiH),0 (0.5 equiv) RO/\‘/

toluene, 22 °C

123 124

Scheme 1-2. Examples of synthesis hetero-atom substituted
alkenes via MHAT

% O~TuJRFEBET AT vORTh, TF I FRLE TR BESG THLICHEDL LT, G
HICEALETEHE R _HEEG2 A T2t Th ., EEFLEYMOeLT 4 v 7Ty 78 LTH
WO EHRILAYTSE S 5. RIMIICEWTH T F I FEEZ SO LEYBL SRR INTED °
BEKMIEICENTD, e ) I FPEREOHFELEEN T2, £ DT I FEBEDOPIT, N-
TIATIFORWKICICLEZZF I VAEREH S, 7oz a/ I—IBNTW A, BREEFA
ML LiE T > I FERICHREEZEL Tz 7, 2D X5 %, 2017 1T Trost bk, VT =vLv 7 nm
Ry R T VR 126 THWET AT VEEURICIC X 5 Z RERN AL E T I FAEZ RS L
72(Scheme 1-3)8, L22L., SHE3M|T I F 128 Tld, T o KOBEIT LRV T & & \vwo 7z, FE ik
ISR Z PR L T 7z, 2020 0 Schoenebeck 513, »¥ 7 YV A XA = —§HK 130 Z 72T V7 v BIHEAL
FOGIC & 3 ER&EIRN 72T 3 FEBIEZ S L 72 (Scheme 1-4)%, &\ aZEIRY:, BReETFAE =+
IMEON D EHRARREES KT A VIO TE Y HET - I FEBRICHREZ KL T

Wiz,
2017 Trost 2020 Schoenebeck
CpRu(CH3CN);PFg 126 [Pd(u-1)(PCy,tBu)], 130
i ! (3-12 mol%) i ! ?L (2.5 mol%) il
SN P X T IO SN
H ! DMF, r.t., 1-16 h N/\( '\;l MeOH, 50 °C, 2 h, air '?l
125 127 129 131
o Up to 99% Up to 99%
ZIE = >20/1 E/Z =>20/1
'\“ ‘ High Functional Group Tolerance
Me
128 A Limited to Propenyl Enamides
A No reaction
Scheme 1-3. Synthesis of polysubstituted enamides Scheme 1-4. Synthesis of propenyl enamides

FHHIT, MHAT X3 7 ATy v BHCRICORIG%R %, N-7T VAT I FoBRELRIGIC X
ABIFIFARICIGHTAZLICED, N-TIAT I FEM(LKIGICE A2 F I FARCHEL 5T
W BREEITFA S BRI FAROMREE R 0Tl e E 2, M EIT- 72,
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28 RICSEMRE UG

L 290 b il o E L R VBRI R ORI DWW T

PIARETE L<, 7 U AT T F 132, 250 MRBE L LT Co(salophen) 135, JeEE{LR il & L <
Ru(bpy):CL 15, 71 F Vi A20@tHlE LT, 7 2 a e viig(AscHy) 16 & vy, =& /7 — i, a]
FOCHRE T, 20 BFEIRISZfT o720 ZOFER, 7UAT I F 132 2857 L. HWO T J I F 133 28 NMR
K 58% CiE b, BIEEYE LT, NO-T7 1 X —1 134 75 NMR K 3% 15 & 172 (Scheme 1-5).

(0]
N/\’/
Co salophen 135(5 mol%) H
(0]

Ru(bpy)sCl, 15 (1 mol%) 133
N/W/ AscH, 16 (0.5 equiv.) 58%
Ho | EtOH (0.05 M) O OEt
132 blue LED, 20 h, r.t. ©/\)kN/H/
H

Co(salophen) Ru(bpy)3Cly Ascorbic Acid (AscH3)
135 15 16

Scheme 1-5. Initial result

RGO EZARF L. 250 b il o B O MGt 217 > 72 (Scheme 1-6), 3 {71C Bu Lz H 3T
% a v MMl 136 2 W2 iR, KGR E L, EESTERICHEHE I N, TF I F 133 DI
(3 Ed 3 NMR CE S8%ICH V. BB TH % N,O-7 & X — 134 28 NMR K 42% TR L 1L
720 37T Bu HEEEHT L 2L Ml 136 % FH 72 oD | E L 2B IconwT, a N b
DIEfFE DO AREE R R E S 22 2 T, ARERAETH 2 a0 (D e F Y F OB LEN:
prabksszickd), v bUDe FY FORMEELAIIHE T NS 2 & T, RIS L 72 & HE
LCTWwW3, Rica L MilEoBEFHEEDF 2 —=v 7 %fTo7z, A P FUEEFET 2 a1 bl
137 Z W 7ZBRICE, 2 RIBET L a5 720 RIGHHEIT L e o 728 & LT, = &7 — ViR
g v b il 137 OEEEMR N C &, BTG EEZEA L2 2 LT, RLRITAE 15 0
TCHITIE L MM 137 %+ BRI TE R W EPEI N, 3 SHIc BuEzHT 5
TN bl 14 2 G ZBICIZ, T 2 F 133 & NO-T X — L 134 BIRIEHEE L . BIERY O
AR FIFEIE N o7z, BTKFIFETHZ P ) 7 u X FAEEET S5 a0 MMl 138 27z
Briciz, HO T F I F 133 28HEEICE 77% T b, BIAEBYITH 5 N,O-T7 1 X — )L 134 DAL,
NMR K 6% F Tl & iz,
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(0]

N/ﬁ/
Co cat. (5 mol%) H
O

Ru(bpy)3Cl, 15 (1 mol%) 133
N/W/ AscH, 16 (0.5 equiv.)
Ho | EtOH (0.05 M) 0 OEt
132 blue LED, 20 h, r.t. ©/\)kN/‘\’/
H

134
—N N= —N N=
N2 N/
/Co\ /Co\
O 6} MeO O (e} OMe
tBu tBu tBu tBu
Co(3-tBu-salophen) 136 Co(3-tBu-5-OMe-salophen) 137

Enamide 133: 58%, N,O-acetal 134: 42% Enamide 133: n.d., N,O-acetal 134: n.d.

=N_ /Nf =N_ /Nf
/CO\ /Co\
tBu O ¢} tBu F3C O 6} CF3
tBu tBu tBu tBu

Co(3,5-di-tBu-salophen) 14 Co(3-tBu-5-CF3-salophen) 138
Enamide 133: 47%, N,O-acetal 134: 53% Enamide 133: 77%, N,O-acetal 134: 6%

Scheme 1-6. Screening of Co cat.
BIERYITH B NO-TX—N 134 DERIZ, TRar v vRICHEST 2 7o by RER Lz 2
F 133 ERIGT DT LICE DA I=vupfiifl 139 2EL, BiEch =2/ —AfINT s Lic X
>TH L % &# 2T\ 3 (Scheme 1-7),

133 139
O OEt
EtOH N
o N
-H* 134

Scheme 1-7. Generation of N,O- acetal

W AR a0 AR W 2BRICEIERYITH 5 NO-T & X — 134 O ERHHE] & 72 B I
SWVT, 20 FDE FY F 140 BRIERFOT 2are viBHED 7a b v &KL, KERERT
20T, RIGRFO7Te b VIBEMET L2206 ThE EEL TS, 2L (e FY F 140 1%
BILENDOD, 7R bV ERIGT ST LT, KBEEERT L EBAOLNT WS 10, a0 il &
RIFEAEAT 5 Z LT, ZOKRBERBRES L, RIGHRHD 7\ b VIREEAMKT L, BN 72 N,0-
7 & X — S X iz & AHRE LT B (Scheme 1-8),
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\ F3

Scheme 1-8. Generation of hydrogen via protonation of cobalt(lll) hydride

2. WBIHFRICONWT

TUALTIF 141 2, BEDOR S ) —=v %1757 (Table 1-9), 7 A2 V¥ VOB E~D
BIRTED ZR L., KRABRMOBRE b ITo72, T2/ =1 ZHv2 & HID T F I F 142 5 NMR IE 90%
TiE b 7z(entry 1)y TX/ =N /KOBEEERZFAWZBICIE, =5 3 F 142 OUEEMET L, B4
P& L-CKFLAR 143 23 NMR I 30% T b L7z (entry 2), 4 Y 70 BT v a2 — L (IPA) & F W 72 B
IiE, 13 A ERICIZETT L a2 o 7z (entry 3) 4 ¥V 70 T v a2 — v FKIBEEIEZ V72 BRicix
I T F 142 23 NMR YU 55% T3 b 7z —77 T, IKFUAEK 143 53 NMR ILFE 28% T3 & 417z (entry 4) o
AR —=NEHWE E NMR K 69% THID T F I F 142 255 51, KHEK 143 13 NMR IGR 7% T
o iz(entry 5)o A X/ —N/KBABEBEM DS &, ZX2 =N 4V TrEALT L a—V/KEEE
B 72 & B DR R 2R L7z (entry 6) N,N-3 X F ARV LT I F(DMF) %l W7zBRicid, 15& A
ERIEDVETR T (entry 7). NN-Y A FAFRNVLT I F/KBEGEEEZAGZRFICS T Y AT T F 141 23
LR L, PEDOTF I F 142 L kFEE 143 M5 S N7z (entry 8), 7 b =} UL (MeCN) % 7=
B, RICEARRSHMO T I F 142 M55 N7z (entry 9)o 71 F = b U AKEARECIZ, =F IF
142 L KFEALR 143 2MEINE 223 5 12ITFEES S 7z (entry 10), 7k F v AW ZFRICIE, =7 I F 142
25 NMR UK 35%, KFRALIK 143 25 NMR I 3% TfF O t(entry 11). 7% b v //KEGEBREZ V25 &
TF I FOYERET L, KELA 143 28 NMR JCE 30% TfF bz, YA ¥ 2% v (DME) % 72

Tl RIGIFHEST U 7222 o 72 (entry 13)o ZKRIBIEZ 72 BRIC, AKFRALAR 143 238N L 7Bl & L <,

)szmma ICHEST 2T AV VIEE ) T =4V 20 DB EZ b5, ARAE T T, 7Xary
Vg 16 3FEfREEE T, T o7 Rare vEE16 A REE LD B EEZLND, £ D) T, KRR
HClR, TRIAE VEE 16 DSEARHT 22T, TRaLEVBE) T4 20 KNS 5, 20T
RANEVIEE) T =AYV 20 BFROTZAar e vE16 X0 b, EVEITTREEZRED720 ., KRG
HWZERIC, KBMEEML 72 HEL T3,
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Table 1-9. Screening of solvents

Co(3-tBu-5-CF3-salophen) 138 (., H\/k
(5 mol%) H
(o)

Ru(bpy)sCl, 15 (1 mol%)

H 16 (0.5 equiv. 142
CbZ\N/H(N\/K AscH, 16 (0.5 equiv.)
Ho L Solvent (0.05 M) H\)\
blue LEDs, 20 h Cbz.
H o

143
entry Solvent 141 (%)? 142 (%)? 143 (%)?

1 EtOH 4 90 trace

2 EtOH/H,0=9/1 5 52 30

3 iPrOH 94 5 0

4 iPrOH/H,0=9/1 12 55 28

5 MeOH 14 69 7

6 MeOH/H,0=9/1 21 53 21

7 DMF 97 0 1

8 DMF/H,0=3/1 87 12 6

9 MeCN 79 21 3

10 MeCN/H,0=3/1 35 23 29

11 Acetone 59 35 3

12 Acetone/H,0=3/1 54 14 30

13 DME 97 0 0

3. AT L VEFHEE~ ARG

RITAF L vV iFER 144 10503 2 W51 %47 o 72 (Table 1-10), ERe TR b - foliscthb 2 2 F L v ikiE
R 144 ITHF L 72FE, R 5L v 144 AAEAICTHA L. HD T I F 145 28 NMR K 54%, E/Z H5.7/1
TiEbNiz(entry 1)y 7 AINLEVEE 16 DYEE 0.75 BEICHME 2545, HOZF I F 145
I NMR X% 35% . E/ZH3.5/1 THOLN, KL E/Z3EREIZET L 72(entry 2)e BT AR 250 b
i 138 ZFHWAZBRICRIF ARSI S O N Ao BB E LTUTOZ L Z2BELTCVS, AFL ViE
K 144 1 MHAT L7ZBRICEEC 2RV UL T U AADBEFAR R0 Ml 138 &L T AL F
SOV N RSB ST B, BERAIEAZEATEILICK 5T, KB MEAEDBL R T RY T
NEATIANEMEE LTOTAFAIAL NEOFEMHEEL RS, 2O LIk, AFL vFEE
44 L DTV HAINERZEI LT RY, IGBEMHIL L, KW, E/ZERECR o7 LHEL T
Wb, I Ml A 368 SHLIC Buk e H T a0 M4 2HG, TRar e vBEOYER 0.5
WEE LTHIGEIT) &, AF L ViBEK 144 23 35%EIN E 1L, HIYD T F I F 145 23 NMR JE 56%.
E/Z It 6.6/1 THROLNTz(entry 3), T AN VIEDLES 0.5 4825 0.75 YEICHNE 272K, HW
DT F I F 145 23 NMR UK 75%. E/Z L 21/1 TR & L7z (entry 4),
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Table 1-10. Application of styrene derivative

Co cat. (5 mol%)

Ru(bpy)sCl, 15 (1 mol%) o)
AscH, 16 (X equiv.)
QL : an .~
EtOH (0.05 M) H

blue LEDs, 20 h

145

entry  Co cat. X 144 (%) 145(%) EiZ

1 138 0.5 0 54 5.711

2 138 0.75 0 35 3.5/1

3 14 0.5 35 56 6.6/1

4 14 0.75 0 75 211
d @@u m{§ %}
0(3,5-di-tBu-salophen) 1 0(3-tBu-5-CF3-salophen) 138

INLDRIET, EROTF I F 145-E PERLTEORZEEE LT, MHAT 20 L7727 A7 VO
E/Z BYACRIGBEG LT L EL T2, AUZ ER, ZRDTF I FD 5B Z{ko T F I F 145-
ICXf LT MHAT 23T L. RV 2T A bR 146 234 08T 5, T MBI EHIC L E 7o FCPE 147
LoD bic, a v M X 2 KERFIIEREEZZIT LI L o T EROTF I F 145-E B
AT B EEL TS, 3fe 5A7IC Butkz 52 a5 Ml 14 2228 T, ZEoxF 3
F 145-Z 12xf L C MHAT 258730, 72 ar e Vg 16 28N &% 2 & T, MHAT I X % E/Z Bk
LG Ic o kgoa s I~(HI)I: FURBERIEZZERAREL 2D Xy YT VAL Hifilik 146
U7 EIZ BUACRIGS Horc T L, BRELT E RO F I F 45-E BAERLZEBEL T3
(Scheme 1-11),

[Co"-H
23
MHAT
o H
> Bn\)kN
[CO"]
I ¢N@
[Co"}-H 145-E
23

Scheme 1-11. E/Z Isomerization of enamides via MHAT
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TS DS & B HE W # P O Bt %17 o 72 (Scheme 1-12.), £ 7 A FAER T I Fokh
B i PE D Mgt 2 1T - 72 (condition A) s XA FAFERC A P F U ENEHL 2B TEES LT RRE2E T 45
B, o778 V) 7AFa X F A ERERL 2ET AR AFER, 7t vl s vull EiTmichi
LT wrrEEAHET2HEBETNICELTH RIFARIGECHNO = F I F235 5 72 (149a-149h),
FAT7 R Y Vv woEEREAE T HEE THMELR C RIGOEIT L (1491, 149j), RV X7 3
FEREMR, Ao — PIFER, tR 7 7 I FFHFEERICE W TH RFRIGEECHWY 23 5 7z (149k-
149m), 77=vt ) v, P T 77 vl voT I BOFERTH RIFAICRCHNOZF I F
233 5372 (149n-149p), RIC A F L v 3B R o LB FH I PH O 15T % 1T - 72 (condition B), B 15, &
FARBEAF L VFBERICEWTD, MR I HET L 72(149q-149s), 77 =v vl v oz
72 BOFER Y, BiFR B/ ZERECHINO T F 2 F2i5 51 7-(149t,149u), T F F I 272~y
EFy 7. AFH7uT vl o ERGOFERICEWTH BIFRIEK, E/ZE#RECHENDZF I F
2345 5 72 (149v-149x) , SEEELERTTAlIE % 4CZIPN ICEH T 3 2 LIk o T, HB3I T F I FoE T
FIFOAKDAREE 72 0 SHIROFE 3T I I FIRBIFAIECT149y), BROFE 3> I F, 52
MuEE T F I FZPREOICETHR D T F I F 235 5 17z (1492-149ab)
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L , Condition A or B i o =N N= =N N=
R™ON R RTONTX R Co_ Co_
_— ! ! FaC o” "o CF3 tBu o” o tBu
148 149 :
i tBu tBu B tBu
: 138 14
Conditions A
138 (5 mol%), Ru(bpy)sCly*6H,0 15 (1 mol%), AscH, 16 (0.50 equiv), EtOH (0.05 M), r.t., 20 h, Blue LEDs
Conditions B
14 (5 mol%), Ru(bpy)sClp*6H,0 15 (1 mol%), AscH, 16 (0.50-1.5 equiv), EtOH (0.05 M), r.t., 20 h, Blue LEDs
Conditions A X=H(149a) :77%
= Me (149b) :77%
0 = OMe (149¢) : 75% o] o o]
=F (149d) :79% N ﬁ/
X A N N
Hﬁ/ =Cl(149e) :78% { Hﬁ/ \ H H/W/
\_d y
X = Br (149f) :71% N cl
=CN (149g) :71% 149i, 75% 149j, 72% 149k, 65%

= CF; (149h) :79%
HO HN
i PSS P U R P
Z. = VAN = yAN =
-P< N N N
BnO N PhO7 " SN™S
ﬁ/ PRO 1 H o H o H o

H
1491, 60% 149m, 87% 149n, 84% 1490, 81% 149p, 81%
0 X fa] Cb H OHH

= . 9 ~
X = H (149q) .75°A:,21/1[a] LAY % Cbz. N

NN = tBu (149r) : 59%, 11/1 H § N

N = Cl (149s) : 76%, 7/16) H o

149t, 64%, 19/118 149u, 51%, >20/118

(Ef@ii@ “@ Nﬁo

From Oxaprozin

From Etodolac From Bendazac
fa]
149v, 63%, 6/1[ 149w, 7%, 711 149x, 69%, 12/1
i ; Jis 0
N~ “CF,

N/ﬁ/ N/ﬁ/ NTX

|

Me = H
149y, 70%!) [] 149z, 59%°] 149aa, 58% 149ab, 52%!°]

[a] E/Z selectivity was determined by "H NMR analysis of crude mixture.
[b] The yield was determined by "H NMR analysis of the purified material containing 149y and hydrogenated product.
[c] 4CzIPN was used instead of Ru(bpy);Cl,*6H,0.

Scheme 1-12. Substrate scope
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woH1E B3

EN

p={113

T B RER 2R & 20 o 728 %78 3 (Scheme 1-13), 7 U AT I F 150 %2156 N 7- i
L7z, HOZF I F 151 (3. NMR IR 17% L 22 59, B % NMR ICR 77% TR L 72,
MHAT CTHE U7 T A F A7 P AR 152 28350 i X 2 KRR 75 k& 220, B
JOHEITT 205, 2o DRIGITFEPREEIC R > TW B EEL T, EDOT VAT I F 150 23z F
I 151 XY BN ERNCRIETH 2720, IV PR Y . RAZHICT V7 T F 150 23[E)IY
INLEELTCS, TIAT I PN 153 DGEbFERIC, =TFIF 154 X0 b7 U7 I F 155 233k
TFNCREL 725720, TIAT I F IS5 BFEAEEE LTEONZEEEL TV, K7 Ao v i
BIL2T7IATIFI57T FHVEZBICIE, TUAT I F 157 % 58%[EIIN L., =7 I F 158 (3 NMR [{%
17%. KFACAK 159 25 NMR UK 15%. N,0-7 & & — L 160 75 NMR [ 3% CEHE LNz, MIGHRIERR
CHET Lo -BlE LT, ZLBHE2MTAIFATI AN 161 X 3 MT LI T I HN L
VRREEANE C, REREEE LCoTAF L a0 F(II62 2E UL T < & Y. MHAT I X 2 B4AL
FOGICBEE 2 a5 b ildit 138 28598 L7z 2 EBHEIRTH B L E 2T B, KEMIGHHET LTV
ZEHICOWT, MHAT ICX VAL B2 BT AN 161 BEIWTAFA TS ANLE D b RLETH
5272, X0 TRINEVEL DD DOKERTFIIEZHEPRZ VLT b THL EELTY S,
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Co(3-tBu-5-CF3-salophen) 138
(5 mol%)
Ru(bpy)sCl, 15(1 mol%)

O O
Bn\)k AscH, 16 (0.5 equiv.) Bn\)k
N = N™ ™
HW Blue LEDs, EtOH (0.05 M) HW

rt., 20 h
150 151
77% recovered 17%
Q I Q I Q
[CoT] . [CoT]
R)LNW B T R*Nﬁ/v _ [ | R)LNN/\/
H [Co"-H H [Co"-H H
150 152 151
More stable
(0}
Co(3-tBu-5-CF3-salophen) 138 Bn\)kN SO
(5 mol%) H/\rﬁ
o) Ru(bpy)3Cl, 15(1 mol%) 154
Bn\)kN/W/\ Asch; 16 (0.5 equiv.) 24% (EIZ = 2/1)
Ho Blue LEDs, EtOH (0.05 M) o
rt., 20 h
153 Bn I~
H
155
75%
X
[Co'l R H N
Py cor L [Co"-H 154
R N/w/\ ~=—— R N/ﬁ/\
H [CO"] H [CO"] o
153 156 \
[Co”l]—H R)’LN/ﬁ/\
155
More stable
Co(3-Bu-5-CFs-salophen) 138 o
-tBu-5-CF5-
(5 mol%) Bn\)kN/\JJ"
0 Ru(bpy)sCl, 15(1 mol%) H
Bn Pz AscH, 16 (0.5 equiv. 158
\)kux\/ 216 (0.5 equiv.) oo, ] \)OL OEt
Blue LEDs, EtOH (0.05 M) n N
157 rt, 20 h 0 H
58% recovered Bn\)kN/ﬁ/\H 160
Ho 4 3%
159
15%
0 111 o
Co"l-H
Bn\)ku/\/ [Co™] Bn\)ku/\./\H Bn\)k{:J| H
[Co'] [Co" [Co™
157 161 AscH, 162
[CO”I] H 16
o) (0]
_
B”\)kN/\m‘“ [Co"}-H Bn\)kN/\/\H
H Hon
158 159

Scheme 1-13. Unsuccessful substrates
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p={113

FHAHE  OEEHEICBE T 2 FEER, MO DFT §H&

FEUE OGRS 1 D\ T LA F IS8 3 (Scheme 1-14) , £ 3 AIHEIC X o TRBRLETTAIEE 15 230 & .
JIEFE 18 34E L, ZNBT AV VET = F v 201X ) —~ETIRTE N, FVHAALT =F v 19 234
KT 5, s 2ffioai bt 14 % EEILT S LT, KEMEZFED 1 lio a5 il 22 234
L., RISRpO7a b v Zffitds s 2 & o, MGEHEEcH 2 a v D e F Y F 23 BEKT 5,
IS PIDe FY R 233 N-TIUAT IR 163 DT AT VIiC MHAT 222 L, TA A7 A Ahf
164 22T, =F I F 165 ~EML L., MBEHEECcH 2 a0 D e F Y F 23 23T 2 LAHE
LCWw3,

(] |
AL A
AscH "~ - N/\‘/ )

20 '163 '

AscH '™
[RuT] ‘O
21 \% 18 ‘\\Q
Rul” R '
19 15 [CoT]

H*  [Co"l-H 0
[CO"] \_/ [CO'] .
14 22 2 LLNJ\/L

Scheme 1-14. Proposed reaction mechanism

TNT v ~D MHAT IC X 5T F L7 ¥ H VK 166 % 5N ICTERE T 5 72, TEMPO167 % H\»
72 7 Y W VAR FEER % 1T - 72 (Scheme 1-15), Z DFER, LCMSICTT AT v ~D MHAT IC X WAL 2T
NF VT Y A VHIEIR 166 25 TEMPO167 IC X 0 flife & 7172 TEMPO Ak 168 23l 7z, zoz b
PDOTNTY~DMHAT ICX 27007 Ak 166 D4R RE X 72,

Co(3,5-di-tBu-salophen) 14
(10 mol%)
Ru(bpy);Cl, 15 (2 mol%) 7(jT
AscH, 16 (3 equiv.)

N
0 o p
Bn\)kN/\‘rPh TEMPO 167 (5 equiv.) Bn\)kN/\'/Ph
H H

EtOH (0.05 M), rt., 20 h

144 blue LED 168
detected by LCMS
o
MHAT
B .
n \)LN Ph
H
[Co"-H  [Co]' 166 N
23 14 o
167

Scheme 1-15. Radical trap experiment
TEE SOCHERS b g o 250 (D e F Y K234 USROG AEST L. Rebeh 7z v B i3 0 22
Bl FEZ BN, £ I T, Lighton/Lightoff F25#% 1T 5 7z (Scheme 1-16), FEfehY 7z AL B %2 17 -
72B3ciZ, BT F I F 133 28 NMR U 77% T b L7z (entry 1), 30 73 CTRIC % F 1L X 2 7= FRIC
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=
#H

15 554 H

X, HO ZF I F 133 (2 NMR U 31% T 5 L7z (entry 2), 30 /IR HREHRE 2 17\, % D%EE T
TRIGZITI & HIOZ F I F 133 1Z NMR X 38% TG b N7z (entry 3)e T 5 DFGHRD L 30 47[H
AIBDERR 24T, 2 QRIS P CRICE T > 2 Ha i it 20 OMIREIEA R 612 & D O BRI
KCHMWDOTF I PG5, Fri R HlEE AN TH 2 2 30>z, ZOBBEE LT, fil
PR CcH 2 a v MDD e F Y FARLERCAETH O JOCERFICKE LT W7z Fifehyic
AL 2T, oo a v D F Y FERICRICEHBT 2 0ERH 2007 L EL T
%,

Co(3-tBu-5-CF3-salophen) 138

(5 mol%)
(e} Ru(bpy)sCl, 15 (1 mol%) (e}
N/\’/ AscH, 16 (0.5 equiv) N/\’/
H Blue LEDs, EtOH (0.05 M), r.t. H
132 133
entry Changes in light/dark condition 133 (%)
- - o
20 h
B 31
@ 0.5h
in dark
3 }—" ”””””””””””””””””””” > 38
®  05h 20 h

Scheme 1-16. Light on/Light off Experiment

MERIOHELZIRIC DFTEHEIC X 2 2 AV F — 54 ¥ 77 LB %17 > 72 (Scheme 1-17), T A7 v
~® MHAT @ B (SM=TS1) D il = 4 L % — 13 6.3kcal/mol, EVE(L D BLRE (IM2=TS2) DML = 4
JUF —1% 19.1kcal/mol TH Y | Hi CTHRICHHEIT L 5 5 T & 23R8 X 41, MHAT #H <o BRI % X
ESACARSY Lt Sk Y
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55 4 fii
Bt
© o, .0
£ T (W,
(1] N |
3 H o o H
£ ) B
e o/ N7
o TS1 H
< ) H
/(6.3) TS2
(0.0) \ o LT
2 (O_c°,0> / o (-3.9)
N"ON /
)LNY N ; P NN
N ‘ | . ”/ H/\’/
H M2 H
0.0 0.0
<N\c_°/N> C143) (152 ¢

NTON

N

UwB97X-D/SDD/6-311G(d,p)//UwB97X-D/LANL2DZ(f)/6-31G(d,p)

Scheme 1-17. DFT calculation
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H 581 NE

CZETONEZ/NNET 5, FEHIZa v b L il & SR ETTRE O 7 8)1C X 2 MHAT % v 7-
TN v BYALRIGIC X B %R I FEBGEEZFE L 72, oS ERT I FARGEIE. MHAT £
HOBVCEBEEIAEZ D, BITHICHEEL 23 v 7o T HCmAAE T 3 BoFHEk, ERMLOFE
RICEBEWTOBHANAIRETH o 72, AR IFFRLE LT, Eiift ZEERAMEE Kk L. RISk 1,

(0] (@]
OO
YT Ty TN

via Metal-catalyzed Hydrogen Atom Transfer
up to 87%, E/Z > 201

R
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1. General Information

Reactions were carried out under argon atmosphere unless otherwise noted. NMR spectra were recorded on JEOL
JNM-ECS400 spectrometers operating at 391.78 MHz for 'H NMR and 98.52 MHz for '3C NMR and 368.59 MHz
for 'F NMR, JEOL JNM-ECX400 spectrometers operating at 395.88 MHz for 'H NMR and 99.55 MHz for 13C
NMR and 372.48 MHz for '°F NMR, and INM-ECZ400S spectrometers operating at 399.78 MHz for 'H NMR and
100.53 MHz for 13C NMR and 368.61 MHz for '°F NMR. Chemical shifts were reported in the scale relative to TMS
(0.00 ppm for 'H NMR in CDCl3), CHCI3 (7.26 ppm for 'H NMR in CDCl3), CD;0D (3.31 ppm for 'H NMR in
CD30D), C¢Dg (7.16 ppm for "H NMR in C¢Dg), CDCl;3 (77.00 ppm for *C NMR in CDCl3), DMSO-ds (39.50 ppm
for 13C NMR in DMSO-dg), PhCF3 (=63.72 ppm for '°F NMR in CDCl3) and C¢HsF (—113.20 ppm for '°F NMR in
CDCls) as an internal reference, respectively. ESI mass spectra were measured on Thermo Scientific Exactive (HRMS,
orbitrap) or Waters ACQUITY QDa (LRMS). Infrared (IR) spectra were recorded on a JASCO FT/IR-5300
spectrophotometer, and absorbance bands are reported in wavenumbers (inverse centimeters). Column
chromatography was performed with silica gel Kanto Silica gel 60 N (40-50 mesh) or Yamazen YFLC AI-580 using
Universal Column SiOH. All non-aqueous reactions were carried out in a flame-dried glassware under argon
atmosphere unless otherwise noted or in an argon-filled glove box. Dichloromethane (DCM), tetrahydrofuran (THF),
diethyl ether (Et,0), and toluene were purified by Glass Contour solvent purification system (Nikko Hansen & Co.,
Ltd.,) before use. All other reagents were commercially available and used as received unless otherwise noted.
Irradiation was performed with ISLM-150X150-BB447 (purchased from CCS Inc.; Wavelength of peak intensity =
447 nm; intensity (PPFD) = ca. 900 umol m2 s ! at 10 ¢cm distance from the LED panel) as photon source.

2. Synthesis of substrates
N-(2-methylallyl)-3-phenylpropanamide (148a)
o To a solution of 3-phenylpropanoic acid (0.30 g, 2 mmol) in SOCI, (2 mL) was
added dropwise DMF (77 u L, 1 mmol) at 0 °C under an atmosphere of Ar. The
/\|( reaction was stirred at room temperature for 3 h. The solvent was removed under

reduced pressure. The crude residue was dissolved in Et,O (4 mL) and placed in

N
H

an ice bath. To this solution were added dropwise 2-methylallylamine (0.20 mL, 2.2 mmol) and NEt; (0.33 mL, 2.4
mmol). The solution was stirred for 20 h, after which 1 M HCI aq. was added. The biphasic mixture was extracted
with Et,O (x 3), and the combined organic layers were dried over Na;SOs. The solvent was evaporated to give a

crude mixture, which was purified by flash column chromatography (silica gel, hexane/AcOEt =3/2) to give 148a as
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a colorless solid (0.26 g, 65%). '"H NMR (400 MHz, CDCls) § 7.32-7.26 (m, 2H), 7.24-7.17 (m, 3H), 5.40 (br s, 1H),
4.80-4.75 (m, 1H), 4.70-4.65 (m, 1H), 3.78 (d,J= 5.9 Hz, 2H), 2.99 (t, J= 7.7 Hz, 2H), 2.52 (t,J=7.7 Hz, 2H), 1.66
(d, J=5.9 Hz, 3H). 3C NMR (100 MHz, CDCl5) § 171.9, 141.8, 140.8, 128.4, 128.3, 126.1, 110.7, 44.9, 38.3, 31.6,
20.2. LRMS (ESI): [M+Na]": found: 226.11. Reported compound!?

N-(2-methylprop-1-en-1-yl)-3-(p-tolyl)propanamide (148b)
O To a solution of 3-(p-tolyl)propanoic acid (0.33 g, 2 mmol) in DCM (6.7
N/\( mL) was added oxalyl chloride (0.50 mL, 6 mmol) followed by DMF (2
Ho |

drops) at 0 °C under an atmosphere of Ar. The reaction was stirred at room
Me temperature for 3 h. The solvent was removed under reduced pressure. The
crude residue was dissolved in Et:O (4 mL) and placed in an ice bath. To this solution were added dropwise 2-
methylallylamine (0.20 mL, 2.2 mmol) and NEt; (0.33 mL, 2.4 mmol). The solution was stirred for 3 days, after
which 1 M HCI aq. was added. The biphasic mixture was extracted with Et2O (x 3), and the combined organic layers
were dried over Na;SO4. The solvent was evaporated to give a crude mixture, which was purified by flash column
chromatography (silica gel, hexane/AcOEt = 66/34 to 45/55) to give 148b as a colorless solid (0.34 g, 79%). 'H
NMR (400 MHz, CDCl3) 6 7.15-7.06 (m, 4H), 5.37 (br s, 1H), 4.81-4.75 (m, 1H), 4.72-4.67 (m, 1H), 3.78 (d, J =
5.8 Hz, 2H), 2.95 (t,J = 7.7 Hz, 2H), 2.50 (t, J = 7.7 Hz, 2H), 2.31 (s, 3H), 1.67 (d, J= 0.5 Hz, 3H). 3C NMR (100
MHz, CDCls) 6 172.0, 141.9, 137.7, 135.6, 129.1, 128.1, 110.7, 44.9, 38.5, 31.2, 20.9, 20.2. IR (KBr) 3300, 3080,
2924, 1648, 1547, 1516, 1445, 1372, 1229, 892, 811 cm’!. HRMS (ESI): m/z calculated for C14H9lONNa [M+Na]":

240.13589, found: 240.13505. Rf 0.38 (hexane/AcOEt = 1:1).

3-(4-methoxyphenyl)-/V-(2-methylallyl)propanamide (148c)
O To a solution of 3-(4-methoxyphenyl)propanoic acid (0.36 g, 2 mmol) in
/\( DCM (6.7 mL) was added oxalyl chloride (0.50 mL, 6 mmol) followed by

N
H DMF (2 drops) at 0 °C under an atmosphere of Ar. The reaction was stirred

~o

at room temperature for 3 h. The solvent was removed under reduced
pressure. The crude residue was dissolved in Et2O (4 mL) and placed in an ice bath. To this solution were added
dropwise 2-methylallylamine (0.20 mL, 2.2 mmol) and NEt; (0.33 mL, 2.4 mmol). The solution was stirred for 3
days, after which 1 M HCI aq. was added. The biphasic mixture was extracted with Et;O (x 3), and the combined
organic layers were dried over Na>;SO4. The solvent was evaporated to give a crude mixture, which was purified by
flash column chromatography (silica gel, hexane/AcOEt =56/44 to 35/65) to give 148¢ as a colorless solid (0.37 g,
79%). 'TH NMR (400 MHz, CDCl3) 6 7.16-7.09 (m, 2H), 6.86-6.80 (m, 2H), 5.38 (br s, 1H), 4.80-4.76 (m, 1H), 4.71-
4.67 (m, 1H), 3.81-3.74 (m, 5H), 2.93 (t, J= 7.5 Hz, 2H), 2.48 (t, J= 7.6 Hz, 2H), 1.67 (s, 3H). 13C NMR (100 MHz,
CDCl3) 6 172.0, 158.0, 141.9, 132.8, 129.2, 113.9, 110.8, 55.2, 44.9, 38.7, 30.8, 20.2. IR (KBr) 3303, 3073, 2969,
2941, 1633, 1540, 1512, 1442, 1251, 1177, 1028, 899, 819 cm’'. HRMS (ESI): m/z calculated for C14H;9NO,Na
[M+Na]*: 256.13080, found: 256.12989. Rf 0.26 (hexane/ AcOEt = 1:1).
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3-(4-fluorophenyl)-N-(2-methylallyl)propanamide (148d)
O To a solution of 3-(4-fluorophenyl)propanoic acid (0.84 g, 5 mmol) in DCM
N (17 mL) was added oxalyl chloride (1.3 mL, 15 mmol) followed by DMF (2
H /\|( drops) at 0 °C under an atmosphere of Ar. The reaction was stirred at room
F temperature for 3 h. The solvent was removed under reduced pressure. The
crude residue was dissolved in Et;O (10 mL) and placed in an ice bath. To this solution were added dropwise 2-
methylallylamine (0.50 mL, 5.5 mmol) and NEt; (0.84 mL, 6 mmol). The solution was stirred for 15 h, after which
1 M HCI aq. was added. The biphasic mixture was extracted with Et,O (x 3). The combined organic layers were
washed with sat. NaHCO3 aq. (1 x) and brine (1 x), and the organic layer was dried over Na>SOj4. The solvent was
evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel, hexane/AcOEt
=54/46 to 33/67) to give 148d as a colorless solid (1.0 g, 91%). 'H NMR (400 MHz, CDCI3) 6 7.20-7.13 (m, 2H),
7.00-6.93 (m, 2H), 5.37 (br's, 1H), 4.82-4.76 (m, 1H), 4.72-4.66 (m, 1H), 3.78 (d, /= 6.1 Hz2H), 2.96 (t, /= 7.5 Hz,
2H), 2.48 (t, J = 7.5 Hz, 2H), 1.67 (d, J = 0.6 Hz, 3H). BC{!H, YF}NMR (100 MHz, CDCls) § 171.7, 161.4, 141.8,
136.4, 129.7, 115.1, 110.8, 44.9, 38.4, 30.8, 20.2. YF NMR (376 MHz, CDCls) [C¢HsF (—63.72 as an internal
standard)]  —118.10. IR (KBr) 3296, 3077, 2916, 1644, 1543, 1508, 1449, 1372, 1216, 895, 829 cm™'. HRMS (ESI):

m/z calculated for C14Hs]IFNONa [M+Na]": 244.11981, found: 244.11011. Rf 0.33 (hexane/AcOEt = 1/1).

3-(4-chlorophenyl)-V-(2-methylallyl)propanamide (148e)
O To a solution of 3-(4-chlorophenyl)propanoic acid (0.55 g, 3 mmol) in
N /\( SOCI; (3 mL) was added dropwise DMF (0.12 mL,1.5 mmol) at 0 °C under
Ho |

an atmosphere of Ar. The reaction was stirred at room temperature for 3 h.
Cl The solvent was removed under reduced pressure. The crude residue was
dissolved in Et;O (6 mL) and placed in an ice bath. To this solution were added dropwise 2-methylallylamine (0.30
mL, 3.3 mmol) and NEt;3 (0.50 mL, 3.6 mmol). The solution was stirred for 21 h, after which 1 M HCI aq. was added.
The biphasic mixture was extracted with Et,O (x 3), and the combined organic layers were dried over Na;SO4. The
solvent was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt =1/1) to give 148e as a colorless solid (0.50 g, 70%). '"H NMR (400 MHz, CDCl3) 6 7.29-7.21 (m,
2H), 7.17-7.11 (m, 2H), 5.38 (br s, 1H), 4.82-4.77 (m, 1H), 4.72-4.66 (m, 1H), 3.78 (d, /= 5.7 Hz 2H), 2.96 (t, J =
7.5 Hz, 2H), 2.49 (t, J= 7.5 Hz, 2H), 1.67 (d, J= 0.6 Hz, 3H). *C NMR (100 MHz, CDCl3) 6 171.5, 141.8, 139.3,
131.9, 129.7, 128.5, 110.8, 45.0, 38.1, 30.9, 20.2. IR (KBr) 3293, 3083, 2933, 1641, 1547, 1491, 1445, 1372, 1097,
1013, 892, 822 cm’!. HRMS (ESI): m/z calculated for Ci3H;CINONa [M+Na]*: 260.08126, found: 260.08053. Rf

0.16 (hexane/AcOEt =2/1).

3-(4-bromophenyl)-/V-(2-methylallyl)propanamide (148f)
O To a solution of 3-(4-bromophenyl)propanoic acid (0.69 g, 3 mmol) in

N /\( SOCIl; (3 mL) was added dropwise DMF (0.12 mL, 1.5 mmol) at 0 °C under
Ho |

an atmosphere of Ar. The reaction was stirred at room temperature for 3 h.

Br

The solvent was removed under reduced pressure. The crude residue was
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dissolved in Et;O (6 mL) and placed in an ice bath. To this solution were added dropwise 2-methylallylamine (0.30
mL,3.3 mmol) and NEt;3 (0.50 mL, 3.6 mmol). The solution was stirred for 21 h, after which 1 M HCl aq. was added.
The biphasic mixture was extracted with Et,O (x 3), and the combined organic layers were dried over Na;SO4. The
solvent was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt =5/4) to give 148f as a colorless solid (0.61 g, 72%). "TH NMR (400 MHz, CDCl3) § 7.42-7.36 (m,
2H), 7.12-7.04 (m, 2H), 5.38 (br s, 1H), 4.82-4.76 (m, 1H), 4.72-4.64 (m, 1H), 3.78 (d, /= 5.9 Hz 2H), 2.94 (t, J =
7.5 Hz, 2H), 2.48 (t, J = 7.5 Hz, 2H), 1.67 (d, J= 0.6 Hz, 3H). ¥*C NMR (100 MHz, CDCl3) § 171.5, 141.8, 139.8,
131.5,130.1, 119.9, 110.8, 44.9, 38.1, 31.0, 20.2. IR (KBr) 3293, 3077, 2926, 1641, 1542, 1488, 1445, 1372, 1229,
1069, 1013, 902, 808 cm™!. HRMS (ESI): m/z calculated for C13H;6BrNONa [M+Na]*: 304.03075, found: 304.02990.
Rf 0.24 (hexane/AcOEt = 1/1).

3-(4-cyanophenyl)-N-(2-methylallyl)propanamide (148g)
NEt; (2.6 equiv.) o

(0] (0] 0. / HCO,H (6.0 equiv.)
60°C
d“ + Tm" - @MCH
then water, 90°C
NG ) NC
S1 S2

S3
2-methylallylamine (1.2 equiv.) o)
EDC-HCI (1.3 equiv.)
DMAP (1.4 equiv.) /@/\)J\NY
H
DCM (0.3 M), 0°C to r.t. NC
1489

A solution of S1 (1.05 g, 8 mmol) and S2 (1.15 g, 8 mmol) in TEA (2.9 mL, 20.8 mmol) and HCO,H (1.8 mL, 48
mmol) was stirred 46 h at 65 °C, after which water (2 mL) was added and the solution was stirred for 23 h at 90 °C.
To this solution was added 1 M HCI aq. (50 mL) and the mixture was extracted with AcOEt (x 3). The combined
organic layers were washed with water and concentrated. The crude was diluted with AcOEt, extracted with sat.
NaHCOs; (x 3) and the combined aqueous layers were washed with AcOEt (x 3). To the aqueous layer was added 2
M HCl aq. to pH 1. The acidic aqueous layer was extracted with AcOEt (x 3), and the combined organic layers were
dried over Na>SOs. The solvent was evaporated to give the crude S3 as a colorless solid (1.26 g, 90%), which was
used for next step without further purification.

To a solution EDC*HCI (1.24 g, 6.5 mmol) and DMAP (0.86 g, 7 mmol) in dry DCM (13 mL) was added the crude
S3 (0.86 g, 5 mmol) followed by 2-methylallylamine (0.54 mL, 6 mmol) at 0 °C. The solution was stirred overnight,
after which 1 M HCI aq. was added. The biphasic mixture was extracted with DCM (x 3). The combined organic
layers were washed with sat. NaHCOj3 aq. (x 3) and brine (x 1), and the organic layer was dried over Na;SOa. The
solvent was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt=43/57 to 22/78) to give 148g as a colorless solid (0.86 g, 75%). '"H NMR (400 MHz, CDCls) 6 7.60-
7.55 (m, 2H), 7.34-7.31 (m, 2H), 5.41 (br s, 1H), 4.81-4.78 (m, 1H), 4.70-4.66 (m, 1H), 3.78 (d, J= 6.0 Hz, 2H), 3.06
(t, J=7.4 Hz, 2H), 2.52 (t, J= 7.4 Hz, 2H), 1.67 (d, J = 0.4 Hz, 3H). *C NMR (100 MHz, CDCl;3) 6 171.0, 146.6,
141.7,132.2,129.2,118.9, 110.8, 110.0, 44.9, 37.3,31.4,20.2. IR (KBr) 3317, 3077, 2965, 2930, 2220, 1644, 1550,
1442, 1376, 1244, 1233, 899, 829 cm™!. HRMS (ESI): m/z calculated for C14H;¢N2ONa [M+Na]*: 251.11548, found:
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251.11486. Rf 0.17 (hexane/AcOEt = 1/1)

N-(2-methylallyl)-3-(4-(trifluoromethyl)phenyl)propanamide (148h)
O To a solution of 3-[4-(trifluoromethyl)phenyl]propanoic acid (0.84 g, 5
W N mmol) in DCM (17 mL) was added oxalyl chloride (1.3 mL,15 mmol) was
H /\|( added dropwise DMF (2 drops) at 0 °C under an atmosphere of Ar. The
CF3 reaction was stirred at room temperature for 3 h. The solvent was removed
under reduced pressure. The crude residue was dissolved in Et;O (10 mL) and placed in an ice bath. To this solution
were added dropwise 2-methylallylamine (0.50 mL, 5.5 mmol) and NEt3 (0.84 mL, 6 mmol). The solution was stirred
for 20 h, after which 1 M HCI aq. was added. The biphasic mixture was extracted with Et,O (x 3). The combined
organic layers were washed with sat. NaHCOs aq. (x 1) and brine (x 1), and the organic layer was dried over Na,SOa.
The solvent was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt =1/1) to give 148h as a colorless solid (1.2 g, 88%). "TH NMR (400 MHz, CDCl3) 6§ 7.54 (d, J = 8.3
Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 5.38 (br s, 1H), 4.81-4.76 (m, 1H), 4.69-4.64 (m, 1H), 3.78 (d, J = 6.1 Hz, 2H),
3.05 (t,J=17.55Hz, 2H), 2.52 (t,J = 7.5 Hz, 2H), 1.66 (s, 3H). 3C{'H, YF}NMR (100 MHz, CDCl3) 6 171.3, 145.0,
141.8,128.7, 128.6, 125.4, 124.2, 110.9, 45.0, 37.9, 31.3, 20.2. Y’F NMR (376 MHz, CDCl3) [C¢HsF (—113.15 as an
internal standard)] & —62.53. IR (KBr) 3300, 3084, 2933, 1637, 1550, 1335, 1167, 1128, 1108, 1065, 1020, 909, 853,
825 cm!. HRMS (ESI): m/z calculated for Ci4sHsF3NONa [M+Na]": 294.10762, found: 294.10648. Rf 0.38

(Hexane/AcOEt = 1/1). Rf 0.26 (hexane/AcOEt 1/1).

N-(2-methylallyl)-3-(thiophen-2-yl)propanamide (148i)
@) To a solution of 3-(2-thienyl)propanoic acid (0.78 g, 5 mmol) in DCM (17 mL)
@/\)J\ N was added oxalyl chloride (1.3 mL, 15 mmol) was added dropwise DMF (2 drops)
\ S H /\|( at 0 °C under an atmosphere of Ar. The reaction was stirred at room temperature
for 3 h. The solvent was removed under reduced pressure. The crude residue was
dissolved in Et,O (10 mL) and placed in an ice bath. To this solution were added dropwise 2-methylallylamine (0.54
mL, 5.5 mmol) and NEt; (0.84 mL, 6 mmol). The solution was stirred for 17 h, after which 1 M HCI aq. was added.
The biphasic mixture was extracted with Et2O (x 3). The combined organic layers were washed with sat. NaHCO3
aq. (x 1) and brine (x 1), and the organic layer was dried over Na,SO4. The solvent was evaporated to give a crude
mixture, which was purified by flash column chromatography (silica gel, hexane/AcOEt =1/1) to give 148i as a
colorless oil (0.77 g, 73%). "H NMR (400 MHz, CDCl3) 6 7.13 (dd, J = 5.2, 1.2 Hz, 1H), 6.91 (dd, J = 5.1, 3.5
Hz,1H), 6.86-6.80 (m, 1H), 5.47 (br s, 1H), 4.82-4.78 (m, 1H), 4.74-4.69 (m, 1H), 3.80 (d, J = 6.0 Hz, 2H), 3.21 (4,
J=7.4Hz, 2H), 2.57 (t, J = 7.4 Hz, 2H), 1.68 (s, 3H). 3C NMR (100 MHz, CDCl3) 6 171.4, 143.3, 141.8, 126.8,
124.7, 123.4, 110.8, 45.0, 38.5, 25.8, 20.2. IR (neat) 3293, 3080, 2920, 1658, 1547, 1435, 1372, 1268, 1233, 899,
849, 700 cm™'. HRMS (ESI): m/z calculated for Ci;HisNOSNa [M+Na]*: 232.07666, found: 232.07607. Rf 0.32

(hexane/AcOEt = 1/1).

N-(2-methylallyl)-3-(pyridin-3-yl)propanamide (148j)
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O To a solution of 3-(3-pyridyl)propanoic acid (0.76 g, 5 mmol) in DCM (17 mL)

AN N /\( was added oxalyl chloride (1.3 mL, 15 mmol) was added dropwise DMF (2 drops)

| _ H | at 0 °C under an atmosphere of Ar. The reaction was stirred at room temperature
N

for 3 h. The solvent was removed under reduced pressure. The crude residue was
dissolved in Et,0O (10 mL) and placed in an ice bath. To this solution were added dropwise 2-methylallylamine (0.54
mL, 5.5 mmol) and NEt; (0.84 mL,6 mmol). The solution was stirred for 17 h, after which 1 M HCI aq. was added.
The biphasic mixture was extracted with Et;O (x 3). The combined organic layers were washed with sat. NaHCO3
aq. (x 1) and brine (x 1), and the organic layer was dried over Na,SO4. The solvent was evaporated to give a crude
mixture, which was purified by flash column chromatography (silica gel, DCM/MeOH =10/1) to give 148j as a
colorless solid (0.80 g, 78%). "TH NMR (400 MHz, CDCl3) 6 8.48 (d, J= 1.9 Hz, 1H), 8.46 (dd, J=4.8, 1.5 Hz, 1H),
7.59-7.50 (m, 1H), 7.23-7.17 (m, 1H), 5.52 (br s, 1H), 4.82-4.77 (m, 1H), 4.72-4.68 (m, 1H), 3.79 (d, /= 6.0 Hz, 2H),
3.01 (t, J=17.5 Hz, 2H), 2.52 (t, J = 7.5 Hz, 2H), 1.67 (s, 3H). '3C NMR (100 MHz, CDCl3) § 171.2, 149.6, 147.5,
141.8, 136.3, 136.1, 123.4, 110.8, 45.0, 37.7, 28.7, 20.2. IR (KBr) 3303, 3083, 2930, 1641, 1553, 1421, 1227, 892,
801, 713 cm’'. HRMS (ESI): m/z calculated for Ci;2H17N.O [M+H]":205.13354, found: 205.13317. Rf 0.39
(DCM/MeOH = 10/1).

4-chloro-N-(2-methylallyl)benzamide (148k)
@) To a solution of the 4-chlorobenzoly chloride or sulfonyl chloride (0.63 mL, 5
/@)J\ N mmol) in s Et;0 (10 mL), 2-methylallylamine (0.9 mL, 10 mmol) and triethylamine
H/\|( (3.5 mL, 5.0 equiv., 25 mmol) were sequentially added at 0 °C. The mixture was
Cl allowed to warm to room temperature and was stirred overnight and quenched with
1 M aq. HCI. Organic material was extracted with AcOEt (x 3), and the combined organic layers were washed with
brine (x 1). The organic layer was dried over Na;SO4 and concentrated under reduced pressure, and the obtained
crude was filtered through a short pad of silica gel using AcOEt. The obtained crude amide 148k was used for the
next step without further purification as a white solid (1.0 g, 97%). '"H NMR (400 MHz, CDCl3) 6 7.77-7.71 (m, 2H),
7.45-7.40 (m, 2H), 6.14 (br s, 1H), 4.94-4.88 (m, 2H), 4.02 (d, J = 6.3 Hz, 2H), 1.80 (s, 3H). 3C NMR (100 MHz,
CDCl3) ¢ 166.4, 141.7, 137.6, 132.8, 128.7, 128.4, 111.1, 45.5, 20.3. LRMS (ESI): [M+Na]": found: 232.06.

Reported compound'3

benzyl (2-methylallyl)carbamate (148I)
O To a solution of 2-methylallylamine (0.45 mL, 5 mmol) in ethyl acetate (7.5 mL),
O)J\N potassium carbonate (1.73 g, 12.5 mmol) and water (7.5 mL) was added and
©/\ H /\|( cooled to 0 °C. To this solution was added dropwise benzyl chloroformate (0.74
mL, 5.25 mmol) over 30 min and the solution was stirred for 22 h. The biphasic
mixture was separated, and the organic layer was washed with 1 M HCI aq. (x 3) and brine (x 1), and the organic
layer was dried over Na>SOa. The solvent was evaporated to give a crude mixture, which was purified by flash column

chromatography (silica gel, hexane/AcOEt =84/14 to 64/35) to give 148l as a colorless oil (1.05 g, quant.)."H NMR
(400 MHz, CD3CN) ¢ 7.39-7.27 (m, SH), 5.77 (br s, 1H), 5.05 (s, 2H), 4.82-4.77 (m, 2H), 3.64 (d, J= 6.3 Hz, 2H),

33



Kifi B1E o

1.69 (s, 3H). ¥*C NMR (100 MHz, CDCl5) § 156.4, 142.1, 136.5, 128.4, 128.0, 110.6, 66.7, 46.6, 20.1. LRMS (ESI):
[M+Na]*: found: 228.07. Reported compound'*

diphenyl (2-methylallyl)phosphoramidate (148m)
(I? To a solution of diphenyl chlorophosphite (1.48 g, 5.5 mmol) in dry DCM (20 mL) was
PhO/!D\N added dropwise 2-methylallylamine (0.36 g, 5.0 mmol) and followed by NEt; (0.76 g, 7.5
PhO H /\|( mmol) at 0 °C. The solution was stirred for 24 h, after which water was added. The biphasic
mixture was extracted with DCM (x 3) and the combined organic layers were dried over Na,SO4. The solvent was
evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel, hexane/AcOEt
=76/24 to 55/45) to give 148m as a colorless solid (1.38 g, 91%). 'H NMR (400 MHz, CDCl3) ¢ 7.38-7.29 (m, 4H),
7.28-7.22 (m, 4H), 7.20-7.12 (m, 2H), 4.92-4.87 (m, 1H), 4.85-4.80 (m, 1H), 3.63 (dd, /= 8.4 Hz, 2H), 3.10-2.95 (m,
1H), 1.70 (s, 3H). ¥C NMR (100 MHz, CDCl3) 6 150.8 (d, Jp.c = 6.7 Hz), 142.4 (d, Jp-c = 7.7 Hz), 129.6, 124.9 (d,
Jr.c=1.9 Hz), 120.2 (d, Jp.c= 1.9 Hz), 111.3, 47.4, 20.0. IR (KBr) 3174, 1596, 1488, 1452, 1240, 1188, 1160, 933,
902, 773, 686 cm™'. HRMS (ESI): m/z calculated for CisHisNO3PNa [M+Na]":326.09165, found: 326.09070. Rf

0.59 (hexane/AcOEt = 1/1)

benzyl (S)-(1-((2-methylallyl)amino)-1-oxopropan-2-yl)carbamate (148n)
H \J\ To a solution EDC-HCI (1.24 g, 6.5 mmol) and DMAP (0.86 g, 7 mmol) in dry DCM
Cbz. N /'ﬁ]/ N (13 mL) was added N-carbobenzoxy-L-alanine (1.1 g, 5 mmol) followed by 2-
H O methylallylamine (0.54 mL, 6 mmol) at 0 °C. The solution was stirred for 22 h, after
which 1 M HCI aq. was added. The biphasic mixture was extracted with DCM (x 3). The combined organic layers
were washed with sat. NaHCOj3 aq. (x 3) and brine (x 1), and the organic layer was dried over Na;SO4. The solvent
was evaporated to give a crude mixture, which was purified by recrystallization (from hexane/AcOEt = 35/12 (mL))
to give a colorless solid (0.95 g, 69%). 'TH NMR (400 MHz, CDCls) J 7.40-7.29 (m, 5H), 6.08 (br's, 1H), 5.24 (br s,
1H), 5.12 (s, 2H), 4.88-4.75 (m, 2 H), 4.30-4.16 (m, 1H), 3.81 (d, J= 6.0 Hz, 2H), 1.71 (s, 3H), 1.41 (d, /= 7.0 Hz,
3H). BC NMR (100 MHz, CDCls) 6 172.3, 156.1, 141.6, 136.0, 128.5, 128.2, 128.0, 110.9, 67.0, 50.4, 44.9, 20.2,
18.7. IR (KBr) 3296, 1683, 1644, 1540, 1449, 1324, 1264, 1229, 1055, 912, 696 cm™'. HRMS (ESI): m/z calculated
for Ci5sH20N>O3Na [M+Na]*:299.13661, found: 299.13568. Rf 0.26 (hexane/AcOEt = 1/1).

benzyl (5)-(3-hydroxy-1-((2-methylallyl)amino)-1-oxopropan-2-yl)carbamate (1480)

HO To a solution EDC-HCI (0.75 g, 3.9 mmol) and DMAP (0.51 g, 4.2 mmol) in dry
Cbz H | DCM 7.5 mL) was added N-benzyloxycarbonyl-L-serine (0.72 g, 3 mmol) followed
H by 2-methylallylamine (0.32 mL, 3.6 mmol) at 0 °C. The solution was stirred for 22

O h, after which 1 M HClI aq. was added. The biphasic mixture was extracted with DCM

(3 x). The combined organic layers were washed with sat. NaHCO3 aq. (x 3) and brine (x 1), and the organic layer
was dried over Na>SOs. The solvent was evaporated to give a crude mixture, which was purified by recrystallization
(from hexane/AcOEt = 70/50 (mL)) to 1480 as a colorless solid (0.95 g, 69%). "TH NMR (400 MHz, CDCls) J 7.42-
7.30 (m, 5H), 6.68 (br s, 1H), 5.91-5.74 (m, 1H), 5.20-5.09 (m, 2H), 4.88-4.76 (m, 2 H), 4.26-4.11 (m, 2H), 3.84 (dd,
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J=16.0, 6.2 Hz, 1H), 3.77 (dd, J = 15.7, 5.9 Hz, 1H), 3.68 (dd, J = 10.8, 4.5 Hz, 1H), 1.71 (s, 3H). *C NMR (100
MHz, CDCLs) 5 170.9, 156.9, 141.2, 135.9, 128.6, 128.3, 128.1, 111.1, 67.4, 62.7, 55.3, 44.9, 20.3. IR (KBr) 3285,
1689, 1644, 1540, 1449, 1404, 1303, 1274, 1244, 1017, 693 cm™'. HRMS (ESI): m/z calculated for C1sHoN,O4Na
[M+Na]*:315.13153, found: 315.13044. Rf 0.68 (DCM/MeOH = 5/1).

benzyl (5)-(3-(1H-indol-3-yl)-1-((2-methylallyl)amino)-1-oxopropan-2-yl)carbamate (148p)
To a solution EDC-HCI (1.25 g, 6.5 mmol) and DMAP (0.86 g, 7 mmol) in dry
DCM (17 mL) was added N-carbobenzoxy-L-tryptophan (1.7 g, 5 mmol) followed

HN by 2-methylallylamine (0.54 mL, 6 mmol) at 0 °C. The solution was stirred for 19
_ y ylally

H \J\ h, after which 1 M HCI aq. was added. The biphasic mixture was extracted with

Cbz. N N DCM (x 3). The combined organic layers were washed with sat. NaHCOs3 aq. (x 3)

H O and brine (x 1), and the organic layer was dried over Na>SO4. The solvent was
evaporated to give a crude mixture, which was purified by flash column
chromatography (silica gel, hexane/AcOEt=1/1) to give 148p as a colorless solid (1.82 g, 93%)."H NMR (400 MHz,
CDCl3) 6 8.07 (br s, 1H), 7.75-7.60 (m, 1H), 7.43-7.29 (m, 6H), 7.24-7.17 (m, 1H), 7.17-7.09 (m, 1H), 7.06-7.00 (m,
1H), 5.75 (br s, 1H), 5.44 (br s, 1H), 5.11 (s, 2H), 4.72-4.66 (m, 1H), 4.60-4.45 (m, 2H), 3.66 (d, J = 5.1 Hz, 2H),
3.36 (d,J=14.4,5.7Hz, 1H), 3.19 (dd , J= 14.5, 7.7 Hz, 1H), 1.55 (s, 3H). 13C NMR (100 MHz, CDCl3) § 171.2,
156.0, 141.2, 136.2, 136.1, 128.5, 128.2, 128.1, 127.3, 123.2, 122.3, 119.8, 118.8, 111.2, 111.1, 110.4, 67.0, 55.7,
45.0,28.5,20.1. IR (KBr) 3404, 3303, 3060, 2909, 1689, 1654, 1533, 1456, 1281, 1227, 1045, 902, 739 cm™'. HRMS
(ESI): m/z calculated for C23H2sN303Na [M+Na]*:414.17881, found: 414.17748. Rf 0.22 (hexane/AcOEt = 1/1).

3-phenyl-N-(2-phenylallyl)propanamide (148q)

(0]
NBS (1.15 equiv.) gr Potassium phthalimide (1.1 equiv.) N
R
CHCl3, (6.5 M) DMF (1.0 M) o]

sS4 reflux S5 S6

33% MeNH, in EtOH (0.4 M) 0
80°C, 30 min
N
then 3-phenylpropionyl chloride (2.0 equiv.) H |

NEt; (5.0 equiv.), DCM (0.3 M),0 °C to r.t.

148q

To a solution of S4 (6.5 mL, 50 mmol) in CHCl3 (7.7 mL) was added NBS (10.2 g, 34.5 mmol). The solution was
refluxed for 17 h with stirring. The solution was concentrated and dissolved in hexane. The resulting precipitates
were filtrated and washed with hexane. The filtrate was concentrated to give the crude mixture, which was roughly
purified by flash column chromatography (silica gel, hexane) to afford S5 as a pale yellow oil (5.56 g, 56%).

To a solution of the crude mixture of S5 (3.9 g, 20 mmol) in DMF (20 mL) was added potassium phthalimide (4.1
g, 22 mmol). The solution was stirred for 24 h at room temperature, after which water was added. The precipitates
were filtrated and washed with water to provide S6 as a white solid (4.91 g, 93%), which was used for the next step
without further purification.

The crude mixture of S6 (1.58 g, 6 mmol) was dissolved in 33% MeNH; in EtOH (15mL), and the mixture was
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stirred for 30 min at 80 °C, after which the solution was cooled to room temperature. The precipitates were removed
by filtration, and the filtrate was concentrated in half volume. To the concentrated solution was added 1 M HCI in
Et,0 (10 mL) and the solution was concentrated. The residue was dissolved in DCM (15 mL) and cooled to 0 °C.
Then 3-phenylpropionyl chloride (1.8 mL, 12 mmol) and NEt; (4.1 mL, 30 mmol) were added. The solution was
stirred for 52 h at room temperature, after which sat. NaHCO3 aq. was added. The biphasic mixture was extracted
with DCM (x 3) and the combined organic layers were dried over Na,SOj4. The solvent was evaporated to give a
crude product, which was purified by flash column chromatography (silica gel, hexane/AcOEt = 2/1 to 3/2) and
recrystallization from hexane/AcOEt = 35/12.5 (mL) at 70 °C to provide 148q as a colorless solid (0.67 g, 42%).'H
NMR (400 MHz, CDCl3) 6 7.46-7.10 (m, 10H), 5.47-5.35 (m, 2H), 5.11 (d, /= 0.9 Hz, 1H), 4.31 (d, J= 5.4 Hz, 2H),
2.94 (d, J=17.6 Hz, 2H), 2.46 (t, J= 7.9 Hz, 2H). 3C NMR (100 MHz, CDCl3) § 171.8, 144.1, 140.7, 138,2, 128.5,
128.4,128.2,128.0, 126.1, 126.0, 113.8, 43.1, 38.3, 31.5. IR (KBr) 3258, 3079, 3024, 1641, 1627, 1557, 1491, 1414,
1275, 1223, 1024, 892, 696 cm’'. HRMS (ESI): m/z calculated for C;sH;ogNONa [M+Na]*": 288.13589,
found:288.13495. Rf 0.28 (hexane/AcOEt = 2/1).

N-(2-(4-(tert-butyl)phenyl)allyl)-3-phenylpropanamide (148r)
o PPhszMeBr (1.2 equiv.)
"BuLi (1.2 equiv.) NBS (2.0 equiv.) Br
/©)J\ THF (0.4 M) DCM (0.3 M)
tBu 0°Ctort. tBu reflux tBu

s7 S8 S9
33% MeNH,

Potassium Phthalimide in EtOH (0.4 M) Bu
(1.1 equiv.) NPhth 80°C, 30 min *
. N
DMF (1.0 M), r.t. Bu then 3-phenylpropionyl ©/\)LH |

chloride (2.0 equiv.)
$10 NEt; (5.0 equiv.), 148r
DCM (0.3 M), 0 °C to r.t.

To a solution of methyltriphenylphosphonium bromide (8.57 g, 24 mmol) in THF (40 mL) was added "BuLi in
hexane (1.59 M, 15 mL, 24 mmol) at 0 °C under argon atmosphere. The mixture was stirred for 1 h at the same
temperature. To the mixture was added dropwise solution of S7 (3.7 mL, 20 mmol) in THF (10 mL) at 0 °C and
stirred for 19h at room temperature. The reaction mixture was filtered through a pad of silica gel and the pad was
rinsed with Et;O and the filtrate was concentrated. The crude mixture was roughly purified by flash column
chromatography (silica gel, hexane) to provide S8 as a colorless solid (3.25 g, 93%).

To a solution of crude mixture of S8 (3.25, 18.6 mmol) in DCM (62 mL) was added NBS (6.6 g, 37.2 mmol). The
solution was refluxed for 20 h with stirring. The solution was concentrated and dissolved in hexane. The resulting
precipitates were filtrated and washed with hexane. The filtrate was concentrated to give the crude mixture, which
was roughly purified by flash column chromatography (silica gel, hexane) to afford S9 as a pale yellow oil (3.22 g,
68%).

To a solution of the crude mixture of S9 (3.22 g, 12.6 mmol) in DMF (13 mL) was added potassium phthalimide
(2.57 g, 13.9 mmol). The solution was stirred for 19 h at room temperature, after which water was added. The
precipitates were filtrated and washed with water to provide S10 as a colorless solid (3.60 g, 90%), which was used

for the next step without further purification.
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The crude mixture of S10 (1.60 g, 5 mmol) was dissolved in 33% MeNH- in EtOH (13mL), and the mixture was
stirred for 30 min at 80 °C, after which the solution was cooled to room temperature. The precipitates were removed
by filtration and the filtrate was concentrated in half volume. To the concentrated solution was added 1M HCl in Et,O
(10 mL) and the solution was concentrated. The residue was dissolved in DCM (13 mL) and cooled to 0 °C. Then 3-
phenylpropionyl chloride (1.5 mL, 10 mmol) and NEt; were added. The solution was stirred for 16 h at room
temperature, after which sat. NaHCO3 aq. was added. The biphasic mixture was extracted with DCM (x 3) and the
combined organic layers were dried over Na;SOs4. The solvent was evaporated to give a crude mixture, which product
was purified by flash column chromatography (silica gel, hexane/AcOEt = 4:1 to 2:1) to provide 148r as a colorless
solid (1.27 g, 79%). 'H NMR (400 MHz, CDCl;3) & 7.41-7.29 (m, 5H), 7.25-7.09 (m, 4H), 5.42 (s, 1H), 5.36 (br s,
1H), 5.08 (s, 1H), 4.30 (d, J = 5.5 Hz, 2H), 2.94 (d, J = 7.5 Hz, 2H), 2.46 (t, J = 7.8 Hz, 2H), 1.32 (s, 9H). 3C NMR
(100 MHz, CDCl3) 6 171.9, 151.1, 143.6, 140.8, 135.2, 128.5, 128.3, 126.2, 125.6, 125.4, 113.2, 43.2, 38.4, 34.5,
31.6,31.2. IR (KBr) 3272, 3087, 2958, 2867, 1644, 1557, 1449, 1421, 1365, 1271, 1031, 892, 839, 752, 696 cm".
HRMS (ESI): m/z calculated for C2;H27NONa [M+Na]*: 344.19849, found:344.19796. Rf 0.67 (hexane/AcOEt =
1/1).

N-(2-(4-chlorophenyl)allyl)-3-phenylpropanamide (148s)

o Potassium Phthalimide o
/©)J\/Br (1.1 equiv.) /@)‘\/Phth
Cl DMF (1.0 M), r.t. Cl
S11 S$12
PPhsMeBr (1.5 equiv.)
NaHMDS (1.5 equiv.) Phth
Toluene (0.2 M), -78 °C to reflux cl
S$13
o Cl
33% MeNH, in EtOH (0.4 M), 80 °C
N
then 3-phenylpropionyl chloride (2.0 equiv.) O/\)‘\H |
NEt; (5.0 equiv.), DCM (0.3 M), 0 °C to r.t. 148
S

To a solution of S11 (7.0 g, 30 mmol) in DMF (30 mL) was added potassium phthalimide (6.1 g, 33 mmol). The
solution was stirred for 4 h at room temperature, after which water was added. The precipitates were filtrated and
washed with water to provide S12 as a yellow solid (8.74 g, 97%), which was used for the next step without further
purification.

To a solution of methyltriphenylphosphonium bromide (5.4 g, 15 mmol) in toluene (50 mL) was added NaHMDS
in THF (1.1 M, 14 mL, 15 mmol) at 0 °C under argon atmosphere. The mixture was stirred for 30 min at the same
temperature. To the mixture was added the crude mixture of S12 (3.0 g, 10 mmol) at -78 °C and stirred for 10 min at
the same temperature, after which the reaction mixture was refluxed for 21 h and quenched with water. The resulting
mixture was extracted with AcOEt (x 3), and the combined organic layers were dried over Na>SOa. The solvent was
evaporated to give the crude mixture, which was purified by flash column chromatography (silica gel, hexane/AcOEt

= 5/1 to 2/1) and recrystallization (from hexane/AcOEt = 50/24 (mL), 70 °C) to provide S13 as a pale yellow solid
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(1.32 g, 44%)).

The crude mixture of S13 (1.20 g, 4 mmol) was dissolved in 33% MeNH> in EtOH (10mL), and the mixture was
stirred for 30 min at 80 °C, after which the solution was cooled to room temperature. The precipitates were removed
by filtration and the filtrate was concentrated in half volume. To the concentrated solution was added 1M HCl in Et,O
(10 mL) and the solution was concentrated. The residue was dissolved in DCM (10 mL) and cooled to 0 °C. Then 3-
phenylpropionyl chloride (1.2 mL, 8 mmol) and NEt3 (2.8 mL, 20 mmol) were added. The solution was stirred for
19 h at room temperature, after which sat. NaHCO3 aq. was added. The biphasic mixture was extracted with DCM
(x 3) and the combined organic layers were dried over Na,SOs4. The solvent was evaporated to give a crude mixture,
which was purified by flash column chromatography (silica gel, hexane/AcOEt = 2/1 to 3/2) to provide 148s as a
colorless solid (0.87 g, 73%). 'TH NMR (400 MHz, CDCl3) 8 7.36-7.08 (m, 9H), 5.39 (s, 1H), 5.35 (br s, 1H), 5.12
(s, 1H), 4.27 (d, J = 5.9 Hz, 2H), 2.94 (d, J = 7.7 Hz, 2H), 2.46 (t, ] = 7.7 Hz, 2H). 3C NMR (100 MHz, CDCl5) §
171.9, 143.2, 140.6, 136.6, 133.8, 128.6, 128.5, 128.2, 127.3, 126.2, 114.4, 42.3, 38.2, 31.5. IR (KBr) 3289, 3087,
3028, 2919, 1648, 1631, 1550, 1488, 1223, 1093, 1010, 895, 832, 739, 696 cm™'. HRMS (ESI): m/z calculated for
C13Hi1sONCINa [M+Na]": 322.09691, found:322.09647. Rf 0.44 (hexane/AcOEt = 1/1)

benzyl (S)-(1-0x0-1-((2-phenylallyl)amino)propan-2-yl)carbamate (148t)

NPhth NH5NH5+H,0 (1.5 equiv.) NH,

MeOH (0.2 M), r.t.
S6 s14

N-Cbz-alanine (1.2 equiv.)
EDC-HCI (1.3 equiv.) H |
DMAP (1.4 equiv.) Cbz\N N
DCM (0.4 M), 0° Ctort. H §

148t

To a solution of S6 (1.32 g, 5 mmol) in MeOH (25 mL) was added NH,NH;*H>O (0.36 mL, 7.5 mmol), and the
mixture was stirred for 4 h at room temperature. After the addition of water, most of MeOH was removed in vacuo.
To the resulting mixture was added conc. HCI (5 mL), and the resulting suspension was stirred for further 30 min at
room temperature. The precipitates were filtered, and the filter cake was washed with water. The combined filtrates
were basified with solid NaOH and extracted with ether (x 3). The combined organic layers were dried over Na;SOas.
The solvent was evaporated to give the crude S14, which was used in the next reaction without further purification.

To a solution of EDC-HCI (0.73 g, 3.5 mmol) and DMAP (0.50 g, 4.1 mmol) in dry DCM (4 mL) was added N-
carbobenzoxy-L-alanine (1.10 g, 5 mmol) followed by the crude S14 (0.38 g, 2.9 mmol) in DCM (7 mL) at 0 °C. The
solution was stirred for 15 h, after which 1 M HCI aq. was added. The biphasic mixture was extracted with DCM (x
3). The combined organic layers were washed with sat. NaHCO3 aq. (x 3) and brine (x 1), and the organic layer was
dried over Na,SO4. The solvent was evaporated to give a crude mixture, which was purified by flash column
chromatography (silica gel, hexane/AcOEt = 5/4) and recrystallization (from hexane/AcOEt = 30/20 (mL), 70°C) to
give 148s as a colorless solid (0.56 g, 57%). '"H NMR (400 MHz, CDCI3) § 7.51-7.29 (m, 10H), 6.09 (m, 1H), 5.44
(s, 1H), 5.29-5.14 (m, 2H), 5.08 (d, J = 12.1 Hz, 1H), 5.03 (d, J = 12.1 Hz, 1H), 4.42-4.26 (m, 2H), 4.24- 4.09 (m,
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1H), 1.31 (d, J=7.2 Hz, 3H). BC NMR (100 MHz, CDCl3) § 172.0, 155.9, 144.1, 138.3, 136.1, 128.5, 128.4, 128.2,
128.0, 128.0, 126.0, 113.7, 67.0, 50.5, 43.0, 18.5. IR (KBr) 3356, 3300, 3087, 3056, 3032, 2948, 2891, 1693, 1661,
1536, 1295, 1247, 1125, 1083, 1041, 899, 776, 735, 696, 592 cm™'. HRMS (ESI): m/z calculated for C20H2,N>O3Na
[M+Na]*: 361.15226, found:361.15150. Rf 0.44 (hexane/AcOEt=1/1).

benzyl (S)-(1-0x0-1-((2-phenylallyl)amino)propan-2-yl)carbamate (148u)

NPhth  NH,NH,*H,O (1.5 equiv.) NH,

MeOH (0.2 M), r.t.
S6 s14

HO S$14 (1.2 equiv.)

HO
EDC-HCI (1.3 equiv.) Ho |
CbZ\N OH DMAP (1.4 equiv.) Cbz\N N
H o H o

DCM (0.4 M), 0 °C to rt.

S15 148u

To a solution of S6 (1.58 g, 6 mmol) in MeOH (30 mL) was added NH>NH»>-H>O (0.44 mL, 9 mmol) and stirred for
24 h at room temperature. After the addition of water, most of MeOH was removed in vacuo. To the resulting mixture
was added conc. HCI (5 mL), and the resulting suspension was stirred for further 30 min at room temperature. The
precipitates were filtered, and the filter cake was washed with water. The combined filtrates were basified with solid
NaOH and extracted with ether (3 x). The combined organic layers were dried over Na>SO4. The solvent was
evaporated to give the crude S14, which was used in the next reaction without further purification.

To a solution of EDC-HCI (1.07 g, 5.6 mmol) and DMAP (0.73 g, 6.0 mmol) in dry DCM (11 mL) was added S15
(1.03 g, 5 mmol) followed by the crude S14 (0.38 g, 6.8 mmol) at 0 °C. The solution was stirred for 15 h, after which
1 M HCI aq. was added. The biphasic mixture was extracted with DCM (x 3). The combined organic layers were
washed with sat. NaHCOj3 aq. (x 3) and brine (x 1), and the organic layer was dried over Na;SOs. The solvent was
evaporated to give a crude mixture, which was purified by recrystallization (from hexane/AcOEt = 50/63 (mL)) and
flash column chromatography (silica gel, toluene/AcOEt = 1/1 to 1/2) to give 148u as a colorless solid (0.68 g, 45%).
'"H NMR (400 MHz, CDCls) 8 7.46-7.29 (m, 10H), 6.64 (br s, 1H), 5.73 (br s, 1H), 5.42 (s, 1H), 5.20 (s, 1H), 5.08
(d,J=11.8 Hz, 1H), 5.04 (d, J=11.9 Hz, 1H), 4.39 (dd, ] = 15.8, 6.2 Hz, 1H), 4.28 (dd, J = 16.0, 5.9 Hz, 1H), 4.20-
4.12 (m, 1H), 4.12-4.03 (m, 1H), 3.65-3.54 (m, 1H), 2.67-2.53 (m, 1H). *C NMR (100 MHz, CDCl;) § 170.7, 156.6,
143.9, 138.4, 135.9, 128.6, 128.5, 128.3, 128.1, 128.0, 126.0, 113.6, 67.3, 62.7, 55.4, 43.0. IR (KBr) 3293, 2937,
1693, 1655, 1543, 1303, 1279, 1240, 1020, 696 cm’'. HRMS (ESI): m/z calculated for C20H2N,OsNa [M+Na]":
377.14718, found:377.14692. Rf 0.17 (hexane/AcOEt = 1/1).

2-(1,8-diethyl-1,3,4,9-tetrahydropyrano[3,4-b] indol-1-yl)-N-(2-phenylallyl)acetamide (148v)
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NPhth NH,;NH5*H,0 (1.5 equiv.) NH,
MeOH (0.2 M), r.t.
S6 S14
S$14 (1.2 equiv.) o
N\ EDC-HCI (1.3 equiv.) N\
N OH DMAP (1.4 equiv.) N N |
> H

H DCM (0.4 M), 0 °C to r.t. H

S16 148v

To a solution of S6 (2.11 g, 8 mmol) in MeOH (40 mL) was added NH2NH>-H>O (0.60 mL, 12 mmol) and stirred
for 20 h at room temperature. After the addition of water, most of MeOH was removed in vacuo. To the resulting
mixture was added conc. HCI (8 mL), and the resulting suspension was stirred for further 30 min at room temperature.
The precipitates were filtered, and the filter cake was washed with water. The combined filtrates were basified with
solid NaOH and extracted with ether (x 3). The combined organic layers were dried over Na,SO4. The solvent was
evaporated to give the crude S14, which was used in the next reaction without further purification.

To a solution of EDC-HCI (1.22 g, 6.4 mmol) and DMAP (0.84 g, 6.9 mmol) in dry DCM (12 mL) was added S16
(1.41 g, 4.9 mmol) followed by the crude S14 (0.72 g, 5.4 mmol) at 0 °C. The solution was stirred for 38 h, after
which 1 M HCI aq. was added. The biphasic mixture was extracted with DCM (x 3). The combined organic layers
were washed with sat. NaHCOs3 aq. (x 3) and brine (x 1), and the organic layer was dried over Na;SO4. The solvent
was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt = 3/1 to 2/1) to give 148v as a colorless solid (1.77 g, 90%). "H NMR (400 MHz, CDCl3) § 9.17 (s,
1H), 7.43-7.36 (m, 2H), 7.36-7.28 (m, 4H), 7.10-6.97 (m, 2H), 6.22 (br s, 1H), 5.42 (s, 1H), 5.17 (s, 1H), 4.44 (dd, J
=15.3,5.8 Hz, 2H), 4.22 (dd, J = 15.3, 5.4 Hz, 2H), 4.02-3.96 (m, 1H), 3.93-3.87 (m, 1H), 2.96-2.82 (m, 3H), 2.81-
2.64 (m, 3H), 2.03 (td, J = 14.7, 7.3 Hz, 1H), 1.88 (td, J = 14.6, 7.2 Hz, 1H), 1.37 (t, ] = 7.6 Hz, 3H), 0.77 (t, ] = 7.4
Hz, 3H). *C NMR (100 MHz, CDCl3) 4 170.9, 144.2, 138.4, 135.9, 134.8, 128.5, 128.0, 127.0, 126.2, 126.0, 120.1,
119.4,115.7,113.8, 107.6, 75.8, 60.5, 44.3, 43.1, 30.7, 24.0,22.2, 13.9, 7.7. IR (KBr) 3306, 3052, 2965, 2926, 2874,
1655, 1533, 1495, 1456, 1421, 1372, 1320, 1233, 1173, 1108, 1073, 1041, 902, 776, 745, 700, 644 cm™'. HRMS
(ESI): m/z calculated for C26H30N20,Na [M+Na]*: 425.21995, found:425.21907. Rf 0.51 (hexane/AcOEt = 1/1).

2-((1-benzyl-1H-indazol-3-yl)oxy)-NV-(2-phenylallyl)acetamide (148w)

NPhth NH,NH,*H,O (1.5 equiv.) NH,

MeOH (0.2 M), r.t.
S6 S14

S$14 (1.2 equiv.)

o EDC-HCI (1.3 equiv.) O
Q\KOQJ\OH DMAP (1.4 equiv) QYO\)LN
’ DCM (0.4 M), 0 °C to . | Ho |
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To a solution of S6 (1.58 g, 6 mmol) in MeOH (30 mL) was added NHoNH>-H>O (0.44 mL, 9 mmol) and stirred for
20 h at room temperature. After the addition of water, most of MeOH was removed in vacuo. To the resulting mixture
was added conc. HCI (6 mL), and the resulting suspension was stirred for further 30 min at room temperature. The
precipitates were filtered, and the filter cake was washed with water. The combined filtrates were basified with solid
NaOH and extracted with ether (x 3). The combined organic layers were dried over Na;SO4. The solvent was
evaporated to give the crude S14, which was used in the next reaction without further purification.

To a solution of EDC-HCI (1.12 g, 5.9 mmol) and DMAP (0.77 g, 6.3 mmol) in dry DCM (11 mL) was added S17
(1.27 g, 4.5 mmol) followed by the crude S14 (0.72 g, 5.4 mmol) at 0 °C. The solution was stirred for 38 h, after
which 1 M HCI aq. was added. The biphasic mixture was extracted with DCM (x 3). The combined organic layers
were washed with sat. NaHCOs3 aq. (x 3) and brine (x 1), and the organic layer was dried over Na;SOs. The solvent
was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt =2/1) to give 148w as a colorless solid (1.56 g, 87%). 'H NMR (400 MHz, CDCls) 6 7.55 (d, J = 8.1
Hz, 1H), 7.46-7.38 (m, 2H), 7.38-7.27 (m, 6H), 7.25-7.14 (m, 4H), 7.05 (t, J = 7.4 Hz, 1H), 6.69 (br s, 1H), 5.42 (s,
1H), 5.35 (s, 2H), 5.23 (s, 1H), 4.92 (s, 2H), 4.41 (d, J = 5.8 Hz, 2H). 3C NMR (100 MHz, CDCl3) 6 168.1, 154.1,
143.9, 141.5, 138.4, 136.9, 128.6, 128.5, 128.0, 127.6, 127.6, 127.2, 126.0, 119.6, 119.5, 113.5, 112.2, 109.1, 68.1,
52.4,42.5. IR (KBr) 3394, 3056, 3034, 2919, 1672, 1620, 1536, 1508, 1491, 1439, 1407, 1352, 1296, 1279, 1251,
1188, 1146, 1100, 1041, 989, 909, 741, 696, 661, 592 cm!. HRMS (ESI): m/z calculated for C,sH23N30,Na
[M+Na]*: 420.16825, found:420.16779. Rf 0.58 (hexane/AcOEt = 1/1).

3-(4,5-diphenyloxazol-2-yl)-N-(2-phenylallyl)propanamide (148x)

NPhth NH,NH,+H,O (1.5 equiv.) NH,
MeOH (0.2 M), r.t.
S6 S14
0] $11 (1.2 equiv.) 0]
o EDC-HCI (1.3 equiv.) o
Ph ] OH DMAP (1.4 equiv.) Ph ] N |
\_N \N H
DCM (0.4 M), 0 °C to r.t.
Ph Ph
S18 148x

To a solution of S6 (1.58 g, 6 mmol) in MeOH (30 mL) was added NH>NH»>-H>O (0.44 mL, 9 mmol) and stirred for
20 h at room temperature. After the addition of water, most of MeOH was removed in vacuo. To the resulting mixture
was added conc. HCI (6 mL), and the resulting suspension was stirred for further 30 min at room temperature. The
precipitates were filtered, and the filter cake was washed with water. The combined filtrates were basified with solid
NaOH and extracted with ether (x 3). The combined organic layers were dried over Na>xSO4. The solvent was
evaporated to give the crude S14, which was used in the next reaction without further purification.

To a solution of EDC-HCI (1.09 g, 5.7 mmol) and DMAP (0.76 g, 6.2 mmol) in dry DCM (11 mL) was added S18
(1.29 g, 4.4 mmol) followed by the crude S14 (0.70 g, 5.3 mmol) at 0 °C. The solution was stirred for 38 h, after
which 1 M HCI aq. was added. The biphasic mixture was extracted with DCM (x 3). The combined organic layers

were washed with sat. NaHCO3 aq. (x 3) and brine (x 1), and the organic layer was dried over Na;SO4. The solvent
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was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt = 1/1) to give 148x as a colorless solid (1.22 g, 68%). 'H NMR (400 MHz, CDCl3) § 7.62-7.51 (m,
4H), 7.43-7.20 (m, 11H), 6.24 (br s, 1H), 5.41 (s, 1H), 5.23 (s, 1H), 4.36 (d, J= 5.8 Hz, 2H), 3.15 (t, /= 7.2 Hz, 2H),
2.75 (t,J=7.0 Hz, 2H). '3C NMR (100 MHz, CDCl3) 6 171.1, 162.3, 145.4, 144.2, 138.2, 134.8, 132.3, 128.8, 128.6,
128.5,128.5,28.4,128.1, 128.0, 127.9, 126.4, 126.0, 113.9, 43.3, 32.9, 24.0. IR (KBr) 3303, 3056, 1633, 1547, 1497,
1442, 1309, 1208, 1059, 1028, 961, 920, 776, 763, 711, 693 cm’!. HRMS (ESI): m/z calculated for C»7H»4N>0>Na
[M+Na]*: 431.17300, found: 431.17267. Rf 0.22 (hexane/AcOEt = 1/1).

N-methyl-N-(2-methylallyl)-3-phenylpropanamide (148y)
O To a solution of N-methyl-3-phenylpropanamide (0.49 g, 3.0 mmol) in THF was
N added NaH (60%, dispersion in Paraffin Liquid) (0.18 g, 4.5 mmol) at 0 °C
/\|( followed by 3-bromo-2-meyhlpropene at same temperature. The solution was
stirred for 3 days, after which ice cold water was added. The biphasic mixture was
extracted with AcOEt (x 3). The combined organic layers were washed with brine (x 1) and dried over Na,SOs. The
solvent was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/AcOEt =85/15 to 64/36) to give 148y as a colorless oil (0.39 g, 60%)."H NMR (400 MHz, CDCl3) mixture
of rotamers in the ratio of 1/1 § 7.49-7.17 (m, 5H), 4.94-4.82 (m, 1H), 4.73 (s, 1H), 3.97 (s, 1H), 3.72 (s, 1H), 3.05-
2.94 (m, 2H), 2.92 (s, 1.5 H), 2.86 (s, 1.5 H), 2.66 (t, J = 8.0 Hz, 1H), 2.58 (t, J = 8.0 Hz, 1H), 1.66 (s, 1.5H), 1.65
(s, 1.5H). BC NMR (100 MHz, CDCl3) § 172.5, 172.0, 141.4, 141.4, 140.7, 139.8, 128.4, 128 .4, 126.0, 126.0, 112.1,
111.2 55.4,52.9, 35.3,34.7, 34.4,33.9, 31.5, 31.3, 19.9, 19.8. IR (neat) 3080, 3060, 3024, 2920, 1648, 1449, 1400,
1264, 1216, 1115, 1073, 1041, 1031, 895, 752, 696 c¢cm’'. HRMS (ESI): m/z calculated for C;4H;9NONa
[M+Na]":240.13589, found: 240.13511. Rf 0.19 (hexane/AcOEt = 4/1).

2-(2-methylallyl)-3,4-dihydroisoquinolin-1(2H)-one (148z)
O To a solution 3,4-dihydroisoquinolin-1(2H)-one (0.44 g, 3.0 mmol)) in THF (6 mL) was
N added NaH (60%, dispersion in Paraffin Liquid) (0.18 g, 4.5 mmol) at 0 °C followed by
/\|( 3-bromo-2-methyl propene (0.6 mL, 6.0 mmol) at 0 °C. The solution was stirred for 18
h, after which ice cold water was added. The biphasic mixture was extracted with AcOEt
(x 3). The combined organic layers were washed with brine (x 1) and dried over Na;SOj4. The solvent was evaporated
to give a crude mixture, which was purified by flash column chromatography (silica gel, hexane/AcOEt =82/18 to
61/39) to give 148z as a colorless solid (0.54 g, 90%)."H NMR (400 MHz, CDCl3) 6 8.11 (dd, J= 7.6, 1.3 Hz, 1H),
742 (td, J= 7.4, 1.5 Hz, 1H), 7.39-7.31 (m, 1H), 7.18 (dd, J = 7.4, 0.7 Hz, 1H), 4.98-4.92 (m, 1H), 4.92-4.86 (m,
1H), 4.16 (s, 2H), 3.55-3.44 (m, 2H), 2.99 (t, J = 6.6 Hz, 2H), 1.75 (s, 3H). 3C NMR (100 MHz, CDCI3) § 164 .4,
140.9, 138.0, 131.6, 129.4, 128.4, 127.0, 126.8, 112.6, 52.5, 44.9, 28.0, 20.0. IR (KBr) 3293, 3073, 3028, 2971, 2937,
2913, 2867, 1648, 1603, 1575, 1480, 1456, 1439, 1421, 1337, 1302, 1261, 1160, 1052, 1028, 899, 794, 741, 703 cm
I, HRMS (ESI): m/z calculated for C23H2sN303Na [M+Na]*:224.10459, found: 224.10413. Rf 0.36 (hexane/AcOEt

=2/1).
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2,2,2-trifluoro-1-(4-methylene-3,4-dihydroisoquinolin-2(1H)-yl)ethan-1-one (148aa)
O To a solution of N-allyl-2,2 2-trifluoro-N-(2-iodobenzyl)acetamide (369 mg, 1.0 equiv.,
N)J\CFS 1.0 mmol), Cs,CO3 (978 mg, 3.0 equiv., 3.0 mmol) and PPh; (262 mg, 1.0 equiv., 1.0
mmol) in DMF (6.7 mL, 0.15 M) was added Pd(PPhs3)4 (127 mg, 11 mol%, 0.11 mmol).
The solution was allowed to stir for 18 h at 80°C, after which water was added. The
biphasic mixture was extracted with Et;O (x 3). The organic layer was washed with water
(x 3) brine (x 1), and the organic layer was dried over Na,SO4. The solvent was evaporated to give a crude mixture,
which was purified by flash column chromatography (silica gel, Hexane/AcOEt =15/1) to give 148aa as a clear oil
(89.4 mg, 37%)."H NMR (400 MHz, CDCl3) ¢ 7.70-7.60 (m, 1H), 7.36-7.27 (m, 2H), 7.23-7.10 (m, 1H), 5.68 (s,
0.4H, minor), 5.66 (s, 0.6H, major), 5.27 (s, 0.4H, minor), 5.18 (s, 0.6H, major), 4.88 (s, 1.2H, major), 4.78 (s, 0.8H,
minor), 4.50 (s, 0.8H, minor), 4.40 (s, 1.2H, major). *C{'H, F} NMR (100 MHz, CDCls) J 155.6, 155.5, 136.4,
136.1,132.4,131.6, 131.3, 131.1, 128.8, 128.6, 127.9, 127.4, 126.6, 125.9, 124.4, 124.2, 116.5, 116.4, 111.2, 110.5,
50.0, 47.9, 47.9, 46.1. ’F NMR (376 MHz, CDCls) [C¢HsF (—113.15 as an internal standard)] & —68.91, —69.27.

LRMS (ESI): [M+Na]": found: 264.07. Reported compound'>

2-((1-benzyl-1H-indazol-3-yl)oxy)-/NV-(2-phenylallyl)acetamide (148ab)

o)
MeMgCl (1.5 equiv.) HO
H)KH/ Et,0 (0.2 M), -78 °C to r.t. H
$19 S20

DEAD (1.2 equiv.) o
PPhs (1.2 equiv.)

Phthalimide (1.1 equiv.) N
THF (0.25 M), r.t. 0 H><H/
s21
33% MeNH, in EtOH (0.4 M) o

80°C, 30 min Jﬁ/
N
then 3-phenylpropionyl chloride (2.0 equiv.) H |

NEt; (5.0 equiv.), DCM (0.3 M), 0 °C to r.t. 148ab

To a solution of S19 (1.65 mL, 20 mmol) in Et;O (100 mL) was added MeMgCl in 3M THF solution (10 mL, 30
mmol) at -78 °C. The solution was stirred for 24 h, after which sat. NaHCO3 aq. was added. The biphasic mixture
was extracted with Et;O (x 3). The combined organic layers were washed with brine (x 1) and dried over Na;SOa.
The solvent was evaporated to give the crude S20, which was used in the next reaction without further purification.

To a solution of crude S20 (1.51 g, 17.6 mmol) in THF (70 mL) was added to PPh3 (5.54 g, 21.1 mmol), phthalimide
(2.8 g, 19.4 mmol) and DEAD in 2.2 M toluene solution (9.6 mL, 21.1 mmol) at room temperature. The solution was
stirred for 24 h at the same temperature, after which the solvent was evaporated and Et,O/hexane = 1/1 was added.
The precipitates were filtered, and the filter cake was washed with Et;O/hexane = 1/1. The organic layer was
evaporated, and the crude was roughly purified by flash column chromatography (silica gel, Hexane/AcOEt =9/1) to
give S21 as a colorless solid (1.62 g, 43%).

The crude mixture of S21 (1.62 g, 7.6 mmol) was dissolved in 33% MeNH: in EtOH (19 mL), and the mixture was
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stirred for 30 min at 80 °C, after which the solution was cooled to room temperature. The precipitates were removed
by filtration and the filtrate was concentrated in half volume. To the concentrated solution was added 1M HCl in Et,O
(13 mL) and the solution was concentrated. The residue was dissolved in DCM (25 mL), cooled to 0 °C. Then 3-
phenylpropionyl chloride (2.2 mL, 15.2 mmol) and NEt; (5.3 mL, 38 mmol) were added. The solution was stirred
for 22 h at room temperature, after which sat. NaHCOs3 aq. was added. The biphasic mixture was extracted with DCM
(x 3) and the combined organic layers were dried over Na,SOs4. The solvent was evaporated to give a crude mixture,
which product was purified by flash column chromatography (silica gel, hexane/AcOEt = 2/1) to provide 1ab as a
colorless solid (1.31 g, 79%).'"H NMR (400 MHz, CDCl3) 8 7.34-7.13 (m, 5H), 5.22 (br s, 1H), 4.77 (s, 2H), 4.48-
4.41 (m, 1H), 2.97 (t,J = 7.7 Hz, 2H), 2.48 (t, ] = 7.7 Hz, 2H), 1.66 (s, 3H), 1.16 (d, J = 6.8 Hz, 3H). '*C NMR (100
MHz, CDCls) 6 171.1, 146.0, 140.8, 128.5, 128.3, 126.2, 110.2, 49.4, 38.6, 31.7, 19.7, 19.5. IR (KBr) 3265, 3080,
3028, 2976, 2930, 2864, 1641, 1557, 1495, 1449, 1369, 1355, 1156, 895, 759, 700, 567 cm™'. HRMS (ESI): m/z
calculated for C14H19NONa [M+Na]*: 240.13589, found:240.13543. Rf 0.22 (hexane/AcOEt = 2/1).

3. Isomerization of alkenes by cobalt-photoredox dual catalysis

Conditions A

Co(3-tBu-5-CF3-salophen) 138

(5 mol%)
0 Ru(bpy)3;Cl,*6H,0 15 (1 mol%) 0
”\ Ascrbic acid 16 (0.5 equiv.) ”\
-~ °N = > -7 ONT
H/\( Blue LED, EtOH (0.05 M) H/\(
20 h, r.t.
148a-p 149a-p

In an argon filled glove box, a flame dried screw-capped vial was charged with Ru(bpy)s;Cl2*6H,0 (1.5 mg, 0.002
mmol), 14 (6.0 mg, 0.01 mmol), ascorbic acid (17.6 mg, 0.1 mmol), 148 (0.20 mmol) and EtOH (4.0 mL). The vial
was capped and removed from the glove box. The vial was placed in front of the light source (ca. 3 cm from two blue
LED panels). After being stirring for 20 h, the mixture was cooled in an ice bath and sat. aq. NaHCO; was added.
The mixture was extracted with DCM (x 3) and the combined organic layers were dried over Na,SO4 and concentrated
under reduced pressure. The obtained crude mixture was purified by silica gel column chromatography and reversed

phase column chromatography (C18) to afford the desired emamide 149.

N-(2-methylprop-1-en-1-yl)-3-phenylpropanamide (149a)
O Prepared according to Conditions A using 148a (40.7 mg, 0.20 mmol). The crude
AN mixture was purified by flash column chromatography (silica gel, hexane/AcOEt
/\( = 2/1) and reverse phase chromatography (MeOH/H,O = 51/49 to 74/26). 149a
was isolated as a colorless solid (31.3 mg, 77%). 'TH NMR (400 MHz, CDCls) ¢
7.33-7.27 (m, 2H), 7.25-7.18 (m, 3H), 6.68-6.53 (m, 1H), 6.53-6.47 (m, 0.95H, major), 6.01-5.96 (m, 0.05H, minor),
3.00 (d, J = 7.6 Hz, 2H), 2.63 (t, ] = 7.8 Hz, 0.1H, minor), 2.56 (t, ] = 7.6 Hz, 1.9H, major), 1.67 (s, 3H), 1.58 (s,
0.15H, minor), 1.48 (s, 2.85H, major). *C NMR (100 MHz, CDCls) 6 169.0, 140.6, 128.6, 128.3, 126.3,116.8, 115.2,
38.3,31.5,22.4, 16.3. IR (KBr) 3278, 3024, 2920, 1641, 1523, 1445, 1372, 1219, 741, 700 cm™'. HRMS (ESI): m/z

N
H
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calculated for C13H;7NONa [M+Na]*: 226.12024, found: 226.11955. Rf 0.26 (hexane/AcOEt = 3/1).

N-(2-methylprop-1-en-1-yl)-3-(p-tolyl)propanamide (149b)
O Prepared according to Conditions A using 148b (43.5 mg, 0.20 mmol). The
AN crude mixture was purified by flash column chromatography (silica gel,
/\( hexane/AcOEt = 76/24 to 55/45) and reverse phase chromatography
(MeOH/H20 = 52/48 to 77/23). 149b was isolated as a colorless solid (33.4
mg, 77%). '"H NMR (400 MHz, CDCl3) 6 7.19-7.04 (m, 4H), 6.68-6.53 (m, 1H), 6.53-6.44 (m, 0.95 H, major), 6.02-
5.95 (m, 0.05H, minor), 2.95 (d, J= 7.5 Hz, 2H), 2.60 (t, /= 7.9 Hz, 0.1H, minor), 2.53 (t, J= 7.6 Hz, 1.9H, major),
2.31 (s, 3H), 1.67 (s, 3H), 1.58 (s, 0.15 H, minor) 1.48 (s, 2.85 H, major). *C NMR (100 MHz, CDCl3) J 169.0,
137.5, 135.9, 129.3, 128.2, 116.9, 115.1, 38.5, 31.1, 22.4, 21.0, 16.3. IR (KBr) 3272, 3202,3020, 2916, 2864, 1689,
1633, 1516, 1442, 1369, 1212, 964, 856, 804, 728 cm™!. HRMS (ESI): m/z calculated for C14H;9NONa [M+Na]":
240.13589, found: 240.13515. Rf 0.56 (hexane/AcOEt = 1/1).

N
H
Me

3-(4-methoxyphenyl)-/V-(2-methylprop-1-en-1-yl)propanamide (149¢)
O Prepared according to Conditions A using 148¢ (47.6 mg, 0.20 mmol). The
/©/\)J\N/\( crude mixture was purified by flash column chromatography (silica gel,
N H hexane/AcOEt = 2/1) and reverse phase chromatography (MeOH/H,0O =
O 53/47 to 78/22). 149¢ was isolated as a colorless solid (35.5 mg, 75%). '"H
NMR (400 MHz, CDCl3) 6 7.16-7.10 (m, 2H), 6.87-6.80 (m, 2H), 6.63-6.52 (m, 1H), 6.52-6.47 (m, 0.95H, major),
6.00-5.96 (m, 0.05H, minor), 3.78 (s, 3H), 2.93 (d, /= 7.6 Hz, 2H), 2.59 (t, /= 7.8 Hz, 0.1H, minor), 2.52 (t, /= 7.6
Hz, 1.9H, major), 1.67 (s, 3H), 1.58 (s, 0.15H, minor), 1.49 (s, 2.85H, major). '*C NMR (100 MHz, CDCls) § 169.0,
158.2,132.7,129.3, 116.9, 115.1, 114.1, 55.3, 38.6, 30.7, 22.4, 16.3. IR (KBr) 3278, 3203, 2926, 1644, 1516, 1449,

1411, 1369, 1289, 1247, 1173, 1037, 961, 853, 819, 717 cm’'. HRMS (ESI): m/z calculated for C1sH;9NO,Na
[M+Na]*: 256.13080, found: 256.12992. Rf 0.48 (hexane/AcOEt = 1/1).

3-(4-fluorophenyl)-N-(2-methylprop-1-en-1-yl)propanamide (149d)
O Prepared according to Conditions A using 148d (44.3 mg, 0.20 mmol). The
/@/\)J\N/\( crude mixture was purified by flash column chromatography (silica gel,
H hexane/AcOEt = 69/31 to 48/52) and reverse phase chromatography
F (MeOH/H,0 = 50/50 to 75/25). 149d was isolated as a colorless solid (35.1
mg, 79%). 'H NMR (400 MHz, CDCI3) § 7.23-7.09 (m, 2H), 7.03-6.90 (m, 2H), 6.73-6.55 (m, 1H), 6.54-6.45 (m,
0.95H, major), 6.00-5.95 (m, 0.05H, minor), 2.97 (d, J = 7.5 Hz, 2H), 2.60 (t, J = 7.7 Hz, 0.1H, minor), 2.52 (t, J =
7.1 Hz, 1.9H, major), 1.68 (s, 3H), 1.58 (s, 0.15H, minor) 1.52 (s, 2.85H, major). BC{'H, F }NMR (100 MHz,
CDCl3) 6 168.7, 161.4, 136.3, 129.7, 116.8, 115.4, 115.3, 38.4, 30.7, 22.4, 16.3. ’F NMR (376 MHz, CDCI;)
[C¢HsCF3 (—63.72 as an internal standard)] 6 —117.90. IR (KBr) 3306, 2954, 2930, 1693, 1641, 1523, 1508, 1449,

1414, 1376, 1227, 1156, 1087, 975, 829 cm’!. HRMS (ESI): m/z calculated for C3H;sFNONa [M+Na]*: 244.11081
found: 244.11006. Rf 0.55 (hexane/AcOEt = 1/1).

45



3-(4-chlorophenyl)-NV-(2-methylprop-1-en-1-yl)propanamide (149¢)
O Prepared according to Conditions A using 148e (47.5 mg, 0.20 mmol). The
AN crude mixture was purified by flash column chromatography (silica gel,
/\( hexane/AcOEt = 5/2) and reverse phase chromatography (MeOH/H,O =
Cl 50/50 to 75/25). 149e was isolated as a colorless solid (36.9 mg, 78%). 'H
NMR (400 MHz, CDCl3) 6 7.28-7.21 (m, 2H), 7.18-7.11 (m, 2H), 6.77-6.54 (m, 1H), 6.53-6.46 (m, 0.95H, major),
5.99-5.94 (m, 0.05H, minor), 2.96 (t, J = 7.5 Hz, 2H), 2.60 (t, J = 7.8 Hz, 0.1H, minor), 2.52 (t, /= 7.6 Hz, 1.9H,
major), 1.70-1.65 (m, 3H), 1.58 (d, J = 0.7 Hz, 0.15H, minor), 1.52 (d, J= 0.9 Hz, 2.85H, major). 3C NMR (100
MHz, CDCls) 6 168.5, 139.2, 132.1, 129.7, 128.7, 116.8, 115.4, 38.2, 30.8, 22.4, 16.3. IR (KBr) 3296, 2958, 2919,
1686, 1637, 1525, 1488, 1449, 1376, 1227, 1093, 1017, 972, 822, 693 cm’!. HRMS (ESI): m/z calculated for
Ci3H16CINONa [M+Na]*: 260.08126 found: 260.08046. Rf 0.32 (hexane/AcOEt = 1/1).

Iz

3-(4-bromophenyl)-NV-(2-methylprop-1-en-1-yl)propanamide (149f)

O Prepared according to Conditions A using 148f (56.4 mg, 0.20 mmol). The
X crude mixture was purified by flash column chromatography (silica gel,
/\( hexane/AcOEt = 2/1) and reverse phase chromatography (MeOH/H,O =
53/47 to 78/22). 149f was isolated as a colorless solid (40.1 mg, 71%). 'H
NMR (400 MHz, CDCl3) ¢ 7.44-7.37 (m, 2H), 7.13-7.05 (m, 2H), 6.72-6.54 (m, 1H), 6.53-6.45 (m, 0.95H, major),
5.99-5.94 (m, 0.05H, minor), 2.95 (t, J = 7.4 Hz, 2H), 2.60 (t, J = 7.6 Hz, 0.1H, minor), 2.51 (t, /= 7.4 Hz, 1.9H,
major), 1.68 (s, 3H), 1.58 (s, 0.15H, minor) 1.53 (s, 2.85H, major). *C NMR (100 MHz, CDCl;) 6 168.5, 139.7,
131.6,130.1, 120.1, 116.7, 115.4, 38.1, 30.9, 22.4, 16.4. IR (KBr) 3303, 2961, 2926, 2906, 2864, 1665, 1641, 1519,
1488, 1442, 1376, 1236, 1223, 1171, 1065, 1010, 839, 815, 714 c¢cm’!. HRMS (ESI): m/z calculated for

Ci3H16BrNONa [M+Na]*: 304.03075 found: 304.02986. Rf 0.53 (hexane/AcOEt = 1/1).

N
H
Br

3-(4-cyanophenyl)-N-(2-methylprop-1-en-1-yl)propanamide (149g)
O Prepared according to Conditions A using 148¢g (45.7 mg, 0.20 mmol). The
/@/\)J\N/\( crude mixture was purified by flash column chromatography (silica gel,
H hexane/AcOEt = 58/42 to 37/63) and reverse phase chromatography
NC (MeOH/H,0 =49/51 to 74/26). 149g was isolated as a colorless solid (32.3
mg, 71%). 'TH NMR (400 MHz, CDCls) 6 7.57 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 6.84-6.61 (m, 1H), 6.53-
6.40 (m, 0.95H, major), 6.00-5.93 (m, 0.05H, minor) 3.06 (t, J = 7.5 Hz, 2H), 2.64 (t,J= 7.7 Hz, 0.1H, minor), 2.56
(t,J=7.7Hz, 1.9H, major), 1.69 (s, 3H), 1.59 (s, 0.15H, minor), 1.56 (s, 2.85H, major). 3C NMR (100 MHz, CDCl;)
0 168.0, 146.5, 132.3, 129.2, 118.9, 116.6, 115.7, 110.2, 37.4, 31.3, 22.4, 16.4. IR (KBr) 3300, 2961, 2924, 2223,

1689, 1644, 1602, 1512, 1449, 1414, 1376, 1299, 1227, 975, 825 cm’'. HRMS (ESI): m/z calculated for
Ci14sH16N,ONa [M+Na]*: 251.11548 found: 251.11515. Rf 0.29 (hexane/AcOEt = 1/1).

N-(2-methylprop-1-en-1-yl)-3-(4-(trifluoromethyl)phenyl)propanamide (149h)
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O Prepared according to Conditions A using 148h (54.3 mg, 0.20 mmol). The

N /\( crude mixture was purified by flash column chromatography (silica gel,

H hexane/AcOEt = 73/27 to 52/48) and reverse phase chromatography

CF3 (MeOH/H,0 = 52/48 to 73/27). 149h was isolated as a colorless solid (42.6

mg, 79%). '"H NMR (400 MHz, CDCl3) d 7.54 (d, J=7.9 Hz, 2H), 7.33 (d, /= 7.9 Hz, 2H), 6.74-6.54 (m, 1H), 6.53-

6.44 (m, 0.95H, major), 6.00-5.94 (m, 0.05H, minor), 3.06 (t, /= 7.5 Hz, 2H), 2.64 (t,J= 7.6 Hz, 0.1H, minor), 2.56

(t, J= 7.5 Hz, 1.9H, major), 1.69 (s, 3H), 1.59 (s, 0.15H, minor), 1.52 (s, 2.85H, major). BC{'H, '°F } NMR (100

MHz, CDCl3) 6 168.3, 144.9, 128.7, 128.7, 125.5, 124.2, 116.7, 115.6, 37.8, 31.2, 22.4, 16.3. '’F NMR (376 MHz,

CDCl;) [CeHsF (—113.15 as an internal standard)] 6 —62.54. IR (KBr) 3285, 3209, 2919, 1641, 1529, 1417, 1324,

1229, 1160, 1115, 1063, 1017, 829 cm™'. HRMS (ESI): m/z calculated for C14H;sFsNONa [M+Na]*: 294.10762
found: 294.10713. Rf 0.28 (hexane/AcOEt = 2/1).

N-(2-methylprop-1-en-1-yl)-3-(thiophen-2-yl)propanamide (149i)

O Prepared according to Conditions A using 148i (41.9 mg, 0.20 mmol). The crude
= N /\( mixture was purified by flash column chromatography (silica gel, hexane/AcOEt
\ S H = 78/22 to 57/43) and reverse phase chromatography (MeOH/H,O = 48/52 to

77/23). 149i was isolated as a colorless solid (31.3 mg, 75%). "H NMR (400 MHz,
CDCl3) 6 7.13 (dd, J=5.2, 1.1 Hz, 1H), 6.92 (dd, /= 5.2, 3.4 Hz, 1H), 6.84 (dd, /=3.4, 1.1 Hz, 1H), 6.68 (br s, 1H),
6.54-6.48 (m, 0.95H, major), 6.03-5.98 (m, 0.05H, minor), 3.21 (t,J= 7.4 Hz, 2H), 2.68 (t,J= 7.7 Hz, 0.1H, minor),
2.60 (t,J= 7.2 Hz, 1.9H, major), 1.68 (s, 3H), 1.60 (s, 0.15H, minor), 1.52 (s, 2.85H, major). 3C NMR (100 MHz,
CDCl3) 0 168.3, 143.3, 127.0, 124.9, 123.6, 116.9, 115.4, 38.6, 25.8, 22.4, 16.3. IR (KBr) 3296, 3198, 2958, 2913,
2864, 1669, 1641, 1523, 1445, 1376, 1344, 1274, 1247, 1223, 1177, 1156, 689 cm™!. HRMS (ESI): m/z calculated
for C;1Hi;sNOSNa [M+Na]*: 232.07666 found: 232.07645. Rf 0.31 (hexane/AcOEt = 7/3).

N-(2-methylprop-1-en-1-yl)-3-(pyridin-3-yl)propanamide (149j)

O Prepared according to Conditions A using 148j (40.9 mg, 0.20 mmol). The crude
X N /\( mixture was purified by flash column chromatography (silica gel, DCM/MeOH =
| _ H 96/4 to 89/11) and silver ion chromatography (DCM/MeOH = 20/1 to 10/1). 149j

N was isolated as a brown oil (29.3 mg, 72%)."H NMR (400 MHz, CDCls) J 8.57
(d,J=1.8 Hz, 1H), 8.32 (dd, /= 5.2, 1.5 Hz, 1H), 8.04 (d, /= 10.1 Hz, 1H), 7.66 (dt, /= 7.7, 1.7 Hz, 1H), 7.19 (dd,
J=1.9,5.2 Hz, 1H), 6.51-6.42 (m, 1H), 2.96 (t, J = 7.3 Hz, 2H), 2.66 (t, J = 7.3 Hz, 2H), 1.66 (s, 6H). 3C NMR
(100 MHz, CDCl3) 6 168.6, 151.6, 149.0, 139.0, 138.3, 124.5, 116.8, 116.4, 36.5, 28.5, 22.6, 16.6. IR (KBr) 3300,
2924, 1655, 1523, 1428, 1380, 1229, 711 cm’'. HRMS (ESI): m/z calculated for C12H17N,O [M+H]": 205.13354
found: 205.13333. Rf 0.17 (hexane/AcOEt = 1/2)
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4-chloro-N-(2-methylprop-1-en-1-yl)benzamide (2k)
O Prepared according to Conditions A using 148k (41.9 mg, 0.20 mmol). The crude
/@)J\ N /\( mixture was purified by flash column chromatography (silica gel, hexane/AcOEt =
H 83/17 to 62/38) and reverse phase chromatography (MeOH/H>O = 50/50 to 75/25).
Cl 149k was isolated as a colorless solid (27.3 mg, 65%). 'H NMR (400 MHz, CDCls)
6 7.73 (dt, J = 8.8, 2.2 Hz, 2H), 7.46-7.33 (m, 3H), 6.72 (dt, J = 10.1, 1.4 Hz, 1H), 1.78 (s, 3H), 1.72 (s, 3H); 13C

NMR (100 MHz, CDCl3) ¢ 163.0, 138.0, 132.6, 129.0, 128.3, 117.1, 116.9, 22.5, 16.6. LRMS (ESI): [M+Na]":
found: 232.00. Reported compound!®

benzyl (2-methylprop-1-en-1-yl)carbamate (1491)
) Prepared according to Conditions A using 1481 (41.1 mg, 0.20 mmol). The crude
O)J\ N /\( mixture was purified by flash column chromatography (silica gel, hexane/AcOEt
©/\ H = 93/7~72/28) and reverse phase chromatography (MeCN/H,O = 47/53~72/28).
1491 was isolated as a white solid (24.6 mg, 60%)."H NMR (400 MHz, CDCl3) ¢
7.45-7.28 (m, 5H), 6.27 (d, J = 10.4 Hz, 1H), 6.23-5.98 (m, 1H), 5.22-5.10 (m, 2H), 1.68 (s, 3H), 1.55 (s, 3H). 1*C

NMR (100 MHz, CDCl3) 6 153.6, 136.1, 128.6, 128.3, 117.7, 113.2, 67.0, 22.2, 16.1. LRMS (ESI): [M+Na]": found:
228.09. Reported compound'”

diphenyl (2-methylprop-1-en-1-yl)phosphoramidate (149m)
(I? Prepared according to Conditions A using 148m (60.7 mg, 0.20 mmol). The crude mixture
PhO~ !D\ N /\( was purified by flash column chromatography (silica gel, hexane/AcOEt = 78/22 to 57/43).
PhO H 149m was isolated as a colorless solid (52.9 mg, 87%). '"H NMR (400 MHz, CDCl;3) ¢
7.37-7.29 (m, 4H),7.28-7.22 (m, 4H), 7.21-7.15 (m, 2H), 5.96-5.83 (m, 1H), 4.92 (dd, J = 11.7, 11.7 Hz, 1H), 1.67
(s, 3H), 1.49 (s, 3H). *C NMR (100 MHz, CDCls) 6 150.5 (d, Jp.c = 6.7 Hz), 129.7, 125.1 (d, Jp.c = 1.9 Hz), 120.4
(d, Jp.c=4.8 Hz), 117.4, 115.0 (d, Jp.c = 12.5 Hz), 22.2 (d, Jr.c = 1.0 Hz), 15.7. IR (KBr) 3205, 1686, 1588, 1488,
1411, 1337, 1264, 1190, 1156, 983, 933, 759, 686 cm™'. HRMS (ESI): m/z calculated for C1sH1sNO3sPNa [M+Na]":
326.09165 found: 326.09107. Rf 0.27 (hexane/AcOEt = 3/1).

benzyl (5)-(1-((2-methylprop-1-en-1-yl)amino)-1-oxopropan-2-yl)carbamate (149n)
H \)\ Prepared according to Conditions A using 148n (55.3 mg, 0.20 mmol). The crude
Cbz. N /'ﬁ]/ N & mixture was purified by flash column chromatography (silica gel, hexane/AcOEt =
H O 3/2) and reverse phase chromatography (MeOH/H>O = 50/50 to 75/25). 149n was
isolated as a colorless solid (47.4 mg, 81%). '"H NMR (400 MHz, CDCl;3) 6 7.68 (br s, 1H), 7.40-7.27 (m, 5H), 6.50-
6.41 (m, 1H), 5.40-5.19 (m, 1H), 5.12 (s, 2H), 4.33-4.17 (m, 1H), 1.70 (d, J= 0.9 Hz 3H), 1.58 (s, 3H), 1.40 (d, J =
6.9 Hz 3H). 3C NMR (100 MHz, CDCl3) J 169.2, 156.4, 136.0, 128.5, 128.2, 128.0, 116.7, 116.5, 67.1, 50.3, 22.4,
17.8, 16.5. IR (KBr) 3293, 2972, 2924, 1689, 1648, 1533, 1449, 1380, 1327, 1264, 1227, 1069, 1052, 693 cm.
HRMS (ESI): m/z calculated for C1sH20N>O3Na [M+Na]*: 299.13661 found: 299.13609. Rf 0.43 (Hexane/AcOEt
=1/1).
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benzyl (S)-(3-hydroxy-1-((2-methylprop-1-en-1-yl)amino)-1-oxopropan-2-yl)carbamate (1490)

HO Prepared according to Conditions A using 1480 (58.5 mg, 0.20 mmol). The crude
Cbz. H \)\ mixture was purified by flash column chromatography (silica gel, hexane/AcOEt =
H 43/57 to 22/78) and reverse phase chromatography (MeOH/H2O = 49/51 to 74/26).

O 1490 was isolated as a colorless solid (47.4 mg, 81%). 'TH NMR (400 MHz, CDCls)

0 8.48-8.09 (m, 1H), 7.46-7.30 (m, 5H), 6.46 (d, /= 10.3 Hz, 1H), 5.96 (d, J= 6.3 Hz, 1H), 5.16, (d, /= 12.1 Hz,
2H), 5.12 (d, J = 12.1 Hz, 2H), 4.30-4.20 (m, 1H), 4.16 (d, J= 11.2 Hz, 1H) 3.76-3.56 (br s, 1H), 3.38-3.18 (br s,
1H), 1.70 (s, 3H), 1.58 (s, 3H). ¥C NMR (100 MHz, CDCl3) 6 167.8, 157.1, 135.9, 128.6, 128.3, 128.1, 117.6, 116.1,
67.5,62.3,54.8,22.3,16.5. IR (KBr) 3276, 1689, 1669, 1550, 1452, 1274, 1233, 1063, 1041, 741, 693 cm™. HRMS
(ESI): m/z calculated for CisH20N>OsNa [M+Na]*: 315.13153 found: 315.13096. Rf 0.55 (hexane/AcOEt = 1/2).

benzyl (5)-(3-(1H-indol-3-yl)-1-((2-methylprop-1-en-1-yl)amino)-1-oxopropan-2-yl)carbamate (149p)

Prepared according to Conditions A, using 148p (78.3 mg, 0.20 mmol). The crude

mixture was purified by flash column chromatography (silica gel, hexane/AcOEt =

HN _ 64/36 to 43/57) and reverse phase chromatography (MeOH/H>O = 52/48 to 77/23).

H 149p was isolated as a colorless solid (63.3 mg, 79%). "H NMR (400 MHz, CDCl;)

Cbz. N J\ 58.23 (brs, 1H), 7.67 (br s, 1H), 7.37-7.30 (m, 6H), 7.23-7.16 (m, 1H), 7.15-7.03
H o

(m, 2H), 7.01 (s, 1H), 6.43-6.32 (m, 1H), 5.60 (br s, 1H), 5.16-5.04 (m, 2H), 4.65-
4.48 (m, 1H), 3.35 (dd, J=14.2, 5.0 Hz, 1H), 3.15 (dd, J = 14.4, 8.0 Hz, 1H), 1.60
(d, J= 0.9 Hz, 3H), 1.17 (s, 3H). 3C NMR (100 MHz, CDCl;) J 168.1, 156.3, 136.3, 136.2, 128.5, 128.2, 128.0,
127.1,123.3,122.4,119.9,118.8, 116.8, 116.1, 111.3, 110.4, 67.1, 55.3, 28.5, 22.3, 15.9. IR (KBr) 3404, 3317, 3056,
2916, 1700, 1658, 1516, 1456, 1341, 1227, 1055, 741 cm’'. HRMS (ESI): m/z calculated for C3H25N303;Na
[M+Na]*: 414.17881 found: 414.17824. Rf 0.36 (hexane/AcOEt = 1/1).
Conditions B

Co(3,5-difBu-salophen) 14

(5 mol%)
o Ru(bpy)sClp*6H,0 15 (1 mol%) g
U\ Ascrbic acid 16 (0.5-1.5 equiv.) U\
Y > 7 ONT
H | Blue LED, EtOH (0.05 M) H
20 h, r.t.
148qg-ab 149qg-ab

In an argon filled glove box, a flame dried screw-capped vial was charged with Ru(bpy)s;Cl2-6H>0O (1.5 mg, 0.002
mmol), 14 (6.2 mg, 0.01 mmol), ascorbic acid (17.6 mg, 0.1 mmol), 148 (0.20 mmol) and EtOH (4 mL). The vial
was capped and removed from the glove box. The vial was placed in front of the light source (ca. 3 cm from two blue
LED panels). After being stirring for 20h, the mixture was cooled in an ice bath and sat. aq. NaHCO3 was added. The
mixture was extracted with DCM (x 3) and the combined organic layers were dried over Na,SO4 and concentrated
under reduced pressure. The obtained crude mixture was purified by silica gel column chromatography and reversed

phase column chromatography (C18) to afford the desired enamide 149.
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3-phenyl-NV-(2-phenylprop-1-en-1-yl)propanamide (149q)

) Prepared according to Conditions B using 148q (53.1 mg, 0.20 mmol). The
N~ crude mixture was purified by flash column chromatography (silica gel,
H hexane/AcOEt = 4/1 to 3/1). 149q was obtained as a pale brown solid as a
mixture of isomers (39.3 mg, 75%, E/Z = 21/1). 'TH NMR (400 MHz,
CD;0D) ¢ 7.42-7.33 (m, 2H), 7.33-7.22 (m, 6H), 7.21-7.13 (m, 2H), 7.05 (s, 1H, E), 6.68 (s, 1H, Z), 2.96 (t, J= 7.7
Hz2H, F), 2.88 (t,J=7.5Hz, 2H, 7),2.68 (t,J=7.7 Hz, 2H, E), 2.49 (t, /= 7.6 Hz, 2H, 7), 2.02 (d, /= 1.3 Hz, 3H,
E), 1.98 (d, J = 1.6 Hz, 3H, Z). *C NMR (100 MHz, CD;0D) § 173.3, 142.8, 142.2, 129.8, 129.5, 129.4, 127.6,

127.3,126.3, 120.7, 120.6, 38.5, 32.8, 14.5. IR (KBr) 3293, 3198, 2961, 2909, 2863, 1665, 1644, 1523, 1445,
1372, 1344, 1275, 1223, 1177, 1156, 843, 822, 693 cm’'. HRMS (ESI): m/z calculated for Ci1sHioNONa [M+Na]":

288.13589 found: 288.13546.

(E)-N-(2-(4-(tert-butyl)phenyl)prop-1-en-1-yl)-3-phenylpropanamide (149r)
o tBu  Prepared according to Conditions B using 148r (64.3 mg, 0.20
mmol). The crude mixture was purified by flash column
H ~ chromatography (silica gel, hexane/AcOEt = 4/1 to 3/1). 149r was
isolated as a colorless solid and as a mixture of isomers (38.0 mg,
59%, E/Z = 11/1). Careful chromatographic separation afforded analytically pure E-isomer. 'TH NMR (400 MHz,
CD;0D) 6 7.42-7.14 (m, 9H), 7.04 (s, 1H), 2.97 (t, /= 7.8 Hz, 1H), 2.68 (t,J = 7.8 Hz), 1.31 (s, 9H). 1*C NMR (100
MHz, CD;0D) ¢ 173.3, 150.6, 142.2, 139.7, 129.5, 129.4, 127.3, 126.3, 126.0, 120.6, 120.1, 38.6, 35.2, 32.8, 31.8,
14.5. IR (KBr) 3024, 2954, 2906, 2868, 1644, 1631, 1497, 1432, 1421, 1268, 1254, 825, 745, 721, 696, 571 cm".
HRMS (ESI): m/z calculated for C2;H27NONa [M+Na]*: 344.19841 found: 344.19823. Rf 0.27 (hexane/AcOEt =

4/1).

(E)-N-(2-(4-chlorophenyl)prop-1-en-1-yl)-3-phenylpropanamide (149s)
o Cl  Prepared according to Conditions B using 148s (60.0 mg, 0.20 mmol)
and 1.5 equiv. ascorbic acid. The crude mixture was purified by flash
” N column chromatography (silica gel, hexane/AcOEt = 3/1). 149s was
isolated as a colorless solid and as a mixture of isomers (45.6 mg, 76%,
E/Z =11/1). Careful chromatographic separation afforded analytically pure E-isomer. 'H NMR (400 MHz, CD;0D)
0 7.40-7.32 (m, 2H), 7.32-7.14 (m, 7TH), 7.07 (s, 1H), 2.96 (t, /= 7.6 Hz, 1H), 2.69 (t, /= 7.9 Hz, 1H), 2.01 (d, J =
1.3 Hz, 3H). 13C NMR (100 MHz, CD3;0D) d 173.4, 142.2, 141.5, 133.2, 129.5, 129.4, 129.4, 127.8, 127.3, 121.3,
119.3, 38.5, 32.7, 14.4. IR (KBr) 3250, 2948, 2926, 1637, 1491, 1417, 1403, 1247, 1003, 877, 822, 748, 700, 668
cm’!. HRMS (ESI): m/z calculated for CisHisNOCINa [M+Na]:322.09691 found: 322.09693. Rf 0.77

(hexane/AcOEt = 1/1).

benzyl (S)-(1-0x0-1-((2-phenylprop-1-en-1-yl)amino)propan-2-yl)carbamate (149t)
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ch H Prepared according to Conditions B using 148t (67.7 mg, 0.20 mmol) and 1.0
VAN . . . . .
N = equiv. ascorbic acid. The crude mixture was purified by flash column
H
O chromatography (silica gel, hexane/AcOEt = 3/2). 149t was isolated as a

colorless solid and as a mixture of isomers (45.7 mg, 64%, E/Z =21/1). 'H
NMR (400 MHz, CD30D) ¢ 7.38-7.18 (m, 10H), 7.03 (s, 1H, E), 6.72 (s, 1H, Z), 5.10 (s,2H, E), 5.04 (s, 2H, Z), 4.35
(g, J=7.0 Hz), 2.13-1.92 (m, 3H), 1.38 (d, /= 6.7 Hz, E), 1.27 (d, J= 6.3 Hz, Z). 3C NMR (100 MHz, CD;0D) ¢
173.6, 158.4, 142.6, 138.2, 130.0, 129.5, 129.4, 129.4, 129.0, 128.9, 128.8, 128.7, 128.5, 127.7, 126.4, 121.4, 120.4,
67.7,51.7, 18.2, 14.6. IR (KBr) 3421, 3306, 3032, 2982, 2456, 2410, 1724, 1686, 1655, 1449, 1425, 1362, 1261,
1160, 1069, 1030, 752, 693 cm''. HRMS (ESI): m/z calculated for C20H22N>O3Na [M+Na]*: 361.15226 found:
361.15198. Rf 0.54 (hexane/AcOEt = 1/1).

(E)-benzyl (5)-(3-hydroxy-1-oxo-1-((2-phenylprop-1-en-1-yl)amino)propan-2-yl)carbamate (149u)
HO Prepared according to Conditions B using 148u (70.9 mg, 0.20 mmol) and 1.0
Cbz. H H \)\@ equiv. ascorbic acid. The crude mixture was purified by flash column
H chromatography (silica gel, hexane/AcOEt = 1/1 to 2/3). 149u was isolated as
O a colorless solid and as a mixture of isomers (36.0 mg, 51%, E/Z>20/1). 'H
NMR (400 MHz, CD30OD) ¢ 7.47-7.15 (m, 10H), 7.06 (s, 1H), 5.31 (s, 1H), 4.40 (t, /= 5.5 Hz, 1H), 3.82 (d,J=5.0
Hz, 2H), 2.07 (s, 3H). 3C NMR (100 MHz, DMSO-ds) 6 168.9, 155.9, 141.2, 137.0, 128.5, 128.4, 127.8, 127.7,
126.3, 124.9, 119.9, 117.4, 65.5, 61.7, 56.7, 14.4. IR (KBr) 3296, 3062, 3032, 2947, 2924, 2878, 1689, 1651, 1547,

1488, 1452, 1285, 1229, 1087, 1063, 875, 763, 741, 693 cm™'. HRMS (ESI): m/z calculated for C20H2:N>OsNa
[M+Na]*: 377.14718 found: 377.14693. Rf 0.28 (hexane/AcOEt = 1/1).

2-(1,8-diethyl-1,3,4,9-tetrahydropyrano[3,4-b]indol-1-yl)-V-(2-phenylprop-1-en-1-yl)acetamide (149v)

o O Prepared according to Conditions B, using 148v (80.5 mg, 0.20
A\ mmol). The crude mixture was purified by flash column
N ”/\(Q chromatography (silica gel, hexane/AcOEt = 3/1). 149v was isolated
H as a pale yellow solid and as a mixture of isomers containing 3%

hexane on weigh basis (61.5 mg, 74%, E/Z = 6/1). '"H NMR (400
MHz, CD;0D) ¢ 10.1 (s, 1H, E), 10.0 (s, 1H, 2), 7.45-7.13 (m, 6H), 7.03 (s, 1H, E), 7.00-6.85 (m, 2H), 6.69 (s, 1H,
7),4.41 (m, 2H, E), 3.71-3.52 (m, 2H, Z), 3.08 (d, J = 14.6 Hz, 1H, F), 2.95 (d, /= 14.6 Hz, 1H, E), 2.92-2.67 (m,
4H), 2.52-2.42 (m, 1H. Z), 2.28-1.72 (m, 5H), 1.32 (t, /="7.5 Hz, 3H), 0.85 (t, /= 7.3 Hz, 3H, E), 0.78 (t,J= 7.3 Hz,
3H, Z). 3C NMR (100 MHz, CDs;0D) 6 170.6, 170.1, 142.4, 136.5, 136.4, 136.4, 136.3, 130.1, 129.4, 128.8, 128.4,
128.2, 128.2, 127.8, 127.8, 127.6, 126.3, 121.4, 121.3, 121.1, 120.4, 120.1, 120.0, 116.6, 116.5, 109.2, 109.2, 77.6,
77.2,61.9,61.5,45.2,32.7,32.3,25.1, 25.0, 23.7, 23.2, 22.7, 22.0, 14.8, 14.4, 14.4, 8.1, 8.0. IR (KBr) 3358, 3048,
2961, 2920, 2874, 2857, 2505, 1651, 1421, 1376, 1313, 1274, 1244, 1173, 1069, 1041, 1024, 741, 696 cm™'. HRMS
(ESI): m/z calculated for C26H30N>.O2Na [M+Na]*: 425.21995 found: 425.21995. Rf 0.37 (hexane/AcOEt = 2/1).
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2-((1-benzyl-1H-indazol-3-yl)oxy)-N-(2-phenylprop-1-en-1-yl)acetamide 149w)

) Prepared according to Conditions B using 148w (79.5 mg, 0.20 mmol).

O\)J\ N The crude mixture was purified by flash column chromatography

N~ {\l H (silica gel, hexane/AcOEt = 4/1 to 2/1). 149w was isolated as a
/ colorless solid and as a mixture of isomers (61.1 mg, 77%, E/Z="/1).

'TH NMR (400 MHz, C¢Ds) 6 8.23 (d, J=11.3 Hz, 1H, Z), 8.01 (d, J
=11.3 Hz, 1H, E), 7.67-7.56 (m, 2H, E), 7.39-7.34 (m, 2H, Z), 7.27-6.81 (m, 12H E, Z), 4.94 (s, 2H, E), 4.91 (s, 2H,
E), 4.90 (s, 2H, 2), 4.77 (s, 2H, 2), 1.77 (d, J = 1.4 Hz, 3H, Z), 1.55 (d, J = 1.4 Hz, 3H, E). '3C NMR (100 MHz,
CDCls) 6 165.6, 165.01, 154.12, 153.7, 141.6, 141.5, 140.7, 139.0, 136.8, 128.9, 128.6, 128.5, 128.4, 127.8, 127.7,
127.6,127.3,127.2,127.1, 126.8, 125.4, 120.2, 119.9, 119.5, 119.5, 119.3, 119.0, 118.4, 116.9, 112.2, 109.31. 109.1,
68.3,67.2,52.5,52.4,21.6, 14.2. IR (KBr) 3436, 2926, 1693, 1651, 1616, 1536, 1495, 1442, 1421, 1335, 1247, 1191,
1143, 1104, 1038, 867, 756, 745, 711, 620, 571 cm™'. HRMS (ESI): m/z calculated for C2sH23N303Na [M+Na]':
420.16825 found: 420.16746. Rf 0.51 (hexane/AcOEt= 1/1).

(E)-3-(4,5-diphenyloxazol-2-yl)-NV-(2-phenylprop-1-en-1-yl)propanamide (149x)
o) Prepared according to Conditions B, using 148x (81.7 mg, 0.20

mmol). The crude mixture was purified by flash column

Ph\E\N/\\O’/\)J\H h chromatography (silica gel, hexane/AcOEt = 3/2). 149x was isolated

as a colorless solid and as a mixture of isomers (59.6 mg, 73%, E/Z
Ph = 12/1). Careful chromatographic separation afforded analytically
pure E-isomer. 'H NMR (400 MHz, CD30D) 6 7.59-7.47 (m, 4H), 7.41-7.23 (m, 10H), 7.21-7.14 (m, 1H), 7.12-7.07
(m, 1H), 3.23 (t,J= 7.2 Hz, 1H), 2.96 (d, J = 7.2 Hz, 1H), 2.06 (d, J= 1.4 Hz, 3H). '*C NMR (100 MHz, CDs0OD)
0172.0,164.3,147.0,142.8,136.0, 133.4,129.9, 129.8, 129.8, 129.7, 129.5, 129.4, 129.2, 127.6, 127.5, 126.4, 120.7,
120.7, 33.1, 24.7, 14.6. IR (KBr) 3157, 3062, 3031, 2982, 1676, 1651, 1484, 1442, 1411, 1383, 1268, 1244, 1212,
1058, 1020, 909, 735, 648 cm™'. HRMS (ESI): m/z calculated for C»7H24N>O,Na [M+Na]™: 431.17300 found:

431.17250. Rf 0.39 (hexane/AcOEt = 2/1).

N-methyl-N-(2-methylprop-1-en-1-yl)-3-phenylpropanamide (149y)
O Prepared according to Conditions B using 148y (43.5 mg, 0.20 mmol) and 4CzIPN
N/\( (1.6 mg, 0.002 mmol) instead of Ru(bpy);Clo-6H>0. The crude mixture was
purified by flash column chromatography (10%AgNO3 silica gel, hexane/AcOEt
= 3/2) and reverse phase column chromatography (MeCN/H,O = 49/51~74/26).
149y was obtained as colorless oil and as a mixture of desired product (30.2 mg, 70%) and hydrogenated product
(1.3 mg, 3%). "H NMR (400 MHz, CDCI3) 6 7.38-7.13 (m, 5H), 6.00 (s, 0.05H, minor), 5.80 (s, 0.95H, major), 3.06-
2.86 (m, 2H, minor), 2.52 (t, J= 7.9 Hz, 2H, major), 1.79 (s, 0.15H, minor), 1.73 (s, 0.15H, minor), 1.69 (s, 2.85H),
1.56 (s, 2.85H). 13C NMR (100 MHz, CDCls) d 172.7, 141.6, 134.8, 128.4, 128.3, 126.0, 125.0, 35.9, 34.8, 31.4,
21.7,17.1. IR (neat) 3060, 3028, 2965, 2933, 1654, 1495, 1449, 1421, 1383, 1327, 1268, 1205, 1104, 1073, 832, 752,
700 cm’!. HRMS (ESI): m/z calculated for Ci3HisNONa [M+Na]*: 240.13589 found: 240.13538. Rf 0.28
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(toluene/AcOEt = 3/1).

2,2,2-trifluoro-1-(4-methylisoquinolin-2(1H)-yl)ethan-1-one (149z)
O Prepared according to Conditions B using 148z (53.1 mg, 0.20 mmol). The crude mixture
N )J\ CFy was purified by flash column chromatography (silica gel, Toluene). 149z was isolated as
a brown oil (28.0 mg, 58%). '"H NMR (400 MHz, CDCls) J 7.42-7.23 (m, 3H), 7.21-
7.13 (m, 1H), 6.99 (s, 0.27H, minor), 6.68 (s, 0.73H, major), 4.94 (s, 1.46H, major), 4.84
(s, 0.54H, minor), 2.14 (d, J= 0.9 Hz, 0.81H, minor), 2.10 (d, /= 1.3 Hz, 2.19H, major).
13C NMR (100 MHz, CDCl3) § 154.1, 154.0, 132.1, 131.4, 129.4, 128.8, 128.7, 128.2, 128.2, 128.1, 125.7, 125 .4,
122.7,122.4,121.2,120.5,119.5, 116.3, 116.2, 47.3, 45.6, 16.2, 16.0. F NMR (376 MHz, CDCl3) [C¢HsF (—113.15
as an internal standard)] 6 —69.51, -69.60. IR (KBr) 3073, 3032, 2969, 2937, 2916, 1686, 1641, 1599, 1575, 1477,
1421, 1380, 1324, 1233, 1173, 1153, 836, 794, 748, 721, 693 cm™'. HRMS (ESI): m/z calculated for C1,H;0FsNONa
[M+Na]*: 264.06067 found: 264.06021. Rf 0.43 (toluene).

=

2-(2-methylprop-1-en-1-yl)-3,4-dihydroisoquinolin-1(2H)-one (149aa)

O Prepared according to Conditions B, using 148aa (53.1 mg, 0.20 mmol) and 4CzIPN
N /\( (1.6 mg, 0.002 mmol) instead of Ru(bpy);Cl26H20. The crude mixturte was purified by
flash column chromatography (silica gel, toluene/AcOEt=8/1 to 4/1). 149aa was isolated
as a colorless solid (23.8 mg, 59%). '"H NMR (400 MHz, CDCls) 6 8.10 (d, /= 7.8 Hz,
1H), 7.42 (t,J=7.5Hz, 1H), 7.34 (t, J="7.3 Hz, 1H), 7.19 (d, /= 7.8 Hz, 1H), 6.20 (s, 1H), 3.65 (t,J= 6.4 Hz, 2H),
3.03 (t,J=6.4 Hz, 2H), 1.80 (s, 3H), 1.71 (s, 3H). 1*C NMR (100 MHz, CDCl3) J 164.3, 138.3, 131.7, 130.5, 129.5,
128.4, 127.0, 126.8, 124.4, 48.4, 28.4, 22.4, 18.3. IR (KBr) 3073, 3032, 2969, 2937, 2916, 1686, 1641, 1599, 1575,
1477, 1421, 1380, 1324, 1233, 1173, 1153, 836, 794, 748, 721, 693 cm’'. HRMS (ESI): m/z calculated for

Ci3HisNONa [M+Na]": 224.10459 found: 224.10443. Rf 0.30 (toluene/AcOEt = 4/1).

N-(3-methylbut-2-en-2-yl)-3-phenylpropanamide (149ab)
O Prepared according to Conditions B using 148ab (43.5 mg, 0.20 mmol) and
AN 4CzIPN (1.6 mg, 0.002 mmol) instead of Ru(bpy);Cl>:6H>0. The crude mixture

Iz

was purified by flash column chromatography (silica gel, toluene/AcOEt = §/1 to
4/1) and reverse phase column chromatography (MeCN/H,O =47/53  to 72/28).
149ab was isolated as a colorless solid (22.5 mg, 51%). '"H NMR (400 MHz, CDCl3) 67.36-7.15 (m, 5H), 6.28 (brs,
0.88H, major), 6.18 (br s, 0.12H, minor), 3.05-2.91 (m, 2H), 2.53 (t, /= 7.6 Hz, 1.75H, major), 2.43 (t, /= 7.8 Hz,
0.25H, minor), 1.82 (s, 2.61H, major), 1.71 (s, 0.39H, minor), 1.69 (s, 0.39H, minor), 1.67 (s, 2.61H, major), 1.60 (s,
0.39H, minor), 1.48 (s, 2.61H, major). *C NMR (100 MHz, CDCl3) 6 170.4, 140.8, 128.5, 128.4, 126.2, 125.1, 124.0,
38.5,31.8, 19.5, 19.3, 17.3. IR (KBr) 3273, 3059, 3028, 2912, 2863, 1652, 1523, 1449, 1372, 1302, 1278, 1226,
1142, 736, 708, 676 cm’. HRMS (ESI): m/z calculated for C13H;sNONa [M+Na]*: 240.13589 found: 240.13555. Rf
0.43 (toluene/AcOEt = 1/1).
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4. Synthesis of cobalt catalyst

OH tBUOH (8.1 equiv.) OH MOMCI (2.0 equiv.) OMOM
Q conc. H,S0, J@( NaH (2.5 equiv) J@[
FsC MeOH (6.2 M) FsC Bu THF (0.74M),0°Ctort. FsC Bu
S22 S23 S24
R .
BuLi (1.5 equw..) CHO CHO
TMEDA (1.5 equiv.) OH
THF (0.4 M), -78 °C OMOM
Then DMF, -78 °Ctort.  F4C tBu THF/4 MHClag. FsC tBu
S25 =1/1(0.18 M), 40 °C S26
o-phenylenediamine Co(OAc),

(1.0 equiv.) (1.0 equw
EtOH (0.25 M), reflux Fc OH HO Tquene/MeOH
=1/2 (0.03 M), r.t.

To a solution of $22(2.0 g, 12.2 mmol) in methanol (2 mL) was added terz-butyl alcohol (10 mL) followed by conc.
H>SO4 (10 mL) at 0°C. The solution was stirred for 18 h, after which aq. NaOH (13.5g / 90 mL) was added to pH 7.
The aqueous solution was extracted with Et;O (x3), and the combined organic layers were dried over Na,SOs. The
solvent was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/DCM = 3/2) to give S23 as a purple oil (1.58 g, 59%).

'TH NMR (400 MHz, CDCI3) 6 7.50 (s, 1H), 7.34 (d,J=8.2 Hz, 1H), 6.72 (d, /= 8.2 Hz, 1H), 1.42 (s, 9H). ¥C NMR
(100 MHz, CDCl3) 6 156.8, 136.7, 124.6, 124.5, 124.4,122.8, 116.4,34.7,29.3. F NMR (376 MHz, CDCl3) [C¢HsF
(—113.15 as an internal standard)] 8 —61.37. LRMS (ESI): [M-H]: found: 217.10. Reported compound'®

To a solution of S23 (1.58 g, 7.6 mmol) in THF was added to NaH (60%, dispersion in Paraffin Liquid) (0.76 g, 19

mmol) followed by chloromethyl methyl ether (1.1 mL, 15.2 mmol) at 0°C. The solution was stirred for 19 h, after
which water was added. The aqueous solution was extracted with Et,O (x3), and the combined organic layers were
dried over Na,SO4. The solvent was evaporated to give a crude mixture, which was purified by flash column
chromatography (silica gel, hexane/DCM =6/1 to 3/1) to give S24 as a colorless oil (1.72 g, 86%).
'TH NMR (400 MHz, CDCl3) $ 7.52 (s, 1H), 7.42 (d, J = 9.0 Hz, 1H), 7.17 (d, J = 8.5 Hz, 1H), 5.28 (s, 2H), 3.50 (s,
3H), 1.41 (s, 9H). 13C NMR (100 MHz, CDCls) 4 158.4, 138.9, 124.6, 124.4, 123.9, 123.2, 113.9, 93.9, 56.3, 35.1,
29.5. PFNMR (376 MHz, CDCl3) [CéHsF (—113.15 as an internal standard)] 8 —61.59. IR (neat) 3000, 2961, 2913,
2833, 1609, 1501, 1359, 1331, 1285, 1233, 1195, 1139, 1119, 1080, 992, 922, 902, 829, 696, 658, 612 cm™'. HRMS
(APCI): m/z calculated for Ci3H16F302Na [M-H]: 261.11079, found: 261.11052. Rf 0.62 (Hexane/DCM = 3/2).

To a solution of S24 (1.42 g, 5.4 mmol) and TMEDA (1.2 mL, 8.1 mmol) in THF (13.5 mL) was added "BuLi in
1.59 M hexane solution (5.1 mL) at -78°C. The solution was stirred for 1 h after which DMF (0.98 mL, 13 mmol)
was added at -78°C. The solution was stirred for 12 h at room temperature, after which NH4ClI aq. was added. The
aqueous solution was extracted with Et;O (x3), and the combined organic layers were dried over Na;SO4. The solvent
was evaporated to give a crude mixture, which was purified by flash column chromatography (silica gel,
hexane/DCM =1/1) to give S25 as a colorless oil (0.97 g, 62%).

'TH NMR (400 MHz, CDCl3) 10.2 (s, 1H), 8.00 (s, 1H), 7.81 (s, 1H), 5.09 (s, 2H), 3.65 (s, 3H), 1.46 (s, 9H); 13C
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NMR (100 MHz, CDCl3) 5 189.8, 162.4, 145.2, 130.8, 129.3, 126.3, 124.9, 123.8, 102.5, 57.8, 35.3, 30.5. ’F NMR
(376 MHz, CDCIl3) [C¢HsF (—113.15 as an internal standard)] & —62.45. IR (KBr) 3007, 2965, 2902, 1696, 1613,
1467, 1362, 1335, 1233, 1167, 1121, 1073, 930, 888, 721, 661, 606 cm''. HRMS (ESI): m/z calculated for
C14H7F303Na [M+Na]*: 313.10220, found: 313.10164. Rf 0.27 (hexane/DCM = 1/1).

The solution of S25 (0.92 g, 3.2 mmol) in THF/4 M HCl aq. = 1/1 (18 mL) was stirred for 19 h at 40°C, after which

water was added. The aqueous solution was extracted with DCM (x3) and the combined organic layers were washed
with brine and dried over Na,SO4. The solvent was evaporated to give a crude mixture, which was purified by flash
column chromatography (silica gel, hexane/DCM =12/1) to give S26 as a colorless solid (0.76 g, 96%).
'"H NMR (400 MHz, CDCl3) 8 12.1 (s, 1H), 9.93 (s, 1H), 7.71 (s, 1H), 1.44 (s, 9H); 3C NMR (100 MHz, CDCl;) &
196.5, 163.5, 139.9, 130.3, 129.2, 123.9, 121.7, 119.8, 35.1, 28.9. YF NMR (376 MHz, CDCl3) [C¢HsF (—113.15 as
an internal standard)] 6 —62.07. Rf 0.34 (hexane/AcOEt = 8/1). LRMS (ESI): [M-H]: found: 245.09. Reported
compound!?

To a solution 0f S26 (0.72 g, 2.9 mmol) in EtOH (6 mL) was added o-phenylenediamine (0.16 g, 1.5 mmol) at room

temperature. The solution was stirred at 90°C for 24 h. Upon cooling to room temperature, S27 precipitated as a
bright yellow powder which was isolated by filtration (0.47 g, 56%).
'H NMR (400 MHz, CDCl;) § 8.71 (s, 2H), 7.57 (d, J = 11.0 Hz, 4H), 7.42-7.38 (m, 2H), 7.32-7.29 (m, 2H), 1.43
(s, 18H); BC NMR (100 MHz, CDCl3) § 163.5, 163.2, 141.7, 139.1, 128.3, 127.9, 127.0, 124.4, 120.5, 119.8, 118 .4,
35.2,29.0. F NMR (376 MHz, CDCl3) [C¢HsF (—113.2 as an internal standard)] & —61.65. IR (KBr) 2958, 2919,
2878, 1620, 1570, 1480, 1365, 1303, 1257, 1229, 1173, 1108, 888, 843, 745, 672 cm’!. HRMS (ESI): m/z calculated
for C3oH30FsN20,Na [M-H]: 563.21387, found: 563.21450.

To a solution od S27 (0.68 g, 1.2 mmol) in toluene (13 mL) was added a solution of Co(OAc),*4H,0 (0.30 g, 1.2
mmol) in MeOH (26 mL). The mixture was stirred for 2 h at room temperature. The precipitates were collected by
filtration and washed with cold MeOH. Removal of the residual solvent in vacuo afforded 138 as a dark red solid
(0.57 g, 76%). IR (KBr) 2951, 2913, 1620, 1596, 1533, 1488, 1389, 1299, 1264, 1184, 1100, 1087, 933, 902, 881,
745 cm™ HRMS (ESI): m/z calculated for C30H25CoF¢N20O2 [M]*: 621.13815, found: 621.13768.

H O o-phenylenediamine Q

(1.0 equiv.) =N, N=
, OH s
/ O\
EtOH (0.25 M), reflux fBU °© 0° e
tBu tBu
tBu tBu
s28 S29
Co(OAc), (1.0 equiv.) =N_ N=
> Co
Toluene/MeOH = 1/2 7N
(0.03 M), rt.  BU ° ° e
tBu tBu
14
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To a solution of S28 (4.69 g, 20 mmol) in EtOH (40 mL) was added o-phenylenediamine (1.08 g, 10 mmol) at room
temperature. The solution was refluxed 90°C for 24 h with stirring. Upon cooling to room temperature, S29
precipitated as a bright yellow powder which was isolated by filtration (4.32 g, 80%).

NMR (400 MHz, CDCls) 6 8.66 (s, 2H), 7.44 (d, J = 2.2 Hz, 2H), 7.34-7.29 (m, 2H), 7.25-7.22 (m, 2H), 7.21 (d, J
=2.7Hz, 2H), 1.48 (s, 18H), 1.32 (s, 18H); 3C NMR (100 MHz, CDCl3) & 164.7, 158.6, 142.7, 140.3, 137.2, 128.2,
127.3,126.8,119.8, 118.3, 35.1, 34.2, 31.5, 29.4. LRMS (ESI): [M--H]": found: 539.32. Reported compound?

S29 (1.08 g, 2 mmol) was dissolved in toluene (22 mL). Then, a solution of Co(OAc),*4H,0 (0.50 g, 2.0 mmol) in
MeOH (45 mL) was added. The mixture was stirred for 2 h and the precipitate was collected by filtration and washed
with cold MeOH. Removal of the residual solvent in vacuo afforded 14 as a black solid (0.96 g, 80%).

IR (KBr) 2956, 2865, 1573, 1524, 1466, 1423, 1360, 1258 cm™!. HRMS (ESI): m/z calculated for C36Hss02N2Co
[M]*: 597.2886, found: 597.2890.

5. Detection of the radical intermediate by TEMPO-trapping

Co(3,5-ditBu-salophen) 14

(10 mol%)
Ru(bpy)3Cly 15 (2 mol%)

N
o Ascorbic acid 16 (3 equiv.) O !
(0]
Bn\)LN TEMPO 167 (5 equiv.) Bn\)LN
H/T EtOH (0.05 M), r.t,, 20 h H/\‘/

LCMS detected
1% (NMR yield)

wear | i““ﬁ}jf—'jv

H
[Col"-H  [Co]" 16
O [ ]

In an argon-filled glove box, a flame-dried screw-capped vial was charged with Ru(bpy);Cl>:6H,0 (0.75 mg, 0.001
mmol), 14 (3.1 mg, 0.005 mmol), ascorbic acid (52.8 mg, 0.3 mmol), 148a (0.10 mmol), and EtOH (2.0 mL). The
vial was capped and removed from the glove box. The vial was placed in front of a light source (ca. 3 cm from two
blue LED panels). After being stirred for 20 h, the mixture was cooled in an ice bath and sat. aq. NaHCO3 was added.
The mixture was extracted with DCM (3x 2mL), and the combined organic layers were dried over Na,SO4 and
concentrated under reduced pressure. The solvent was removed under reduced pressure and the residue was analyzed
by LS/MS. The m/z of 5 ([M-+H]" : 361.28) was observed by LCMS analysis of the crude mixture (Figure S38).

To estimate the yield of 5, the crude mixture was dried in vacuo to remove the residual TEMPO and analyzed by ' H

NMR in CDCls using 1,1,2,2-tetrachloroethane as an internal standard. The yield of 5 was calculated to be 1%. The

56



Kifi HB1E o

identity of 5 was further confirmed by comparing the retention time in LCMS to that of 5 independently prepared by

Boger’s method.?!

Synthesis of 168
To a solution of iron(Ill) oxalate (604.7 mg, 1.25 mmol) in degassed water
(100 mL) was added a solution of allylamide 148a (50.8 mg, 0.25 mmol) and
N TEMPO (125 mg, 0.80 mmol) in MeCN (5 mL) at room temperature followed
0 (I) by NaBHj4 (30.2 mg, 0.8 mmol) at 0 °C. After 5 min, additional NaBH4 (30 .2

/\1/ mg, 0.8 mmol) was added at the same temperature and the solution was stirred
for 30 min, after which conc. NH3 aq. (4 mL) was added. The solution was
extracted with DCM (x 3). The combined organic layers were washed with

brine (x 1) and dried over Na,SOs. The solvent was evaporated to give a crude mixture, which was purified by flash

column chromatography (silica gel, hexane/AcOEt =4/1) to give 168 as a colorless oil (33.7 mg, 37%). '"H NMR

(400 MHz, CDCl3) ¢ 7.45-7.14 (m, 5H), 6.11 (br s, 1H), 3.33 (d, /= 5.1 Hz, 2H), 3.00 (t, /= 7.7 Hz, 2H), 2.55 (t, J

= 7.7 Hz, 2H), 1.62-1.24 (m, 6H), 1.21 (s, 6H) 1.06 (s, 6H), 1.04 (s, 6H). 3C NMR (100 MHz, CDCls) 6 171.8,

140.7,128.4, 126.1,77.5, 59.3, 49.6, 40.6, 38.6, 34.4, 31.7, 24.9, 20.6, 16.9. IR (neat) 3442, 3316, 3087, 3062, 2930,

1739, 1648, 1553, 1452, 1372, 1257, 1240, 1156, 1132, 912, 748, 702 cm™'. HRMS (ESI): m/z calculated for

C22H37N20, [M+H]": 361.28398 found: 361.28495. Rf 0.28 (hexane/AcOEt = 4/1).
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6. Computational details

General

All the equilibrium and transition structures were optimized using Gaussian 16 Rev.B.01 employing UoB97X-D
density functional with inclusion of the solvent effects of ethanol by the PCM method, and the basis set of
LANL2DZ(f) (LANL2DZ with added f polarization function o = 2.780) for Co and 6-31G(d,p) for the other atoms.
Vibrational calculations were performed to confirm that no imaginary frequencies (equilibrium structures) or one
imaginary frequency (transition structure) exist. IRC calculations were also performed to confirm the desired
connection from the transition state. For more accurate electronic energies, single point calculations were performed
using Gaussian 16 Rev.B.01 program employing UoB97X-D density functional with inclusion of the solvent effects
of ethanol by the PCM method, and the basis set of SDD for Co and 6-311G(d,p) for the other atoms. Gibbs free
energies were calculated as the sum of the electronic energies (UoB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol))
and the thermal correction terms from the vibrational calculation (UoB97X-D/LANL2DZ(f) for Co, 6-
31G(d,p)+PCM(ethanol), 298.15 K). Cobalt-mediated hydrogen atom transfer steps were calculated employing DFT
with broken-symmetry formalism in singlet state in reference to previous studies. '} [121- 1131 A]] the unrestricted DFT
calculations were performed using stable=opt option to guarantee the stability of wavefunctions throughout the

calculation.

Calculated energy diagrams.

DFT calculations were performed employing the cobalt hydride complex derived from 138 and an acetamide
derivative as a model substrate. The calculated reaction pathway is summarized in Figure 1. The transition state of
the HAT from the cobalt hydride to the acetamide derivative (TS1 in Figure 1) was revealed to be 6.3 kcal/mol higher
in free energy than the starting materials (SM), suggesting that the HAT between the two species can rapidly proceed
at ambient temperature. The barrier for the following isomerization via TS2 is 19.1 kcal/mol higher in free energy
than IM2. HAT between the two species proceeds via TS2, regenerating the cobalt hydride, while the isomerized
product (PD) is obtained via hydrogen atom abstraction. This step was calculated to be slightly exergonic, and its

energy barrier is sufficiently low (19.1 kcal/mol).

60



o
’ /u\ (O,‘Co’.o)
N N
= H, 0™ o H
g oco™ )LN
= TS1 N 3
S — H
=z (6.3) 152
T SM {39)%,
< (0.0) PD
o Sl
-3.9
K (39)
H | )J\
H N/\\“|/
010 IM1 IM2 H
( Co. ) ..... ;
NN — H
— (-14.3) (-15.2 (050
o N_N
H
H
0. 0
(NS

4-3-3. Optimized structures and energies

SM

Free energy correction [UwB97X-D/6-31G(d,p)+PCM(ethanol)]: 0.629876 au

EE [U w B97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.778569 au

G [U wB97X-D/SDD/6-311G(d,p) +PCM(ethanol)): -2530.148693 au

C

T O 0 o0 Z o@D @oD @D o@Dz 00om@d

-2.35966600
-1.49398100
-2.23259800
-3.41000300
-3.44214900
-3.25909600
-0.91475500
-0.87865400
-0.07900100
-0.76968200
-3.32214800
-2.15700100
-2.95773900
-0.92915300
-0.62261500

0.73932200
-1.54751800
-2.60891100

1.30921100
0.67066200
2.63315200
3.55638800
4.31758400
4.08796900
3.34258600
3.87436100
2.63912400
4.09053800
0.81852100
0.96020200
1.67863400
1.38124000
2.75743000
3.05524200
3.78576600
3.57829900

2.23743900
2.38680400
2.16260300
1.92170000
2.70958300
0.97730700
2.32396400
3.28240500
2.28631800
1.53657900
2.13221600
-0.93448200
-1.09773700
-0.89683000
-1.01759700
-0.87415500
-1.21264700
-1.29443400
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6.06065700
5.62516700
6.38470000
-0.39616000
2.07116200
-1.27203200
-5.94673200
3.86079600
7.52716800
-0.40706800
0.29822800
-1.03771400
0.16282200
-0.37390500
0.24701700
-0.98323300

4.38339700
5.10263300
4.63814400
5.90122200
5.40171600
6.43287300
-0.38425500
-0.60619300
-1.45649400
0.23703500
-1.86568000
-2.78563600
-2.93781900
-3.92286000
1.99793600
2.95695300
1.92084600
0.93477400
-0.38540900
1.24624100
2.25187400
-1.37401900
0.28747900
-1.00801000
-1.73337700
-1.27215300
-0.72116900
-3.98589400
-2.09732400
-2.77277600
0.57254900
-4.14237700
-4.97081600
-4.36223700
-3.23457800
-3.78032000
-2.89279000
-3.67861300

-0.89263900
-1.24828900
-0.74004500
-1.38906800
-1.08464600
-1.09599500
-0.73422600
-0.77159100
-0.49039900
-0.95998500
-0.56545100
-0.31618900
-0.34414800
-0.20425100
-0.65647700
-0.88590700
-0.66056600
-0.36278600
-0.04016000
-0.37714000
-0.63706000
0.33779700
-0.06048900
0.30250500
0.57028300
-0.43823900
-0.08509700
-0.13312700
-0.51022000
0.79279300
-0.07099900
-1.40018500
-1.27204300
-2.26846800
-1.60163900
1.10199300
0.99059500
2.00704200

62



H 0.28301500  -4.64778200 1.23114100
C -2.04653600  -5.29732100 0.06712400
H -1.33140200  -6.11638800 0.19059500
H -2.67498500  -5.26967600 0.96379500
H -2.67809000  -5.54053700  -0.79389300
C 3.06171400  -3.47636200 -0.32113400
H 2.76808600  -4.47856900 0.01060700
H 2.16001900  -2.91842000  -0.56802600
H 3.67398300  -3.58389900  -1.22353700
C 5.06136800  -3.66638000 1.13930200
H 4.69341200  -4.64468300 1.46325000
H 5.71451000  -3.82929300 0.27526100
H 5.66147500  -3.25426400 1.95747500
C 2.99738100  -2.63668400 2.06347600
H 2.12851600  -2.00234800 1.88399900
H 2.64314400  -3.62322900 2.38175300
H 3.58575600  -2.20542200 2.88061900
Co 0.56667300 0.32795700  -0.44376800
H 0.34809200 0.63028100 0.90411500
N -4.69803300 2.90251000 1.86087500
H -5.12561200 2.62668100 2.73174300
C -5.24838000 2.45243000 0.71048800
0) -4.75556600 2.67547800  -0.39875100
C -6.50387300 1.62543200 0.87205600
H -6.22548300 0.58263300 1.05333000
H -7.11870400 1.96186500 1.70979500
H -7.08170500 1.66900900  -0.05068100
F 7.80465600 1.84567000  -0.40099600
F 8.09393100 0.34371800 1.13290500
F 8.18728800  -0.21506800  -0.94671000
F -6.29559800  -3.30601700  -0.98897400
F -6.63658800  -1.17556100  -1.20805700
F -6.42147300  -2.04301100 0.75803700
T™1

Free energy correction [UnB97X-D/6-31G(d,p)+PCM(ethanol)]: 0.624734 au
EE [UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.763403 au
G [UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.138669 au
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imaginary frequency (cm™') -1666.25i

C 0.30907200 1.06610100 2.35898900
H 1.35047900 0.75810800 2.40996900
C -0.00838300 2.38645700 2.48875200
C -1.42463900 2.88108800 2.59753800
H -1.48139500 3.61016100 3.41859500
H -1.68668700 3.42786000 1.68407800
C 1.02809200 3.46563900 241730400
H 1.12675300 3.96914100 3.38677400
H 2.00446900 3.06486500 2.13581900
H 0.74350500 4.23232400 1.68681700
H -0.42801800 0.29343700 2.55870400
C -2.30590500 1.44992200  -1.11919200
H -2.97424500 2.26534400  -1.38690200
N -1.04394600 1.70256800  -0.95372800
C -0.53451300 3.02008400  -1.01809400
C 0.86732300 3.10020800  -1.03040200
C -1.30187200 4.18660000  -0.99858200
H -2.37993000 4.13533100  -0.89924300
C 1.48915000 4.34905000 -1.08671100
C -0.67341200 5.42413000 -1.05057500
H 2.56919000 4.43775000  -1.08025300
H -1.27065700 6.32912600  -1.02985400
C 0.71804800 5.50422200  -1.10931100
H 1.20659000 6.47186500  -1.14397800
C -2.92606400 0.17385500  -0.95176600
C -4.32829000 0.13924200 -1.07640900
C -2.19083800  -1.00539000  -0.60978500
H -4.85877600 1.05452800  -1.31697800
C -5.01287700  -1.02632000  -0.85391300
C -2.92997000  -2.22836400  -0.37774400
C -4.30114400  -2.19331800  -0.49987500
H -4.87509200  -3.09611000  -0.32751800
C 2.81300300 1.73609300  -0.94373400
H 3.40908400 2.61399600  -1.19348900
N 1.51963800 1.85064800  -0.89600000
C 3.55681300 0.55264400  -0.65502000
C 2.93207600  -0.67748200  -0.26568100
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4.96359100
5.41405200
3.77858800
5.74795000
5.14079600
5.79515000
-0.90790200
1.65952000
-2.18455400
-6.50456800
3.14900300
7.23815800
-1.31348900
-0.73643400
-1.94304800
-0.61612100
-1.30273700
-0.53964500
-1.91501800
-0.80518300
-3.15090900
-2.57028600
-3.80348000
-3.77722000
2.23945900
1.81761400
1.41935300
2.81198800
4.21364600
3.71503700
4.82245000
4.88053600
2.32730000
1.54887600
1.84840100
2.97707900
0.30297000
0.23141000

0.65560400
1.59082000
-1.76788100
-0.41035400
-1.60367300
-2.41116700
-1.01456000
-0.84286400
-3.52737900
-1.05595600
-3.04213400
-0.34352200
-3.92810600
-4.82937100
-4.14294100
-3.13041100
-3.33753000
-2.57947100
-3.04136800
-4.28186000
-4.68675100
-5.58219600
-4.47380000
-4.92796300
-3.72272500
-4.64219100
-3.06632500
-3.99219500
-4.06240100
-4.94165800
-4.40081600
-3.66314300
-2.66610500
-1.94251200
-3.55975600
-2.23810000
0.42049800
0.79981700

-0.71329400
-1.03050500
0.17416700
-0.36486500
0.09242200
0.40047200
-0.51483300
-0.29254200
-0.04156500
-0.87279800
0.75434000
-0.42561100
-1.24901000
-1.01423100
-2.11939600
-1.50758200
1.20888300
1.03841200
2.06849900
1.45713900
0.24505300
0.48728400
1.09872800
-0.62025100
-0.28625400
0.13544800
-0.57264600
-1.18088800
1.18459500
1.60396700
0.33926700
1.95622500
2.00493100
1.75888800
2.42018600
2.77622600
-0.60310800
0.84230500
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M1

Free energy correction n (UoB97X-D/6-31G(d,p)+PCM(ethanol)): 0.634822 au

6 fi

-2.41616100
-2.31469700
-3.53249200
-3.78676900
-4.40839500
-3.92603700
-4.55881600
-5.37014000

7.68795700

7.80552700

7.75142200
-6.98638500
-7.03250000
-7.03034100

1.84607600
1.20072100
1.76524300
2.58368900
0.56553500
-0.33234000
0.42057000
0.68872400
0.85901900
-0.59799800
-1.25796900
-2.19204100
-0.02916500
-0.98910600

2.76007600
3.52844500
1.98968200
1.10800400
2.27405600
1.87263700
3.34718600
1.77950700
-0.82504600
0.77374300
-1.27713800
-1.41634400
-1.56312300
0.37407000

E UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)): -2530.806338 au
G U wB97X-D/SDD/6-311G(d,p) +PCM(ethanol)): -2530.171516 au

C

Oo@m o060 Z D o@D DD T O@D D Q0@

0.64487400
1.63768300
0.40434500
-0.89682900
-0.75760500
-1.08668100
1.57139900
1.71059200
2.50015500
1.40798800
0.57723500
-2.31604400
-2.94135400
-1.07986500
-0.54526100
0.85498400
-1.28976900
-2.36383400
1.49837700

-0.21712900
-0.58590000
1.15066200
1.81606300
2.16877900
2.70750300
2.08747500
2.24277000
1.66181700
3.06848200
-0.15505200
1.69534600
2.51198500
1.94876200
3.25222400
3.29714800
4.43117400
4.40162900
4.52886900

2.67508700
2.41478800
2.08888900
2.48525500
3.52356000
1.88517800
2.29192200
3.37214300
1.90622700
1.83843400
3.77240500
-0.87380700
-1.23378500
-0.57991200
-0.70012800
-0.78434300
-0.69069800
-0.54645000
-0.91200900
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-0.64001100
2.57862900
-1.21691100
0.74806900
1.25413500
-2.95461300
-4.32213400
-2.27700000
-4.80872500
-5.03314100
-3.04130700
-4.37703000
-4.96610800
2.76726300
3.37331800
1.48237000
3.49602900
2.85706200
4.90371400
5.36416500
3.68861800
5.67564000
5.05331700
5.69757400
-1.03186300
1.58061600
-2.37830400
-6.50632700
3.05063900
7.16762700
-1.19444400
-0.71794600
-1.53765400
-0.44887800
-1.87954200
-1.12609600
-2.70759400
-1.42720100

5.65241800
4.59548400
6.57061500
5.69881000
6.65358700
0.42117300
0.39099800
-0.75882700
1.30702100
-0.77517000
-1.98783700
-1.94756500
-2.85484200
1.88624200
2.75393300
2.03208600
0.67824100
-0.57797300
0.77237600
1.73649300
-1.75617100
-0.33967500
-1.59176700
-2.45532400
-0.75698100
-0.69366900
-3.30050000
-0.80193900
-3.14956900
-0.27514600
-3.62834200
-4.56255400
-3.75682700
-2.83518000
-3.16663200
-2.38422900
-2.92924600
-4.10741400

-0.82165800
-0.96717900
-0.81051700
-0.94224700
-1.03420600
-0.77924800
-1.11267600
-0.32592900
-1.43328300
-1.01146300
-0.24792900
-0.58285400
-0.52737200
-0.76541300
-1.02539100
-0.65639600
-0.54386700
-0.28245500
-0.59744400
-0.78808000
-0.14839300
-0.39994300
-0.18994400
-0.07202500
0.00031200
-0.18754000
0.19551900
-1.24797000
-0.04267100
-0.41696700
-0.73302400
-0.41523000
-1.76561100
-0.70293000
1.64565100
1.71739300
2.32303500
1.97788200
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Kif W1 66

C -3.35435300  -4.48610800 0.14828900
H -2.82486400  -5.39249700 0.45726500
H -4.20113800  -4.35287300 0.83001300
H -3.74252200  -4.65898900  -0.86102500
C 231917400  -3.43914200 -1.36936600
H 1.80876700  -4.40694200 -1.31583900
H 1.57371300  -2.67120900  -1.58160100
H 3.03351000  -3.47396700  -2.19896900
C 4.10577100  -4.24820900 0.15988600
H 3.60146800  -5.21696500 0.22741100
H 4.81122300  -4.30617300  -0.67547600
H 4.67282100  -4.10417300 1.08598100
C 2.06186200  -3.23628900 1.13668200
H 1.22721300  -2.55021200 1.00423200
H 1.66860500  -4.25647000 1.20975800
H 2.56663600  -3.00093900 2.08064000
Co 0.24815400 0.64564000  -0.19064500
H -0.07789800  -0.95398900 2.32686500
N -2.07227000 0.97846000 2.41506700
H -1.98828300 0.00698100 2.66954600
C -3.30750600 1.47675700 2.16632900
0) -3.49926900 2.65849000 1.88173400
C -4.43940000 0.48026000 2.29438900
H -4.13034700  -0.53432000 2.03054900
H -4.79688600 0.47695300 3.32875900
H -5.26034500 0.78086300 1.64414900
F 7.62982800 0.95983100  -0.67858200
F 7.70248000  -0.65379800 0.76400200
F 7.69886100  -1.10035100  -1.34450300
F -6.90417400  -1.93105600  -1.86802100
F -6.92705100 0.23343500  -1.99703700
F -7.20424900  -0.74608800  -0.08962600
M2

Free energy correction [UoB97X-D/6-31G(d,p)+PCM(ethanol)]: 0.633916 au
EE [UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.806803 au

G [UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.172887 au

C -2.23023100 2.11073900  -0.76679400
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-2.83405300
-0.96437200
-0.35231800
1.04716000
-1.01956100
-2.10049800
1.76471900
-0.29566300
2.84041500
-0.82019500
1.09260700
1.65357100
-2.94046900
-4.34177800
-2.28716600
-4.81379300
-5.09211100
-3.09382100
-4.45301400
-5.08099900
2.87551100
3.52550300
1.60281600
3.53186000
2.82812200
4.93799400
5.44633700
3.59977600
5.64975100
4.96690200
5.56555500
-1.02229700
1.54646300
-2.43348600
-6.58342800
2.89752600
7.13787300
-1.56391100

2.99687400
2.25885800
3.53830800
3.50646200
4.76354000
4.81309300
4.69826100
5.94580700
4.69081500
6.89490800
5.91354900
6.83719700
0.87103800
0.95178600
-0.40197000
1.92711500
-0.18985800
-1.59854600
-1.44921000
-2.32956700
1.99461500
2.84869700
2.20466800
0.72864400
-0.50677700
0.74483700
1.69216400
-1.72915300
-0.42089700
-1.64197800
-2.54337900
-0.50658500
-0.56399900
-2.98411800
-0.14288400
-3.07633100
-0.44372600
-3.09790100

-0.95961900
-0.51780900
-0.48139400
-0.36969900
-0.49625700
-0.55463200
-0.25926000
-0.40837300
-0.12695200
-0.41486400
-0.28762900
-0.19736800
-0.81127900
-0.97404400
-0.70677500
-1.03726500
-1.03047500
-0.82337700
-0.96545100
-1.03360600
-0.48103100
-0.67160900
-0.32648100
-0.41736800
-0.23252500
-0.54135700
-0.69013600
-0.14264500
-0.46609100
-0.26337800
-0.20255700
-0.50948700
-0.15025600
-0.83066900
-1.08622200
0.08322900
-0.58978200
-2.09893300
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-1.03889900
-2.18721000
-0.81849200
-1.56475800
-0.72300400
-2.15013700
-1.17247600
-3.47541100
-2.95585300
-4.13047700
-4.09676900
1.91436200
1.41291900
1.15437400
2.44654200
3.89602200
3.34473300
4.45649900
4.60925300
2.13751100
1.37815800
1.64020200
2.82681500
0.28045000
7.66145500
7.72775700
7.54670000
-7.08390700
-7.05247600
-7.13800200
-0.33597800
-0.67936900
-0.53427100
0.18390300
-0.35423400
-1.34394500
-0.43856100
0.32567800

-4.05925700
-3.03720200
-2.30179300
-3.19980800
-2.50993100
-3.06005500
-4.22294100
-4.11254500
-5.07543500
-4.09211300
-4.07517700
-3.35500900
-4.31574400
-2.57712700
-3.40687000
-4.24240400
-5.17378900
-4.34950400
-4.13563800
-3.04802900
-2.26649300
-4.00936200
-2.86964200
0.83815300
0.78192700
-0.97164000
-1.20027600
-0.97987200
1.08605300
-0.51763100
-1.11906500
-0.22504800
-0.42419700
0.95727900
2.31742600
2.52436500
2.37485400
3.11079200

-2.11043400
-2.99754500
-2.13541700
0.42418000
0.43699000
1.33944700
0.42484900
-0.86951400
-0.87267000
0.00833500
-1.77033800
-1.06963300
-0.90742200
-1.12777300
-2.02596900
0.14003100
0.30117700
-0.79476000
0.96433700
1.42351200
1.42173800
1.59233200
2.25614000
-0.21438100
-0.76565100
0.50435200
-1.63109900
-2.01755100
-1.36251200
0.08865300
2.01941100
2.55069800
3.62295900
2.18031700
2.54432300
2.13371900
3.64017800
2.22582500
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C 1.61826900 0.75058000 2.59815400
H 1.98520200  -0.24362000 2.34054600
H 2.28214600 1.49745100 2.15895200
H 1.68176300 0.85990800 3.69119100
N -2.09508700  -0.01829900 2.33846000

C -3.02093300  -0.83423300 2.89545700

0 -2.71925100  -1.71725200 3.69689700

C -4.45277400  -0.59535700 2.46923500

H -5.07470100  -0.48982700 3.36055500

H -4.57744300 0.28334500 1.83355400
H -4.80254500  -1.47105300 1.91695800

H -2.38664700 0.59358400 1.59280000
™2

Free energy correction [UwB97X-D/6-31G(d,p)+PCM(ethanol)]: 0.625187 au
EE [U wB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.767688 au

G [UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.142501 au
imaginary frequency (cm™') -1559.82i

C -2.37744600 1.88475400  -0.86033400
H -3.00712400 2.77078300  -0.93701100
N -1.08617800 2.02942200  -0.87788800
C -0.47251000 3.30414800  -0.95816300
C 0.93191900 3.27542000  -0.90862400
C -1.13865800 4.52916500  -1.03693600
H -2.22005800 4.57740300  -1.08370000
C 1.65053200 4.47331400  -0.89450800
C -0.41388600 5.71358000  -1.04082300
H 2.73138000 4.47605900  -0.81577500
H -0.93842700 6.66114100  -1.09483800
C 0.97791000 5.68599700  -0.96245100
H 1.54199200 6.61203800  -0.94807300
C -3.08105800 0.64798200  -0.74611300

C -4.49006800 0.72300400  -0.70657300
C -2.41503700  -0.62048400  -0.69232700

H -4.97071200 1.69597800  -0.72843000
C -5.23885000  -0.41990600  -0.63767300

C -3.22584400  -1.82169100  -0.66929500

C -4.59319100  -1.67835400 -0.63513200
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-5.22107300
2.77210900
3.43333700
1.48956400
3.42542100
2.70852800
4.83715900
5.35877800
3.46698600
5.53717300
4.83857500
5.42836100
-1.13612700
1.42738700
-2.55998200
-6.72665700
2.73594700
7.02962700
-1.75288000
-1.24458100
-2.41656100
-0.99943500
-1.63115400
-0.81143200
-2.18021500
-1.20985600
-3.59586000
-3.07234800
-4.18906100
-4.27847600
1.81762600
1.31332200
1.05749300
2.40421400
3.71637700
3.14729300
4.32520100
4.38583200

-2.56105200
1.77159500
2.61628500
1.97807600
0.52233800

-0.68687000
0.52928900
1.45368600

-1.87703500

-0.61618400

-1.80263000

-2.68235900

-0.72320900

-0.75058200

-3.20438900

-0.37701400

-3.16241200

-0.64852300

-3.36149100

-4.33202400

-3.31706700

-2.57805000

-3.36671800

-2.65171000

-3.21204700

-4.37854800

-4.33772300

-5.29826900

-4.31129800

-4.31239200

-3.64658300

-4.57240500

-2.90266800

-3.85586600

-4.30025800

-5.18631900

-4.57604400

-4.04583300

-0.60338100
-0.85893100
-1.05225200
-0.81498900
-0.64177900

-0.36187700
-0.67079800
-0.89808600

-0.03555300

-0.40631800

-0.07949800

0.15171600

-0.67318200
-0.39448400

-0.68907400

-0.52518400

0.37583900

-0.42892700

-1.99366500

-2.00232000

-2.86425800

-2.08445500
0.52930900
0.49437300

1.46354100
0.53845200

-0.64107600

-0.66769400
0.27940500

-1.49729400

-0.76380800

-0.46498800

-0.99861400

-1.66547300

0.69822500
0.99589400
-0.16956900
1.52687000
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1.90701500
1.18492500
1.35880700
2.56393900
0.17129500
7.56958400
7.54643400
7.50224000
-7.32759700
-7.22375200
-7.15163100
0.12954100
-0.10768100
0.40804600
0.54900200
-0.15481600
-1.17684100
0.39406100
-0.19513400
2.04391900
2.46151600
2.38762800
2.45980400
-1.50811800
-2.09299800
-1.43277400
-3.59846900
-4.00210700
-4.04698000
-3.87349900
-2.09148400

-2.88590400
-2.08575100
-3.78834200
-2.60343800
0.62746700
0.54232100
-1.01313600
-1.54320500
-1.17371400
0.86082700
-0.80714100
0.92114800
1.11430900
0.17806400
2.31082100
3.62812600
3.53580100
4.29817500
4.12298300
2.33261700
1.34827600
3.03773800
2.67836300
0.98120400
-0.21273000
-1.18146900
-0.25273500
-0.61777300
0.71354000
-0.96702900
1.72385900

1.64725400
1.48245100
1.93920800
2.47740100
-0.62543700
-0.74231900
0.76476200
-1.32369200
-1.43381500
-0.69432400
0.68366500
0.87743100
2.36868200
2.56638300
2.55773200
2.65133200
3.02794300
3.32022200
1.67127600
2.49929600
2.27145800
1.73203800
3.45311300
2.46409400
2.78886600
3.14314700
2.69281900
3.63939100
2.45608100
1.91222500
2.11180100

Free energy correction [UnB97X-D/6-31G(d,p)+PCM(ethanol)]: 0.628848 au
EE [UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.783794 au

G [UwB97X-D/SDD/6-311G(d,p) +PCM(ethanol)]: -2530.154946 au

C -2.34945400 1.73615300  -0.91328800

H -2.97963500 2.62452300  -0.94414400
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-1.06546000
-0.47212100
0.92432500
-1.15451200
-2.22800500
1.62164400
-0.45163600
2.69827100
-0.98499600
0.93218700
1.48006800
-3.03594600
-4.43726600
-2.35910700
-4.92353700
-5.16973400
-3.15397400
-4.51621300
-5.13245700
2.77828300
3.43030800
1.49483000
3.44132800
2.73709500
4.84956700
5.36250200
3.49524400
5.55491000
4.86359300
5.45487600
-1.07776300
1.46156100
-2.48401400
-6.63978400
2.76982400
7.04509700
-1.75281000
-1.25324000

1.87931500
3.14982000
3.15825100
4.33088600
4.33494300
4.36375100
5.52206900
4.40339100
6.43832700
5.54003500
6.47190400
0.50051500
0.56820400
-0.76039100
1.53833800
-0.58075800
-1.96637600
-1.83258800
-2.72010100
1.71360600
2.57964700
1.88312400
0.48004200
-0.75612700
0.52400500
1.47122700
-1.94535100
-0.61864000
-1.83709900
-2.71567600
-0.84988600
-0.84515700
-3.34532800
-0.54283600
-3.26374300
-0.61636800
-3.50431900
-4.47859400

-1.04648600
-1.23614400
-1.10725100
-1.53214600
-1.68000500
-1.21305100
-1.64922300
-1.09702200
-1.87670400
-1.47765700
-1.56265500
-0.73268100
-0.58468700
-0.74252600
-0.56485300
-0.46300200
-0.65831300
-0.51348500
-0.43293100
-0.75465700
-0.85980800
-0.87099400
-0.49454500
-0.34376700
-0.39452500
-0.52682800
-0.02003700
-0.13560000
0.05857700
0.28957000
-0.83603300
-0.49172700
-0.72070900
-0.20326300
0.27995300
-0.03116100
-2.06900400
-2.10701600
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-2.46431500
-1.00006900
-1.48515000
-0.69252800
-1.98967800
-1.03078400
-3.50687500
-2.97876800
-4.04186400
-4.24135900
1.91577900
1.42585600
1.14638200
2.54800100
3.75308100
3.18505600
4.41290800
4.37162100
1.88330300
1.18447400
1.30692800
2.50459700
0.20272700
7.57551000
7.46713900
7.61465100
-7.31390900
-7.17358100
-6.92884700
0.08447600
-0.31544100
0.34894900
0.14458200
-0.72978800
-1.68189400
-0.95224000
-0.22026900
1.61634400

-3.45461800
-2.72660600
-3.49046200
-2.74874800
-3.36446000
-4.48738800
-4.48559800
-5.44217700
-4.46310900
-4.46547900
-3.70653500
-4.66000700
-2.97164700
-3.85272100
-4.40229100
-5.31228400
-4.61792700
-4.18634000
-3.05623300
-2.23169000
-3.96432500
-2.83877300
0.50695100
0.60372000
-1.04437100
-1.44156000
-1.42606700
0.66986300
-0.85981300
0.73527200
1.83258700
1.02888300
3.05890200
4.21603200
3.90427300
4.85928300
4.83589300
3.34695500

-2.90055800
-2.20267000
0.44173700
0.36649800
1.40547500
0.41927300
-0.60722700
-0.66533300
0.34823700
-1.41952000
-0.92486200
-0.69823200
-1.15728400
-1.80794700
0.59138700
0.80754700
-0.25598000
1.46890100
1.52496100
1.37906100
1.73222100
2.40059400
-0.75508700
-0.22345300
1.17789500
-0.93541100
-0.96719000
-0.43202100
1.07858500
0.60726400
2.64842700
2.94389800
2.37262200
1.97060200
1.53004200
2.83069400
1.22608800
2.48170000
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2.18678800

2.00610500

1.81117100
-1.65629900
-2.03448600
-1.22308100
-3.52032300
-3.85513300
-4.10921100
-3.70099900
-2.37318600

2.45892800
3.71352700
4.13284500
1.42916900
0.12658100
-0.76849500
-0.13871400
-0.46733300
0.72790000
-0.95443300
2.11693800

2.76662700
1.52395600
3.22177500
2.60040500
2.77291000
2.98312200
2.71554900
3.70298200
2.41066200
2.01221800
2.43054700
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2T a0l bl & SRR TR O 1) X 5 MHAT 2 W REET ALy vo~ra s =a 7
b b w kv LIS DR

51 HT B

TAFARA VBT AT, BEARICET LT 4 v Tay 2 LTERRLAYITHY . %
CDOEIEDRHAEINTE 12, ZOHTH, TAFAFRB VBT AT A% Fike LT, NEET L
Fvoe FukyRERIGIE % OMREFEICL o THER R INTE =, FRCNEET V7 v o~ a
7=a7e FuksyREKIGIK., REICHEARRELE LRI hTw 3,
2016 FEICHBES T, S L I ENI R AT 4 VBT 171 ZFH VR Z I XY . RIERIEET V7
vowLaz=a7e FursvRLKICEER L, 2018 FFICiFZ ORFIC DIEL L 72 3, 2016 4Fic
Montgomery © (%, Hlffili L 2> X &> NHC AL T 174 ZF W2 2 i X > T, REETALT v o= v
7oa 7@ e FedsyBUKGEZRFELZYS L2 Larb, 2o 0TETIE, VAREEIC X b $E
PRI ETHWRT e, TLeAh~vLa7=a 7E IR A L Bk B0 R 7 318 b
%o $HEITHAF LB RO T S KE AL o T b, I HICVREE O R X WAIE: 3 Eifl
TNT ICRNT 2 RGO X b iR 5 X & & 72 > T 5 (Scheme 2-1.),

2016 Ito
CuCl/Ligand (5 mol%)
By (pin), (1.2 equiv.)
tBuOK (1.2 equiv.) B(pin)
R X MeOH (2.0 equiv.) R)\/H (o-tol),P P(o-tol),
169 THF, —10 °C 170 Ligand
12-81% 171

b/l = 67/33-94/6
2016 Montgomery

IPrCuCl (10 mol%)

B,(pin), (2.0 equiv.) Pro = P
fBUOK (1.5 equiv.) B(pin) NN
N MeOH (2.0 equiv.) R)\/H -

172 MeCN, rt. 173 iPIFPiP'
59-98% r
bil = 87/13-98/2 174

Scheme 2-1. Examples of Markovnikov hydroboration of unactivated terminal alkenes

PG 3 BT AT vo~w a7 =a e Faksy UGG 3 BT L7 v O RREEIC KD
WREE PR CH 5 A, 2016 £EIC Takacs H 13, A F L AEIEEZFIHAT 2 2 & ©, = F v FAERN A~
vaz=aze FekyFEURISERE LS, BEICE, dAFAS— PERAEZFH L2 v F AER
Mi~raz=—aze FaryHLKEERELZ S L Lasrs, MEHREREo BB, Bk
WETH Y B MM IcEE Z 5 L T 5 (Scheme 2-2),
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2016 Takacs

Me [Rh(nbd),]BF4 (2 mol%) Me
R (RR)-L1 (4.1 mol%)

A Ayt
Me™ N\/E HB(pin) (2.0 equiv.) Me™ = N\I\Bn A
.
0 THF, 40 °C O g

175 177 B(Pin) o Q
>< P-0 R
2017 Takacs o s
[Rh(cod)(R,R)-L2]BF, A’ Ar
R 0 H__R
9\/[ e ) 9\1 L1,R=H, 12, R =Me
EtO/r\J Me (pin) (1.1 equiv.) EtO/": 3 Ar = 3,5-(CH3),CeHs
OEt THF, rit. OEt B(pin)
176 178

Scheme 2-2. Markovnikov hydroboration of unactivated trisubstituted alkenes

MEERNICH Y RERELZEATIFELLC, TAFATVANEY R I VERIGIE LT LI X
BT NAFNRE VBT AT VEKRPEHRE I N TS, 2017 FFIC Aggarwal Hlx, ANVE VI LFEL 72
VEYZRT VT ATZATVNT DOERLEZTAFALIVAL 180 ZEAATa7— bRy
RIGEEZZEICE), TrdrRu v 181 o s 2 &% BH L Tw % (Scheme2-3)7, &
NOWMEITH TR A 2 7 VANV EREERA R Y RICKIERHRE I NTHE 8, ZDXIHIic, TLF
NTIANEEMNT S LT, MEERNICH Y REREDEALTREL k5,

2017 Aggarwal

O,
S
R2 , , R

R3 179 O then pinacol, NEt; 181

—co, R? B,(cat),

—NPhth R pinacol, NEt;

Scheme 2-3. Regioselective bor:t?:n using alkyl radical
REET AT v DI hrlr~ra7=a 7 FasyRUKIGOH & LT, 2020 41T Liu, Su 5 i3,
PRAMIEIC X 2 12 BT A7 vo~wra 7 =a 7 e FadsvEUKIGE RS L7z (Scheme 2-4)%, IG5
FCAEL 28k FY FELODOT AT v 182 1K 5 MHAT IC X D 74X 7 VA0 183 AR L. 8
RYAFEERIGT 22 LT, ~vayvoarze FasyRUKCHEITT 2 LEEI LTS, Ll
BB, AFLvrruTxvEK186 HT A EE R HWBICIE, EBRESTIE T2 L6, HE
WKL TRIGAN =R LR EDoT B ERRBINTEY, I HICKIMEET VT v ERH WS
Ak, EBREMET T2 h o, BERECREZHELZRL Tz,
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2020 Liu, Su
Fe(OTs)3 (10 mol%)
R tBuOLi (3.0 equiv.) B(pin) H
By(pin), (2.5 equiv.) H B(pin)
R/& R/Ii\/ R/Ii\/
182 NMP, 80 °C, 16 h 184 185
b/l = 66/34—>99/1
H[Fe]Bpin R [Fe]Bpin
R)\/H
MHAT
M .
Limitation
Boc.. Fe(OTs)3 (10 mol%) g
N LiOtBu (3.0 equiv) N
By(pin), (2.5 equiv) H
o B(pin
186 NMP, 80 °C, 16 h gy o)
b/l =<1/99

Scheme 2-4. Markovnikov hydroboration of unactivated alkenes via MHAT
o DR HFAE, MHAT I X 2 AZEFERI R T A X0 7 Y AV DEKZ TGN L 72k 4 i x
—VORE®ET AT v ic T 2~ ra v ma 7 e Fad v R ERET 2L, x> 72,
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#2281 RIGSERE

1. VARG & A E SOCHERE IC D » T
PIAMGET L LT, AR 3 BT v v 188 ., ovv il e LC 189, JeER{LETTAMIE & L <
4CzIPN 81, 7'\ + VD& Al LTy F 22 ATV (HEH48), wVHRAIE LT AAhTaT—
YA E AR RV, DMFEEFAIEDEIES T, G Z2Tw, ]Gk, ¥Fra—are PV FArT IV T
Wz 3+ 252 LT, HROT AV F AR VEEYF a2 — LT X7V 190 Z IR 48% Tf37z, —77 T, KHE
{bAk 191 2500 45% T 5 M7= (Scheme 2-5), & & THUE SOGHEERS % LUT 1278 (Scheme 2-6), YCRE(LIE
TUAMAE 81 23R EIC X D iS4, INEHE 83 D3NV F 2 T AT VA8 IC K BBILEZIT, TV AT =
F US4 BEKT 5, Zht 2fio 3oL MMl 189 % 1 B EITT 5 & T, KRR oL
F(I)193 BT 3, CHBRKISHRFPICHEET 2 70 b v 2fifed 22 &ic X b, filmtEfEcd 2 =
SLRMM e FY F 194 BERT 5, TNHAT AT ¥ 195 ~MHAT 22 L, T ¥ 7Y h R
196 34K L, XA TaZ— IR u v 197 ERIGTSH LT, HDOT A F LR a VEZ X T )L 199
DERT 2 EEL TS, KEMEK191 BELEZTAFALT P HAH HEH4A8 DiftEA F 1L v DIKER
FHIIHNMNCH EIRL LIk VAL B LHEEL 72,
B(pin)
189 (5 mol%)

4CzIPN 81 (1 mol%) TBDPSO
HEH 48 (3.0 equiv)

H
. 190
/\)\ By(cat), (1.5 equiv) 48%
TBDPSO H
blue LED, DMF (0.1 M)
188 24 h TBDPSO
H

then pinacol in NEt3

rt,2h 191
45%

189 4CzIPN HEH
81 48

Scheme 2-5. Initial result

Et0,C CO,Et
I\L
hv 4CzIPN
48 Et0,C Co2 Et0,C CO,Et
4CzIPN II
[Col] 4CzIPN’”

H* 193 84 )NMez
—
[Co"l 0
.-

195
I—» oxidized products

Scheme 2-6. Proposed mechanism
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Kim H2F H2H

p={113

2. FvRAIDO Y EH OB

PR EZBIE L. &7 ELH 0 Y EOME 21T - 72 (Table 2-7), v HFKI O L EEZHIME & 5 L UL
KiFm L, FvRLEz 5 HEAWZEIC, IR 70%THR DO F 7R/ IUGE 190 2345 5 17225, KR
191 23R7Z 19%(F N7z, ZaLid, MHAT I X D AU 25 3 T Vv 7 ¥ A1V B3 ARIIC FLER Y 2
TEWD, EAATaT— Y Ru v DORIGHEL ., BIRIGE LT, KBS EL B EEZTWH
%,

Table 2-7. Amount of B,(cat),

189 (5 mol%) B(pin)
4CzIPN 81 (1 mol%) TBDPSO
HEH 48 (3.0 equiv) H

A Boleaty (Xequiv) 190
TBDPSO blue LED, DMF (0.1 M) H
188 24 h TBDPso%

then pinacol in NEt3 H
rt, 2h 191

Entry X 190 (%) 191 (%)

L0 15 48 a5
130 70 32
2 50 70 19

3. oM

RITIED IR % 1T > 72 (Scheme 2-8) . JE 7' 1 b Y HERMRMEAIECH 2 A F LT+ + 7 I F(DMA)S® N-
AFrenal) Fy (NMP)EHWZERICIE, &7 R 190 DUEEZMET L, KB 191 DI 235N
L 7z (entries 1,2), ¥ A F A& F & F(DMSO)Z F W 72 5& 1013, 13 & A ERIGDSEIT L 725> o 7z (entry
), T FY, TFIFr 75V (THF)., MLy, TX —A%FA0ZBICIT, FE 188 2B 7F L.
IKFALIE 191 BT & LTH L N7z (entrie4-7), 7 B B R AL(CHCL)ZH V3 &, KIGIHIE & A L
T L 72 % > 7= (entries 8), DMF %> DMA, NMP T L 2> ICAHEIT Lo 2B e LT, LTz & %24
FELTWS, MHAT ICX WV ELZTAFATIOAALRE AT T — MR v e KIET 5, JER I
RRERFT VRIS ANV T2 0ER1H 5720, BIANCKIGCOETAAFIC R EEZ LN
%, WL LT DMF % DMA, NMP ZF\ 2% Z & T, Bt 2RvELIcch s oREARAML, 4L
LRTRIANDPRENINDG Z LT, BIFINCRIGBETL T2 LEL T 5,
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Table 2-8. Screening of solvent

189 (5 mol%)
4CzIPN 81 (1 mol%) TBDPSO
HEH 48 (3.0 equiv) H

/\)\ B(cat), (5.0 equiv) 190
TBDPSO H
blue LED, solvent (0.1 M)
188 24h TBDPSO%

then pinacol in NEtg H
rt.,2h 191

B(pin)

Entry solvent 188 (%) 190 (%) 191 (%)

0 DMF n.d. 70 19
1 bMA  nd 52 25
2 NMP 17 54 21
3 DMSO 74 trace trace
4 Acetone 57 2 13
5 THF 56 3 26
6 Toluene 28 trace 57
7 EtOH 33 4 59
8 CHCl; 85 trace trace

4. EITCAlDORBET

IKFALR 191 ZECZTAFATIAARANA Y F 2 T AT ADIEERAF L v DIKKRFRT% 7Y h I
Gl XKL ZEIWCEIVELBZEHELZTZD, AV F 2T AT NLOREDF 2 —= v 7 %{T > 72 (Scheme 2-
9o NYF2IATILDIFNLVIATNAES% Bu TATNICEBLEZANAVF 2 T AT ARPERBET
FHEDAXAFAEEEA Y 7o AVHICEB L2V F 2 T 271200, 201 % Fv7-BRicid, KECRIGD i
TEMAZZ B TE R o, AT LY DOKEEZAFAVEICEI L 7o~V F 222700 202 %
WBRIT I, FE 188 28 NMR UK 68% THIN X 317223, IKFALIK 191 O EK A H & iz, SHd A F
WNIEERBAL7ZZ LIC XY, WHEATF VIEFEOVERBEESE R L2 2Ltk 32bDTH D EERL T,

189 (5 mol%) B(pin)
4CzIPN 81 (1 I'T'IO|%) TBDPSO
Reductant (3.0 equiv) H

/\)\ By(cat), (5.0 equiv) 190
TBDPSO H
blue LED, DMF (0.1 M)
188 24h TBDPSO/\/*\

then pinacol in NEt; H
rt,2h 191
o o i >L o) 0 J< 0 o O MeH O
Me N Me ‘ Me’ N Me iPr N iPr Me N Me
H ' H H H
HEH 48 ‘ tBuO-DHP 200 iPr-DHP 201 Me-DHP 202
188 n.d. | 188 n.d. 188 n.d. 188 68%
190 70% w 190 65% 190 62% 190 26%
191 19% ' 191 29% 191 38% 191 2%

Scheme 2-9. Screening of reductant

5. WSHNAl o wET

NYF LI ATANEERLEBICKGESMET LR E LT, AV F 2T AT A~DRAFAFDE
Ay, Blbahiz v FazZRTA2LDM 70 b VLSEL 3 2 & T, KbRTD 7 m + VB
ﬁﬁTﬁéo%@ ER. kg0 B 2 a v (1)o7 e b LT LIcd SR b T ick b, Kot
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Kim H2F H2H

p={113

PEPNLZEER L, 22T, 70 b VETH2a) UL 77— 64 % I YERMLZEC
A BE D & 7 FZCARH NMR UK 91% T S 3, KELIA D A 5K 12 NMR IR 8% % Tl X 4172 (Scheme

2-10),

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP 202 (3.0 equiv)
B(cat), (5.0 equiv)
HX 64 (1.0 equiv)

TBDPSO/“\fJ\\
blue LED,DMF (0.1 M)

188 24 h
then pinacol in NEt3
rt,2h

Me

Il

—
Me N® Me@
H 1o
HX

64

Scheme 2-10. Addition of proton source

6. ARG T VT v ~DiHE

B(pin)
TBDPSO

H
190

9% 4

TBDPSO

4

191
8%

EEE OGS TS O N7 OGS & RIS IEE R 7 v 7 v~ D DR & 1T o 72 (Scheme 2-11), &
BT AT V203 ICOVWTIE, AT AT— R VvoUERKIBICHS T ERNARETH D 1.2 Y
BOERAATa7—rIFRa vyEHWTKIGEITI & NMR ICE 90% T HM D & 7 #E{Lik 204 23755 1

77

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP202 (3.0 equiv.)
By(cat), (1.2 equiv.)

HX 64 (1.0 iv.
PhO._~_ (1.0 equiv.)
203 blue LED, DMF (0.1 M)
24 h
then pinacol in NEt3
rt,2h

B(pin)

PhO._~_A_H

204

90% b/l = >99/1 (NMR)

Scheme 2-11. Application to unactivated terminal alkene
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CEISH: e SEp Ak i

1% 6 Nz Fol et % JC BB A #EIF Ot 2 17 o 72 T TARTEMRER 7 v 7 v o HLBE 5w Fr i B 12 o
WTC/RT (Scheme2-12), A P X &L MY 7oA Fadk 7tk o7& Fuoviev)ra—
NIZATAEETLEECENTH, REFAICECTHN O & v F{LiE235 5 72 (206a -206f), N-7 L%
WAV P =% G T 2HE Tk, PREDOIGE TR v FUEMRE L - (206g), EHEZDY 70 =F L%
7R 7 4 77— bOFFERICEWTD MR P ET L, RFRIGECHNO & v R LE %57
(206h, 206i).

RICAEW S BT V7 v OFREEA#EFIC O W TR, AFLkkesr T/ 8 AeviEvdya—rx
ZTFNERTIREEICEWT, RFRNETHND & 7 BRI S 172 (206k-206m), 1,1-2 &7 v
FUYLHFRRTH L7 7T A7 v AT AHETH. ML { SUGHHEST L 72(206n, 2060), AEH
BT v v ERAT EE T, RINEZRD S B O & v JUERE S 172 (206p), 7 v 72 VEERT
5 HE & A7z i, B RIS ETT L, RIF 7RI CH O - v FLE 25 5 1172 (2064, 206r) .
KRV TH 2 -+ b ot o —nDFERICE T REZR  RIGHHET L 72 (206s) .

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP 202 (3.0 equiv)
HX 64 (1.0 equiv) B(pin)

R2
Bs(cat), (1.2 or 5.0 equiv
R%Ra 2(cat); ( ) R3J’>(R1
R H

Blue LED, DMF (0.1 M)

rt., 24 h
205 then pinacol, NEt; bil _2220_1
rt,2h B )
(a) mono-substituted terminal alkenes with 1.2 equiv of B,(cat), ‘ (b) di- and tri-substituted alkenes with 5.0 equiv of By(cat),
X=H(206a)  :79% (81%) Ph B(pin) B(pin) X =

B(pin) OMe (206b) : 81% /S‘i\ o Me (206k) : 79:/‘7
OM/H CF;(206c) :78% ; tBu” ] "0 CN (2061) 1 70%
F (206d) - 74% 3 Ph ) H X H B(pin) (206m) : 68%

CN (206e) :75% : 206j, 83% o B(pin) o B(pin)

X B(pin) (206f) : 67% ; P ’ WH

CO,E B(pin) 3 CH’LO/\/*\/ (/E)'LO
. o ~_A_H O 206n, 66% S~ 2060, 73%
NWH O ‘ B(pin) (o} (pin)B Boc\N
— B(pin) From diflunisal : /h/\)K/\
' Ph PMBO i
2069, 58% F 206h, 77% ! I i B‘:'“)
o B(pin) | 206p, 45% 206, 839 9
' ) q, 83% 206r, 85%
cl 07&0/\)\/ . 3 B(pin)
cl From ciprofibrate ‘ Bn OM From (=)-p-citronellol
206i, 73% : 206s, 79%

H

Scheme 2-12. Substrate scope
HEEARHOFEZITo T A RIC, 7R A2H T 2B CRIGETTH &, HIND & 7 B AERIZIL
K 46%15 O NT=—J7 T i~ v 7 AT L, 260 & 7 FAUSE b T L 225 v 27 AR 23 IER 41%
T b7z (entry 0) Wi 7 AUIIGHHET L ZJRRICDOWT, MHAT IC X W AEC 2T A F TV AL
BEAANTAT— IRV ERIGLEZRIC, BTEELR I VAILVEIERL, COBTEELRTI VAN
ANER, TeET ) —Ah o u T VR RIRZZGIZRIL TV EIDOTIEBRWALEEL, 2o
o7 v R ERIGE C 72010, BRSO % 17 5 72 (Scheme 2-13), 7REX VLV % 1 HEF
MU7ZGE1iE. +oahRms5 o nind - 7z (entry 1), BuBr ZFIN L 728541213, NMR IR 81% T
H D+ v FE S SN 7225, RIZKFEED NMR ICR 8% ALK L 72 (entry 2), T — F XY ¥ V%2
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Kim H2F HI3HE

p={1{

ML 7B, 1RIETRICEE D b ol v 7 e i S . BFARIECHN O & v F Uik %1572
(entry3), 7w mlkz 3 2HICE T FRORELRG L. BREFRIGRCHINO & v # Lk 27
(entry 4, 5)

Table 2-13. Screening of sacrificial reagents

189 (5 mol%) B(pin)

4CzIPN 81 (1 mol%) ON\/H
Me-DHP 202 (3.0 equiv.) /©/
Bo(cat), (1.2 equiv.) X
HX 64 (1.0 equiv.) X = Br (206t), Cl (206u)

O~ X\ additive (1.0 equiv.) + .
B(pin)
X blue LED, DMF (0.1 M) O~ A
rt, 24 h
X = Br (205t), Cl (205u) then pinacol, NEt; H 206a

rt,2h

Entry additve X yield (%) 206a (%)

0 none Br 46 41

1 PhBr Br 73 22

2 tBuBr Br 81 7

3 Phl Br 86 (74) n.d
4 nome  CI 59 7

5 Phl Cl 80 (81) n.d
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FA4HE EERREOHREICONT

MHAT IZ X 2 RN iEWERGET V7 v, NG ERT LT v o~ra7=a7 e Fasy R UKIGICD
W, w7 =a 7 ERINICICEIT L Tnw b 2 L 28T 5720, REMERE 7 L7 v 2052 &R
WEME 3 EAT A Y 205k V. FRFROT vFera a7 RoEREEK L, 'HNMR &Y
GCMS z v, fLEERMEDTER 21T o 720 R AEMERGG 7 V7 v 205a D~ 27 =2 74K 206a D
HAERE T vF~ra7=a7{K2062°D 'HNMR F % — F O Z{To/z L A, TvF~erarz=
a ZRICFFE @ 0.75-0.90 ppm LD v — 7 134K B 572> o 72 (Figure 2-14), KIC GCMS I X % fi##r
T o7z, HEEL 2 AEHRIET L7 v 2052 D=L 3 7 = 2 74K 206a [AREFF 17.172 min I v — 2
RO, TvFvraz=a 72062 RFREE] 17.727 min I ¥ — 7 BR O N2, 722 NENDE
7 FRLRICHIET B MS D7 T 7 X v b v — 2 %157 (Figures 2-15~18), AiGIERIGT V7 v 2052 D~
a7 = a7k 206a DHAERYZ GCMS T 2 {To72& 25, w27 =3 7{K206a D — 2 MR
FRIRFM 17.168 min I 5 h, BEEL 72 RNiEHRIE T v 7 v 205a D~<ov 3 7 = 2 74K 206a DR &
MS D77 7AV =B —HLTnEI &R L, TVFeAra7=a 7K 20600 — 27 73
17719 min ISP EA LN, ~ v a7 =a7{K206a & 7 v F~ra7=27{K206a’D GC DHE
HiZ 588/1 TH o 7270, EHTE 28 LA L TR n LB L 72 (Figures 2-19~21), T b OFEHR
b, w37 =3 7K 206a HERNCER LT3 L ffEmeT T 72,

Figure 2-14. Comparison of the 'H NMR spectra of the anti-Markovnikov product 206a’and 206a in crude

mixture.
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Figure 2-15. GS-MS chromatogram of isolated 206a.
300000 T i
' 5 O\B/O
200000
] 206a
00006 | 7
] 2oy g
Lopodlobos 54 2 3 sz 33 53 8
50 100 150 200 250 300 350 400 450

Figure 2-16. Mass spectrum of isolated 206a (retention time: 17.172 min).
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5.00 ~
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Figure 2-17. GC-MS chromatogram of isolated anti-Markovnikov product 206a’
500000 o
— . O\/\/\/B\O
400000 3
E 206a’
3000003 T
200000 2
1 = o
1000003 - '[
: N 1 O O O T Y T T I S S R S
50 100 150 200 250 300 350 400 450 _
mz

Figure 2-18. Mass spectrum of anti-Markovnikov product 206a’ (retention time: 17.727 min).
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12,505,076 o
Te]
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b
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] 0.0 ) OEt
©
| O\/\)\ =
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1.00+
o)
- <
©
| B 3 e
<« ~
1 . ~
2 l =
T o]
0'00_ T T .T\JI | T T T | T T | T T | T T | T T TI _ﬁl’:\-’l‘% T T T \_ T T T T : --TIC@]
5.0 75 10.0 12.5 15.0 17.5 20.0
peak No. Rt. area
E—=5#| BEFEM | m/z | ®EM | =9 it&EHA I OAH AR
1 4.307 | TIC 361942 | | 1523 1-1 _
2 16.433 | TIC! 666803 | | 1.400 1-1
3] 17.168 | TIC 1728502 | | 1.377 1-1
4 17.535 | TIC 3517114 [ 1.499 1-1
5] 17.719] TIC 2940 M l 1.032 | 1-1
&5 6277301

total

Figure 2-19. GC-MS chromatogram of 206a in crude mixture.

110000~ = z ¥
100000- = #_P
90000 ]
80000 O\B/O
70000~
60000 O\/\)\
50000
40000- g N
30000- i 206a
20000 = . -
10000 7 T ¥
Ll ]..U.IMMA_W. I |Il| ||l|. J|| o |I L 8 | 5 I Ig & E =S 2 = | 2 E,—r
50 100 150 200 250 300 350 400 450
msz
Figure 2-20. Mass spectrum of 206a in crude mixture (retention time: 17.168 min).
? 0
200 = 0] B
i3 (7
00d . 5 206a’
- ° © ~ -1 ) = g = w B ©
- 2 w a = 23 i = W @
|.||||||| i ‘||!|.l||I|I“ .|||| A |.I..|||| hl“'"'"'h' W Ll " Jwtir Il ||||..I||||\||‘ Ll .|I [ R i||.|mrl Sl .I'E IJJJ..||| wl JTIII .|I|I
50 100 150 200 250 300 350 400 450 500
m/z

Figure 2-21. Mass spectrum of anti-Markovnikov product 206a’ in crude mixture (retention time: 17.719 min).
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Afm H2F FAH

3

R 3 BT A v 205k IO WT b RO Z T o 72, iGN 3 BT L7~ 205k D~ a7 =
a 7R 206k DAY L T v F a7 =a7{K206k’D 'HNMR F v — F DL ATV, TvF <L
a7 a7 O v — 27 134K R b d o 72(Figures 2-22~24), RIZ GCMS I X 2 @t % 1T - 72,
e 3 BT L7 v 205k D~ L3 7 =3 71K 206k IFFRFFRE 17.934 min iIc¥ — 27 RSN, T VT
<A a7 = a ZRITARFEREE 18.053 min iIC¥ — 27 BHR O, TN Fho kYR EDO MS D7 5
A v b v—7 %157z (Figures 2-25~29), Gtk 3 EH#AT L7 v 205k D~ L3 7 =3 7K 206k DAL
Y% GCMS TN 2 To7-¢ 25, =Aa7=a 7K 206k DY — 27 HMEEERE 17.947 min 12 B & h.

TVvFeraz7=azk06kD e — 7 3l BlllENad o7z, v a 7 =3 7K 206k D MS D
777X =2 L%z (Figure 2-30,31), 25 DFERD L, A 3BT L7 v 205k ICE W
T b~ A a7 =a 7 KPP ERMBICEDS LT w3 & @M T 2,

feas 995.20 Hz
2 0 6 kl ?; at™ 11[ 1 (?w:{.:;

PW1 3
IRNUC 1
TEMP 16.1
VNT DCL3
EXREF 0.00
B 0.12
RGAIN 2
L Suatene ]
YS_08007b_crude. -
crude mixture B(pin)
(0]
e

1 206k

\

|

) W ) J\ )

Figure 2-22. Comparison of the 'H NMR spectra of the anti-Markovnikov product 206k’ and 206k in crude

mixture.
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Figure 2-23. Comparison of the 'H NMR spectra of the anti-Markovnikov product 206k’ and 206Kk in crude

mixture.

B(pin)
206k’

¥5_08007b_crude_

crude mixture B(pin)
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Figure 2-24. Comparison of the 'H NMR spectra of the anti-Markovnikov product 206k’ and 206k in crude

mixture.
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Figure 2-25. GC-MS chromatogram of isolated 206k
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Figure 2-26. Mass Spectrum of isolated 206k (retention time: 17.934 min).
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Figure 2-27. GC-MS chromatogram of isolated anti-Markovnikov product 206k’.
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Figure 2-28. Mass spectrum of Markovnikov product 206k (retention time: 17.944 min).
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Figure 2-29. Mass Spectrum of anti-Markovnikov product 206k’ (retention time: 18.053 min).
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Figure 2-30. GC-MS chromatogram of 206k in crude mixture.
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Figure 2-31. Mass spectrum of 206k in crude mixture (retention time: 17.947 min).
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Kim H2F H o

p={113

FH5HE v b e — VSRR

av b —AVEBEETo, $TAEULEBRTAS Y 188 ZHWTa vy e — A EHEEZ{To 72
(Scheme 2-32), = %)V MMMIEIEEAAE T Tl & < RIS IFHETT L 722> o 7z (entry 1), HEE(LARTTAMEIEfELE
TCiE, EINE R S & 7 B 190 23515 5 N7z (entry 2), HEYE T TiE, & KIGIZETT L 72 2 > 7= (entry
3), 7o b VIRIEFAE FCid. KIBICIERAME T L 7= (entry 4)o — /5 . HEHERITCHIFEAAAE CIRIG 21T -
B, TET XD FHFTINEBMET L2 DD, NMR IIEK 85% T HIIAE S 117z (entry 5), KITHK
WHERGT V7 v 203 W Ca v b a— VEE% T 5 72 (Scheme 2-33), = -3)L MM lEIEELE T <l
2 RIS AT L 722> o 7z (entry 1) LB TTAEIEEAE T Cld, NMR I 85% T 7 FALik 204 2
BFoN7=0, FEEF XD DYCERIZET L7z (entry 2)o #HOE T Tl 2 RIGITEIT L 722> o 72 (entry 3).
7u b VIRIETFE F Tl KIBICIERAME T L 7z (entry 4), — 77 C. BHEEICHIIEFE CRIE 21T - 725
Iy FEEN XD HIEMET L2d DD, NMR I 64% CTHIIYBR S, TAr v o BERAE2 'H
NMR (& CTEIHI & 7= (entry 5), FRIEEITTHIFEFEAE P CRICHHEIT LB E LT, TAFAL T VAN
ERAANTaAT7— bR VML ZBRICAE T %2 DMF IC X o CREN I N TR T I H R, EITH
LT 2720 RIGPET L2 EBELTwa, EX AT a7 — VR vyoYER R uARiEER
ST AT v 203 DRIGEAETIE. BORIGEEZET 2L E 20N % DMF IC X > TRE I NIRRT
VAN, RIGFFOECARANT AT — RV T a8 T, TAXALIVANVEERAT AT
—F ROV EDRIEAEL Y, BIRIGTH 3T A7 v QBRIEEA & 7 FELIGICEEA L, IEK
PMETL7ZEELTWS, Me-DHP 2T 5 2 &ick>T, a5 D)k F U FDAKA Me-DHP
X DERRICGET L, BRI CTAFA IO ANVER LRI &, HOPICE AT I T— Y Fuy
LRIGE /2 EBREL e b 720, RIFRIETH v RUE 204 55N L EL TS,

Table 2-32. Control experiment of unactivated trisubstituted alkene Table 2-33. Control experiment of unactivated terminal alkene

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP 202 (3 equiv.)
HX 64 (1.0 equiv.)

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP 202 (3 equiv.)
HX 64 (1.0 equiv.)

X B(pin) X )
TBDPSO/\)\ B(cat), (5 equiv.) BOPSO PhOM By(cat), (1.2 equiv.) Pho\/\)BSE)H
blue LED, blue LED,
188 DMF (0.1 M), 24 h 190" 203 DMF (0.1 M), 24 h 204
then pinacol in NEt3 then pinacol in NEt3
rt.,2h rt.,2h
entry deviation 188 (%) 190(%) entry deviation 203 (%) 204 (%)
] ND. %0 O ] ND. %0

1 Without Co cat. 93 N.D. 1 Without Co cat. 95 N.D.
2 Without PC 50 27 2 Without PC 20 76
3 Without blue LED 90 N.D. 3 Without blue LED 90 N.D.
4 No HX 68 26 4 No HX 59 22
5 No Me-DHP N.D. 85 5 No Me-DHP N.D. 64
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Fofl ICHEREICBE 3 2 925k
FOGEEREIC D W THIR %215 5 72012, TEMPO % 272 7 2 4 M FEER % 1T - 72 (Scheme 2-34(a)), %
DR MHAT IC X WAL T F T ¥ AAHE{R2 TEMPO & )G L 72 TEMPO {14 208 75 LCMS
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(a) Radical Trap Experiment
189 (5 mol%)
4CzIPN 81 (1 mol%)

Me-DHP 201 (3.0 equiv)
HX 64 (1.0 equiv)
By(cat), (1.2 equiv) oN
TEMPO 167 (5. i
205a © 167 (5.0 equiv) O~

206a +
Blue LEIF:’ E;’X”; 0.1M) not detected ©/ 208
- detected by LC-MS

then pinacol, NEt;

,,,,,,,,,,,, rto2h ..
(b) Radical Cyclization 189 (5 mol%)
4CzIPN 81 (1 mol%)
o o Me-DHP 202(3.0 equiv) o O
HX 64 (1.0 equiv)
EtO OEt Ba(cat); (1.2 equiv)  EtO OFEt
P S Blue LED, DMF (0.1 M)
rt 24 h H B(pin)
209 then pinacol, NEts 242,849, dr = 9.2/1
rt,2h ’ ' '
MHAT Ba(cat), T
then pinacol, NEt;

O O o O
Efj&%t) Et 5-exo-trig cyclization Et(ﬁoa
7 .

H . ™
N—r H Q
210 211

Scheme 2-34. Radical Trap Experiment and Radical Cyclization
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Markovnikov-selective Hydroboration
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radical
intermediate
v high regioselectivity with mono-, di-, and tri-substituted alkenes

Seino, Y.; Dozen, S.; Yoshino, T.; Higashida, K.; Matsunaga, S. Submitted

98



58 H FhRIH

Contents

1. General Information

2. Substrate Preparation

3. Markovnikov Hydroboration

4. Preparation for Cobalt Complexes

5. Detection of radical intermediate by TEMPO-trapping

1. General information

Reactions were carried out under argon atmosphere unless otherwise noted. All non-aqueous reactions were carried
out in a flame-dried glassware under argon atmosphere unless otherwise noted or in an argon-filled glove box. NMR
spectra were recorded on JEOL INM-ECZ400 spectrometers operating at 399.78 MHz for 'H NMR and 100.53 MHz
for BC{'H} NMR, and 376.13 MHz for "’F NMR, JEOL JNM-ECZ600 spectrometers operating at 190.63 MHz for
UB{'H} NMR. NMR tubes (super grade, Cat. No. 96938-02, borosilicate glass) were purchased from Kanto
Chemical Co., Inc.. A broad signal derived from boron species in the NMR tube was observed at around 20 to —20
ppm in the "B {'H} NMR spectra. Chemical shifts were reported in the scale relative to TMS (0.00 ppm for 'H NMR
in CDCl3), CHCI3 (7.26 ppm for 'TH NMR in CDCI3), CDCl; (77.16 ppm for 3C{'H} NMR in CDCls), acetonitrile-
ds (1.32 ppm for *C{'H} NMR in acetonitrile-d3), PhCF3 (—62.96 ppm for '°F NMR in CDCl3), and C¢HsF (-112.9
ppm for 'F NMR in CDCI;) as an internal reference, respectively. High resolution mass spectra (HRMS) were
measured on Shimadzu LCMS-9030. Gas Chromatography Mass spectrometry (GC-MS) was measured on Shimadzu
GCMS-QP2025. Liquid Chromatography Mass Spectrometry (LC-MS) was measured on Shimadzu LCMS-2020.
Infrared (IR) spectra were recorded on an Agilent Technologies Cary 630 FTIR spectrophotometer. Column
chromatography was performed with silica gel Kanto Silica gel 60 N (40-50 mesh) or Yamazen YFLC AI-580 using
Universal Column SiOH. TLC analysis was carried out on Wako Silicagel 70 F254 plates.

Dichloromethane (DCM), tetrahydrofuran (THF), diethyl ether (Et,O), and toluene were purified by Glass Contour
solvent purification system (Nikko Hansen & Co., Ltd.,). Acetone (Super Dehydrated: 014-23461) and ethanol (Super
Dehydrated: 014-23461) were purchased from Fujifilm Wako Pure Chemical Co.. 3,5-Diethoxycarbonyl-1,4-
dihydro-2,4,6-collidine and Bis(pinacolate)diboron (B2(pin)2) were purchased from Tokyo Chemical Industry Co.,
Ltd. Bis(catecolate)diboron (Ba(cat),) were purchased from BLD Pharmatech Ltd.. All commercially available
reagents were used as received unless otherwise noted. 4 mL glass vials (Cat. No. 1030-61060) and screw caps with
a septum (Cat. No.1030-51261) were purchased from GL Sciences. Photo-irradiation was performed with A160WE
TUNA Blue (purchased from Kessil; Wavelength of peak intensity = 456 nm) as a photon source, and the blue LED
was equipped with PhotoRedOx Box Duo (EvoluChemTM).

Pinacol and triethylamine solution was prepared according to Baran’s procedure.'? Pinacol was addedtoa 100 mL
round-bottom flask and dissolved in toluene, and the solvent was removed under reduced pressure. Pinacol was dried
by repeating this process three times. The pinacol was further dried under high vacuum until it became crystalline, at
which point it was weighed, evacuated, placed under argon gas, and then dissolved in distilled triethylamine.

Collidine triflate was prepared according to reported procedure.'
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2. Substrate Preparation

General Procedure for Preparing 205a-f,k-m,t-u

OH . OR
K,CO5 (4.0 equiv

O L) O

X acetone, 60 °C X

(1.2 equiv)

A solution of phenol derivatives (1.0 equiv) and potassium carbonate (4.0 equiv) in dry acetone (0.2 M) was placed
under an argon atmosphere at room temperature, and 5-bromo-1-pentene or 5-bromo-2-methyl-2-pentene (1.2 equiv)
was added to the mixture. The reaction mixture was stirred at 60 °C for 14—40 h. After completion of the reaction, as
monitored by TLC, the solvent was removed under reduced pressure. The residue was diluted with water (50 mL)
and extracted with diethyl ether (30 mL) three times. The combined organic layers were dried over anhydrous NazSOa,
filtered, and concentrated under reduced pressure. The crude product was purified by flash column chromatography

on silica gel to afford the desired product.

1-(pent-4-en-1-yloxy)benzene (205a)'4

Prepared according to General procedure using phenol (471 mg, 5.0 mmol) and 5-bromo-
©/ OM 1-pentene (710 pL, 6.0 mmol). The crude mixture was purified by flash column

chromatography (silica gel, hexane to hexane:DCM = 75:25). 205a was isolated as
colorless oil (708 mg, 4.37 mmol, 87%). 'H NMR (400 MHz, CDCls) 6 7.32-7.24 (m, 2H), 6.97-6.87 (m, 3H), 5.86
(ddt, /=172, 10.4, 6.8 Hz, 1H), 5.07 (ddt, J=16.4, 2.0, 1.6 Hz, 1H), 5.00 (ddt, /= 9.8, 2.0, 1.2 Hz, 1H), 3.97 (t, J
= 6.4 Hz, 2H), 2.29-2.19 (m, 2H), 1.95-1.82 (m, 2H). BC{'H} NMR (101 MHz, CDCls3) § 159.2, 138.0, 129.6, 120.7,
115.3,114.7, 67.2,30.3, 28.6. R 0.39 (hexane:EtOAc = 50:1).

1-methoxy-4-(pent-4-en-1-yloxy)benzene (205b)'
O\/\/\ Prepared according to General procedure using 4-methoxyphenol (621 mg, 5.0
/©/ mmol) and 5-bromo-1-pentene (710 puL, 6.0 mmol). The crude mixture was purified
MeO by flash column chromatography (silica gel, hexane to hexane:EtOAc = 82:18).
205b was isolated as colorless oil (725 mg, 3.77 mmol, 75%). TH NMR (400 MHz, CDCl3) 6 6.89-6.75 (m, 4H),
5.84 (ddt, J=17.0, 10.4, 6.8 Hz, 1H), 5.10-5.02 (m, 1H), 5.02-4.95 (m, 1H), 3.91 (t, /= 6.5 Hz, 2H), 3.75 (s, 3H),
2.29-2.17 (m, 2H), 1.92-1.81 (m, 2H). *C{'H} NMR (101 MHz, CDCls) § 153.9, 153.4, 138.0, 115.6, 115.2, 114.7,
68.0, 55.8, 30.3, 28.7. R; 0.30 (hexane:EtOAc = 20:1).

1-(pent-4-en-1-yloxy)-4-(trifluoromethyl)benzene (205¢)'*
0 N Prepared according to General procedure using 4-(trifluoromethoxy)phenol (891
/©/ mg, 5.0 mmol) and 5-bromo-1-pentene (710 pL, 6.0 mmol). The crude mixture was
F3C purified by flash column chromatography (silica gel, hexane to hexane:EtOAc =
94:6). 205¢ was isolated as colorless oil (945 mg, 4.10 mmol, 82%). "TH NMR (400 MHz, CDCls3) J 7.56-7.49 (m,
2H), 6.98-6.89 (m, 2H), 5.85 (ddt, J=17.2, 10.4, 6.4 Hz, 1H), 5.07 (ddt, J=17.2, 1.6 Hz, 1H), 5.01 (ddt, /= 10.2,
1.6, 1.2 Hz, 1H), 4.01 (t, J= 6.4 Hz, 2H), 2.29-2.19 (m, 2H), 1.96-1.85 (m, 2H). 3C{'H} NMR (101 MHz, CDCl3)
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0161.7,137.7,127.0 (q, J = 3.7 Hz), 124.7 (q, J = 270.9 Hz), 122.9 (q, /= 32.1 Hz), 115.6, 114.6, 67.5, 30.2, 28.4.
Rt 0.50 (hexane:EtOAc = 40:1).

1-fluoro-4-(pent-4-en-1-yloxy)benzene (205d)'S
O\/\/\ Prepared according to General procedure using 4-fluorophenol (561 mg, 5.0 mmol)
/©/ and 5-bromo-1-pentene (710 pL, 6.0 mmol). The crude mixture was purified by flash
F column chromatography (silica gel, hexane to hexane:EtOAc = 88:12). 205d was
isolated as colorless oil (615.1 mg, 3.41 mmol, 68%). '"H NMR (400 MHz, CDCls) 6 7.02-6.92 (m, 2H), 6.86-6.79
(m, 2H), 5.85 (ddt, J=17.2, 10.4, 6.4 Hz, 1H), 5.07 (m, 1H), 5.03-4.97 (m, 1H), 3.93 (t, J = 6.5 Hz, 2H), 2.29-2.18
(m, 2H), 1.93-1.82 (m, 2H). *C{'H} NMR (101 MHz, CDCl3) ¢ 157.3 (d, J=237.9 Hz), 155.3 (d, /=2.0 Hz), 137.9,
116.0, 115.7 (d, J=11.0 Hz), 115.5 (d, J = 20.0 Hz), 68.0, 30.2, 28.6. Rt 0.34 (hexane:EtOAc = 80:1).

4-(pent-4-en-1-yloxy)benzonitrile (205¢)!°

O\/\/\ Prepared according to General procedure using 4-cyanophenol (596 mg, 5.0 mmol)

/©/ and 5-bromo-1-pentene (710 pL, 6.0 mmol). The crude mixture was purified by flash

NC column chromatography (silica gel, hexane:EtOAc =97:3 to 76:24). 205e was

isolated as colorless oil (920 mg, 4.91 mmol, 98%). "TH NMR (400 MHz, CDCls) § 7.57 (d, J = 8.9 Hz, 2H), 6.93 (d,
J=8.9 Hz, 2H), 5.84 (ddt,J=17.2, 10.4, 6.4 Hz, 1H), 5.31-5.04 (m, 1H), 5.04-4.98 (m, 1H), 4.01 (t, /= 6.4 Hz, 2H),
2.30-2.18 (m, 2H), 1.95-1.84 (m, 2H). *C{'H} NMR (101 MHz, CDCls) J 162.5, 137.4, 134.0, 119.4, 115.6, 115.3.

103.8, 67.6, 30.0, 28.2. Rt 0.26 (hexane:EtOAc = 10:1).

4,4,5,5-tetramethyl-2-(4-(pent-4-en-1-yloxy)phenyl)-1,3,2-dioxaborolane (205f)!7

o) Prepared according to General procedure using 4-(4,4,5,5-Tetramethyl-
M .
1,3,2-dioxaborolan-2-yl)phenol (660 mg, 3.0 mmol) and 5-bromo-1-pentene
B

; (430 pL, 3.6 mmol). The crude mixture was purified by flash column
chromatography (silica gel, hexane to hexane:EtOAc = 83:17). 205f was

isolated as colorless oil (415 mg, 1.44 mmol, 48%). '"H NMR (400 MHz,
CDCl3) 6 7.76-7.71 (m, 2H), 6.91-6.85 (m, 2H), 5.85 (ddt, J = 17.2, 10.0, 6.8 Hz, 1H), 5.06 (ddt, J = 17.0, 2.0, 1.6
Hz, 1H), 5.06 (ddt, /= 10.0, 2.0, 1.6 Hz, 1H)), 4.00 (t, J= 6.5 Hz, 2H), 2.28-2.19 (m, 2H), 1.93-1.84 (m, 2H), 1.33
(s, 12H). BC{IH} NMR (101 MHz, CDCl3) § 161.8, 137.9, 136.6, 115.3, 114.0, 83.6, 67.1, 30.2, 28.5, 25.0. R 0.24
(hexane:EtOAc =20:1).

1-methyl-4-((4-methylpent-3-en-1-yl)oxy)benzene (205k)
Prepared according to General procedure using p-cresol (540 mg, 5.0 mmol) and
O\/\)\ 5-bromo-2-methyl-2-pentene (800 pL, 6.0 mmol). The crude mixture was purified
/©/ by flash column chromatography (silica gel, hexane/DCM = 40/1). 205k was
isolated as colorless oil (358 mg, 1.88 mmol, 38%). IR (ATR) v 3029, 2968, 2914,
2864, 1615, 1584, 1510, 1471, 1448, 1381, 1290, 1239, 1174, 1109, 1033, 985, 899, 816, 769, 744, 729, 703 cm;

101



I

Kim 2 H 8

p={1{

'H NMR (400 MHz, CDCl3) ¢ 7.11-7.03 (m, 2H), 6.83-6.76 (m, 2H), 5.26-5.15 (m, 1H), 3.90 (t, J = 7.1 Hz, 2H),
2.53-2.41 (m, 2H), 2.28 (s, 3H), 1.73 (d, J = 1.1 Hz, 3H), 1.66 (s, 3H). *C{'H} NMR (101 MHz, CDCls) § 157.0,
134.5, 130.0, 129.8, 119.8, 114.5, 67.8, 28.4, 25.9, 20.6, 18.0. Rf 0.22 (hexane:DCM = 40:1). HRMS (APCI): m/z
calculated for Ci3H19O [M+H]": 191.1430, found: 191.1427.

4-((4-methylpent-3-en-1-yl)oxy)benzonitrile (205I)
Prepared according to General procedure using 4-hydroxybenzonitrile (596 mg, 5.0
O\/\)\ mmol) and 5-bromo-2-methyl-2-pentene (800 pL, 6.0 mmol). The crude mixture was
/©/ purified by flash column chromatography (silica gel, hexane:EtOAc =97:3 to 76:24).
2051 was isolated as colorless oil (565 mg, 2.81 mmol, 56%). IR (ATR) v 2969, 2917,
2875,2223, 1604, 1573, 1507, 1467, 1448, 1419, 1377, 1300, 1253, 1170, 1112, 1065, 1015, 899, 833, 766, 704, 680
cm’'; TH NMR (400 MHz, CDCl3) d 7.61-7.54(m, 2H), 6.97-6.90 (m, 2H), 5.23-5.15 (m, 1H), 3.97 (t, /= 6.9 Hz,
2H), 2.55-2.46 (m, 2H), 1.73 (d, /= 1.2 Hz, 3H), 1.66 (d, J= 0.6 Hz, 3H). BC{'H} NMR (101 MHz, CDCl;) § 162.5,
135.1,134.0,119.4,119.1, 115.3, 103.8, 68.2, 28.1, 25.8, 18.0. Rf 0.31 (hexane:EtOAc = 10:1). HRMS (APCI): m/z
calculated for Ci3HsNO [M+H]*: 202.1226, found: 202.1231.

4,4,5,5-tetramethyl-2-(4-((4-methylpent-3-en-1-yl)oxy)phenyl)-1,3,2-dioxaborolane (205m)
Prepared according to General procedure using 4-(4,4,5,5-Tetramethyl-1,3,2-

/@/O\/\)\ dioxaborolan-2-yl)phenol (515 mg, 2.3 mmol) and 5-bromo-2-methyl-2-

O\B pentene (330 pL, 2.8 mmol). The crude mixture was purified by flash column
?/6 chromatography (silica gel, hexane to hexane:EtOAc = 82:18). 205m was
isolated as colorless oil (259 mg, 0.857 mmol, 37%). IR (ATR) v 2976, 2917,

2864, 1604, 1565, 1514, 1473, 1444, 1396, 1355, 1325, 1280, 1245, 1245, 1175, 1139, 1091, 1029, 1008, 964, 861,
828, 763, 735, 667 cm’'; 'TH NMR (400 MHz, CDCls) 6 7.73 (d, J= 8.3 Hz, 2H), 6.88 (d, J= 8.3 Hz, 2H), 5.24-5.18
(m, 1H), 3.95 (t, J= 7.1 Hz, 2H), 2.53-2.45 (m, 2H), 1.73 (s, 3H), 1.66 (s, 3H). 1.33 (s, 12H). BC{'H} NMR (101
MHz, CDCl3) 6 161.8, 136.6, 134.6, 119.6, 114.0, 83.7, 67.6, 28.4, 25.9, 25.0, 18.0. Rt 0.32 (hexane:EtOAc = 15:1).
HRMS (APCI): m/z calculated for C1sH2303B [M+H]": 303.2126, found: 303.2133.

1-bromo-4-(pent-4-en-1-yloxy)benzene (205t) '8
o) S Prepared according to General procedure using 4-bromophenol (865 mg, 5.0 mmol)
/©/ and 5-bromo-1-pentene (710 puL, 6.0 mmol). The crude mixture was purified by flash
Br column chromatography (silica gel, hexane to hexane:DCM = 78:22). 205t was
isolated as colorless oil (1.06 g, 4.40 mmol, 88%).'H NMR (400 MHz, CDCls) 6 7.40-7.33 (m, 2H), 6.82-6.74 (m,
2H), 5.84 (ddt,J=17.2,10.4, 6.4 Hz, 1H), 5.07 (ddt,J=17.2, 2.0, 1.6 Hz, 1H), 5.00 (ddt, /= 10.2, 2.0, 1.2 Hz, 1H),
3.93 (t, J = 6.5 Hz, 2H), 2.28-2.18 (m, 2H), 1.93-1.82 (m, 2H). *C{'H} NMR (101 MHz, CDCls) J 158.3, 137.8,
132.3,116.5,115.4, 112.8, 67.5, 30.2, 28.4. R 0.44 (hexane:EtOAc = 40:1).
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1-chloro-4-(pent-4-en-1-yloxy)benzene (205u)'
o Prepared according to General procedure using 4-chlorophenol (495 pL, 5.0
/O/ NN mmol) and 5-bromo-1-pentene (710 pL, 6 mmol). The crude mixture was purified
cl by flash column chromatography (silica gel, hexane). 205u was isolated as
colorless oil (824 mg, 4.19 mmol, 84%). "TH NMR (CDCls, 400 MHz) J 7.24-7.19 (m, 2H), 6.85-6.78 (m, 2H), 5.90-
5.78 (m, 1H), 5.09-5.02 (m, 1H), 5.02-4.98 (m, 1H), 3.93 (t, J= 6.6 Hz, 2H), 2.27-2.19 (m, 2H), 1.92-1.83 (m, 2H).
BC{'H} NMR (CDCl3, 101 MHz) ¢ 157.8, 137.8, 129.4, 125.5, 115.9, 115.4, 67.6, 30.2, 28.5.

General Procedure for Preparing 205n,0

o EDC-HCI (1.3 equiv.) o

DMAP (1.4 equiv.
A, + ror Weamy
R® "OH DCM, 0 °C to r.t. R® OR

(1.2 equiv.)

A solution of EDC-HCI (1.3 equiv) and DMAP (1.4 equiv) in dry dichloromethane (0.4 M) was placed under an
argon atmosphere and cooled to 0 °C. Carboxylic acid (1.0 equiv) was added, followed by the addition of alcohol
(1.2 equiv). The reaction mixture was stirred at room temperature for 16—19 h. After completion of the reaction, as
monitored by TLC, the mixture was quenched with 1 M HCl aq. (50 mL). The biphasic mixture was extracted with
dichloromethane (50 mL) three times. The combined organic layers were washed with 1 M HCI aq. (50 mL) three
times, sat. NaHCO3 aq. (50 mL) and brine (100 mL), and the organic layer was dried over Na>SOs, filtered, and

evaporated. The crude mixture was purified by flash column chromatography (silica gel) to afford the desired product.

3-methylbut-3-en-1-yl furan-2-carboxylate (205n)"
Prepared according to General procedure using 2-furancarboxylic acid (560 mg, 5.0
Q /\)J\ mmol) and 3-methyl-3-butene-1-o0l (610 pL, 6.0 mmol). The crude mixture was purified
C\OHJ\ o by flash column chromatography (silica gel, hexane to hexane:EtOAc = 79:21). 205n was
isolated as colorless oil (787 mg, 4.37 mmol, 87%). "TH NMR (400 MHz, CDCls) J 7.60-
7.54 (m, 1H), 7.16 (d, J = 3.4 Hz, 1H), 6.50 (dd, J = 3.4, 1.7 Hz, 1H), 4.88-4.76 (m, 2H), 4.42 (t, J = 6.9 Hz, 2H),
2.46 (t,J= 6.9 Hz, 2H), 1.80 (s, 3H). BC{'H} NMR (101 MHz, CDCls) § 158.8, 146.4, 144.9, 141.6, 117.9, 112.6,
111.9, 63.3, 36.8, 22.6. R; 0.24 (hexane:EtOAc = 15:1).

3-methylbut-3-en-1-yl thiophene-3-carboxylate (2050)
Prepared according to General procedure using 3-thiophencarboxylic acid (641 mg, 5.0
/\)J\ mmol) and 3-methyl-3-butene-1-o0l (610 pL, 6.0 mmol). The crude mixture was purified
{E)J\O by flash column chromatography (silica gel, hexane to hexane:EtOAc = 80:20). 2050 was
isolated as colorless oil (863 mg, 4.40 mmol, 88%). IR (ATR) v 3111, 3077, 2967, 2905,
1710, 1648, 1522, 1448, 1409, 1376, 1249, 1202, 1186, 1101, 1025, 972, 891, 872, 822, 745, 699 cm™'; "TH NMR
(400 MHz, CDCls) ¢ 8.09 (dd, J = 3.0, 1.0 Hz, 1H), 7.52 (dd, J = 5.0, 1.0 Hz, 1H), 7.30 (dd, J = 5.0, 3.0 Hz, 1H),
4.88-4.74 (m, 2H), 4.39 (t, J = 6.8 Hz, 2H), 2.46 (t, J = 6.8 Hz, 2H), 1.80 (s, 3H). BC{'H} NMR (101 MHz, CDCls)
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0162.8,141.8,134.0, 132.7, 128.0, 126.0, 112.5, 63.0, 36.9, 22.6. Rf 0.31 (hexane:EtOAc = 20:1). HRMS (APCI):
m/z calculated for CoH302S [M+H]™: 197.0631, found: 197.0631.

Preparation of 1-(Pent-4-en-1-yl)-1H-indole (205g)

A\ NaH (1.5 equiv)
N o
H (1.0 equiv) DMF (0.5M),0°Ctort., 15h B

2059

In a 50 mL round-bottom flask, NaH (300 mg, 5.0 mmol, 60% dispersion in mineral oil, 1.5 equiv) was added to a
solution of indole (586 mg, 5.0 mmol) in dry DMF (10 mL) at 0 °C under an argon atmosphere. The reaction mixture
was stirred at room temperature for 30 minutes. 5-Bromo-1-pentene (590 puL, 5.0 mmol, 1.0 equiv) was added to the
reaction mixture at 0 °C under an argon atmosphere. The mixture was warmed to room temperature and stirred for
15 hours before the dropwise addition of sat. NH4Cl aq. (5 mL) at 0 °C. The resulting mixture was diluted with water
(20 mL) and Et,O (15 mL). The organic layer was separated, and the aqueous layer was extracted with Et;O (15 mL)
three times. The combined organic layer was dried over Na,SOs. The solvent was evaporated to give a crude mixture,
which was purified by flash column chromatography (silica gel, hexane to hexane:EtOAc = 87:13) to give 205¢g as
clear green oil (862 mg, 4.65 mmol, 93%). The spectral data was consistent with the reported values.?

TH NMR (400 MHz, CDCl3) § 7.66-7.60 (m, 1H), 7.37-7.32 (m, 1H), 7.23-7.17 (m, 1H), 7.13-7.06 (m, 2H), 6.49
(dd, /= 3.1, 0.8 Hz, 1H), 5.85 (ddt, J=17.2, 10.4, 6.4 Hz, 1H), 5.08-5.03 (m, 1H), 5.03-5.00 (m, 1H), 4.13 (t, J =
7.0 Hz, 2H), 2.13-2.02 (m, 2H), 2.00-1.89 (m, 2H). BC{!H} NMR (101 MHz, CDCI3) ¢ 137.5, 136.1, 128.8, 127.9,
121.5,121.1, 119.4, 115.8, 109.5, 101.1, 45.7, 31.0, 29.3. R; 0.29 (hexane:EtOAc = 30:1).

Preparation of Ethyl 2',4'-Difluoro-4-(pent-4-en-1-yloxy)-[1,1'-biphenyl]-3-carboxylate (205h)

H,S0,

EtOH (0.13 M)
rt,19h

K>CO3 (4.0 equiv)
5-bromo-1-pentene
(1.2 equiv)
Acetone, 60°C
37h

205h

In a 200 mL round flask, conc. HoSO4 (10 mL) was added to a solution of diflunisal (1.25 g, 5.0 mmol, 1.0 equiv.) in
EtOH (38 mL) at room temperature under an argon atmosphere. The reaction mixture was stirred at 80 °C for 19
hours. The reaction mixture was diluted with EtOAc (50 mL) and washed with water (100 mL) twice and brine (100
mL). The combined organic layer was dried over Na>SOa. The solvent was evaporated to give S1, which was used

for the next step without further purification.
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In a 50 mL round-bottom flask, 5-bromo-1-pentene (0.28 mL, 2.4 mmol, 1.2 equiv) was added to suspension of the
crude S1 (557 mg, 2.0 mmol) and K»COs (1.11 g, 8.0 mmol, 4.0 equiv) in acetone (10 mL) at room temperature under
an argon atmosphere. The reaction mixture was stirred at 60 °C for 38 hours. The reaction mixture was cooled to
room temperature and concentrated in vacuo. The crude mixture was diluted with water (50 mL) and extracted with
Et,0 (30 mL) three times, and the combined organic layer was dried over NaxSOs. The solvent was evaporated to
give a crude mixture, which was purified by flash column chromatography (silica gel, hexane:EtOAc =96:4 to 75:25)
to give 205h as colorless oil (379 mg, 1.09 mmol, 55%).

IR (ATR) v 3077, 2978, 2937, 1726, 1701, 1609, 1489, 1466, 1434, 1388, 1365, 1313, 1271, 1252, 1216, 1160, 1140,
1094, 1077, 1044, 1013, 967, 912, 849, 809, 786, 734, 660 cm™'; '"H NMR (400 MHz, CDCls) 6 7.90 (dd, J = 2.3,
1.1 Hz, 1H), 7.61-7.55 (m, 1H), 7.44-7.35 (m, 1H), 7.01 (d, J = 8.7 Hz, 1H), 6.98-6.86 (m, 2H), 5.87 (ddt, /= 17.2,
10.0, 6.8 Hz, 1H), 5.08 (ddt, J=17.2, 1.6, 2.0 Hz, 1H), 5.04-4.97 (m, 1H), 4.38 (q, J= 7.2 Hz, 2H), 4.09 (t, /= 6.3
Hz, 2H), 2.36-2.27 (m, 2H), 2.01-1.91 (m, 2H), 1.39 (t, /= 7.2 Hz, 3H). BC{'H} NMR (101 MHz, CDCl3) 6 166.5,
162.3 (dd, J=248.5, 12.0 Hz), 159.8 (dd, J = 249.5, 12.0 Hz), 158.1, 137.8, 133.6 (d, J=4.0 Hz), 132.0 (d, /= 2.0
Hz), 131.2,(dd,/=9.5,4.5Hz), 127.0, 124.2 (dd, /= 14.0, 4.0 Hz), 121.2, 115.4, 113.3, 111.7 (dd, J = 21.0, 4.0 Hz),
104.5 (t,J=25.8 Hz), 68.2,61.1, 30.1,28.4, 14.4. YFNMR (376 MHz, CDCl3): § —111.75-—111.88 (m, 1F), -113.86-
—114/02 (m, 1F). HRMS (APCI): m/z calculated for CyH2103F> [M+H]*: 347.1453, found: 347.1460. R¢ 0.29
(hexane:EtOAc =10:1).

Preparation of But-3-en-1-yl 2-(4-(2,2-dichlorocyclopropyl)phenoxy)-2-methylpropanoate (205i)

HO "X
(1.3 equiv)

o)
o EDC-HCI (1.3 equiv)
OH DMAP (0. 50 equiv) o/\/\
Cl CH,Cl,, rt., 24 h I

Cl
205i

In a 100 mL two necked round-bottom flask, 3-buten-1-ol (115 pL, 1.3 mmol, 1.3 equiv), EDC-HCI (256 mg, 1.3
mmol, 1.3 equiv), and DMAP (20.3 mg, 0.50 mmol, 0.50 equiv) were added to a solution of ciprofibrate (289 mg,
1.0 mmol, 1.0 equiv) in dry CH2Cl, (16 mL) at 0 °C under an argon atmosphere. After stirring the reaction mixture
for 24 hours at room temperature, the resulting mixture was quenched with deionized water (50 mL) and extracted
with DCM (30 mL) three times. The combined organic layer was washed with brine, dried over Na;SO4, and
evaporated. The crude was purified by silica gel column chromatography (hexane:EtOAc = 15:1) to afford 205i as
colorless oil (277 mg, 0.807 mmol, 81%).

IR (ATR) v 2932, 2829, 1734, 1611, 1509, 1381, 1286, 1241, 1141, 1122, 1092, 846, 834, 761, 675 cm™'; 'H NMR
(CDCls, 400 MHz) 6 7.13-7.08 (m, 2H), 6.84-6.78 (m, 2H), 5.69 (ddt, J=17.2, 10.4, 6.8 Hz, 1H), 5.09-4.99 (m, 2H),
421 (t,J = 6.6 Hz, 2H), 2.83 (dd, J = 10.8, 8.4 Hz, 1H), 2.36 (qt, J = 6.8, 1.2 Hz, 2H), 1.93 (dd, J = 10.8, 7.6 Hz,
1H), 1.77 (dd, J = 8.4, 7.2 Hz, 1H), 1.59 (s, 6H). 3C{'H} NMR (CDCl3, 101 MHz) 6 174.1, 155.0, 133.6, 129.6,
128.1, 118.7, 117.4, 79.2, 64.4, 60.9, 34.8, 32.9, 25.8, 25.5, 25.4. HRMS (ESI): m/z calculated for C17H20C1,O3Na
[M+Na]": 365.0682, found: 365.0683.
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Preparation of fert-Butyl((3-methylbut-2-en-1-yl)oxy)diphenylsilane (205j)

TBDPSCI (2.0 equiv)

/\)\ imidazole (4.0 equiv) /\)\
HO 7

DMF (0.5 M), 0 °C tort, 24 h 1BDPSO
205

In a 200 mL round-bottom flask, fert-butyldiphenylchlorosilane (2.6 mL, 10 mmol, 2.0 equiv) was added to a solution
of 3-methyl-2-buten-1-ol (0.50 mL, 5.0 mmol) and imidazole (1.36 g, 20 mmol, 4.0 equiv) in DMF (20 mL) at 0 °C
under an argon atmosphere. The reaction mixture was stirred at room temperature for 24 hours. The reaction mixture
was diluted with water (100 mL) and extracted with hexane/EtOAc = 4/1 (50 mL x 3), and the combined organic
layer was dried over Na,SOs. The solvent was evaporated to give a crude mixture, which was purified by flash column
chromatography (silica gel, hexane to hexane:EtOAc = 20:1) to give 205j as colorless oil (1.47 g, 4.53 mmol, 91%).
The spectral data was consistent with the reported values.?!

'TH NMR (400 MHz, CDCl;3) § 7.72-7.64 (m, 4H), 7.46-7.36 (m, 6H), 5.44-5.35 (m, 1H), 4.19 (d, J = 6.1 Hz, 2H),
1.69 (s, 3H), 1.45 (s, 3H). 1.04 (s, 9H). BC{'H} NMR (101 MHz, CDCl;) 6 135.8, 134.3, 133.9, 129.6, 127.7, 124.4,
61.3,27.0, 25.8,19.3, 18.1. R; 0.52 (hexane:EtOAc = 20:1).

Synthesis of 7-Methyl-1-phenyloct-6-en-3-one (205p)

O _~_MgBr 0
X O~ il )\/\/U\/\
N X Ph

THF

I o
$2 -78°Ctort., 14 h 205p

A 30 mL round-bottom flask containing stirring bar and Mg turnings (319 mg, 13 mmol, 2.6 equiv) was flame-dried
under reduced pressure. Dry THF (5 mL) and dibromoethane (10 pL) were added to the flask under an argon
atmosphere, and the mixture was stirred for 15 minutes. The solution of (2-bromoethyl)benzene (880 pL, 6.5 mmol,
1.3 equiv) in dry THF (3 mL) was added dropwise to the solution. The resulting solution was warmed by heat gun to
launch the reaction. After 5 minutes, the reaction was completed, and N-methoxy-N,5-dimethylhex-4-enamide (S2)
(860 mg, 5 mmol, 1.0 equiv) in dry THF (13 mL) was added dropwise to the Grignard reagent at -78 °C. The resulting
solution was stirred for 3 hours at -78 °C, then slowly warmed to room temperature. After stirring the mixture for 14
hours, the resulting mixture was quenched with sat. NH4Cl aq. (20 mL) and deionized water (20 mL). The aqueous
layer was extracted with diethyl ether (50 mL) three times. The combined organic layer was washed with brine and
dried over NaxSOs. All volatiles were removed under reduced pressure, and the crude was purified by silica gel
column chromatography (hexane to hexane:EtOAc = 10:1) to afford 205p as colorless oil (1.03 g, 4.75 mmol, 95%).
The NMR spectra of 205p was matched with the reported data.?

'"H NMR (CDCl3, 400 MHz) 6 7.31-7.24 (m, 2H), 7.21-7.15 (m, 3H), 5.07-5.00 (m, 1H), 2.90 (t, J = 7.8 Hz, 2H),
2.72 (t,J=17.6 Hz, 2H), 2.41 (t, J = 7.6 Hz, 2H), 2.28-2.19 (m, 2H), 1.66 (d, J = 1.2 Hz, 3H), 1.60 (s, 3H). *C{'H}
NMR (CDCl;, 101 MHz) 6 210.0, 141.3, 132.9, 128.6, 128.5, 126.2, 122.9,44.5, 43.2, 29.9, 25.8, 22.7, 17.8.
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Preparation of 1-((2-Cyclobutylideneethoxy)methyl)-4-methoxybenzene (205q)
mo'ﬂ DIBAL-H (2.3 equiv) D/\/OH
o) CH,Cl,, -78 °C tor.t., 11 h
S3 sS4

o
MeO (1.2 equiv) oMo
NaH (1.5 equiv)
Kl (4.0 equiv) o
D/\/

DMF, 0°Ctort, 20 h

205q

In a 200 mL round-bottom flask, diisobutylaluminum hydride (1.0 M solution in hexane, 23 mL, 23 mmol, 2.3 equiv)
was added dropwise to a solution of ethyl 2-cyclobutylideneacetate (S3) (1.41 g, 10 mmol, 1.0 equiv) in dry CH2Cl
(50 mL) at -78 °C under an argon atmosphere. The reaction mixture was stirred at room temperature for 11 hours.
The resulting mixture was quenched with deionized water (30 mL) at 0 °C, and the suspended white solid was
removed through Celite eluting with CH>Clo. The filtrate was concentrated, dissolved in diethyl ether, and washed
with brine. The organic layer was dried over Na>SO4 and evaporated. The crude product was obtained as colorless
oil (172.2 mg) containing a small amount of impurity, which was used for the next step without further purification.
In a 100 mL Schlenk flask, 2-cyclobutylideneethan-1-ol (S4) (489 mg, approx. 5 mmol) was dissolved in dry
dimethylformamide (25 mL) under an argon atmosphere at 0 °C. After addition of NaH (60 wt% in mineral oil, 300
mg, 7.5 mmol, 1.5 equiv), the resulting mixture was stirred for 1.5 hours at 0 °C. KI (3.35 g, 20 mmol, 4.0 equiv) and
p-methoxybenzyl chloride (817 pL, 6.0 mmol, 1.2 equiv) were added to the mixture, and the mixture was stirred at
room temperature for 20 hours. The resulting mixture was quenched with deionized water (20 mL) and extracted
with diethyl ether (50 mL) three times. The combined organic layer was washed with brine, dried over Na>SOj4, and
evaporated. The crude was purified by silica gel column chromatography (hexane:EtOAc = 20:1) to afford 205q as
colorless oil (725 mg, 3.32 mmol, 66%).

IR (ATR) v 2933,2914, 2835, 1611, 1585, 1510, 1464, 1299, 1242, 1171, 1142, 1088, 1031, 817, 755 cm™ ; 'H NMR
(CDCls, 400 MHz) 6 7.29-7.24 (m, 2H), 6.90-6.84 (m, 2H), 5.33-5.27 (m, 1H), 4.42 (s, 2H), 3.89-3.84 (m, 2H), 3.80
(s, 3H), 2.73-2.64 (m, 4H), 2.01-1.91 (m, 2H). BC{!H} NMR (CDCl3, 101 MHz) § 159.2, 146.1, 130.7, 129.4, 116.7,
113.7,71.5,66.3,55.3,31.2,29.5, 17.1. HRMS (ESI): m/z calculated for C14H30,Na* [M+Na]*: 241.1199, found:
241.1195.

Preparation of fert-Butyl 2-Methylene-7-azaspiro[3.5]nonane-7-carboxylate (205r)

O
MePPh3Br (1.5 equiv)
"BuLi (1.5 equiv)
N _N
- Boc

Boc THF (0.2 M)
0°Ctort., 24 h 205r

In a 100 mL round-bottom flask, "BuLi (1.53 M solution in hexane, 4.9 mL, 7.5 mmol, 1.5 equiv) was added dropwise
to a solution of MePPh3Br (2.68 g, 7.5 mmol, 1.5 equiv) in dry THF (15 mL) at 0 °C under an argon atmosphere. The

107



I

Kim 2 H 8

p={1{

reaction mixture was stirred at room temperature for 30 minutes. fert-Butyl 2-oxo-7-azaspiro[3.5]nonane-7-
carboxylate (1.20 g, 5.0 mmol) in dry THF (10 mL) was added dropwise to reaction mixture at 0 °C under an argon
atmosphere. The reaction mixture was stirred at room temperature for 24 hours. The reaction mixture was diluted
with sat. NH4Cl aq. (50 mL) and extracted with EtOAc (50 mL) three times. The combined organic layer was dried
over NaxSOs. The solvent was evaporated to give crude 205r, which was purified by flash column chromatography
(silica gel, hexane/EtOAc =20/1 to 10/1) to afford 205r as colorless oil (946 mg, 3.99 mmol, 80%).

TH NMR (400 MHz, CDCls) 6 4.87-4.79 (m, 2H), 3.38-3.26 (m, 4H), 2.48-2.40 (m, 4H), 1.60-1.52 (m, 4H), 1.45 (s,
9H). BC{'H} NMR (101 MHz, CDCl3) § 154.9, 144.5, 107.7, 79.2, 41.7, 41.1, 36.5, 33.6, 28.4. Ry 0.37

(hexane:EtOAc = 8:1). The spectral data was consistent with the reported values.?

Preparation of (S)-(((3,7-Dimethyloct-6-en-1-yl)oxy)methyl)benzene (205s)

BnBr (1.0 equiv)
THF (1.0 M) 205
0°Ctort,12h S

In a 30 mL round-bottom flask, (-)- B -citronellol (1.82 mL, 10 mmol) was added to a solution of NaH (440 mg, 11

mmol, 60% dispersion in mineral oil, 1.1 equiv) in dry THF (10 mL) at 0 °C under an argon atmosphere. The reaction
mixture was stirred at 0 °C for 30 minutes. Benzyl bromide (1.19 mL, 10 mmol, 1.0 equiv) was added to the reaction
mixture at 0 °C under an argon atmosphere. The mixture was warmed to room temperature and stirred for 12 hours
before the dropwise addition of sat. NH4ClI aq.. The aqueous layer was extracted with EtOAc three times, and the
combined organic layers were dried over Na;SO4. The solvent was evaporated to give a crude mixture, which was
purified by flash column chromatography (silica gel, hexane to hexane:EtOAc = 98:2 to 95:5) to give 205s as clear
green oil (2.21 mg, 8.96 mmol, 90%).

'TH NMR (400 MHz, CDCI3) 6 7.40-7.30 (m, 4H), 7.30-7.23 (m, 1H), 5.15-5.04 (m, 1H), 4.50 (s, 2H), 3.58-3.44 (m,
2H), 2.08-1.87 (m, 2H), 1.73-1.63 (m, 4H), 1.63-1.54 (m, 4H), 1.48-1.29 (m, 2H), 1.22-1.10 (m, 1H), 0.89 (d, /= 6.6
Hz, 3H). BC{'H} NMR (101 MHz, CDCl;) ¢ 138.8, 131.3, 128.5, 127.7, 127.6, 125.0, 73.0, 68.9, 37.3, 36.9, 29.7,
25.9,25.6,19.7,17.8. Ry 0.26 (hexane:EtOAc = 40:1). The spectral data was consistent with the reported values.?*
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3. Markovnikov Hydroboration

General Procedure for Markovnikov Hydroboration of mono-substituted Alkenes

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP 202 (3.0 equiv.)
HX 64 (1.0 equiv.)

i B(pin)
B,(cat), (1.2 equiv.
NG 2(cat); (12 equiv.) |
Blue LED, DMF (0.1 M) R
rt., 24 h
205 then pinacol, NEt3, r.t.,, 2 h 206

In an argon-filled glove box, a flame dried screw-capped vial was charged with alkene 205 (0.2 mmol), DMF (2 mL,
0.1 M), 4CzIPN 81 (1.6 mg, 0.002 mmol, 1 mol%), 189 (6.1 mg, 0.01 mmol, 5 mol%), Me-DHP 202 (160.4 mg, 0.6
mmol, 3.0 equiv), collidinium triflate 64 (54.3 mg, 0.2 mmol, 1.0 equiv), and bis(catecolate)diboron (Bz(cat),) (57.1
mg, 0.24 mmol, 1.2 equiv). The vial was capped with a screw-cap septum and removed from the glove box. The
reaction vial was placed in the photoreactor with a cooling fan. The temperature of the reactor was kept at
approximately 25 °C. After stirring for 24 hours under photo-irradiation, pinacol in triethylamine (1.6 mL, ca. 1.6 M,
ca. 2.56 mmol) was added to the mixture. After stirring for additional 2 hours at room temperature, EtOAc (10 mL),
water (10 mL), and sat. NH4ClI aq. were added to the resulting mixture. The mixture was extracted with EtOAc (10
mL) three times, and the combined organic layers were dried over Na>SQy, filtered, and concentrated under reduced
pressure. The crude mixture was purified by silica gel column chromatography to afford the desired alkyl boronic

esters 206.

General Procedure for Markovnikov Hydroboration of di- and tri-substituted Alkenes

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP 202 (3.0 equiv.)

i HX 64 (1.0 equiv.) B(pin)
B,(cat), (5.0 equiv.) R1
R% R?
R2 Blue LED, DMF (0.1 M) R3
rt., 24 h H
205 then pinacol, NEt3, r.t., 2 h 206

In an argon-filled glove box, a flame dried screw-capped vial was charged with alkene 205 (0.2 mmol), DMF (2 mL,
0.1 M), 4CzIPN 81 (1.6 mg, 0.002 mmol, 1 mol%), 189 (6.1 mg, 0.01 mmol, 5 mol%), Me-DHP 202 (160.4 mg, 0.6
mmol, 3.0 equiv.), collidinium triflate 64 (54.3 mg, 0.2 mmol, 1.0 equiv), and bis(catecolate)diboron (B2(cat),) (237.8
mg, 1.0 mmol, 5.0 equiv). The vial was capped with a screw-cap septum and removed from the glove box. The
reaction vial was placed in the photoreactor with a cooling fan. The temperature of the reactor was kept at
approximately 25 °C. After stirring for 24 hours under photo-irradiation, pinacol in triethylamine (1.6 mL, ca. 1.6 M,
ca. 2.56 mmol) was added to the mixture. After stirring for additional 2 hours at room temperature, EtOAc (10 mL),
water (10 mL), and sat. NH4Cl aq. were added to the resulting mixture. The mixture was extracted with EtOAc (10

mL) three times, and the combined organic layers were dried over Na;SOy, filtered, and concentrated under reduced
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pressure. The crude mixture was purified by silica gel column chromatography to afford the desired alkyl boronic
esters 206.
4,4,5,5-tetramethyl-2-(5-phenoxypentan-2-yl)-1,3,2-dioxaborolane (2062a)?*
#—% Prepared according to General procedure using 205a (32.4 mg, 0.20 mmol). The crude
o. 0 mixture was purified by flash column chromatography (silica gel, hexane to
B hexane:EtOAc = 87:13). 206a was isolated as colorless oil (46.1 mg, 0.159 mmol, 79%).
©/O\/\)\ IR (ATR) v 2976, 2930, 2870, 1599, 1496, 1466, 1370, 1313, 1242, 1168, 1142. 1078,
1034, 966, 918, 855, 812, 751, 690 cm™'; TH NMR (400 MHz, CDCls) 6 7.31-7.21 (m,
2H), 6.95-6.84 (m, 3H), 3.94 (t, /= 6.7 Hz, 2H), 1.88-1.74 (m, 2H), 1.67-1.54 (m, 1H), 1.51-1.37 (m, 1H), 1.23 (s,
12H), 1.11-0.98 (m, 4H). *C{!H} NMR (101 MHz, CDCl3) § 159.3, 129.5, 120.5, 114.7, 83.0, 68.2, 29.6, 28.7, 24.9,
24.8,15.6. "B{'H} NMR (191 MHz, CDCl3) 6 33.9. R¢0.24 (hexane:EtOAc =20:1). HRMS (APCI): m/z calculated
for C17H2303B [M+H]": 291.2126, found: 291.2123.

2-(5-(4-methoxyphenoxy)pentan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (206b)
Prepared according to General procedure using 205b (38.5 mg, 0.20 mmol).
The crude mixture was purified by flash column chromatography twice (silica
O\B/O gel, hexane to hexane:EtOAc = 77:23 and hexane:EtOAc = 12:1). 206b was
O\/\)\ isolated as a colorless solid (52.1 mg, 0.163 mmol, 81%). IR (ATR) v 2975, 2931,
\O/©/ 2869, 1507, 1464, 1370, 1313, 1228, 1142, 1107, 1039, 966, 919, 855, 823, 741,
687,670 cm™; TH NMR (400 MHz, CDCls) d 6.87-6.77 (m, 4H), 3.89 (t, J= 6.6
Hz, 2H), 3.75 (s, 3H), 1.84-1.73 (m, 2H), 1.65-1.54 (m, 1H), 1.49-1.36 (m, 1H), 1.23 (s, 12H), 1.12-0.97 (m, 4H).
BC{'H} NMR (101 MHz, CDCls) ¢ 153.8, 153.4, 115.6, 114.7, 83.0, 69.0, 55.9, 29.6, 28.8, 24.9, 24.8, 15.6. "B{'H}
NMR (191 MHz, CDCls) 6 33.6. Rt 0.21 (hexane:EtOAc = 15:1). HRMS (APCI): m/z calculated for Ci3H3004B

[M+H]*": 321.2232, found: 321.2231.

4,4,5,5-tetramethyl-2-(5-(4-(trifluoromethyl)phenoxy)pentan-2-yl)-1,3,2-dioxaborolane (206¢)
Prepared according to General procedure using 205¢ (46.0 mg, 0.20 mmol).

The crude mixture was purified by flash column chromatography twice (silica

o. O

B’ gel, hexane to hexane:EtOAc = 4:1 and hexane:EtOAc = 20:1). 206¢ was

O\/\)\ isolated as a colorless solid (55.7 mg, 0.155 mmol, 78%). IR (ATR) v 2948,

/©/ 2920, 2877, 2845, 1614, 1590, 1520, 1464, 1372, 1359, 1317, 1247, 1176, 1159,

FoC 1132, 1111, 1067, 1008, 987, 966, 913, 842, 705, 686, 671 cm™'; 'TH NMR (400

MHz, CDCl3) ¢ 7.54 (d, J = 8.4 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H), 3.98 (t, /= 6.6 Hz, 2H), 1.89-1.76 (m, 2H), 1.66-

1.56 (m, 1H), 1.52-1.38 (m, 1H), 1.24 (s, 12H), 1.12-0.98 (m, 4H). BC{'H} NMR (101 MHz, CDCls)  161.8, 126.9

(q, I =3.7Hz), 124.7 (q, J = 270.9 Hz), 122.7 (q, J = 32.7 Hz), 114.6, 83.1, 68.6, 29.6, 28.5, 24.9, 24.8, 15.6. '°F

NMR (376 MHz, CDCls): § —61.23. "B{'H} NMR (191 MHz, CDCls) § 33.5. R 0.20 (hexane:EtOAc = 20:1).
HRMS (APCI): m/z calculated for CisH»703BF3 [M+H]": 359.2000, found: 359.2002.
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2-(5-(4-fluorophenoxy)pentan-2-yl)-4,4,5,5-textramethyl-1,3,2-dioxaborolane (206d)
Prepared according to General procedure using 205d (36.0 mg, 0.20 mmol). The
o crude mixture was purified by flash column chromatography twice (silica gel, hexane
o \/\)\ t(? hexane:EtOAc = 4:1 and hexane:EtOAc = 20:1). 206d was isolated as colorless
/©/ oil (45.8 mg, 0.149 mmol, 74%). IR (ATR) v 2973, 2939, 2864, 1604, 1506, 1462,
F 1370, 1313, 1248, 1204, 1165, 1140, 1100, 1018, 966, 909, 854, 833, 753, 704, 670
cm!'; TH NMR (400 MHz, CDCls) 6 6.98-6.90 (m, 2H), 6.85-6.78 (m, 2H), 3.90 (t, J = 6.6 Hz, 2H), 1.85-1.72 (m,
2H), 1.65-1.53 (m, 1H), 1.49-1.37 (m, 1H), 1.23 (s, 12H), 1.12-0.97 (m, 4H). ¥C{'H} NMR (101 MHz, CDCl;3) ¢
157.2 (d, J=238.0 Hz), 155.4 (d, /= 2.0 Hz), 115.8 (d, J = 23.0 Hz), 115.6 (d, J = 8.0 Hz), 83.1, 69.0, 29.6, 28.7,
24.9,24.8,15.6. Y’FNMR (376 MHz, CDCl3): § —124.82--124.94 (m, 1F). "B{'H} NMR (191 MHz, CDCl;) J 33.5.
Ry 0.24 (hexane:EtOAc = 20:1). HRMS (APCI): m/z calculated for Ci7H»70;BF [M+H]": 309.2032, found:

309.2031.

4-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)oxy)benzonitrile (206¢)
Prepared according to General procedure using 205e (37.4 mg, 0.20 mmol). The
#—P crude mixture was purified by flash column chromatography twice (silica gel,
O\B/O hexane:EtOAc = 96:4 to 3:1 and hexane:AcOEt = 7:1). 206e was isolated as a
O\/\)\ colorless solid (47.0 mg, 0.149 mmol, 75%). IR (ATR) v 2976, 2933, 2861, 2220,
/©/ 1604, 1573, 1507, 1463, 1384, 1370, 1304, 1257, 1206, 1173, 1142, 1008, 965,
NC 909, 855, 838, 761, 710, 670 cm™'; "TH NMR (400 MHz, CDCl3) § 7.60-7.52 (m,
2H), 6.97-6.89 (m, 2H), 3.99 (t, J = 6.6 Hz, 2H), 1.88-1.76 (m, 2H), 1.66-1.55 (m, 1H), 1.50-1.38 (m, 1H), 1.24 (s,
12H), 1.11-0.97 (m, 4H). BC{'H}NMR (101 MHz, CDCl3) § 162.6, 134.0, 119.5, 115.3,103.7, 83.1, 68.8,29.5, 28.4,
24.9, 24.8, 15.6. "B{'H} NMR (191 MHz, CDCls) ¢ 33.5. R¢ 0.23 (hexane:EtOAc = 7:1). HRMS (APCI): m/z

calculated for C;sH27NO3sB [M+H]*: 316.2079, found: 316.2077.

4,4,5,5-tetramethyl-2-(4-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)oxy)phenyl)-1,3,2-
dioxaborolane (206f)
Prepared according to General procedure using 205f (57.6 mg, 0.20 mmol).
The crude mixture was purified by flash column chromatography twice
B~ (silica gel, hexane:EtOAc = 99:1 to 78:22 and hexane:EtOAc = 10:1). 206f
O\/\)\ was isolated as a colorless solid (55.4 mg, 0.133 mmol, 67%). IR (ATR) v
/©/ 29717, 2920, 2867, 1604, 1567, 1518, 1458, 1398, 1354, 1310, 1277, 1251,
a/ ITD’ 1214, 1174, 1141, 1090, 1050, 1010, 987, 965, 915, 855, 837, 736, 694, 670
cm’; TH NMR (400 MHz, CDCl3) 6 7.73 (d, J= 8.2 Hz 2H), 6.88 (d, /= 8.2
Hz 2H), 3.97 (t, J = 6.6 Hz, 2H), 1.88-1.74 (m, 2H), 1.66-1.53 (m, 1H), 1.51-1.38 (m, 1H), 1.33 (s, 12H), 1.23 (s,
12H), 1.11-0.97 (m, 4H). 3C {'"H }NMR (101 MHz, CDCl;) § 161.9, 136.6, 114.0, 83.6, 83.0, 63.2, 29.6, 28.6, 25.0,
24.9,24.9,15.6. "B {'H } NMR (191 MHz, CDCI3) J 33.6, 30.2. Rf 0.24 (hexane:EtOAc = 10:1). HRMS (APCI):
m/z calculated for C23H3305B2Na [M+Na]*: 439.2798, found: 439.2803.
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1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)-1 H-indole (206g)

Prepared according to General procedure using 205¢g (37.1 mg, 0.20 mmol). The
©\/I\> OBQL crude mixture was purified by flash column chromatography twice (silica gel, hexane

\B’O to hexane:EtOAc = 15:1 and hexane:EtOAc = 19:1). 206g was isolated as a colorless

\_\_< solid (36.6 mg, 0.116 mmol, 58%). IR (ATR) v 3127, 3101, 3053, 2972, 2950, 2928,

2865, 1509, 1460, 1388, 1370, 1305, 1249, 1220, 1167, 1131, 1043, 1011, 990, 968,

930, 883, 858, 831, 763, 744, 729, 702, 686, 670 cm’!; TH NMR (400 MHz, CDCI3) 6 7.61 (d, J= 7.8 Hz, 1H), 7.34

(d, J=8.2 Hz, 1H), 7.21-7.14 (m, 1H), 7.11-7.03 (m, 2H), 6.46 (d, J = 2.7 Hz, 1H), 4.09 (t, J = 7.3 Hz, 2H), 1.93-

1.81 (m, 2H), 1.56-1.45 (m, 1H), 1.41-1.29 (m, 1H), 1.20 (s, 12H), 1.08-0.99 (m, 1H), 0.96 (d, J = 7.1 Hz, 3H).

BC{'H} NMR (101 MHz, CDCls) 6 136.1, 128.7, 127.9, 121.3, 121.0, 119.2, 109.6, 100.9, 83.1, 46.8, 30.6, 29.7,

24.9,24.8, 15.7. UB{'H} NMR (191 MHz, CDCI3) ¢ 33.5. Rf 0.26 (hexane:EtOAc = 15:1). HRMS (APCI): m/z
calculated for C19H2oNO,B [M+H]": 314.2286, found: 314.2289.

ethyl-2',4'-difluoro-4-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)oxy)-[1,1'-biphenyl]-3-
carboxylate (206h)

Prepared according to General procedure using 205h (69.3 mg, 0.20
mmol). The crude mixture was purified by flash column chromatography
twice (silica gel, hexane to hexane:EtOAc = 6:1 and hexane:EtOAc =9:1).
206h was isolated as a colorless solid (73.5 mg, 0.155 mmol, 77%). IR
(ATR) v 2976, 2931, 2871, 1728, 1702, 1610, 1490, 1465, 1435, 1404,
1386, 1370, 1313, 1271, 1254, 1216, 1140, 1096, 1077, 1044, 1012, 967,
850, 809, 734, 686, 669 cm’!; TH NMR (400 MHz, CDCI3) J 7.91-7.86 (s,
1H), 7.60-7.53 (m, 1H), 7.43-7.33 (m, 1H), 7.01 (d, J = 8.8 Hz, 1H), 6.97-6.84 (m, 2H), 4.38 (q, J = 7.0 Hz, 2H),
4.07 (t, J= 6.6 Hz, 2H), 1.93-1.83 (m, 2H), 1.72-1.58 (m,1H), 1.57-1.44 (m, 1H), 1.39 (t, /= 7.1 Hz, 3H), 1.24 (s,
12H), 1.12-0.98 (m, 4H). 3C{'H} NMR (101 MHz, CDCls3) § 166.7, 162.2 (dd, J = 248.0 Hz, 12.1 Hz), 159.8 (dd, J
=250.0 Hz, 12.1 Hz), 158.2, 133.5 (d, /=4.0 Hz), 131.9 (d, J=2.0 Hz), 131.2 (dd, /J=9.0 Hz, 5.0 Hz), 126.8, 124.3
(dd, J=13.0 Hz, 4.0 Hz), 121.3, 113.3, 111.7 (dd, J = 21.0 Hz, 4.0 Hz), 104.4 (dd, J = 26.9 Hz), 83.0, 69.4, 61.1,
29.5,28.6,24.9,24.8, 15.6, 14.5. F NMR (376 MHz, CDCl3):  —111.88- —111.99 (m, 1F), —113.86- —113.97 (m,
1F). "B{!H} NMR (191 MHz, CDCl3) d 33.6. Rf 0.29 (hexane/EtOAc = 6:1). HRMS (APCI): m/z calculated for
C26H3305BF>Na [M+Na]*: 497.2281, found: 497.2287.
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3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl 2-(4-(2,2-dichlorocyclopropyl)phenoxy)-2-
methylpropanoate (206i)
Prepared according to General procedure using 205i (68.6 mg, 0.20

#—k mmol). Purification by silica gel column chromatography twice
(hexane to hexane:EtOAc = 9:1 and hexane:EtOAc = 10:1) afforded

o] g °

O%J\O/\)\ 206i as pale brown oil (68.9 mg, 0.146 mmol, 73% ). IR (ATR) v 2976,

Cl 2932, 2866, 1731, 1610, 1510, 1465, 1380, 1291, 1175, 1141, 1122,
ClAV/Q/ 1093, 1058, 1028, 966, 847, 760, 675 cm™'; 'H NMR (CDCl;s, 400
MHz; mixture of two diastereomers) ¢ 7.13-7.67 (m, 2H), 6.84-6.79 (m, 2H), 4.19 (t, 2H, J= 7.0 Hz), 2.82 (dd, 1H,
J=54,42Hz), 1.93 (dd, 1H, J=10.8, 7.2 Hz), 1.84-1.73 (m, 2H), 1.63-1.52 (m, 7H), 1.23, (s, 12H), 1.09-0.98 (m,
1H), 0.98-0.93 (m, 3H). BC{'H} NMR (CDCls, 101 MHz; mixture of two diastereomers) 6 174.2, 155.0, 129.6,
128.1, 118.9, 118.8, 83.1, 79.3, 65.0, 60.9, 34.9, 31.5, 25.8, 25.5, 25.4, 24.8, 24.7, 15.2. "'B{'H} NMR (CDCl3, 128

MHz) 33.7. R¢0.27 (hexane/EtOAc = 10:1). HRMS (ESI): m/z calculated for C23H3305BCl:Na* [M+Na]*: 493.1690,
found: 493.1692.

tert-butyl(2-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propoxy)diphenylsilane (206j)°
Prepared according to General procedure using 205j (64.9 mg, 0.20 mmol).

j\ ,O The crude mixture was purified by flash column chromatography (silica gel,
S|’O\/><B\O hexane:DCM = 97:3 to 63:37). 206j was isolated as a colorless solid (74.7 mg,

/ \
Ph Ph 0.165 mmol, 83%). "H NMR (400 MHz, CDCls) 6 7.72-7.63 (m, 4H), 7.42-7.32

(m, 6H), 3.72-3.65 (m, 2H), 1.70-1.64 (m, 2H), 1.11 (s, 12H), 1.04 (s, 9H), 0.90 (s, 6H). 3C{'H} NMR (101 MHz,
CDCls) 6 135.7, 134.4, 129.5, 127.7, 83.0, 62.7, 43.7, 27.1, 25.4, 24.7, 19.3. "B{'H} NMR (191 MHz, CDCls) §
33.9. Rr 0.26 (hexane:EtOAc = 20:1). HRMS (APCI): m/z calculated for C27H4,03BSi [M+H]*: 453.2991, found:
453.2993.

4,4,5,5-tetramethyl-2-(2-methyl-5-(p-tolyloxy)pentan-2-yl)-1,3,2-dioxaborolane (206k)
Prepared according to General procedure using 205k (38.1 mg, 0.20 mmol).
W The crude mixture was purified by flash column chromatography twice (silica
B gel, hexane to hexane:EtOAc = 20:1 and hexane:EtOAc = 20:1). 206k was
/Q/OM\ isolated as a colorless solid (50.6 mg, 0.159 mmol, 79%). IR (ATR) v 2955, 2864,
1615, 1583, 1514, 1474, 1389, 1366, 1345, 1309, 1241, 1204, 1178, 1138, 1061,
1030, 966, 937, 849, 805, 750, 718, 694, 669 cm™'; 'TH NMR (400 MHz, CDCl3)
0 7.06 (d, J= 8.3 Hz, 2H), 6.79 (d, J = 8.3 Hz, 2H), 3.89 (t, J = 6.9 Hz, 2H), 2.27 (s, 3H), 1.83-1.66 (m, 2H), 1.46-
1.34 (m, 2H), 1.22 (s, 12H), 0.96 (s, 6H). ¥C{'H} NMR (101 MHz, CDCl3) 6 156.9, 129.8, 129.5, 114.3, 82.9, 68.8,
37.0, 26.2, 24.8, 24.7, 20.4. "B{'H} NMR (191 MHz, CDCIl3) ¢ 34.0. Rf 0.20 (hexane:EtOAc = 30:1). HRMS

(APCI): m/z calculated for Ci9H3103BNa [M+Na]*: 341.2259, found: 341.2256.
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4-((4-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)oxy)benzonitrile (2061)
Prepared according to General procedure using 2051 (40.3 mg, 0.20 mmol). The
crude mixture was purified by flash column chromatography (silica gel,
B hexane:EtOAc = 8:1, twice). 2061 was isolated as a colorless solid (46.0 mg,
/©/OM\ 0.140 mmol, 70%). IR (ATR) v 2976, 2935, 2862, 2217, 1605, 1573, 1509, 1472,
1388, 1366, 1342, 1304, 1266, 1202, 1175, 1140, 1111, 1022, 964, 935, 849, 829,
760, 716 cm™!; 'TH NMR (400 MHz, CDCl3) 6 7.59-7.53 (m, 2H), 6.97-6.90 (m,
2H), 3.98 (t, J= 6.7 Hz, 2H), 1.83-1.72 (m, 2H), 1.44-1.36 (m, 2H), 1.22 (s, 12H), 0.96 (s, 6H). *C{'H} NMR (101
MHz, CDCl3) 6 162.6, 134.0, 119.5, 115.3, 103.7, 83.2, 69.3, 37.0, 26.0, 24.9, 24.8. UB{'H} NMR (191 MHz, CDCl3)

0 33.9. Rf 0.23 (hexane:EtOAc = 8:1). HRMS (APCI): m/z calculated for CioH2sNO3BNa [M+Na]*: 352.2054,
found: 352.2059.

NC

4,4,5,5-tetramethyl-2-(4-((4-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)oxy)phenyl)-1,3,2-
dioxaborolane (206m)

Prepared according to General procedure using 205m (60.4 mg, 0.20
mmol). The crude mixture was purified by flash column chromatography
B twice (silica gel, hexane:EtOAc =95:5 to 74:26 and hexane:EtOAc =10:1).
/©/ OM 206m was isolated as a colorless solid (58.1 mg, 0.135 mmol, 68%). IR
O\B (ATR) v 2978,2949, 2909, 2862, 1603, 1567, 1473, 1389, 1355, 1306, 1266,
%Vé 1247, 1208, 1139, 1107, 1091, 1018, 965, 861, 849, 837, 820, 762, 736,
717,692,670, 654 cm™'; TH NMR (400 MHz, CDCl3) 6 7.73 (d, J= 8.2 Hz,
2H), 6.87 (d, J = 8.2 Hz, 2H), 3.95 (t, /= 6.8 Hz, 2H), 1.82-1.70 (m, 2H), 1.45-1.36 (m, 2H), 1.32 (s, 12H), 1.22 (s,
12H), 0.95 (s, 6H). BC{'H} NMR (101MHz, CDCl;) J 161.9, 136.6, 114.0, 83.6, 83.1, 68.7, 37.1, 26.3, 25.0, 24.9,

24.8. "B{'H} NMR (191 MHz, CDCL3) 6 34.1, 30.3. Rf0.29 (hexane:EtOAc = 12:1). HRMS (APCI): m/z calculated
for C24H400sBNa [M+Na]*: 453.2954, found: 453.2963.

3-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl furan-2-carboxylate (206n)
Prepared according to General procedure using 205n (36.0 mg, 0.20 mmol). The crude
mixture was purified by flash column chromatography twice (silica gel, hexane to
O B hexane:EtOAc = 8:1 and hexane:EtOAc = 10:1). 206n was isolated as a colorless solid
GHJ\O/\/}\ (40.8 mg, 0.132 mmol, 66%). IR (ATR) v 2975, 2939, 2863, 1717, 1580, 1474, 1390,
\ O 1358, 1298, 1230, 1168, 1138, 1115, 1077, 1013, 965, 885, 852, 762, 717, 693, 670 cm
I; TH NMR (400 MHz, CDCl3) 6 7.56 (d, J= 0.9 Hz, 1H), 7.15 (d, /= 3.4 Hz, 1H), 6.49
(dd,J=3.4,1.7Hz, 1H),4.35 (t, J=7.7 Hz, 2H), 1.76 (t, J= 7.7 Hz, 2H), 1.22 (s, 12H),
1.01 (s, 6H). BC{'H} NMR (101 MHz, CDCl;) ¢ 158.9, 146.2, 145.2, 117.7, 111.8, 83.3, 63.7, 39.1, 25.1, 24.8.

HB{TH} NMR (191 MHz, CDCls) J 33.6. R 0.25 (hexane/EtOAc = 8:1). HRMS (APCI): m/z calculated for
Ci16H2605B [M+H]*: 309.1868, found: 309.1868.
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3-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl thiophene-3-carboxylate (2060)
Prepared according to General procedure using 2050 (39.3 mg, 0.20 mmol). The crude
W mixture was purified by flash column chromatography twice (silica gel, hexane to
O B hexane:EtOAc = 10:1 and hexane:EtOAc = 24:1). 2060 was isolated as a colorless solid
MOM\ (47.5 mg, 0.146 mmol, 73%). IR (ATR) v 3098, 2975, 2940, 2861, 1712, 1520, 1474,
S 1410, 1373, 1355, 1298, 1262, 1191, 1165, 1135, 1106, 953, 868, 850, 834, 749, 710,
686 cm’!'; 'TH NMR (400 MHz, CDCls) 6 8.09 (dd, J= 3.0, 1.0 Hz, 1H), 7.52 (dd, J =
5.1, 1.0 Hz, 1H), 7.28 (dd, /= 5.1, 3.1 Hz, 1H), 4.31 (t,J= 7.6 Hz, 2H), 1.76 (t, J= 7.6
Hz, 2H), 1.23 (s, 12H), 1.02 (s, 6H). BC{'H} NMR (101 MHz, CDCls) 6 163.0, 134.3, 132.5, 128.1, 125.9, 83.3,
63.5,39.2, 25.2, 24.8. R; 0.27 (hexane:EtOAc = 10:1). "B{'H} NMR (191 MHz, CDCIl3) ¢ 33.7. HRMS (APCI):

m/z calculated for C16H2604BS [M+H]": 325.1639, found: 325.1644.

7-methyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octan-3-one (206p)

O Prepared according to General procedure using 205p (43.3 mg, 0.20 mmol).
O\|?></\)J\/\ ph Purification by silica gel column chromatography (hexane to hexane:EtOAc =
0] 9:1) afforded 206p as pale brown oil (31.2 mg, 0.0902 mmol, 45%). IR (ATR)

v 2975, 2935,2861, 1712, 1474, 1369, 1305, 1137, 966, 853, 747, 694 cm™'; 'H
NMR (CDCls, 400 MHz) 6 7.30-7.23 (m, 2H), 7.21-7.14 (m, 3H), 2.89 (t, J = 7.8 Hz, 2H), 2.72 (t, 2H, J= 7.8 Hz),
2.36 (t,J = 7.4 Hz, 2H), 1.58-1.47 (m, 2H), 1.27-1.17 (m, 14H), 0.91 (s, 6H). BC{'H} NMR (CDCls, 101 MHz) ¢
210.3,141.2, 128.5, 128.3, 126.0, 83.0, 44.1, 44.0, 40.6, 29.8, 24.73, 24.69, 20.8. "B NMR (CDCl;, 128 MHz) 34.1.
R¢ 0.24 (hexane:EtOAc = 10:1). HRMS (ESI): m/z calculated for C»;H3303BNa* [M+Na]*: 367.2415, found:
367.2413.

2-(1-(2-((4-methoxybenzyl)oxy)ethyl)cyclobutyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (206q)
Prepared according to General procedure using 205q (43.7 mg, 0.20 mmol).
o. O OMe  pyrification by silica gel column chromatography twice (hexane to
B O\/©/ hexane:EtOAc = 9:1 and hexane:EtOAc = 20:1) afforded 206q as pale brown oil
d/\/ (57.8 mg, 0.167 mmol, 83%). IR (ATR) v 2969, 2926, 2854, 1609, 1512, 1379,
1294, 1240, 1142, 1121, 1092, 1060, 1028, 965, 846, 675 cm™'; TH NMR (CDCl;,
400 MHz) 0 7.28-7.22 (m, 2H), 6.88-6.83 (m, 2H), 4.41 (s, 2H), 3.79 (s, 3H), 3.33 (t,J=7.0 Hz, 2H), 2.16-2.07 (m,
2H), 1.99-1.82 (m, 4H), 1.77-1.66 (m, 2H), 1.22 (s, 12H). BC{'H} NMR (CDCl;, 101 MHz) J 159.1, 131.1, 129.4,

113.8, 83.1, 72.5, 67.7, 55.4, 39.6, 30.4, 24.8, 18.5. "B NMR (CDCl3, 128 MHz) 6 34.1. Rf 0.13 (hexane:EtOAc =
20:1). HRMS (ESI): m/z calculated for C20H3104BNa* [M+Na*]": 369.2208, found: 369.2209.
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tert-butyl 2-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-7-azaspiro[3.5]nonane-7-carboxylate
(206r)

Prepared according to General procedure using 205r (47.5 mg, 0.20 mmol). The

?LP crude mixture was purified by flash column chromatography twice (silica gel, hexane

to hexane:EtOAc = 8:1). 206r was isolated as a colorless solid (62.4 mg, 0.155 mmol,

85%). IR (ATR) v 2972, 2916, 2850, 1685, 1459, 1426, 1364, 1311, 1271, 1245, 1177,

N 1140, 1077, 1008, 969, 858, 831, 767,711, 689, 671 cm™'; "TH NMR (400 MHz, CDCl;3)

Boc” 0 3.36-3.18 (m, 4H), 2.14-1.99 (m, 2H), 1.55-1.42 (m, 15H), 1.24 (s, 12H), 1.20 (s,

3H). BC{'H} NMR (101 MHz, CDCls) 6 155.0, 83.1, 79.0, 41.5, 40.0, 36.9, 32.3, 28.4, 26.5, 24.6. "B{'H} NMR

(191 MHz, CDCI3) 0 33.8. Rt 0.29 (hexane:EtOAc = 8:1). HRMS (APCI): m/z calculated for Cy0H3sBNOsNa
[M+Na]*: 388.2630, found: 388.2629.

(8)-2-(8-(benzyloxy)-2,6-dimethyloctan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (206s)
Prepared according to General procedure using 205s (49.3 mg, 0.20
mmol). The crude mixture was purified by flash column chromatography
B twice (silica gel, hexane to hexane:EtOAc =4:1 and hexane:EtOAc=20:1).
©/\ O/\)\/\/’\ 206s was isolated as a colorless solid (58.3 mg, 0.156 mmol, 79%). IR
(ATR) v 2927, 2859, 1474, 1454, 1388, 1363, 1304, 1197, 1139, 1099, 1028,
966, 855, 733, 694, 671 cm’; "TH NMR (400 MHz, CDCls) J 7.38-7.30 (m, 4H), 7.30-7.23 (m, 1H), 4.49 (s, 2H),
3.55-3.44 (m, 2H), 1.71-1.61 (m, 1H), 1.60-1.52 (m, 1H), 1.47-1.36 (m, 1H), 1.32-1.17 (m, 17H), 1.14-1.04 (m, 1H),
0.91 (s, 6H), 0.86 (d, J = 6.6 Hz, 3H). 13C{'H} NMR (101 MHz, CDCls) ¢ 138.9, 128.5, 127.7, 127.6, 83.0, 73.0,

68.9,41.6, 38.1, 37.0,29.9, 25.1, 25.0, 24.8, 23.9, 19.8. Rr 0.21 (hexane:EtOAc = 20:1). "B{'"H} NMR (191 MHz,
CDCl3) 0 34.1. HRMS (APCI): m/z calculated for C23H3903BNa [M+Na]*: 397.2885, found: 397.2892.

2-(5-(4-bromophenoxy)pentan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (206t)

Prepared according to General procedure using 205t (48.2 mg, 0.20 mmol) and
0. 0 PhI (22.3 uL, 0.20 mmol, 1.0 equiv) as an additive. The crude mixture was purified
o \/\)\ by flash column chromatography tw1ce. (silica gel, hexane to hexefne:EtOAc =82:18
/©/ and hexane:EtOAc = 20:1). 206t was isolated as a colorless solid (54.4 mg, 0.147
Br mmol, 74%). IR (ATR) v 2976, 2935, 2862, 2217, 1605, 1573, 1509, 1472, 1388,
1366, 1342, 1304, 1266, 1202, 1175, 1140, 1111, 1071, 1022, 964, 935, 849, 829, 760, 716, 693, 673 cm’'; "TH NMR
(400 MHz, CDCl3) 6 7.40-7.31 (m, 2H), 6.82-6.71 (m, 2H), 3.90 (t, J = 6.6 Hz, 2H), 1.86-1.72 (m, 2H), 1.64-1.53
(m, 1H), 1.49-1.37 (m, 1H), 1.23 (s, 12H), 1.10-0.97 (m, 4H). *C{'H} NMR (101 MHz, CDCls) § 158.4, 132.3,
116.5,112.6, 83.1, 68.6,29.5,28.6,24.9,24.8, 15.6. "B{'H} NMR (191 MHz, CDCls) 6 33.5. R¢0.21 (hexane/EtOAc

=20:1). HRMS (APCI): m/z calculated for Ci7H»703BBr [M+H]*: 369.1231, found: 369.1233.
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2-(5-(4-chlorophenoxy)pentan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (206u)
Prepared according to General procedure using 205u (39.3 mg, 0.20 mmol) and
0. .0 Phl (22.3 pL, 0.20 mmol, 1.0 equiv) as an additive. Purification by silica gel
o \/\)\ column chromatography twice (hexane to hexane:EtOAc = 9:1 and hexane:EtOAc
/©/ =40:1) afforded 206u as colorless oil (51.0 mg, 0.162 mmol, 81% ). IR (ATR)v
Cl 2974, 2926, 2874, 1596, 1579, 1493, 1472, 1369, 1316, 1281, 1241, 1206, 1142,
1130, 1015, 965, 855, 840, 756, 705, 665 cm™'; TH NMR (CDCl3, 400 MHz) 6 7.23-7.16 (m, 2H), 6.83-6.76 (m, 2H),
3.91 (t,J= 6.6 Hz, 2H), 1.84-1.71 (m, 2H), 1.63-1.52 (m, 1H), 1.47-1.35 (m, 1H), 1.24 (s, 12H), 1.10-0.97 (m, 4H).
BC{'H} NMR (CDCl3, 101 MHz) § 157.8, 129.2, 125.2, 115.8, 82.9, 68.6, 29.4, 28.5, 24.8, 24.7, 15.5. "B{'H}
NMR (CDCl3, 128 MHz) 6 33.8. Rt 0.22 (hexane/EtOAc = 40:1). HRMS (ESI): m/z calculated for C,7Hc03BCINa*

[M]*: 347.1556, found: 347.1557.
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Procedure for Markovnikov Hydroboration of 206a on a 1 mmol Scale

In an argon-filled glove box, a flame dried screw-capped vial was charged with alkene 205a (162.2 mg, 1.0 mmol),
DMF (10 mL, 0.1 M), 4CzIPN 81 (7.9 mg, 0.01 mmol, 1 mol%), 189 (30.3 mg, 0.05 mmol, 5 mol%), Me-DHP 202
(802.0 mg, 3.0 mmol, 3.0 equiv), collidinium triflate 64 (271.3 mg, 1.0 mmol, 1.0 equiv), and bis(catecolate)diboron
(B2(cat),) (285.4 mg, 1.2 mmol, 1.2 equiv). The vial was capped with a screw-cap and removed from the glove box.
The reaction vial was placed in the photoreactor with a cooling fan. The temperature of the reactor was kept at
approximately 25 °C. After stirring for 24 hours under photo-irradiation, pinacol in triethylamine (8.0 mL, ca. 1.6 M,
ca. 12.8 mmol) was added to the mixture. After stirring for additional 2 hours at room temperature, EtOAc (50 mL),
water (50 mL), and sat. NH4Cl aq. were added to the resulting mixture. The mixture was extracted with EtOAc (50
mL) three times, and the combined organic layers were dried over Na;SQy, filtered, and concentrated under reduced
pressure. The crude mixture was purified by silica gel column chromatography (silica gel, hexane to hexane:EtOAc
= 20:1 and hexane:EtOAc = 19:1) to afford the desired alkyl boronic esters 206a as a colorless oil (237.8 mg, 0.819
mmol, 82%).

4. Preparation for Cobalt Complexes

189%%and the corresponding ligand?® for the cobalt complexes were prepared according to the reported procedure.

tBu (@) (@] tBu

Figure S21. Structure of cobalt catalysts.
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5. Detection of Radical Intermediate by TEMPO-trapping

189 (5 mol%)
4CzIPN 81 (1 mol%)
Me-DHP 202 (3.0 equiv)
By(cat), (1.2 equiv) N

O/
HX 64 (1.0 equiv)
©/O\/\/\ TEMPO 167 (5.0 equiv) ©/O\/\)\
205a Blue LED,DMF (0.1 M) 208
rt. 24 h LCMS detected
then pinacol, NEt;
rt.,, 2h

MRAT ©(0\/\/\
[Co"-H  [Co]" 7(,\,}

167

In an argon-filled glove box, a flame dried screw-capped vial was charged with alkene 205a (16.2 mg, 0.1 mmol),
DMF (1 mL, 0.1 M), 4CzIPN (0.79 mg, 0.001 mmol, 1 mol%), 189 (3.0 mg, 0.01 mmol, 5 mol%), Me-DHP 202
(80.2 mg, 0.3 mmol, 3.0 equiv), collidine triflate 64 (27.1 mg, 0.1 mmol, 1.0 equiv), and bis(catecolate)diboron
(B2(cat)y) (28.5 mg, 0.12 mmol, 1.2 equiv). The vial was capped and removed from the glove box. The reaction vial
was placed in the photoreactor with a cooling fan so that the temperature of the reaction mixture was kept
approximately at 25 °C. After stirring for 24 hours under photo-irradiation, pinacol in triethylamine (0.8 mL, ca. 1.6
M, ca. 12.8 mmol) was added. After stirring for 2 hours at room temperature, EtOAc (5 mL), water (5 mL) and sat.
NH4Cl aq. (5 mL) was added. The mixture was extracted with EtOAc (5 mL x 3) and the combined organic layers
were dried over Na>xSO4 and concentrated under reduced pressure. The crude residue was subjected to LC-MS
analysis. The m/z of 208 ([M+Na]": 341.95) was observed by LC-MS analysis of the crude mixture (Figure S22).
The identity of 208 was further confirmed by comparing the retention time in LC-MS to that of 6 independently
prepared by Norton’s method.?’
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2,2,6,6-tetramethyl-1-((5-phenoxypentan-2-yl)oxy)piperidine (208)
In a 100 mL round-bottom flask, TBHP (0.18 mL, approx. 5 M solution in decane)
N was added to solution of 205a (162 mg, 1.0 mmol, 1.0 equiv), 189 (15.1 mg, 0.025
o \/\)\ mmol, 2.5 mol%), NaBH4 (75.7 mg, 2.0 mmol, 2.0 equiv), and TEMPO (156.3 mg,
©/ 1.0 mmol, 1.0 equiv) in EtOH/H,0 = 10/1 (22 mL) under an argon atmosphere at
room temperature. The resulting mixture was stirred for 1 hour at room temperature.
The crude reaction mixture was loaded on top of a silica gel plug, and the plug was washed with DCM (using a
volume of solvent approximately equal to that of the silica gel) six times, and the resulting filtrate was concentrated.
The crude was purified by silica gel column chromatography (hexane:EtOAc = 49:1) to afford 208 as colorless oil
(36.5 mg, 0.114 mmol, 11%).
IR (ATR) v 2968, 2927, 2868, 1600, 1586, 1496, 1470, 1374, 1360, 1301, 1242, 1207, 1172, 1131, 1078, 1034, 1003,
991, 956, 939, 926, 879, 828, 802, 750, 712, 690 cm’!; TH NMR (CDCls, 400 MHz) 6 7.29-7.24 (m, 2H), 6.98-6.85
(m, 3H), 4.04-3.90 (m, 3H), 1.95-1.83 (m, 2H), 1.83-1.70 (m, 1H), 1.64-1.52 (m, 2H), 1.52-1.38 (m, 4H), 1.37 (m,
1H), 1.20 (d, J = 6.2 Hz, 3H), 1.17-1.00 (m, 12H). BC{!H} NMR (CDCls, 101 MHz) ¢ 159.1, 129.4, 120.4, 114.5,
77.9, 68.2, 60.1, 59.1, 40.3, 34.4, 32.7, 25.6, 20.4, 19.8, 17.3. HRMS (APCI): m/z calculated for C20H34NO:Na
[M+Na]*: 320.2584, found: 320.2579.
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UV-detection of TEMPO-trapping experiment
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Figure S22. LC-MS measurements for the reaction mixture of TEMPO-trapping experiment.
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LC/MS of authentic sample 208
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Figure S23. LC-MS measurements for the authentic sample 208.
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4.2. Radical Cyclization of 212

Radical Cyclization 189 (5 mol%)
4CzIPN 81 (1 mol%)
O o Me-DHP 202 (3.0 equiv.) O O
HX 64 (1.0 equiv.)
EtO OEt Ba(cat), (1.2 equiv.)  EtO OEt
P . Blue LED, DMF (0.1 M)
rt 24 h H B(pin)
209 then pinacol, NEts - 242 849, dr = 9.2/1
rt, 2h ' '
Ba(cat), T
l MHAT then pinacol, NEt3
O O O O
EtO OEt 5-exo-trig cyclization EtO OEt
H L] \
N—r H .
210 211

In an argon filled glove box, a flame dried screw-capped vial was charged with alkene 209 (48.0 mg, 0.2 mmol),
DMF (2 mL, 0.1 M), 4CzIPN 81 (1.6 mg, 0.002 mmol, 1 mol%), 189 (6.1 mg, 0.01 mmol, 5 mol%), Me-DHP 202
(160.4 mg, 0.6 mmol, 3.0 equiv), collidine triflate 64 (54.3 mg, 0.2 mmol, 1.0 equiv), and bis(catecolate)diboron
(B2(cat)2) (57.1 mg, 0.24 mmol, 1.2 equiv). The vial was capped and removed from the glove box. The reaction vial
was placed in the photoreactor with a cooling fan so that the temperature of the reaction mixture was kept
approximately at 25 °C. After stirring for 24 hours under the photo-irradiation conditions, pinacol in triethylamine
(1.6 mL, ca. 1.6 M, ca. 12.8 mmol) was added. After stirring for 2 hours at room temperature, EtOAc (10 mL), water
(10 mL), and sat. NH4Cl aq. (10 mL). were added to the mixture. The mixture was extracted with EtOAc (10 mL)
three times, and the combined organic layers were dried over Na,SO4 and concentrated under reduced pressure. The
obtained crude mixture was purified by silica gel column chromatography twice (silica gel, hexane to hexane:EtOAc

= 8:1 and hexane:EtOAc = 8:1) to afford alkyl boronic esters 212 (61.4 mg, 0.167 mmol, 84%).

diethyl 3-methyl-4-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)cyclopentane-1,1-dicarboxylate

212)
(o) 0] Isolated as cis:trans = 9.2:1 mixture of stereoisomers. The stereochemistry was
EtO OEt determined with the reported spectral data of frans-212.""° IR (ATR) v 2977, 2933, 1727,
1464, 1445, 1368, 1345, 1316, 1246, 1200, 1177, 1143, 1109, 1051, 967, 885, 846, 675
B/O cm’'; "TH NMR (CDCls, 594 MHz) major isomer: 6 4.23-4.11 (m, 4H), 2.45-2.36 (m,
racemic O 2H), 2.26-2.12 (m, 2H), 2.01-1.93 (m, 2H), 1.29-1.23 (m, 18H), 0.83 (d, J = 7.0 Hz,

3H), 0.81-0.69 (m, 2H). minor isomer: ¢ 4.23-4.11 (m, 4H), 2.60 (dd, /= 13.5, 7.1 Hz,
1H), 2.48 (dd, /= 13.3, 6.9 Hz, 1H), 1.79-1.68 (m, 2H), 1.64-1.47 (m, 2H), 1.23-1.22 (m, 18H), 1.02 (dd, J = 15.4,
4.5 Hz, 1H), 0.97 (d, J = 7.0 Hz, 3H), 0.62 (dd, J = 15.3, 9.2 Hz, 1H). BC{!H} NMR (CDCl3, 149 MHz) major
isomer: 0 173.2, 173.0, 83.05, 61.29, 59.2, 41.2, 40.9, 38.7, 36.9, 24.9, 24.8, 17.4, 15.2, 14.1, 11.8. minor isomer: &
173.1, 83.11, 61.24, 58.2, 43.1, 42.6, 42.44, 42.38, 25.0, 17.4. "B{'H} NMR (191 MHz, CDCIl3) ¢ 33.0. HRMS
(ESI): m/z calculated for Ci9H33BOsNa™ [M+Na]*: 391.2262, found: 391.2268.
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DO NISFRDHE R DR E . BLENICERRLEYER%Z B8 L - KGHBMEZIT- 72, 561
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