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2CzTPN
3DPAFIPN
4CzPN
4CzIPN
Ac

acac

ascH»

Bn

bpy

Cv

Cy

dFppy
DHP
DIPEA
DMA
DMF

dmg
DMSO
dF(CF3)bpy
dFppy
dtbpy

Ep

EDG
EWG

eq
Et
Fe
FG
Fsp?
HAA
HAT
HOMO

ISC

2,5-bis(carbazol-9-yl)-1,4-dicyanobenzene
2,4,6-Tris(diphenylamino)-5-fluoroisophthalonitrile
1,2,3,4-tetrakis(carbazol-9-yl)-5,6-dicyanobenzene
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
acetyl

2,4-pentanedionato

ascorbic acid

benzyl

2,2’-bipyridyl

cyclic voltammetry

cyclohexyl

3,5-difluoro-2-(2-pyridinyl)phenyl
dihydropyridine

N,N-diisopropylethylamine
N,N-dimethylacetamide

N,N-dimethylformamide

dimethylglyoximato

dimethylsulfone
2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine
2-(2,4-difluorophenyl)pyridine
4,4’-di-tert-butyl-2,2’-bipyridyl

half-wave potential

electron-donating group

electron-withdrawing group

equatorial

ethyl

ferrocene

functional group

fraction of sp? carbon atoms

hydrogen atom abstraction

hydrogen atom transfer

highest occupied molecular orbital

intensity

intersystem crossing
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LC-MS
LED
LUMO
Me
MesAcrClO4
MHAT
nBu
NHPI
NMR
oep

PC

PG

Ph

Stern—Volmer constant

liquid chromatography—mass spectrometry
light-emitting diode

lowest unoccupied molecular orbital
methyl

9-mesityl-10-methylacridinium perchlorate
metal-hydride hydrogen atom transfer
n-butyl

N-hydroxyphthalimide

nuclear magnetic resonance
2,3,7,8,12,13,17,18-octaethylporphyrin
photoredox catalyst

protecting group

phenyl

2-phenylpyridyl

quencher

redox-active ester

radical-polar crossover

saturated calomel electrode

homolytic substitution

singly occupied molecular orbital
tert-butyl
tert-butyl-dimethylsilyl
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
tetrahydrofuran

tetraphenylporphyrin
4-toluenesulfonyl

halogen atom transfer
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Friedrich Wohler (1800~1882) I X 2 JRFED AL (1828) 2> 5. D 72 < 200 33 5, b
LW EOR T DIk, MICHI SO I —~DEFEFTHIN I LT 4 TARELE [HY
DAPEIC DO WT (JFRE: de Rerum Natura) ] O CIEi N3, #CICHT 440 FEEHDOFE 2 Y F 2%
LY Xy RALOFRLAZBEFmE NG EwbLE, £ oBEiioREZRETHME
LCHELE ML) 1k, ZoERICH U { ORFREE 2. BE L 7 B oIRAE % 250
LCT&7, L2LAAEL, LI ~7 X5 IcRRM AR L LCo [ offEsRITESN
ICHEV, [BEACD |, LW DIREEOEMETH 2, T4bb, AEILFERZOEE DK X IC
KLT, {ANHEOREL EFEICKECEHML TE 2, WP ERLOGKEZIZLD EL
T, GBI OBFR S AN E~DHFL R L, Z DYREIC O W TIIRZ T v, ALY
DFIBIT X D, 200 FEFITIE "HARAROMIL” X > TOAEFLNTWAYEDL, NAN»D%
HICAKT 220 TEDL L) IChol, RINVIGHDETFHEL S vwbitd R.B. Woodward 1T
X207 7axg IvoeiGlb s 50 FHOEETH Y . Woodward LAREDHRLEH O
=0T RSB EREDEFLICE > T, SHOFBABILEY S %,

BHEABRILFICE T2 TG &1k, {LAYFOLADREE VI L, Hiz afib 2K ¢
5 iR, ZHOL BTG R SORREL G 2R E . ALY oG I TN oE
TEEROHR LT 2720, ZOUIW - RO FiED “ETF U2/, —ET U/
ISR E D (Figure la), &, 7V AAKIGOENTZ & Z A3, RKICFAFRICE T 2 HHER
KEVHICH D EEFHIEZTD, LS 2B TRIIHSEOE TR & b, EoE
HRIG L. HB0ix 7Y AL OBEE DRI T (Figure 1b), HEZ D 5 SUG % D Hll{HIC
FLREET L L, EE AU - TR D —“ETFNERIS X VETLS TV, Z0Th 7Y
W NSIEDFBIZEEABALFICAREZE T, IVENEARFEEZL L L TE 2,

[ A9 4 @B] Polar Reaction A-B Radical Reaction [ Ae + oB ]
b
—AB - R-A + B
R*® —4>/\Rl R\/.\R
R, RR

Figure 1. Radical reactions and their nature.
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SHETCOARAEBILEDOREDORE REIRE LT, BIERILYE AT 4 FAT7 IR ) —)
DESEDBET ON D, WR-FiliA Yy 7V v 7RI E Lt 7 a2y 70 v 7 RKIGD
PRI Z DR 2HITH Y RKEEFHAL7ZET Y —vEOEA L, HROFHEY — FEK
IC B THERE 72 2 ML 2 N2 L 72 2 BHEAEMTEOREIIAFIRRLAEY DL RILICED
h, X D%E%ﬁ&ﬁi%%ﬁbf:ﬂﬂﬂ —F~DT7 7w A%A[REL T 5, MER, S LT YA ARIG
@%ﬁ’ ERB, R EEDAT 4V F AT I ALY —ICBWCEHR XN ZIEED—>

r@@@#%@)ﬁfﬂ (Escape fromFlatland),J BEF L5 34, 2N Figure2a ISR I d X

AtEYh o RRFEFRTFICED 5 spP REFEFDOEIE (Le. Fsp’) BmnLaEiz &, i
SF e DMAEERICET 23&ERMER M L0, &5 0IdKEER A T2 0 E08Ris b7

b L., RERERERBER L LRI LT SRS 5, 2000 FFRUIC 2 OB &2 RIE X
TR, ARAEEILZICBEWTH Csp® FLOMEL B L 2 HHURKIS DRI EAIITD
NTE ZD X P THOFICHERH SN0, 7V A rdlbiiiRx vz KICORETH %,
7V ANFHARICT Csp,Csp? v P v E LTEALETH Y, Csp-H Fied b DIKFEFETHI
%k % (i.e. Hydrogen Atom Transfer; HAT or Hydrogen Atom Abstraction; HAA) Z#£ Z L C Csp®
FVINEEZ B S8, —J7T, Csp* TV ANLH BEEDOLENE (2 Z TIEEIR-C IS
T &N ICEN FIcs T, (g y 7V v 7F L O RKIGHAETT 5 X 5 cHilfE
AREZALEECTH 2, LS T e ZiET) ZALTEH Y, Csp® 2= v b ORI ZE AN % EK
L 9 % (Figure 2b), X HIZ, TAFA TV HANIEZD TV HNFLICHE L 7z BEIRIEORED
A (.e. EWG orEDG) 11D & WLEN ZZ T, 2 0B O L g L, b bkl
DB =R R I3 EXVRERCFELE L TELD2EH, ZD72d, Csp> 2=y FDEA
ERELT A4 VHIRIG (e.g Grignard KIS, 7 v A Ay 7V v 27y LM R ISEE R L.
FriC R ic s s CIMER R FH O OREEE S AlREL 35, Mo X5 mFEd» 5. Csp? b
EWEERRER B 7Y — A & LCD 7 P AN IGCDFFESR IR TDI T E 7255, £ DT
D7z 5 D DRI T HEEAETTHEE (Photoredox Catalyst; PC) ZFIFH L 72 )G TH 5,

2

R2 N Rfj
| VS.
5 o

N” "R N” "R
H
“Low Fsp3 *High Fsp3
AlLow selectivity {AHigh selectivity
AlLow solubility in H,O AHigh solubility in H,O
b
®/0 )\ ){G
Y vs.
o (. J Radical
~ ~ Coupling he
*lonic species *Radical species
[ASynthesis of Csp? center ASynthesis of Csp® center

AUpolung from ionic reaction

Figure 2. Fsp? in medicinal chemistry and radical reaction.
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2 7 N LR ITAl )G (Photoredox Catalysis)

FeAL R TC AR G/ AT R (LR TTAl S (Photoredox Catalysis or Visible-light Photoredox
Catalysis) (X% Q% DY | AIESEREIEICRINGT %2 £F 0 et 2 M L 7 — B 7R o B LE TR
JGEFET OB, RRISICE VT, Figure3 1C/R L7z X 5 0C, SBARMEAT RIS X 0 ke < u7z
Db HHEZZ (Intersystem Crossing; ISC) % #% 5 & & C=HIHJNEIRED PC* 25 2 5, KfL
18X HOMO 72> 5 LUMO ~D— B BB, Z o T3 729D, PC ICHIF 3 HOMO FX H AR
ZE T lower SOMO & LT, LUMO ¥ & Y ZE % higher SOMO & L CHIET 2% 5 2 %,
ZOTANF—HEMOZEMNIL, PC OILETTEMICKE 2 EE 525, T4&bb. lower
SOMO [IAMEGETTAI D b —E T %2 Z T Y LT WEE(LAT L LT, higher SOMO 13 AMFER{L A i
—EBFELHEZRTVETH E LTCoFEEE PC* Kb 263, cnbo BT BILETER:
PC* X VBN AMILBRITENEZE LIV AALT =AY PCY) RO T AN HFF v
(PC™) L7 b, A DOMEZ A 2 5 T & TRk 4 7 Ll - BZochii & L <FIHRRETH b |
BOIANF—JRE LTHEEZ DL 0% BT ICEL Azttt chi, H°
fk. HHVEFRBELEDOE VY FA v MICTMIED A ZJIEETE 283X =% L z0 bt %
FIFHATRE 2 © & 22 b A A2 FIH L 7288 7 o AV RIG ORFE 0 B AT b T & 72,

reduction

LUMO  —— \@/ 1 higher % HOMO
SOMO pPC*—

—— 1e redox. ----c-----s-------
lower

ISC
1 SOMO —— LUMO
PC PC* oxidation 1 SOMO

Figure 3. Simplified molecular orbital depiction of photoredox catalyst.

HOMO

BIE D Al ORI OIS DR & 7o 7= D1, 1978 4ED Kellogg S i X B2V 7 4
FRIGT®H % (Scheme 1a), AKIEIZ Ru(bpy)s A2 AIELDLISS TC PC & L ToOKHE 2R
72 L C3¥ Y| Hantzsch = A 7 )\ (Hantzsch Ester Hydride; HEH) % /M GETTHI & L CALF =T A
BWAEEITT 5, £/, 1991 FICME SN N-e FaFdo 7204 I F (NHPI) T A7)V (ie.
Redox-Active Ester; RAE) %\ 72#7ChHY) - BURIER 7 VX0V T O AN ERZ KR E T 5 Giese
BMrarFxaftd. ZoFEND O BRONBETTMBESISICKE 82 52 7 06TH %
(Scheme 1b)!516, Z D X H iz, 80 FERFITED & 90 4ERIC 2> 1 THIFE D LR LR ST S S
DFEERT & 72 2 OSIIEHIRE I N7 DD, ZDHRLIEL CIFEALNE Z L b, RITAK
FOGRDBEEER B S 2 L iT7r - 72D1F 2000 £ FZFDZ & TH - 7=,
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Scheme 1. Early examples of photoredox reaction

a. Reductive desulfuration (Kellogg, 1978)

O  Me BF,~ Ru(bpy)sCl> o)
$ HEH H
® Me MeCN, room light
H H
EtOZC)\)ﬁ/\COZEt
N
H
HEH
b. Decarboxylative alkylation (Okada, 1991)
H H
o (0] Rug;)ﬁx)'jCIz H CONH,
+ /\
oo 7 Ewe THF/H,0 Rtewe L
o visible light N
Redox Active Ester BNAH
(NHPI Ester)

2008 fE, 2 D0DWE IV —FIC X o T, &AMV L CORRETTAME 2 FIH U 72 RG0S
X7z (Scheme2), MacMillan H (77 & F R Ua-7BE~vm VY T X T AR L, Sl
MOEHAFMBEL 7227 I v OBEE T TR ZTI LIk, 7T e Fafio 7 v ¥
MMz F v FAEIRICHETTT 5 2 & 23 L7z (Scheme 2a)'7, % 7z, Yoon © i Ru(bpy)s Jt
f 2 DR ITCH (iPraNEt; DIPEA) 77(E F T 7 v D01 W [2+2] BALKIGHAETT 2 2 & %
R U7 (Scheme 2b)'8, % L CZ D 2 DR&EZR KUY i, L= TTAEE Z FIH L 72878 7
CANKIGDRARB LD % DIFREICL o TiTbhTtw 2k otz FRic, 2D Z AITiF
LM DG R~ PADBRCIR EDF A I A 72 HE LED HFEAE XL Twizod, i
BRI %2 F W R R Lz—H e vwx 5,

Scheme 2. Arise of modern photoredox catalysis

a. Asymmetric catalytic o-alkylation of aldehydes (MacMillan, 2008)

Ru(bpy)sCl, o Me
o CO,E amine salt cat. O COoEt /E—N’ HOTY
+ 2,6-lutidine
’ H Et
HJ\M;\ Br)\COZEt DMF J\CCOZ Me= P
visible light o N
up to 93%, 96% ee amine salt cat.

12 examples
b. [2+2] Enone cycloaddition (Yoon, 2008)

Ru(bpy)3C|2 (6] (0]
6 o LiBF,
DIPEA Ph Ph
Ph | | Ph M&CN H H
visible light

up to 98%, 10:1 dr
13 examples

HRACR TS IE DR & Zif A & LT, EEREMENIT & OI#%~ DB 32T 6 h

10



1

Frii %62 &

p={l{

% 1921, ¥ CES B 2 F v 72 RO IS R CETTAE & D% %28 H L 7= 0 lk. 2007
FEICRIE O 2SS L 228 7 V) — oA v 7V v 2 TH B 2, A% TIE Pd fild A R L 7=
BSE A v 7Y v ZRGIT, Ru(bpy)s MRAATE T OIS 2179 2 & et Z L v ArCl 75
BROA Yy 7) v IBMEEI NS ZEPMEINT WL /T, 2Dl A 1 = X LN I3
BEINATETH o7, BBELIZS KHT L WIERSEAE & iR iE Tl & o @i KIG., 3
72 B Metallaphotoredox G IZHRTE T T nd - 7223, 2011 4D Sanford & DR % Y]
DICHUARZMEHI NS Z L &7 5 (Scheme 32)3, A% Tlx Pd! il ZFIF L7 C-H ERE
Bibic, 7V AT V=g LE~DORMBEIC L 2L Ky 2 RICX o THEBRLET ) —A T
ANy T TRIE L THW S Z T ERED ANV MOERN T Y — bz ER L 72,
FATIEF 77 v — 702 X o Tl o fafiE St i@ o 7 ) — R e YEDO R Y 7 vt a X5
MUESE b s 4T3 (Scheme 3b)4, % L T 2014 4, MacMillan 5 IZ X - T Ni filtdf/Ir 5%
fib b b7 (8% 2 A L 72 HEE I AR VBB T U — AT 4 R e DBRIERL S v 7)) v 75
N7z (Scheme 3¢)®, AKIGDOHELIEE, Ni ZiZLwE 3 3d &)| L PC & DE% % FIH
L 72 it

Scheme 3. Early examples of metallaphotoredox catalysis using various transition metals

a. C—H arylation by Pd/PC metallaphotocatalysis (Sanford, 2011)

® Ru(bpy)sCly 5
0 N2 BF, Pd(OAC), RT
RT * MeOH
H visible light
up to 87%

20 examples

b. Trifluoromethylation of boronic acid by Cu/PC catalysis (Sanford, 2012)

Ru(bpy);Cly
CuOAc
CF;l
N B(OH), K,CO4 N CF3
RO DMF R{)/
visible light
up to 93%
22 examples

c. Decarboxylative arylation by Ni/PC catalysis (MacMillan, 2014)

Ir[{dF(CF3)ppy}2(dtopy))(PFe) tBu
Ni(dme)Cl,
dtbpy @
RH/COZH . X Cs,CO5 R”
R2 DMF R2
visible light
= tBu
X=Cl.Br | up to 93%

27 examples

Irf{dF(CF3)ppy}2(dtbpy)](PFe)
d. Cross-dehydrogenative coupling by Co/PC catalysis (Wu, 2014)

H

Eosin Y
No,  + riC T\ _gs __Co(dmgH),Cl,
Ar N MeCN/H,0

H R2 green LED

Br Br

rcx

Br = Br
! CO,H

up to 97% )
17 examples Eosin Y

11
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DFIFEDVHEAIATONSE T L L d, ThIE, 3d &JE25 Pd 72 & D 4d )& & LB L CRCAZF45
FHEDP/NEZ 7Y high-spin FEERZTEEL LT, 7V AL OFEATEBICEG DR WAXE
ZAdWEICALLTVORELRERTH L, £/, PdEZH 7z Csp? 777XV DAy
TV v ZICECTER- Y FEEEO G ARIREIC 2 5 DI L, Nild Pd X 0 XU A3/
TWV7zHp- FY PRz C Lic <, 7AF T H & D inner-sphere B v 7Y v 7
FIRALS T 2o7z0b —RE wx 5, 72, 3d &JE A/ AlE 8 % O KIS outer-sphere Y
1y 7Yy IS FHINTE Y, 2014 FIC Wu 530D T Co/PC WU SG % i L 72
(Scheme 3d)*, A& TlIffiz vu* 2 LFE Co(dmgH), #° outer-sphere B D/KFEJHF 5| % K
& (HAA) T e2FHAL. 7 b7 e Fu4 v/ ) viFEhe [ v F— A8 L O
IKFER )y TV v T RERL T\ 5,

PAED X 5z, SR RT3 2 AR CHIEME IC N7 7 & A VRTE R D IEHEALAT & 75
20K 03, EEEEMEL OMBREMHAT 2 TIVERETCANVE - Ay T v T
R~DT 7w A%REL LT &,

12
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F3E: £ FY FKERTEE) (Metal-hydride Hydrogen Atom Transfer; MHAT)

FYNNRIGIC BT DRy 7 X4 F v 7 GHK & LT, HBGETTAES )G D 13200128
JE e FY FKER7FE) (Metal-hydride Hydrogen Atom Transfer; MHAT) 23%F b 13 273, K
SO IEEIC=]lio 3d &fEe F ) F [MI-H] (M =Mn, Fe, Co) ZiEtEfEE L, 7A7r vicxfL <
KFEIETHE) (Hydrogen Atom Transfer; HAT) Z#EZ 32 & T, ZRTAFAL IV ANEE Z
% (Figure 4), R)IGICE T 2 &EIKEESIRBHOLEe FV Ficksd2Z2zh e B iy,
BRI L CH o3, »odffk e LT o R K% 2 #2512 Bond-Dissociation Enthalpy
(BDE) 2355\, T AL, 3d &8 TIRENL FER AP/ NI W20 HE %2 5779 % high-spin #4
eV LCT VI ERERNTH L, > T, TA7 VITIE inner-sphere TOFFADD Y IT,
HAT i X% 7 Y ANARER 2T, MHAT 2R CEKL 2T A F 0 7 i, @Yy 7
) v 7HIDIFE T T C-H, C-C, C-0, C-N 32 %afiaBlz e L Tk V), 728G
REECT L TT AT vORMALRISZ SIChBEHRIRETH 5, BEMESEE T coe FrERER
fLL R L CRVWERETAEZAEL T 0, ELNEEAZERT V7 v ~DE L - (E
(Markovnikov) EIRMEZHT 226, RIIZIZ LD LT EMEDNTOGKICEEINS

34

o

H
[M&g o —

A == A
X MHAT .- N7 N
i L+ MY !

[M] = Mn, Fe, Co etc.

*Good functional group tolerance

= Applicable for multiple bond formation
(C-H, C-C, C-0O, C-N etc.)

Figure 4. Mechanism of Metal-hydride Hydrogen Atom Transfer (MHAT).

MHAT % FEERICELHI L . Z OFHEL ] D TRRIB I N7z D1d 1975 D Halpern 51T X %
T®H % (Scheme 4a)*’, Halpern 5 (I3 NV b A 7 X2 AN K= VEERICOKIZ T A ZFRHZE 5 2
LccEbraxvbe YNGR D B Ty Ievien LTI YA BoKRFCRICE
BT r@MELZ (X2,3), 2L T MHAT Z2HAEAKICE T K0 E LTEH L Z0235H
WS BT AT v OKFMIGETH B (Scheme 4b)*, AR TIRMEFHA T ICTLEERED
Co(acac), A% H\W 5 2 & T, 7o v D Markovnikov JEIRI /KA ETT 2 /AL
oo BICE 7N — 7 I3EIETTAl & L CRBB OGS 7 v 2N 5 2 & T, 25U k%
filih e ¥ TR X &5 2 LTI L7 (Scheme 4¢)’7, T DIAIILKFISIG DBAFE % U1 D i, fil
TR MHAT SOG 13 Carreira®-3!, Boger®>*, H/A 5598 Baran® 75, Shenvi’® %5, Herzon® ! 7x &% <
DIFFEE T X o THAMICHFEITDIL T oz,

13



Jram F3E

IZHIU

Scheme 4. Early examples of MHAT catalysis

a. Discovery of MHAT (Halpern, 1975)

Con(CO)y + H, =——=  2HCo(CO), (1)
R H R
MHAT
SO0 - oo 228 (LT - oo
R’

O + HCo(CO), MHAL *Co(CO)s  (3)

b. First application for organic synthesis (Mukaiyama, 1989)

Co(acac), (1.0 equiv.)
iPrOH, O,

(excess) 46% 17% 8%
c. First example of catalytic MHAT reaction; Mukaiyama Hydratlon (Mukaiyama, 1989)
Co(acac), (5.0 mol%)
O/\)\ PhSiH; ( 2 0 equiv.) /\k /\)Q OSiPhs
THF, O,
(1.0 equiv.) 93% 3%

APy T
- o) ;U_

%

Qi

YD MHAT b FrEREHRICE W T BEREFEOEAICAH v 7Y v 7FlL LT SOMO-phile
RGBSR TH o7z, 728 ZFMIKRIIG I ZEHEERE E 7 VAV T V07
VHhANE Ty TIEBITHEITLTE Y, £ Carreira DFEF Lz Fue 7Y v LRIG
DTV HNZENEDE T VY ANR VR TERE{LZ{T > T\ (Scheme 52)%, D
X9 pc, BALICK o TH L W C©H % Radical-Polar Crossover (RPC) Bl x L7z F
0 7ova ¥ AL HE S 47z (Scheme 5b)5S, AR IX MHAT IC X WK LZZTAF ATV H L
25, RHIUCHET SRALANIC X 2 —BFRRILERTHANK AT AV 25225 0n)bDTHY,

TACKREEAN DM S %, $£1C Shenvi b IINIEWET VT v 2 FEH & LT, MHAT $£IC &R T
Ale LT CCly 2FIHT 2 2L THALRT =4 V5 lifk & 3 23E7TH 7% RPC B ZBAF L.
TATeReDAny 7Y v 7ICHEAL 7z (Scheme 5¢)2, & H1IC, Shenvi & ¥ 2L b filifiic X
5 MHAT ICX D AELCETAFATI AT, =y TVl e ol 2 FIHT % 2 L T inner-
sphere Bl A1 v 7 ) v 2B L, ~va 7 =3 7@ RS e Fa7 ) —afbicEf <
52 %ZRMHL7 (Scheme 5d)7%, LA ED X 51c, MHAT O 3 2 @Ml & SSHE «- 7o vic
N2 EAFFHDIL S BZIEL L, ELET VANV L THARTETHY ) v 7EE 5L
ETHL Ay TV VIIERBELNDS L) BRSO ED LI TE /2,
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Scheme 5. Coupling methods for MHAT

a. Coupling with SOMO-phile; Hydrohydazination (Carreira, 2004)

H
: M;r(gpm)z Boc. N o 09
. s .CO,tBu M3
N N~ 2 H
R/\Ir + tBUOzC jPrOH, 0 °C R/!\L,/ tBthBU
' (1.5 equiv.) " dpm

b. Oxidative Radical-Polar Crossover (RPC); Hydroalkoxylation (Shigehisa, 2013)
Co(Me,salBuBu)

, PhSiH5 or (Me,SiH),0 | ROH ', OR
! F* salt 0 - —H+
RN ROH, 0 °C R
H H
OTf™ or BF,4~
X
le.
N
tBu tBu F
Co(Me,salBu-BY) F* salt

c. Reductive RPC; Coupling with aldehydes (Shenvi, 2018)

CO(Cysa|tBu tBU)
: PhSiH3, F* salt i Gl RCHO \, )—OH
- - + -
s CrCly R/.\(, CrCls R/Q(, RN
R THF/MeCN or DME, 22 °C RPC

H
tBu tBu
rac-Co(Cysal®Bu-BY)

d. Co/Ni dual catalysis; Hydroarylation (Shenvi, 2016)
Co(Cysal®"B)

Ni(dtbpy)Br, )Ar\/
Ph(iPrO)SiH, F* salt H
S
RN+ A DMPU, 22 °C R
[Co"'-H] INi"]
MHAT OA RE

I 21
[Co™] [Ni"*2]—Ar transmetallation (NP5 1—Ar

H* H
R ELr —[Co"-Br] R)\/

—7#C, MHAT OBEZ DD DICT 70 —F L7200 YHEE %O ICHAE S Lz ETn
MHAT t FrEREELTH 25 (Figure 57, KD K TlE Figure 5 OLEMHNTRT X 51, M!
o —B LR UKy 7 vick e F U FRIBERZELIT A4 7 i X - QEWER O
SR FY FZ2RTws, LarLasoARRiEqElfice Ve Z v offifle, ETh kREiEc
H % MHAT ICHRFIOBHEITHZET 20, Z L CINLICHRT 2HEZEVBEL D L vwo Ttz
HEANELE L 7m0 AREEICH L MIFZEEE Gl a3 v b Al OSEREAY 5 e it o 18 % % FI
L 723@7TH MHAT £ Z2FAF L. S Z2 W RIGOFRFEZIT o T 5 83909, KR Tl
FYANT =FVICKD Co' D—EFEITK UKL 7 e b AL ERE S 2 L Tl [Co'-H]
HEE TS, KROFHICX Y, B 7 v #H\WI., D redox-neutral 72 MHAT b F u'H
REEAL D3 ATREIC 72 o 7o & 72 IS AMEE D TTAI & L CGEb) 7538 d L < i3k z v 5
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p={13

& T, REFEE 7 U A VETEMAR Z EoEHALICIE TR S B,

Conventional

Approach H Our Group
Ox [Mll] J\( [CO”] @
MHAT
Oxidative Reductive
Turnover \Ir Turnover
[MIII [MIII H] ! ol Co] PC*™
R3|H2— RSiH,-X Red— H Red™ Qferfcch'l‘ﬁ% Red*
A\ Expensive Hydrosilane A Silane-free
A\ Sacrificial Oxidant A Redox-neutral

* Applicability of Redox-active Precursor?

Figure 5. Mechanism of photocatalytic reductive MHAT.

KZRZFAL =)o fl e LTI N0, BHEL OIS L 72 Co/PC 1E7 MHAT /K
FAKIETH B (Scheme 6) 3, AIJEI1Z MHAT KFELI I 767986100102 4z 55k | € =3 o35 L b filidie
& NRRACETTAME & D )R 21 2l L, Sl LT A A TH LT Rare Vg
105-108 2 F\» 5 & & C, MHAT AR O WL EE IR - BREEFTAME 2 MR L 72 £ T EBRE AN ©
INE OFEEATREME IC BN B~ & ;’%@é 7z, RRIGOEKLK, ZEITH MHAT & %2 FIH L
7ZHHl e F o ERE AL OBF LR EEZ I LD, KE 19112 Teskey! 3118 & %l K5 J1H01C
fThbhTna,

Scheme 6. Reductive MHAT Hydrogenation by Co/PC dual Catalysis (Kamei, 2021)

OH Ru(bpy)sCl>
H Co(saloph?®uBY)
: O O OH PC \ H
Y3 )
R&H

-7
— —N N=
R/\f iPrOH/H,0, rt. X N
| HO  OH a Lo
ascorbic acid (vitamin C) tBu o o tBu
1% Unique FG-tolerance tBu tBu
A Silane- and peroxide-free Co(saloph!BuBu)

A Environmentally benign
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U EZEE 2, EHEARAELRRIC BN T 7V ML, D TIERABILEOE L 2
FelE L X NI X 2 AL~ D HIRE HIF 3~ <L SEIRILETTMEIC X 2 7 & vk o 4
AR L. Csp® PO OREFE 2 5 1R L 7298 C-C M ATER IS OFIFEIC I Y #A 72, AR5
SUAGRIC B\ Tl Z OREE - #ERICD VT,

H1E 250 MRS O 8 X 2 MHAT 3 A F a7 Y —A(LRIG
2 o MBSO GBI X B MHAT 2 v A-F Y ANy 7Y v

FIE REBT AN u RSy T VI X BIEEA T4 RO AT AL AL

EW I BT ICEER T %,
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A

B a5 bSO W@ X 3 MHAT 20 7N e F a7 ) —aALRIG

Spe o Y ==X

5 1HI: B=m

Feafiic Tk _7z X 5 1c. MHAT b F e EREEACITATE: 2 7 v o ot U Cifl 20 B REdE
PRI EN 7255 FTD Markovnikov e Fu ERERAIL A A[REL T ARG TH D, TNHLDK
JEDHTH . Shenvi, EALIC X o THAMAICHE I NAT LT VD MHAT 0 FHAe Fa 7
U — AL, T4 O RERIERBEREROGK 2 WRE L 3 2 HMEICEN G TH 5,
Shenvi (% 3 ffiz S b L VESERZAMELE LC, RO 7 =V Vv EHWET AT v D
SMALSOC 2 BiFE L 72 23, AREwCHhcld o FRBL R LG of e LT 4 floe Fa 7V —
MUESIE DS X 41T 3 (Scheme 7a)”7, Shenvi (FD HICAKRICOFERE & LT, [F Uil e &
FEOHKEY 7 v R D ISP ERNEIE L 72 @S OFBEREN T D 2RIICE T2 C
& xR LT3 (Scheme 7b)%3, [AFSCH Tl DNA 737 & O HFLEMF U DNA LU v —
IC X o CHERE I NAZFE I L T RGBS RFRNECTETT 2 2L 2R L TB Y. AFE
DENTZAERELMEZRL T0E, BAR 2 iz S by L v Rzt e U<, &4 {LER
amEDHEKY 7V (MexSiH)0) KU [F] Fflifk e 3 N-7rAnve ) V=g L2 V5 Z
ETHBRLZ =T, TIV, ALT7 4 FBELXUORLKFEOL Fur T Y — LRI HETTT S
e ZRH L7 (Scheme 7¢)% AKIGIZ MHAT ICX VAU ZTAF AT APMUERRE
HET 2BRALANC X o C—BFRMILINTERT 2. TAFAhF4 vifEiEZ /L THWY
% 5. %2 % Radical-Polar Crossover (RPC) #&H§IC X > CHEITT 2 Z L BRI TH 2 20, T/
Vanderwal (FE/A & [AfkD RPC M e Fr 7 ) — (L% B R B D —ERS T O Ic#E
HWEETH 5 2 & 2#ii5 LT3 (Scheme 7d)'2M1%2, 2o D Tkl & v 7 LEYI© % &R
Trrvoe FaT )= LICHRTH Y, ZOFRHEZEAEL L TRAVMDERICHLHI NS
122126 Z o —F CARKISIFET A Y 7 v R, 2oy 7 v RBLANC kT % BRI A
DR E VRV % N3 mo3 Rk ATREME D BLR 2> b IE T H o 72,

Jelkd X 5T, YiFFEE CIBMEL DR L 72 MHAT KHZELE X Lo, ¥ 7 v il
FlzLE e LR ViEICH) MHAT RO %17 > T3 (Scheme 7e), FEHIZZNEEEE 2., Ik
D MHAT 7rfWe F a7 ) —aALRIGIEN LT [FIER DSl 2 o3 v b il o 78 % % 5 H
T LT, XOBREGRIMEICENZ IS E 35 2 L3 A[REL F 2 72 (Scheme 71),
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Scheme 7. Catalytic MHAT hydroarylation of alkenes

a. Silane under Co catalysis (Shenvi, 2014)
/Y\/k
[ )\X N

b. Silane under Co catalysis with aqueous condition (Shenvi, 2020)

WSS

c. Silane and [F*] oxidant under Co catalysis (Shigehisa, 2016)

Co cat.
f X
R7U = /\/k\
X

(Me,SiH),0
d. Polycyclic-compound synthesis (Vanderwal, 2020)

Me3sNFPy-OTf
Co cat.
X (Me,SiH),0
| MezNFPy-OTf

Co cat.
PhSiH3
benzene

Simple and chemoselective

Co cat.
PhSiH3

NMP / Bis-tris buffer

Aqueous conditions
Bioorthogonal

CF3Ph
Unique FG-tolerance

RPC mechanism

HFIP

One-step synthesis of polycyclic-terpenoid

RPC mechanism
e. HAT-hydrogenation under Co/photoredox catalysis (Kamei, 2021)

OH

H
Dt baiey)
: . Oﬁ)v PcfCo
B e =
\ HO OH iPrOH/H,0O

Unique FG-tolerance
Silane- and peroxide-free
Environmentally benign

f. Ascorbic acid under Co/photoredox catalysis (This work)

OH
H
+ _
X/Y NN EtOH or
HO OH tBuOH/H,O

Unique FG-tolerance
Silane- and [F*] oxidant-free
Suitable for 3-lactam synthesis

@&
X

four examples

KIS DIEEF % Figure 6a 1C/R T, AIEEIC X o THlE X oz etz 7 2 a e Vi 7
ZAVICK BTN EZ T, D T AN T = F v e T Ra Ve VET AN EAED
o 7VANT =A VL Co ik —~FETEILT B, EL Tz Co' SHFRIT RAar B VIRIC X 5
7a b ALERC, ARIGCOEEFFARTHZ Cot v FY FEEZG 225, Col e F U F2b
T AT v ~D MHAT T LT Col! SRR UITALF AT AN (A) ZEKL-OBIC, T
FATIHAN (A) B THOFER~DOMMEEZ LTy 7 a~FH =7V a ik
B) 5% %, WEIC, Coll FHRICK 7 u~FHF I L= 1T Pk B) 75 DIKHR
JiF5] 2 ¥ (Hydrogen Atom Abstraction, HAA) 252 %, HEVW % 5 2 % L [AKFIC Co' & Y
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K B 1=EFE1HE

FAHAET 2, b, ARIGICE T 5 MHAT %0 7 ¥ 7 vtk (A) OBELERE O KOS I
DWW ClE, Figure6a IC TR L7z 7 ¥ AR O EREN 237 EERA~ O AT X 288 D121,
Figure 6b IC/R3 Radical-Polar Crossover (RPC) BB ZH 5 O E I NS, Thbb, 7V AL
HifEE (A) DAL PC* Ic X 2 —FEFMILE T, A F AV ERRE (C) 252720 b,
Friedel-Crafts kD 5 FERKEFEILIGEZEZ LCHBE @) 20, Bi7e b bz cH
W%z G 2 2 CcH 2 19 —EHORIGTREIERIE LTELLZTRAar e VT VAN
AL, TRare vt T e P T RaLe VR4 T % (Figure 6¢)'27,

a
Initiation step [Co'Y Mo on
Tt e PC @ oH
o ' 4 N o OH
: ol OH ! pC* B
e 1 o
e i PC"’// HO ©
; Ho  OH L [col | OH
. Ascorbic acid | 0.0 OH
(ascH,) B
OH > HO [e)
o H
(0] OH
—\_0
HO 0] [Co"—H]
Cycllzat/on step

H
[Co"'—H] ©\><
Y
X
MHA
H
()
X/Y X/Y

PR PC* PC*~ Py M
R NI ) i N
NS X N 2

Radical-Polar X X
(A) Crossover (C) (D)
(RPC)
c
H OH H OH H OH
0="© OH 00 OH . O OH
2\ — +
. S

HO (@] HO (0] (0] (0]

Figure 6. Reaction design of the MHAT hydroarylation using ascorbic acid under PC/Co catalysis.
a. Hypothetical catalytic cycle of MHAT hydroarylation. b. Another mechanism of the cyclization step. c.

Disproportionation of ascorbic acid radicals.
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FRGET—T v 1la I LT, TfTE 2 ZF 1RGSR 21T o 72 (Table 1, Entry 1),
MHAT 7Kt &R L Ru(bpy);Clae6H,0 S TN Coll fill#il 4a %A\ 2 5fFTid, Hoe Fua 7
U — ALK 2a 2% 46%IE T L L7z (Entry 1), 7B 2O, BIRIGE LTT AT v okFEE
23 43% AT L 72 W TRIBICH W 2 7 2 2L & v B O VAR PE DS LI > & PR & 2 ik
W 4 2 KE OHEIEEL U, RIC~DE %~ 7= (Entries 2-6), 7t }F ¥, THF 7
Bl iPrOH & IZISFABED K GIE%E R L72—J7C (Entries 2, 3). BuOH % F\» 7= 13 SOG 1 A3 1)
L7 (Entry 4), 7B DB, KFBOKIETMZ 5Tz PCys ZilIIL e W CTRIC %
AaTze A BWYIOWHRICKE B % 5 2 7nd > 72 (Entry5), £72 PCy; OFEIC XD,
Entry 4 & L CKFEME 3a DICRIR 42% 25 30% ISP LTwiz, Zad, KELK
JGICBWTIBML & m R R 7 4 VA Co 6RO T F o 7 AALIC ALY ICENL 3% 2 & T,
R ZER TV F A a L 0EREE, RIGEEZR EIETWwi2072eEI6N5
8618 L LARLAMGICE TR, 7Y —DTAFATIAARHOKIGREBEDIZ2IT, I
B> RPC B JJGHEEE (Figure 6b) dHFET 2L EZ b, TaFa b A RIGH
ZDbDDIETICEYR O ol b PHING, UEXY | IO Tldr A4 RGO %
b T ICHET 24T 572, DMF & OREAEEXFH V728D . BuOH & RREOKIGE% R L 72
(Entry 6), T T, ARKIGIZ MHAT RICEKT 2T AL F V7V ANDoFHRIG L fEIRTE %
2. RIGZDEER2 TIF3 2 b Ick VEERWHTRIKIGEZIHEICE 30 TlEhwh bt #EZ,
EE A 3 fFICHRIR L 725 CHiEt 217 o 72 (Entries 7-13), BuOH X UF DMF % v 3 §&FC
. W EREA K E A E L 72 (Entries 7, 8), DMA, EtOH % F\272[%(Z DMF & [FIFLE
DERM: %R L72—75 (Entries 9, 12). DMSO Tl HI¥I2NE & A £S5 $ (Entry 10), nBuOH
K DRAEIIL D EtOH D A% v % & Tl SPEDME T L7 (Entries 11, 13), 22 T
DI T d BIF e KoM Z R L7z BuOH/H0 DRAEIROBEL DR 7 ) —=v 7% 1T
72b DD, BuOH/H0=3/1 &£V @G Z R T &F13E O N D> o 7z (Entries 14-18),
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K B 1 =E2Hi

Table 1. Effects of solvents and concentration

Ru(bpy)3Cl, ¢ 6H,0 (2.0 mol%)
Co cat 4a (10 mol%)
PCy; (0 or 20 mol%)

CI\@\ ascH, (3.0 equiv.)
O/\)\ solvent (X M)

Blue LED
25°C,18h
1a
o
tBu o”co\o tBu
tBu tBu
Co'' cat. 4a
Entry  Solvent Concentration PCy; (mol%) Yield of 2a Yield of 3a
M) (%) (%)’

1 iPrOH/H,0 = 3/1 0.2 20 46 43
2 acetone/H O =3/1 0.2 20 42 42
3 THF/H,O = 3/1 0.2 20 38 20
4 BuOH/H,0 = 3/1 0.2 20 53 42
5 BuOH/H,0 = 3/1 0.5 0 54 30
6 DMF/H,0 =3/1 0.2 0 53 21
7 BuOH/H,0 = 3/1 0.07 0 72 17
8 DMF/H20 = 3/1 0.07 0 62 10
9 DMA/H,0 =3/1 0.07 0 65 8
10 DMSO/H,0 =3/1 0.07 0 0 0
11 nBuOH/H,O=3/1  0.07 0 51 9
12 EtOH/H,0 = 3/1 0.07 0 63 17
13 EtOH 0.07 0 38 7
14 BuOH/H,0 = 9/1 0.07 0 15 3
15 BuOH/H,0 = 6/1 0.07 0 47 10
16 BuOH/H,0 = 4/1 0.07 0 67 11
17 BuOH/H,0 = 2/1 0.07 0 72 10
18 BuOH/H,0 = 1/1 0.07 0 72 8

“Determined by '"H NMR analysis of the crude reaction mixture (mesitylene as an internal standard).

Kic, BIRIGOMEIZHIFE LTT7 2are vIEOYEBOMEF 21T 72 (Table 2), 7 A2 )b
v VEER 2.0 YEAWZERICR D mOIEE CRICHHET L 72 (Entry2), £ D— 5T, (L B E
AT (50 mol%) 7 Ranr v vigz w7z Ed RKIGIE R LRI CTHEIT L2 b 0D, FE»—
HIFEEIRAE L 72 (Entry 4)o Z DM TORIGKREE DR % 52 72 B JFEHIZERAE L. B D IR
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AGw 51 2 A
FHIZITEIL L nd > 72 (Entry 5)e EDINEDE 2> o 72 Entry 2 DSAF% TTICH RS (50 °0)
TORIGER AT H, FIREITHE T T L7 (Entry 6).

Table 2. Effects of amount of ascorbic acid and temperature

Ru(bpy);Cl, * 6H,0 (2.0 mol%)

cl Co cat 4a (10 mol%) cl H O
/\)\ ascH, (X equiv.) + /\)QH
o fBUOH/H,O = 3/1 (0.07 M) o o

SV Blue LED ™ SM + 2H
temp., 18 h 2a 3a

Entry ascH» (equiv.) temperature (°C) Yield of 2a (%)“ Yield of 3a (%)*

1 3.0 25 72 17
2 2.0 25 78 13
3 1.0 25 76 8
4 0.5 25 75 6
5b 0.5 25 77 6
6 2.0 50 72 8

“Determined by "H NMR analysis of the crude reaction mixture (mesitylene as an internal standard). ?40 h.

BT FA W 2 A D 5578 % G~ 7= (Table 3), Ir SEAfHE % v 72 BRI I {(ppy)2(dtbpy)} (PFs) @
% Ru(bpy);CLe6H,0 (ST WK THYIB R SN2 DD, fhofilliic o Tid v d Kt
YA Z L 2> 7= (Entries 2-4), Ru(phen)s(PFe), % Fl\V: 72 S HIUMIZEICR T L 2155 7 -
72=—77 (Entry 5). Ru(bpy)s(PFe). % Fl\>72[&I% Entry 1 & FIFRE O KIGTE% R L 72 (Entry 6), LA
FEBEFE 2, ARG —T LX) RETEELR) v A—%2H T 3BT 2 RGO R
% Entry 6 OFfFe L, HEEMHP OBRFICH 72,

Table 3. Effects of photocatalysts

PC (2.0 mol%)

Cl Co cat 4a (10 mol%) cl H Cl
\©\ /\)\ ascH, (2.0 equiv.) \©\ H
yr +
0 fBUOH/H,0 = 3/1 (0.07 M) o o

Blue LED

SM 25°C, 18 h ™ SM + 2H
1a 2a 3a

Entry PC Yield of 2a (%)* Yield of 3a (%)*

1 Ru(bpy);Cl*6H>0 78 13

2 Ir[{dF(CF3)ppy } 2(dtbpy)](PFs) 16 2

3 Ir{(ppy)2(dtbpy)} (PFs) 70 12

4 Ir(ppy)3 8 1

5 Ru(phen);(PFs)2 17 2

6 Ru(bpy)3(PF¢)2 78 (72)° 12
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2PFg™

Ru(phen)3(PFs), Ru(bpy)s(PFe)2
“Determined by 'H NMR analysis of the crude reaction mixture (mesitylene as an internal standard).

PIsolated yield.

BIARRARY) Vv I—%GT5_V A7 I FRORE 5a % BuOH/H,0 = 3/1 DKZEHTD
RIGICAT L7z e T A, 7 HIOINHETT 7 X L 6a %1{G7- (Table 4, Entry 1), T—7 VAT 1a
TRRIEERZ L Doz R ) — VOB EERL T 2500 5a 2Lz 25, BLIGET
77 XL 6a BMGbNT7®D (Entry 2). EFARY v A—%2HT2EH I L CTlE Entry 2 D
StF R mRbStEE LTHWE 2 8 & LTz,

Table 4. Conditions for electron-deficient substrates

Ru(bpy)sCl, (2.0 mol%)
Co cat 4a (10 mol%)

ascH, (3.0 equiv.)
\@( \)\ solvent (0.07 M) \©\!( W)Q \©\!( J\
Blue LED

25°C, 18 h
SM + 2H Isomer
5a Ga 7a 8a
Entry  Solvent Yield of 6a (%)“ Yield of 7a (%)* Yield of 8a (%)’
1 BuOH/H,0 = 3/1 72 17 0
2 EtOH 86 (89)" 5 6

“Determined by 'H NMR analysis of the crude reaction mixture (mesitylene as an internal standard).

PIsolated yield.

fleDay o —VERZITS 7 (Table 5), NG TIRIICITAT THED HNAT DFZEEH

JREAE D B3R L T 7z (Bntry 2), JEfiliil, a0 R VT 2 a v e v D IEfELE
TCRIGIEETE S, BRI ZBEILL 72 (Entries 3-5), 22350 kil 4a OfEHE% 3.0 mol%
TR S 2R, RIFRICRCHWY %2155 2 LB TE 72 (Entry 6), 7 AL vigz{t
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A F 1 EE 2
FEammELAT (50 mol%) & LThH SEFREOICKCHIMAAERL 722 & ix, RGO EK
JOHRE 2 SR 25 L W2 % (Bntry 7). AHEGANEEZ FV72F% S . 4CzIPN JU° 3DPAFIPN
TIIRIFICECHIY A5 b L7z (Entries 8,9), — /7 C Rhodamine 6G T I3JRHiE D HWY 23
BoNDEDATH o7z (Entry 9)e T DAEREIT, o5V Ml % RT3 5 el o B IR
LTWwieEEZLND,

Table 5. Control experiments
Ru(bpy)sCl, (2.0 mol%)

al Co cat 4a (10 mol%) H
ascH, (3.0 equiv.) Cl
||
N\)\ solvent (0.07 M) N
Blue LED
0 25°C, 18 h o)
SM ™
5a 6a

Entry Deviation from above conditions Yield of 6a (%)”

1 none 89%

2 w/o LED irradiation trace

3 w/o PC 0

4 w/o Co cat. 4a 0

5 w/o ascorbic acid 0

6 3.0 mol% Co cat. 4a 71

7 50 mol% ascorbic acid 83

8 4CzIPN as PC 82

9 3DPAFIPN as PC 84

10 Rhodamine 6G as PC 2
sl Q)
i Q,

4CzIPN 3DPAFIPN Rhodamine 6G

“Determined by 'H NMR analysis of the crude reaction mixture (mesitylene as an internal standard).

PIsolated yield.
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Table 3, Entry 6 J¢ ' Table 4, Entry 2 D&% &K 4B TEE) vAH—%2HT2HE 1a-1f XU
BIARY) v Ah—%2HT 55 5a-5q ORGESMFL LT, %El_ﬁﬁﬁﬁl(?)%?—%%ﬁo 7z (Table
6)e FLDICETEERY vAI—%2FGT2HHICOWT, KGICHWRIEE O 7 VT v I3 K -
WEHIGEHARIRETH O, WIhd BRIFRISHEZ R L7 (2a,22°), AER LOBEHHILIIETFR
7 Cl B2 Thl, BETFEELR OMe BEZHWTH EWICRCTERILSEIT L 72 (2b), FHE
DB A FRET—T VIR ONT, 7=V VEFER 2¢,2d KU 2f b@EAFRECTH Y, HH
le 2L RIFIFTEEMICT P2 Fuax /2 Uy 2¢ BBEOLNATHE, BROKEZIICOWTHANHA
BT TR, HEROBBEICHH VB Z EBTE S 2), 72, BIGHEIRE T 32 4 0o Hiff
BT AT VHEE L L TCHWS ZEBARETH - 72 2d), EAIMED & 2 i EREH 2 18
BET2 a7 I/7B(F v VB8R le ZHE L LZBED . REFRINETE FuT ) =il
R 2e BELNTWD

Au«/XT\h$§%%$uaT5 BT ARARY) v Ah—% BT 2 HE OB AEHMERR 2T
o7z, BYRRABERIEZE T Y 5a, 5b, 5¢ TV INdfiL, EEHTHE 7o xtrv 8
HRDOEECTH L ANLE YT IV 5d b RFEOCHEEZR L 72, FFET XX, Figure 2a IR
L7z & 9 ICARKIGRF TIEETliD Co' BAELTw3 e FHEIhZDICRL T, BT AExR
qw%cunm#ﬁﬁénfwéﬁfbé(m%_mxz»»b%ﬁ®cmmu%#%V/mu
% LIoTHMLTW2720ThH3LEZLND, IZPICHEEBRO VY XT I FFHER Se

. BTHSHEERESEE LT oW 8 HREOINKR B/ LN TwE L
#%\$&W®E%Lﬁ@ﬁ#%1mmb(aﬁgm)xau B A ET 2 5 o
TH G 8 HIREHETT 2 b oo, MEREERDORAEVEZG 22 (6i). AIEDAEFERME
kowfiiﬁTéTF7tFD%/#/D/%%®SH ClERA-72b D28 TR LT
BRSNS (rr. =3:2) 25, THid MHAT ICX D AERLETAFAL T I AAREEHRIC
ﬁM?éW CCLEDBETRFMEIC X 2 LENERZT 2720 ICRKE LT3 b0L PRI,

7 I FEHREEREICOWTH L ERESEHEE TS V. BITEMA T CHAEEER OMe
% (6§) - Bn F: (6k). BE{LIC X o THIfRF#EMTEEZ PMB % (61) M O FESAF F ChrAETE 2 MOM
Ho(6m) 7 EBTFEINTS . FHC MOM B oW TIRIESME O T A7 v OIEMALICIE 2 5
NN e TPRRINE 2D, TARAINE VIBREFE T Th REFRIGECET T 2 RGO EAL
MHrERTbDEEZ D, LEBEONET AT Y 5n 2HH T 7 XL 6n 25 BUOPCKTHELN
Too REMFIXT 7 2 LERUAMC D HEHAEETH Y, 7 P RXT L 50 , AT YT IF 5p K
VEEREEEAET2HYE 5q 26dbe Fu7 )= biErBE L4 69%, 53%, 74% DUIK T
LI Tw3
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Table 6. Substrate scope

1
1
\‘f\ conditions
1 —_—

1or5

Conditions for substrate 1

Ru(bpy)3(PFg)2 (2.0 mol%)

LH| Cocat4a (10 mol%)

‘ ascH, (2.0 equiv.)

tBuOH/H,0 = 3/1 (0.07 M)
Blue LED, 25 °C, 18 h

Conditions for substrate 5

Ru(bpy);Cl, * 6H,0 (2.0 mol%)
Co cat 4a (10 mol%)
ascH, (3.0 equiv.)

EtOH (0.07 M)

Blue LED, 25 °C, 18 h

H
H
(@) (@) O N N
Ts Ts

2a, 72% 2a', 76% 2b, 81% 2c, 99% 2d, 58%°
EtO,C H H
H (0]
_NH N
Bz (0] \
_________________________________________ 2e,73% AT .
H H H 00 H H
Cl F F3C \/\N/S
N\ N\ N\ H N\ N\
(0] (0] (0] 0 (0]
6a, 89% 6b, 90% (99% 6¢c, 78% 6d, 67% 6e, 73%
H
W@ﬁf @ﬁf )éﬁf [ I ; W@ﬁf )
Bn
(@]
6f, 82% 69, 84% 6h, 78% 6i, 78% (r.r. = 6j, 85% 6k, 90%
H H
@f @f (I\i/ L L
w &]
6l, 73% 6m, 87% 6n, 73% 60, 69% 6p, 53%9 6q, 74%

Isolated yields (0.20 mmol scale) unless otherwise noted. “4CzIPN (2.0 mol%), ‘BuOH/H,O (0.03 M) at
40 °C for 20 h under irradiation from blue LED. 1.0 mmol scale. ‘At 50 °C for two cycles. %45 h.

HE 5a AL T23HE»LHEOND 6a DX 34-PeFufyF ) o v HHITRAR
V- EEBICEEINIEELBRTH LI 0, ZOARIEOBRERLH L L V25 12,
PO N-TUNRY XTI FRIEELE LT, BAICERT 5 7 ¥ AV DFINC X 0 ARG %
BT BRCIIFEET 2 b D@ 13081 447D MHAT b Fu7 Y — LG E % OREEICE L
TeBNIFAE L a2 o 72s %2 2C. KRFEDOFH EEMERE §-7 7 £ L& E T 261 % dHib
T57-0ic, B 5a ioxt3 3 otEicowT, BifFE E iR EE 1T - 72 (Table 7). 2.
& DREHICH 3 Co fli D& (% 3.0mol% IZ#i— L 72, Shenvi @ BHALSIG % F 72132 H
5 18% LafEond, JHERD 69% %L 7z (Entry 2)7, FlV25 ¥ 7 v D&% Entry 1

27



Kim B 1 =E3H

ICHWZZ2T2Rar e vigEeEL 3.0 48 e LD EEHIEE L Zd 00, v Fr T U — Uik
6a 1334% Lot o7z (Entry 3)e TOHERNZLES 2% Entry 2 DEMFITEHSE 2175
728 TAIED 33% TR L7 (Bntryd), £72, w2 =ffio 250 Mz 4a LR L7
=LYV T IVEREETS Col' ru 7 o VEER 40 ICEHE L OEIREZITo 72 & 2 A,
44% UCECHIY 6a 2S5O 17z, LLE2 5, Shenvi D & D HEIC I\ Tl O FE1E KX
KD DBBEARICHELZ 52 T3 D LER LTS, EADOL FuT ) — U LKE
AT LRI EYIZ 1% (S20ATH Y HHREEY%Z 5 272 (Entry4)'Y, T DOFERICD
Wk, LEEBREET S N-7Aatu e ) =y AERRIGICH LT & 2 DB EE % KT
L7zb DL TRLTWS,

Table 7. Comparison of the reactivity of reported protocols for the lactam synthesis.

H
cl it cl
[ conditions
\©\H/N\J\ 18 h N\
o o)
SM ™
5a 6a
Entry conditions Yield of 6a (%)”
1 Ru(bpy)sCl> (2.0 mol%), Co cat. 4a (3.0 mol%), ascorbic 71

acid (3.0 equiv.), EtOH, 25 °C, Blue LED
2° Co cat. 4b (3.0 mol%), PhSiH3 (6.0 mol%), benzene, 22 °C 18

3 Co cat. 4b (3.0 mol%), PhSiH3 (3.0 equiv.), benzene, 22 °C 34
4 Co cat. 4b (3.0 mol%), PhSiH3 (6.0 mol%), benzene, 25 °C
Blue LED >
5 Co cat. 4a’ (3.0 mol%), PhSiH3 (6.0 mol%), benzene, 25 °C 4
Blue LED

67 Co cat. 4¢ (3.0 mol%), N-fluoro-2,4,6-trimethylpyridinium
triflate (2.0 equiv.), (Me2SiH),0 (2.0 equiv.), PhCF3, r.t.

VRN

—=N_  N=
N
Col
tBu o'y 0o Bu 4b:X= ,Y=Cl
IRAELY

tBu tBu
4c: X = MN/\JW .Y = none

“Determined by 'H NMR analysis of the crude reaction mixture (mesitylene as an internal standard).

bReference 76. “Reference 118. 920 h.



5 4 i SOCH AT

MHAT IC X5 T7AF VT Y AANHRIROERZ D 5720, FE 5a % 7 ¥ A AiEH &
L TS50 H&ED TEMPO %Ml 2 725:F CTORIGICHT L7z (Scheme 8, Figure 7). Z DAEHE, v Fr
7V =Mtk 6a DMK IE NMR ECHEGETZ 3. LRMS(ESI) TOMTTT A F LT ¥ AR
TEMPO IZIfi#e 2 N72{LAYTH % 5a-TEMPO DERDEZRTE 7z, & DFEERFEIH T MHAT

CEBTAFNT I ANDERDBZITHEITL T E L 2LHT 5,

Scheme 8. Detection of an alkyl radical intermediate by TEMPO-trapping
Ru(bpy)sCl, (2.0 mol%)
4a (10 mol%)
ascorbic acid (3.0 equw)

Cl
l\llle\)J\ TEMPO (5.0 equiv.) \)<)
N EtOH, 25 °C, 18 h

blue LED

5a-TEMPO
predicted m/z:
380.22 (100%), 382.22 (32%)

0.124 feach S

380000.0-

360000.0-

340000.0- [M+HT" 4;71.06
{
3200000 |JBI A I N ‘

Cl
Me !
300000.0- l\‘l\)QO
260000.0- |
[¢)
2800000 \ 5a-TEMPO
|
2400000 |
2200000 i
z
£ 200000.0- il
E H |
E Il |
180000.0+ : ‘ 470 "D
160000.0-| | 365.11 Wim |
! Isotope signal ‘
140000.0- bdo 39 P g ‘ a
] | + o
1200000 ‘ I : of [M+H] |
] H 335.16 b33.13 | i
100000.0~ | I! ‘ I ‘ :‘
EDM0.0—“ | |= ‘ | I‘
: | . L
6000001 | il ‘ 34625 704 | 40347 ihadd
| | | ‘! 04.20 1
‘m’wm 9431000. ‘ oM I ‘
| 37667 | {40438 45340 I
HI 3336433618 ‘ 38389, ‘ U+-20406.99 454]& i
2000004 | 347 Ir1353 01 37.;7 391.20 | 4131542019, 44572 | \ l76.24
] | ‘ 2159 | 325.96 H ‘ ‘ 53590| ) ‘|| 9423.01 43&25 2 ds‘i 20 ‘ | |” |r78m
P \Hu || ‘I |'H ] |\ \‘II T i i ‘I 11 | ok .;‘JHH; J‘ L !.“ il
44000 45000 uannn 000 48300

JIOU[I 32000 !JDDD 34000 350.00 35000 Iﬂﬂ 00 EED 0o 390.00 400.00 410,00 42000 43DW
m/z

Figure 7. Detection of TEMPO-adduct on LRMS(ESI) analysis.
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AKawm B 1= 4 Hi

THIL, vrzura v EREETAEE 1g ARG LZE A, MHAT ICX 04T
TeTNAFANTUANRY 7aTaxy OEERCERILL LAY 2g ¥ 2%DINETH L
72 (Scheme 9), ZDHEEDAKMIGICEH T 2 7Y AT DONTEE LR+ 2HHE L WL 5,

Scheme 9. Detection of an alkyl radical intermediate by cyclopropane-ring opening
Ru(bpy)s(PFe), (2.0 mol%)

4a (10 mol%)
)@ ascorbic acid (50 mol%)

H tBuOH/H,0, 25 °C, 18 h
blue LED
19

22% NMR yield

ARG DS 4 7 VIcBAST 2 AR 2152 72010, BB 52 # T light/dark EER#% 175 72
(Table 8), HENZEMET IS KOG L7z 25, HIMIZIZ L A BN d -7z (Entry
). #H€ LED % 3 WS L7200 bICE B ICKIGE IED 7281 6a 73 49% IECHEL LT
(Entry 2), ¥ 7z, 3RO KR O OB ICRIEH N L, 1 ZHe % 15 KEHEEL 2D 6a
DUFHEIL 44% 1T E o7z (Bntry3), R, HH OIG & FIERIC 18 KEE O SRS 21T - 72 B
13 86% DUNHE TRIGHETT L 72 (Entry 4),

Entry2 & Entry3 OFERZIZIEE L TH o722 25, MHAT & F a7 ) — AL oEfTICiE
TAEH 22 IR DB CH B L) T e Bbh b, & DFERIT Figure6a 1T/ L7z X 9 7Zx B fis
By 4 7 VDOFEEZ DO DERET 5D DO TR AR WD B2, RBHPBARKIED ot
fEEL T A AREMEZ R L T 5, Iz, MHAT ICX W AEK LT AF LTV AL e Col
i & DFESIC L W AERT BT A F a0+ O¥FERRE L, KiGHRD Col AL D Coll b
U FORERGEREZ LS 2MEET 2 b L FHL TV S,
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Table 8. Light/dark experiments

Ru(bpy)3Cls (2.0 mol%) H
4a (10 mol%)

Cl Cl
\< ascorbic acid (3.0 equiv)
N. N.
Me EtOH, 25 °C, 18 h Me

(o) blue LED o)
5a 6a
Entry Changes in light/dark conditions Yield of 6a®
Oh 18 h
| in dark |
1 | | <5%
work up
Ny
Oh > 3h
2 }—){ 49%
work up
Ny
Oh ~) 3h 18 h
| | in dark |
3 | | | 44%
work up
\\ ! //
Oh @ 18 h
4 I I 86%
work up

“Determined by 'H NMR analysis of the crude reaction mixture (mesitylene as an internal standard).

AKIJGDFATHIFE Tld, AlDGIC X 2 e 252 1F 72 Ru(bpy)sCL 17 R a v e Vg e G d
% Z LA Stern-Volmer {HEFEERIC X o THER I N T W B —J5T B, SEIHWEIE 5a 23l
DIHEAN & 72 2 DO WTDHIRIL D0 7z, & T TARKRIGD AL RERRICEE L TORIR %
52 729 1T Stern-Volmer FEhi% 5a 1Zxf L T{T o7z, Stern-Volmer OIILAT D X Hick I
5o

L/I=1+ st[Q]

TOEE [Q] IXHAA Q DRI, 1. I 13 Q FE T RUIEFEE T Colihie X iz H e T D
HATRETH D, Ksy X Stern-Volmer EHTH %, Stern-Volmer DR 6. LEDORINA DT
TE T CHRIAI DR [Q] 1Tt 3 2 i o dNBE DL () Z 7Ry P 5T LTk,
Z DEMAN A IR FE D H N T EMHEAEH T 2 2B DHW I A[HEL 725 C L 3D D 5,
FE 5a OEEICHIT S I/ ofiE 7Ta v F Lzb DA Figure 8 TH 3, 5a V7RO
HZIZIZIF¥ e THE b, HE Sa FNEEREO M & SOG L 7\ 2 & 23505 o 72,
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Kam B 1= 4Hi

nb. FEDOEEZ Co il 4a 12 L CTHLHRA/ZDH DD, mM A7 — L OHIPHTIE 4a 23
RIGEED T & ) —NCEFYI S 7o 72 2 & o, Jefiliflt & Co il & W R~ 27 + vicEHE
DEUIFBELRTE o722 0HIERWI S L 77,

2.5

2

5 | y=0.0038x +0.9473

R?=10.1273 ®5a
o
1 @.ivinens @i ¢ P a—
0.5
0 5 10 15 20 25
[Q] [mM]

Figure 8. Stern-Volmer quenching experiments.

FATHIZE Tl Co il 4a DBELALAIIIHT Z TV, ColY/Col DRI A BELIRTTIEAS =
~1.36V vs. SCE in DMF (C Il & v, ZEICIKEE O Nkl (E1» [Ru/Ru'] = —1.33 V vs. SCE in
MeCN)!33 205 d4a ~DEBTHHBEL V52 2 EZHERL TV 3 INEET 2 TEEIRX
DHIDWERE, T7RbH T AINE VDL HAE~OEFHHHBELIY 5 22, Z L THE 52
D3RRI L DFAVETTE AL 72Ny 7 750 v FRIGHHEIT L TL 2 2B 2DV TN 5729
i, B4 270 v 7R gy A Y — (Cyclic Voltammetry, CV) DHIE % 1T > 72 (Figure 9), CV @
HIEICEE L EChsk 32Ny 7 7790 v F OBRAACEEET 5 720  HIEICH W 2 e L
TRIGEHED T2 7 — LD Y ICDMF W72, ZOFER, TR AL VBEERDO RV X £
77 LTI 2 gL A 0.71 V ovs. SCE ICEHI E N7z, A X vk s
Ru(bpy)s?* OMEALENIZS 0.77 V vs. SCE* TH I L2, ZORREITRare vigr bkt
fE~DETHEARE 9 5 2L ZRBL TS, — T, Y 5a DRV XES T L TIIIRHE
BRE—U PR LN o7 &Eh b, Sa (M e OEEN R RICER I X2 223500

vs. SCE

- e e, o S - - - -
- mee m ®0 = Son @mes o e -

oo o0 = o= o= -
P Lo co=mo 2o - -

2 18,--"""1 0,5

-~

Figure 9. Cyclic voltammograms of ascorbic acid and 5a. Each voltammogram was recorded at 100 mV/s
in DMF solutions of substrate (1.0 mM) and BusNCIOs (0.1 M). The potential was corrected using Fc/Fc*

as an internal standard; SCE = saturated calomel electrode; Fc = ferrocene.
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BT, RGO MG ICBIT 2 MR %252 2o iIc B LAt E 2RI L 22 2175 72,
uU@m\%ESe%%%wﬁﬁkbf\%ﬁ4am%®cwHtFDF@k®ﬁmﬁ%mow
f@IﬁTﬁ%%ﬁot(m@mm)C&ItFUF#&Se«@mmwrﬁﬁcéﬁﬁ(mn
TOWEHAL T AV F —1T 9.8kcal/mol TH Y, B THEZGICHEITL 5 52 LBRBI N, TOD
ERREEZRECE O N PR ML 1E7 I PG ORERIC X 2 B2 LT scis D
HREE IM2 252 223, ZoiEfE (TS2) DT 4L ¥ —[REET 14.7kcal/mol TH Y, Coll T
X BKFEIRFH 2 Z (hydrogen atom abstraction, HAA) Z 8 CJREHCER 2% L LKL T &
X % Skcal/mol FREERTH o7z, ZORMUALD ER T CEGICHETT 2L RTINS 120,
FKEEDO KGR Tl s-cis R E s-trans RDJFEM 7 ¥ A EHEDREY 2> O | s-trans 1E~D
FHROHAEZRCZORDBUKICHETL T2 b0 eEXHNE, IM2 2L TFHD
FHEBA~D I HNMINAERCY Z7a~3 3V 2oL 7Y AAPRE IM3 %5 %2 58 kkE
TS3 TO I 4L ¥ —[EEEIX 9.5 keal/mol FEETH 0, HERVICHA B TH 2, REIC
IM3 (ZfilE 4a ICX 3 HAA ZRCTHEEY (PD) 252 %, ZOBBELFEI LT VINICHEITL,
Z DAL AV F—13 11.2kcal/mol & EiRTHET T 2EHLEFE LRV, U EoFE/KREL
5. Figure 6a 1Z7R L 72 A KGO AE SOCHRS 3B TH D L \vwx b,

o
N A
T H oo T
% = ..CJO:" Z l N R 2
E st 0 (N o
g (9.8) . TS2 =y ~
% SM (4.7 Ts3 [J?J
4 (0.0) (-1.0)} o M
o ) N—Co—0, ﬁ
. V"'LL'N/\'T"’;. |M1 |M2 \-\.___N' [._f;ﬁ‘-\._lT_.. “N
(0 (-10.0) (105 IS4 N
o i (-14.0), i
D Ve o N | .
Cy @ Y LD
AN . _ B
[xy (-25.2) . PD
a (-29.7)

Figure 10. Calculated energy diagram for the intramolecular MHAT hydroarylation; all calculations were
performed at the UwB97X-D(PCM-EtOH)/6-311G(d,p)/SDD//UnB97X-D(PCM-EtOH)/6-
31G(d,p)/LANL2DZ(¥) level of theory.

Figure 10 & [F] URMESEMEC. TAF AT U AAHIR IML 28 4a EREG LT Fran
/VFmn’@Eﬁﬁﬁﬁ%@%bi%#ﬁomf@ﬁbk(ﬁ@mﬂ%l@ﬁ%IMl&IMP
LOfOHAMBTALF—7EX 2.7 kcal/mol TH Y, DFT O T H L F —f1% GEHIT 2~3
kcal/mol) ¥ 2 2 L AEEMIONZ & IFF AR WAER & 72 o572, Table 8 IZ B\ THIRGT A
INKDE FIcEHE L7722 20, FEHIZ GO ICH L TIZ IMI RO T A F A a5L b 23
RIRREE & L CAAE L. RN Z Dt 2 REL T2 D EEEL T2
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Figure 11. Calculated relative free energy of an alkylcobalt(IIl) intermediate IM1’; all calculations were
performed at the UwnB97X-D(PCM-EtOH)/6-311G(d,p)/SDD//U®B97X-D(PCM-EtOH)/6-
31G(d,p)/LANL2DZ(f) level of theory.

FEEHDY v —HEOETFREPRBEICEE DA AT Z L IO T, FEFIT AN &
OGRS D ERNER S LR LT3, AIAF=AED X ) REBELKRINED) v A —%HT
ZHE 5 TR LTIE, HAEBRAAL IO LUMO 22T A F L7V HLdD SOMO IZH3 % Kt
R &7V, Figure 6a 3 XU Figure 10 O X 5 P& CRICHETTL b D EER B, —Ti T,
I—FADEIBETEER) v AI—%ETIHE 1 COoOWTREERAL MICHEET 3
HOMO #7723 5 LKL CTRWZ LTINS, L7223 > T T DORROB{EIZ MHAT I XD
AR LT AFNT I ANRNMBIC K —ETREERTCLER ZMTrIFrnstre
Y, TCERRIGREE L TN BERERKEFEBICHEIT S % Radical-Polar Crossover
(RPC) BB D TG B REL 7 b L E X T, TORMODEZLUMEERT 729, Scheme 10 IZ/R L 72
XO%mETAEE Ih CHETEITAFA TS AR -EBTHRILERTHAF A Vv EE 2 2D,
Mmﬁﬁ%ﬁ%ImTﬁﬁ’;ofﬁﬁbtﬁﬁﬁavc_@Em®Mm*ui0MVmsaz
T®H Y. Ru(bpy)s® 1< X 2 —FEFELITEBTIAINCITETL 5 5 2 & B30 o Too ABROEE

m&&mifgfmtm%®® FramT bl 7= X 5 ic, Sefil/ a5 bl o 8% &
FA L 72 MHAT-RPC BUSIGOBNITFET 2 T & 5 949510 RIZISIC I 1T 5 RPC B D TETE X
ERICET2bDEELD,

¥3bic, EREFLICERY Bu H2AT L7 I FERE sr 2RKICICH LB H
floe Fa7 ) —aftikizGonarozb o0, BIERIE LT FotF Atk or 2315
5N 7= (Scheme 11), AALEW IFIE ~D MHAT IC X W E L 2= 2 H 238, et pC*
oD —EBEFHRILEZ T TC=RAhTA v iroleDdb, TIICHBETH % EOH 255 Z
ETERLEDD L TFREIND, ULEOKR2 O ARKIGICE T 52 RPC BIEHE O 25 523 FKERIY
KhBOLN-eEZOLNS,
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Scheme 10. Feasibility of oxidative RPC for ether-linked substrate”

CL SET Ol L
O ® E1/2,calc =0.44 V vs. SCE 0 ®

1h_radical 1h_cation

|:> SET is thermodynamically favored.

Ereq(RU™/RU') = 0.77 V vs. SCE

“All calculations were performed at the UnB97X-D(PCM-MeCN)/6-311G(d,p)//UnB97X-D(PCM-
MeCN)/6-31G(d,p) level of theory.
Scheme 11. Generation of hydrooxygenated product

Ru(bpy);Cl, (2.0 mol%)
Co cat. (10 mol%)

tB\)J\ ascorbic aC|d (3.0 equiv) c tBu\A/\H
|
EtOH, blue LEDs N

o OEt

25°C, 18 h
9r
6%
MHAT +EtOH
—H*
cl H cl H
“ L L
N — N
RPC ®
o) 0
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9555 8 2 /N

LAEo X 5181351 MHAT b F a7 ) — A LRGSR L TRl o S b il o 17
BREEHT LT B IV - BLAIZRH T ANA A A TH LT A a e VEBERIGHL
T BREEHANR O JUG~ & eI T 7, ARG - KRGO OV E 2 2 FIM 52 2 & CHic D
FEREICEN L 2 OGR 2 B L, FrICERE OSFRMMIZETHICIRRICEDZ L 2o §-7 7
2 LHEE OREEEDVIRE & 7e o 720 SOGHENS DT C 13, 1 4 © EERAYBGEE R B LyEtRIC X
> T, KRGO DZ YRR T L & H T, Il Y DRI DFEZ IR L 72, AGiIC T
WG LM, SBoRMBRZFA L7 A7 vo e FoEiEUIGHERICHES L S 3
DD EWIFFL T 5,

N X
Yamaguchi, Y.; Seino, Y.; Suzuki, A.; Kamei, Y.; Yoshino, T.; Kojima, M.; Matsunaga, S.
Intramolecular Hydrogen Atom Transfer Hydroarylation of Alkenes toward d-Lactams Using Cobalt-

Photoredox Dual Catalysis.
Org. Lett. 2022, 24, 2441-2445. DOI: 10.1021/acs.orglett.2c00700
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Pax.

Kiw H2FEHE 1

52 B a9 M S iRt omE ic X AT AT v D s TV h A
vy 7N

Sep o (Y ==X

5 1HI - Bs

ek i@ b . MHAT Bl e F o BHEALE)GIZ~ L2 7 = 2 73817 C-H, C-C,C-0, C-N &
AxIILY T LML 0N FHMGEEKZ L 35, F1TH MHAT B C-C #f
BTG DFAFE L LRI E B IUAULFE O 2 R T 2 2D & 2 OFRIFIEA S
KRNI TN T E 72, I OMEF & LTk, b A T2 FERWwEY T /L 4 2,
ARy R E Lze FadF v 24E %, Michael 77 & 7 % —~D Giese B 7 2 h At
fn 9707 70 & | JPEm®D Scheme 5a Tili~X7z X 9 72 SOMO-phile ~® 7 ¥ 1 VEHE - (IS
DBEICHFE S N (Figure 12) AFERIFIFFICHFECTIEH 2D DD, 500 2{LEY OREEH
> % SOMO-phile I X VIR N2 720, EFEY DL DB R 2 O EDELE L 72,

TsCN NN
R
NOBn H
ph. M BnON
! vhAT o"S‘b HICN — S—HreN
- ° - -
N R/\(, RN
H H
EWG
A EWG /q/
R
H

Figure 12. Early examples of C—C bond forming reactions via MHAT.

ZAUTH L, Shenvi Bl Mn filifii-cd MHAT %I Ni filicony 7Y v 728 A5 C
ET, TATve—lhTrFrra I Fed Cross-electrophile 1> MHAT & Fu 7L ¥4t
FOG%ZFAFE L 72 (Scheme 12, Figure 13)8%, AKISTIE Mn B FU K2 5D MHAT ICX VAU
T/ER T Y A N il T D inner-sphere D Ah v TV v I EFESL ZE THWO Fu T
NFEF MG E G Z 5, REOGDOZEBICE Y, XV EAe FaT Ao MEsGons L5k
272b DD, RRIGIET v F 7w I F RERE O VARREE ICHEIE TS 5 & v o 2 REDEE
L7z,
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Kim H2E=E1H

p={1{

Scheme 12. Mn/Ni dual-catalyzed MHAT hydroalkylation (Shenvi, 2019)

Mn(dpm)3 (20 mol%)
Ni(acac), (2.5 mol%)
PhSiH; (3.0 equiv.)
HFIP (2.0 equiv.) R'

I . I
i K,CO3 (1.0 equiv.) i
.+ N .
RN RX R/<,

DCE/Propylene Carbonate

r.t., air H
| | |
PhSiH,L b - <IN g™
f;)if[Mn”—H] RN RIS T
. w0 bl ¢
PhSiH; . | IN—X

(Mn"'L] RN RN
RIS
X. |

[Ni%_Red. [Ni'] k#,

o R

[Mn"] -
2
H
Figure 13. Reaction mechanism of MHAT hydroalkylation by Mn/Ni catalysis.

ZZT, ZVANFRIEEN L C-C MATEERIGORFEICE T, EFEFHZED TS
D DB S g i & FIFH L 72 Homolytic Substitution (S2) HUBEREIC X 2 KB TH 25 135136, Kbk
51X Figure 14a ICRT X HIC, 7V —=F T ALRBT AL FREMICH L T outer-sphere D E
WG %R THRE 25T, Figure 14b DX S ICAFA T I AL —RT I AND K S RiGD
INEWT AL THERTCAND XD mEE T YA, 2 L CREMEALEET S L
E.EONIV T ANMTER T UANMERL TCTAFASEEZIEE T 5, IEoT, 20D
IORFZTRERIVAALLEDO/NE BT AFAEEFE~D Sp2 AEATEE AT L %
I b7z, ERNGE I RA- TV VA y T v 7 R2EHTE S,

Homolytic Substitution
G (S12)
R + R|_[Mn+1]
N\

R-R' + M7

J<[Mn+1] . LR
R
. =

M7+ o R +R»§
. e R
Me or 1 2°or3 N R _/4/’_\ ! Su2 |

radical radical

Figure 14. Sy2 reaction.

a. Sy2 mechanism. b. Chemoselective cross-radical coupling via Sy2 reaction.

7= & 2 1¥ MacMillan & 13 AHEHE % F]FH L. Redox-Active Ester D —., =k oo An &, 7
LEALTE I NHRO =R T VAN 2ALEERNICH Yy 7Y v 734 5 RICERHFEL 72 1,
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Scheme 13. Csp3—Csp? coupling via Sy2 (MacMillan, 2021)

[Ir] PC (1 mol%)
Fe(OEP)CI (2 mol%)

0 (TMS)3SiNHAdm (2 equiv.)
i 1
R! O/NPhth + B R KOAc (2 equiv.) R%\R
R2 R%/H acetone/IPA R2 R3/H
blue LED, r.t.

Redox-Active Ester
(1.0-2.0 equiv.)

% LT 2023 4EIC Shenvi & 3R MHAT RICHEA L, “HEOSMB AT 2 &
THIHTD MHAT/Si2 o b Fr Xy VARG ZFAFEL 72 (Scheme 14, Figure 15)%, A% 1%
Figure 15 IC/R T X 9 1T, Fe(acac) 1A% /v L 72 MHAT-cycle & . Fe(TPP) #{K% /L 7= Sk2-
cycle L DI ZZRHT 22T, TATZvERVIAT R I FFEERED D v T ) v 7 %FT
5TV 5, RIJGIFHEK D inner-sphere A v 7Y v 77X 0 b ERYIO Y T 2T L A@#RPEC
Ry PA7v I FHFEROBEHAFEMAR EDHICEWT X VENZEEZIIND TWE, —HTA
FATEMRTTA & L CEiffiZe PhSiH(OiPr) Z@EEFA VT W5 & Wi REPFEE Lz, £ D7
B, ARICEITTH MHAT 2% 8 A3 25 & T, XV redox-neutral e GICHKEI L &8
TEAUL, RFEZ R T 2 LR TE D LE T,

Scheme 14. Fe/Fe dual-catalyzed MHAT/Su2 hydroalkylation (Shenvi, 2023)

Fe(acac); (5.0 or 10 mol%)

Fe(TPP),CI (5.0 or 10 mol%) Ar
! PR PhSiH,(OiPr) (3.0 equiv.) !
RN T ATX iPrOH RN
(2.0 equiv.) r.t., air H
Ar
PhSIH(O/Pr)L [Fem(acac)z_,_,] /\
MHAT
PhSin(o/‘Pr)///

[Fe'(acac),— [Fe'(TPP)]

o / \/

0, [Fe'(acac),

Figure 15. Reaction mechanism of MHAT/Su2 hydroalkylation by Fe/Fe catalysis.

Redox-neutral 72 MHAT/Sy2 7 Ffile P e 7 A ¥ AL 2 ik5t 35 1CH 20, Jrimsh =&
ﬁ@mSK Thfam L 72, BEICH) MHAT RICE T 22T YGERROFHICEH L7z, Sefiiic
B EIEICCIETE L rlaE 7538 & L T, Figure 16a ICHC L 7z Redox Active Ester (i.e.

NHPI Ester, RAE)!3-14! % Hantzsch ester'*>!¥ | Katritzky i 14 &I T3, H1 T
SHEHEFFHLZZDEF. Ve Fre ) PVyatg b4 7 v ¥ V% H 3 % Hantzschester i
ER (LLF DHP Lit#) TH %, RMLAYIZ Figure 16b 1R d X 5 i, e L 72 ¢l o —E
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Kim H2E=E1H

p=(1113

TEITHRET " b Vi TAFATZVANVEO=Z00&E2HET 5, CnzfHL, a5
ERFYFRFETFATYED MHAT ICX VAU ZR7Ave, DHP fisko—fho oA L %
G sZenceideELT,

a. Ph
R S
O AN BF4
Et0,C CO,Et o} B
| | R\)J\O/N Ph” >N “Ph
N
H 0 R)

Hantsch Ester Redox-Active Ester Katritzky Salt
(DHP) (RAE)

y @/PC

PC*
EtO,C CO,Et R 3 ,
| = PC” + H" + R
DHP A

H pyridine
[Co'"-H]  [Co'

T

H
Figure 16. Radical precursors via one-electron redox.

a. Radical precursors. b. Merger of DHP and reductive MHAT catalysis.

PEZEE 2, FHERIRERRT A VICR LT, TAFVERIEZH$2 DHP 271 v 7Y
vIZHRIE L. 3o3b SR E TR & oW % T MHAT/Sw2 #E§ZFIHT 2 2 & <.
P& - L FEIR 2D redox-neutral 727 B A-F Y AN A v 7N v IHREKTE 5 L& 2, HE
ICEF L7z (Scheme 15), Figure 17 ICAKRIGDIFERG ZFL T ABUGTIZ, TFAHEEICLD
ik T 7l As DHP 11 12 X 2@ TCHHE 2R T, ZY AT =4 PC 2525, C
DOFRFEIREIC, DHP FHRD T A F A F P ANADAER L, T s R o Zffia S bl (A) 1CA]
Bt I h TRy ra vt B) 252 %, b5 —aTO Mz S bl (A) 23 PC
WX EBIEITLEZIT Mz Lt (C) LoD bic, 7ua b v LEZ T C=flia 1
FeFUF D) 2£E0, TUBRFOT AT VI LT MHAT #8232 Ty nn
(B) %52 %, TNUHBEICHELETALFALALE B) &0 Sy2 KiG%k#E3 2 LT, HDO
Far7rxufbikzx 52 2ETH 5,
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Scheme 15. Co/PC dual-catalyzed MHAT/Su2 cross-radical coupling

R' Ny

S .
)\ EtO,C CO,Et R' @
-+ — -
RN || = @@ R™NY”
HP .
N via H

MHAT-S ;2

o

\@& PC*

PC
SET ' ”
[Co'] (C) [Co'] (AY) R +f [Co'"] (A)
+H* RN l R'

[Co”']J

R

)\ b [Co"]
RN R -
H
12

10

Figure 17. Reaction design.

72 BAWIZEEIT DI, Shenvi, Baran, MacMillan & 1T X o TH & $RERMAE,  §k B AR
VRV =y T v SR = i ) R 2 R L 72 MHAT/Sp2 e Fexv ot - 7o
MEDSERE LT % (Scheme 16)7585146 £ % D 7' )L — 7 ClI_ v ¥ )71 I F° NHPI ester,
BB NHC #HAVWTEM{LLETALa—A %2y 7Y v 278 LCHIFAL T 328,
Dt Fua T T redox-neutral 7R %2 FH L 72 OGO E BN L Tz,
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Scheme 16. Other examples of MHAT/Su2 hydroalkylation

a. Fe Single-Catalysis, using BnBr (Shenvi, 2024)
Fe(T4CPP)CI (5.0 mol%)

PhSiH3 (3.0 equiv.) Ar
| Ar . |
- NaHCO; (1.0 equiv.) -
. +
RN Eg iPrOH, 22 °C R™

b. Fe Single-Catalysis, using NHPI ester (Baran, Shenvi, 2024)
Fe(TPP)CI (10 mol%)

PhSiH,(OiPr) (3.0 equiv.) R'
i . Jo]\ CsOAc (2.0 equiv.) i
R/\/ R O”NPhth DCE/acetone, 22 °C R ¢

1 1
I

(2-4 equiv.)

c. Mn/Ni/PC Triple-Catalysis, using alcohol (MacMillan, 2024)

NHC (3.3 equiv.)
pyridine (3.15 equiv.);
Mn(dpm)3 (20 mol%)

Ni(Tp)(acac) (10 mol%)
[IrdF] (0.25 mol%)
TMDS (5.0 equiv.)
Bz,0, (4.0 equiv.)

RUH KOAc (0.5 equiv.) RVH
| . r H20 (5.0 equiv.) |
R/\I/ OH MTBE/DME, rt, blue LED ~ R”™ ™ H
! (3.0 equiv.) !

42



2 i OGS RIEL

AVTVLaNEEFETLL I LT —T0 10a LT, Ry YLERE DHP 1la 25 v 7Y
vIRIE L, RGOSR 1T > 72 (Table 9, Figure 18), = -Sv Mt e L Ca N\ b4 m 7
= VEEA 4a,4d,4e ROT F T 7 2= RN T 4 ) v (TPP) $&A% Fv., FEA MM T ©
KNI 21T o 72, WIFND I Ml BT D, Rulbpy)s KB LR O KIGICHH S 3
AN (MesAcrh) SOt Z W 7BRICHI D A v 7' v 7K 12aa 233 b7z, FFiC
KE - P FAe F a7 ) —afbics T 3 Rl cdh o7z a0 Ml 4a & :@%E@ Ir
AR Tr{(ppy)2(dtbpy)} (PFe) M TF Ir(dFppy)s. & L CHBOLMAE 3DPAFIPN % F\»7zBic 3 &l
HWIETe Fa~xv At 255fT L 72 (Entries 3,5,7), O HIFER CICKE © B I B2
H o 7= Ir{(ppy)2(dtbpy)}(PFe) filili% & (Entry 29). 3DPAFIPN KX U Ir(dFppy)s D _fEFHD
fil it 2 O C DARE O REET 2475 T & & L7z,

Ph Ph
—N_  N= :: ” :
Toll
o
270N 4a: X = tBu
X (0] O
< 2 i > 4d: X = OMe Ph Ph
tBu tBu 4e: X = CF; Co
tBu tBu 7
|
NN E
@ |
tBu tBu
F F F F
Ir[{dF(CF3)ppy}2(dtbpy)](PFs) I{(ppy)2(dtbpy)}(PFe) Ir(Ppy)3 Ir(dFppy)s

QO
j@ 09@@ Qg
2 i

) \

Ru(bpy)3(PFe)2 4CzIPN 3DPAFIPN MesAcrClO,

Figure 18. Catalysts for initial screening.
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Table 9. Initial screening

H. Ph

Ph PC (1.0 mol%)
)J\/\ oTBS + D(HP COS:/ItE(26?2rr|:/T)IO/O) J%/\ OTBS + )\/\OTBS
13(')\2 a blue LED, 25 °C, 18 h 1T2';/'a is?;jaer
(2.0 equiv.)
Entry Co cat. PC Yield of Yield of Yield of
10a (%)*  12aa (%)* 13a (%)

1 4a Ru(bpy)3(PFs): N.Detm? N.D.c N.D*
2 4a Ir[ {dF(CF3)ppy } 2(dtbpy)](PFs) 32 15 N.D*
3 4a Ir{(ppy)2(dtbpy)} (PFs) 24 28 N.D.c
4 4a Ir(ppy)3 32 20 37
5 4a Ir(dFppy)s 26 26 38
6 4a 4CzIPN 78 9 71
7 4a 3DPAFIPN 20 28 46
8 4a MesAcrClO4 87 N.D. N.D.¢
9 4d Ru(bpy)3(PFs)2 N.Detm.” N.D. N.D.
10 4d Ir[ {dF(CF3)ppy}2(dtbpy)](PFs) 36 15 27
11 4d Ir{(ppy)2(dtbpy)} (PFs) 40 15 24
12 4d Ir(ppy)s 43 15 25
13 4d Ir(dFppy)s 36 19 25
14 4d 4CzIPN 87 11 52
15 4d 3DPAFIPN 33 18 35
16 4e Ru(bpy)3(PFs): N.Detm.”? N.D* N.D.¢
17 4e Ir[ {dF(CF;3)ppy}2(dtbpy)](PFs) 30 17 31
18 4e Ir{(ppy)2(dtbpy) } (PFs) 66 5 18
19 4e Ir(ppy)s 63 10 17
20 4e 4CzIPN 66 7 18
21 4e 3DPAFIPN 40 13 22
22 4e MesAcrClO4 78 N.D.c N.D.c
23 Co(TPP)  Ru(bpy)s(PFe), 74 N.D.c N.D.¢
24 Co(TPP)  Ir[{dF(CF;)ppy}2(dtbpy)](PFe) 22 19 48
25 Co(TPP)  Ir{(ppy)a(dtbpy)}(PFs) 23 11 49
26 Co(TPP)  Ir(ppy)s 26 12 44
27 Co(TPP)  Ir(dFppy)s 32 14 33
28 Co(TPP) 4CzIPN 37 18 49
29 4a Ir{(ppy)2(dtbpy)} (PFs) 40 17 31

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bYield was Not Determined due to broad 'H NMR spectra. “Product was not detected.
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e\ TR DM % 1T - 72 (Table 10),
FAZ YRRV Y &R RG0S REFICHEST L 72 (Entries 15, 16),
MM 27Dy vy 7)) v 7 aRE
HYTHDLLEZI, b,

Fﬁbiéﬁi))

3 & A EDEBETH BEEHYIB G

ARG 52 T 2 H

LNz, FFIC
frzviazHns e

C72 5 LI, SRNEOBEI LRV YV E
DME % W 7zBRDIE 2 HH L Tz 23 (Entries 0,

1) AEFHETRTD Entry % —EICHIAA TV 3 720 IR O A/NER IZEHE T 2 b 0 & H
L. BERIXTORDL -7,

Table 10. Screening of solvents

’/H\V/A\OTBS +

pn  3DPAFIPN (1.0 mol%)
Co cat. 4a (1.0 mol%)

H
OTBS oTBS + oTBS

SM o queSI?IIEVSntZ(g 2CM18 h isomer SM + H,
10a 11a 12aa 13a 14a
(2.0 equiv.)

Entry  Solvent Yield of Yield of Yield of Yield of
10a (%)*  12aa (%)* 13a (%)  14a (%)°

0 DME 20 28 46 N.Detm.”

1 DME 30 20 35 N.Detm.”

2 ether 30 13 27 3

3 THF 29 10 25 11

4 1,4-dioxane 9 20 22 15

5 EtOH 73 8 38 N.D.

6 iPrOH 62 13 48 N.D.

7 Acetone 28 24 60 13

8 MeCN 43 8 27 N.D.

9 EtOAc 32 23 59 4

10 DMF 43 4 11 4

11 DMA 39 1 11 1

12 DMSO 56 6 1 N.D.

13 CHCl; 41 N.D. 4 N.D.

14 DCE 19 22 14 16

15 toluene 4 41 17 15

16 benzene 5 46 19 12

“Determined by "H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bYield was Not Determined. ‘Product was not detected.

G % DYRFE K Ol 8 DGt 21T o 72 (Table 11), #EE%E 02M 225 0.1 M

BrcH T om B R SNn7z (Entry 3), fEEICO VT 2.5 mol%
50mol% FTHMEE2LLLAETLTLE 7% (Entry 6) AL

L72% DD (Entry 5).
FAC X VWS DHA L 7220,
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Table 11. Concentration and catalyst amount

Ph 3DPAFIPN (1.0 mol%) H
)J\/\ ( Co cat. 4a (X mol%) )\/\ H
OTBS + OTBS OTBS + OTBS

SM o bluebfgéengsch 18 h isomer SM + H,
10a 11a 12aa 13a 14a
(2.0 equiv.)
Entry Cocat. 4a Concentration Yield of Yield of Yield of Yield of
X (mol%) Y (M) 10a (%)* 12aa (%) 13a (%)* 14a (%)"

0 1.0 0.2 5 46 19 12

1 1.0 1.0 6 41 28 6

2 1.0 0.5 5 38 19 6

3 1.0 0.1 51 11 13 N.D.¢

4 1.0 0.05 6 43 12 15

5 2.5 0.2 5 59 16 5

6 5.0 0.2 27 27 N.Detm.” 1

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bYield was Not Determined. ‘Product was not detected.

fifii e, IR A L7z 9 2 CHEMBLORET 21T 57 (Table 12), Entry Bl THE Y K& &
ERAONTZDbITTEEVA, HTOINEDH LR SN Entry 4 O5M% IS5 O fRE
fbxitiids sz b L7,

Table 12. Re-screening of catalysts

Ph PC (1.0 mol%) H H
)J\/\ r Co cat. (2.5 mol%) )\/\
oTBS + OTBS OTBS + oTBS

DHP benzene (0.1 M)
SM blue LED, 25°C, 18 h isomer SM + H,
10a 11a 123a 13a 14a
(2.0 equiv.)
Entry Co cat. PC Yield of Yield of Yield of Yield of
10a (%)° 12aa (%)* 13a (%)* 14a (%)°

1 4a 3DPAFIPN 3 57 12 5

2 4e 3DPAFIPN 4 50 19 3

3 Co(TPP) 3DPAFIPN 8 58 24 2

4 4a Ir(dFppy)s 4 61 10 6

5 4e Ir(dFppy)s 4 57 12 7

6 Co(TPP) Ir(dFppy)s 6 39 21 7

“Determined by 'H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).
DHP 11a DIHEHEEEAS Co' DIEITL - & F U FIEAL L D @RI CHEfT L TR T IC
B o - nlREME A #E A, Al O JE & KOG O IR % 3 & 72 (Table 13), #HHE. 0.5 mol%
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Kiw B2 2 i

D Ir(dFppy)s % F W72 BRICIE 70% CTHIY) 12aa 25517z (Entry 3), TOKMELH I H
e DR & G oME 2 fTo72 8 2 A, 025 mol% F TR I B I LR TEL
(Table 14, Entry 4),

Table 13. Reducing amount of photocatalyst/ screening of photocatalyst

Ph PC (0.5 mol%) H
J\/\ Co cat. 4a (2.5 mol%) )\/\ H
oTBS + OTBS oTBS * oTBS

DHP benzene (0.1 M)
SM blue LED, 25 °C, 18 h isomer SM + H,
10a 1a 12aa 13a 14a
(2.0 equiv.)
Entry PC Yield of Yield of Yield of Yield of
10a (%)* 12aa (%) 13a (%)" 14a (%)°
0 Ir(dFppy)s (1.0 mol%, 18 h) 4 61 10 6
1 3DPAFIPN 1 63 6 2
2 Ir{(ppy)2(dtbpy)} (PFs) 6 56 28 8
3 Ir(dFppy)s 4 70 9 6

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

Table 14. Amount of photocatalyst and reaction time

H
Ph Ir(dFppy)s; (@ mol%) H
)J\/\ r Co cat. 4a (2.5 mol%) )\/\
OTBS + OTBS OTBS + OTBS

DHP benzene (0.1 M)
f(g 11a blue LED, 257C, time 12aa IS:);naer S'\q:aH2
(2.0 equiv.)
Entry PC (mol%) Time (h) Yield of Yield of Yield of Yield of
10a (%)“ 12aa (%)* 13a (%)* 14a (%)°
0 0.5 40 4 70 9 6
1 0.5 20 5 57 17 8
2 0.5 40 5 60 12 9
3 0.25 20 7 59 25 5
4 0.25 40 3 70 9 8
5 0.125 20 11 47 37 3
6 0.125 40 4 52 17 4

“Determined by 'H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).
INnFEFCcoME R T 2. WNIHEREZIT 572 (Table15), L2 L AR S, BT ARERI NN b

fib#iE 4e % W 7ZBRIC Entry 0 %2 BRI 2R CTHIY2ME S iz (Bntry 6), D728, Hbiss
% Entry 6 DFEMFICEE L CHERBLT — 7V 2K T2 2L & L,
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Table 15. Control experiments (prototype)

ph Ir(dFppy)s (0.25 mol%) H
J\/\ (" Cocat 4a (2.5 mol%) )\/\ H
OoTBS + OTBS OoTBS + OTBS

DHP benzene (0.1 M)
SM blue LED, 25 °C, time isomer SM + H,
10a 11a 12aa 13a 14a
(2.0 equiv.)

Entry  Deviation from above conditions Yield of Yield of Yield of Yield of
10a (%)  12aa (%)* 13a (%)*  14a (%)"

0 none 3 70 9 8
1 w/o PC 127 N.D.? N.D.? N.D.?
2 w/o Co cat. 73 N.D. N.D. N.D.
3 w/o blue LED irradiation 68 N.D. N.D. N.D.
4 Co cat. 4f instead of 4a 9 45 25 3
5 Co cat. 4d instead of 4a 4 61 15 8
6 Co cat. 4e instead of 4a 3 78 10 2
7 Co(TPP) instead of 4a 13 37 37 1
8 Fe(TPP)Cl instead of 4a 54 13 4 N.D.

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bProduct was not detected.

AEofRZEE 2, a-5v Ml 4e % FHC RISSEMAICE T 2 BB R BEHE O FHRGE % 1T
> 7z (Table 16), 4¢ %\ 2 #fﬁ%%luai%%ﬂ%%%@@&nt(mmw)%%ﬁ-
I )L b OSEIRE e LTI HIIZE S5 L9 (Entries 1-3), fli> =50 b il 13 K
KT %72 (Entries 4-7), BRI T &I, BRAME < b I iﬂiuxi;ﬁ>é>Eﬂﬂ@*@obétﬁkﬁ>m%au
T &7z (Entry8), JEME(LIZITAMIE & MHAT O Rfl)% k. K721 a - bl & Sefiito il A4
b TLHE TN T, Entries 10-15 (ZJElE O IHFEER, Entries 16-22 (271 D % it
FERCTH D, Entry 9 13HESEECTORIGIC Entries 1022 L [E— Ny FTRLZDbDTH B,
Ir(ppy)s (Entry 10)%° F /LT ¥ (Entry 16) ~DZ IR (X HalZE M L ta 7 WIRIGHEL B L 7223, At
DM TSI HEAME T L 72, FrCiBEIc oW T, @A % v 3 & HI oK IZE L
CIRT L 72,
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Table 16. Re-optimization using Co cat. 4e

ph Ir(dFppy)s (025 moi%) N T :
)J\/\OTBS * DHP Cobi:'zsse(i';m,\j;%l j</\OTBS + )\/\OTBS + J<-|/\OTBS
SM blue LED, 25 °C, time ™ isomer SM + Hp
10a 11a 12aa 13a 14a
(2.0 equiv.)

Entry  Deviation from above conditions Yield of Yield of Yield of Yield of
102 (%) 12aa (%) 13a (%)  14a (%)

0 none 2 854 8 3

1 w/o PC 66 N.D.? N.D. N.D.

2 w/o Co cat. 73 N.D. N.D. N.D.

3 w/o blue LED irradiation 59 N.D. N.D. N.D.

4 Co cat. 4f instead of 4e 9 45 25 3

5 Co cat. 4a instead of 4e 4 61 15 8

6 Co cat. 4d instead of 4e 3 70 9 8

7 Co(TPP) instead of 4e 13 37 37 1

8 Fe(TPP)Cl instead of 4e 54 13 4 N.D.

9 none (same batch as Entries 10-22) N.Detm.”? 92 N.Detm.”?  N.Detm.”

10 Ir(ppy)s as PC N.Detm.” 91 N.Detm.”  N.Detm.?

11 If{dF(CFs)ppy}(dtbpy)](PFs) as PC  N.Detm.” 45 N.Detm”  N.Detm.”

12 Ir{(ppy)2(dtbpy)} (PFs) as PC N.Detm.” 69 N.Detm.”  N.Detm.?

13 4CzIPN as PC N.Detm.”? 80 N.Detm.”  N.Detm.?

14 3DPAFIPN as PC N.Detm.” 79 N.Detm.”  N.Detm.”

15 Ru(bpy)s(PF), as PC N.Detm.” N.D. N.Detm.”  N.Detm.?

16 toluene N.Detm.” 85 N.Detm.”  N.Detm.?

17 DCE N.Detm.”? 32 N.Detm.”  N.Detm.?

18 DME N.Detm.”? 36 N.Detm.”  N.Detm.?

19 MeCN N.Detm.”? 4 N.Detm.”  N.Detm.?

20 DMF N.Detm.”? N.D. N.Detm.”  N.Detm.?

21 acetone N.Detm.” 15 N.Detm.”  N.Detm.?

22 iPrOH N.Detm” 5 N.Detm.”  N.Detm.?

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bYield was Not Determined. “Product was not detected. “isolated yield
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Table 16, Entry 0 DZ&ff% i ISSeff & U, BB OER % 1T > 72 (Table 17), 7277
L. G DR GEE i3t LTIt 2 1.0 mol% 1CHE2 L CRIGITHT L7z, BEHERLET & L T
w7277 v 10a 13 1.0 mmol 27 — A TORIGICHEHFEETH . 77%D IR T HIY)
1Ma%ﬁitozz:EWTAWw/wau%m%\K%EdW%EE@Twﬁvﬁg®%mm
REFLORERIC S BEHTEETH b . 5.5 (12ca-12ea). BT K515 (12fa-12ha) N O'T
U~»»?4F(um1mn%ﬁtt — N X —FMEPOLHB O Fuexv YLk Goh
T3, RADPLHELNETAXVLAEYTH S Pcitronellol b FREDOINHKTe Frv
MUK 12ka 252 TH Y, ThzETERE L Fo ¥ o5 (12ka, 121a) > 7 /3 (12ha) 7
COMMMERERIARICICHERENZ, 73 7 BHERICOTO PTREOKIGEZ R L 7=
—J7C (121a), Gly-Gly #FEMKIZZ ORMEED O 22 KOCHEAME T L7z (12ma), <~ ¥V DHP k
D EIRFLIC DT H A BIREEDS TR S U (12ab-12ai). 3 i (12af, 12ai) X X2 {7 (12ag) &R
DAL IERMR D BEHARETH o 7z,

Table 17. Substrate scope

Ir(dFppy); (0.25 mol%) Ar
)\ + Ar Co cat. 4e (2.5 mol%)
RN DHP benzene (0.1M) R
blue LED, 25 °C, 40 h H
10 1 12
(2.0 equiv.)

Ph X X=  H:12ba 62% Ac:12ga, 58%
J%/\ ) /©/ Me:12ca, 57% CN:12ha, 58%
OTBS 0~ °N OMe:12da, 63%  Cl:12ia, 62%
H
H

OBn:12ea, 56%  Br:12ja , 639
12aa, 85%(77%)° (;Fn-12?;’60‘;0 e
3- N o

KW W . w T

12ka, 46% (from B-citronellol) 12Ia 58% (from L-Ser) 12ma 18% from Gly-Gly)
Ho Ar Ar = 4-MeCgH,4: 12ab, 58%°  3-CICgH4: 12af , 47%
J%/\ 4-FCgH4: 12ac, 57%” 2-CICgH4: 12ag, 65%
OTBS 4-BrCgH,:12ad, 43% 4-OMeCgHy: 12ah, 51%°

4-CICgH,4:12ae,61% 3-OMeCgHy: 12ai , 56%

“Reaction conditions (unless otherwise noted): 10 (0.20 mmol), 11 (0.40 mmol), Ir(dFppy)s (2.0 umol) and
4e (5.0 pmol) in benzene (2.0 mL) at 25 °C under irradiation with blue LEDs. Isolated yields are shown.
’Ir(dFppy)s (0.50 umol) was used. °1.0 mmol scale at 45 °C. “Isolated yield was determined after
epoxidation of remaining starting alkene in the crude mixture [mCPBA (0.20 mmol), DCM (0.20 M)] and

purification by silica gel column chromatography. 20 hours.
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i BB 3H

AKIED Limitaition 1IC2WTEE3 (Table 18), AF L ¥ (10n) #FEH L L THW KK, i
EOFECTHIY) 12na 2’5o N72d 00, BIERY L OoEtrNECcH -7, REOT XV
AF L vHERLEZHEE 100-10q 1C2WTldk, MHAT OB IGIC X 2 NET7 V7 v ~o Bk
LA L. BRMEE O Twiw, AF A= VEERTH S 10r b AL 7 4 RO
2H2HYNRIZE A EEONT., ZOMmOEE (10s, 10t) bRV ¥V ~DIBMRIEDIK X 55
DIJEHERZ L o572, DHP EOT A F AR OWTIE, ZDIKEEED S 2> Cy B (1)) T
e Fa7rdFafbiRizBonimdr o7z, Su2 BMEISIZZ OFEREA KB I 5720, =
BT NENT AN AFN—RT T HNEKD A F V] T N FVBEICBE S & 5 R
B THY, FRCRTZ I HNFIE D TAXAEBEELT 2 7V iconTld, iy
=7 AN DBERBNIFEL Tk, —J7 T ARIGTIE ZUCHI 2 T non-benzylic 72—
W7 ¥ AN (k-11m) b RKIEH 2 ETETHEHAATEE TS o 72, 11k, 11 IOV Tld—HK
FYNANDERZE DD DBARETH %720, DHP & D C-C FEHDOUIMIARETD > 7272
ThdreEZOLND, ~ /T, 7V INVKENIETH S OBnF23D 7z 1lm TiZ Bn 7Y h v
BROREEIIENICE X CC #HAEOUINZ 0D DIFA[EETH 2 DI DD LT, HVYAES
Nixholzl b b, 7YV ANVERBRE TR ZDROFETEHICHEDLH 5 Z L3RRI N
7o

Table 18. Limitations

H
Bn H Bn
N
Ts Ph CO,Bn
12na, 42% NMR y. 1204, trace 12pa, N.D. 12qa, trace
(inseparable)
w CO,Bn )I)—k MeO,C
H
12ra, trace 12sa, N.D. 12ta, trace

Boc K@
R N
Etoch\)j/\cozEt R = Q J/© %j i
B Y ‘
) T o

11j,N.D. 11k, N.D. 111, N.D. 11m, N.D.
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5 4 i SOCH AT

Scheme 17 12783 X 91T, N-hydroxyphthalimide ester (NHPI ester, Redox-Active Ester, RAE) 13—
BTREITICE > TIHREBRE O 7V AVRE R bEETH 2 BB, InE#T 2. ARIGD C-
C WEATEREBEIC BT 2 a L MMl OFS 200 5720, EERE L LTCHWEZTAT v
10a RO 7 VAN ERL 7 VA% 5 2 2%{fifk& LT NHPI ester 13a Z >, ZhicxfL
T DHP lla ZBICHIFER VO 7V AL L, a-L MldEFEE T HEFE T Co R vy 7Y
Y UK 12aa DR Z 72 (Table 19), %, 2 -5v MMMEIEALE T < b B O £ I3 THE
WTE/H DD (Entries 1, 4), 2L MO TN X 0 Ml D B IS T 10%EEE DX
Kol AR SN/ (Entries 2-3, 5-6).

Scheme 17. N-hydroxyphthalimide ester as radical precursor
O O
o o ‘o
- =€ 5 co R®
NHPI)J\R N‘OJ\R No * *P2 %

Table 19. Effect of Co catalyst on C—C bond forming step

Q Ph Ir(dFppy)z (X mol%) H ph
IPHN% [ Co cat. e (Y mol%) j%/\
OTBS + DHP benzene (0.1 M) OTBS
SM blue LED, 25 °C, 40 h ™
13a 11a 12aa
(2.0 equiv.)

Entry Ir(dFppy)s Co cat. 4e Yield of
X (mol%) Y (mol%) 12aa (%)°

1 0.25 0 19
2 0.25 2.5 28
3 0.25 5.0 32
4 1.0 0 19
5 1.0 2.5 32
6 1.0 5.0 36

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

Shenvi & [ZERAEEZ s 72 MHAT/Si2 Tl e Fu X v O LKIES ICEWT, T A7 ¥ 10u
S OF 3-methoxybenzyl bromide (14) % 77 v 7'V v 7#| & L CHWZERIC, £ 12ui O T R
TUAFERED 41 Kb 2 L% HEL T2 (Scheme 18a), — /T, MLZ7Y A%k EL S
NHPI ester 13u KU 13i ZHiEkfAL L, Cnz@MBEFETco7 ) - oA oz v b
o — VERBRICH LB EONS 1200 DY T AT UAERMED 151 $TETT 32 & 2HE
LT\ % (Scheme 18b), T #Li%. Su2 HUHEHS % 4% 2 SAANEAAAE T CO&MF TR, C-C AKX
RIS B 2 AR SAEIEFAET O D L W L TELL CWwb 2 2R T 5, Th
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ARG 2 T 4 H

EREZAFLI7VANVEEZ 2T A7 v 13u KU DHP Wi % 25 b il S fil iz % <
DG LR, o7z 12ui YT A7 L AERER 1.5:1 TH Y. Scheme 18b D 7
V=V INEEDD DL —E L7 (Scheme 18c), LA LDFERD O, AKIGICIIR v ¥ an
VAN D Si2 BBOFSGIIFE LR VA, HEVIFEDLD TUNIWI E2RE I Lz,

Scheme 18. Diastereoselectivity of MHAT hydrobenzylation

a. Fe-catalyzed MHAT/S 2 hydrobenzylation (Shenvi)

Fe(T4CPP)CI (5 mol%)
PhSiH; (3.0 equiv.)
NaHCO3 (1.0 equiv.)
iPrOH (0.1 M), 22 °C
12ui, 58%

(1.0 equw) (d.r. = 4:1)
b. Metal-free radical coupling (Free-radical control experiment)

OMe

CONHPI Ru(bpy)sCl, (5 mol%)
Hantzsch Ester
* (3.0 equiv.)
0
owe — OWEL
13u 13i
(2.0 equiv.) (d.r. =1.5:1)

c. Co/PC dual-catalyzed conditions (This work)

Ir(dFppy); (1.0 mol%)
Co cat. 4e (2.5 mol%)

benzene (0.1 M), r.t.

DHP
1i blue LED, 45h 12ui, 44%
(2.0 equiv.) (d.r. =1.5:1)

D Eoft R %2 E 2 72 C-C AT BERE D E RKICHER % Figure 19 1SR T, Su2 B0
ERR NI d>7—FT, Co Ic X2 C-C #EATBHK~DFLERRD LN Lo, AR
SO B ATRE Ze il 23 3 b S EBEN. F 2 E T2 2 e b, R TR A YL a
SOV ARSI o T Z e EEINS, C-C FMAEERIEHED 7 ) = VA rFto
persistent radical effect'” 1C X DT 2203, Ry U a v MEOA[HAERICL Y Ry L7
CHNFELD B REEEL B RT ORI T A NVEMKE LTOBEES ERL, K
JGDIEER R N b FZEZONDE, £/, FHO iz SV FEORELZINIZ 52 L2k,
MHAT I X VU7 =7 Ao OKFBIRFHI &K E 0T 22, 7Aoo v o Rk
LIS EIH L T 2 AfREME D E S N B,
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R
)
I
B
o~
b

/\\ Ar not/rarely
RN v via S;;2 process

(I R

H :
[Co'"'-Bn] as resting state? Ar

I—»
B R

H

R*§j>>m+mﬂ______

—

| /
R)\’/ + ./Ar + [Co'"—H] }

Figure 19. Plausible reaction mechanism of C—C bond forming step.

SR, Scheme 18 DR IT I v M RICE T2 Su2 WO S 2 TR2ICHRLEZ D D
T, T L M Eco Sp2 BRI 31T 2 REIR TS SR AR R & i L il & 2> D B
Kl (e.g. BDE) ICXVELEL RS, LWIHAREEDHFET 2L 0 T LICFEELRZV, &
L HIconTiE, SRR o FRIC X 2 X0 il Ao sl n s,
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PAbo X 5 icdEF iEa v st omp@Ricn L, Ay T v IZRlELTRvy O
&y DHP ZF|HT % 2 & C, NGRS EIRT V7 v D Redox-neutral 7a b F XV YAl
JE% BT L 72 RIIGIZRICH MHAT %4 2 VOFIHIC X o T, BHER LA ClIHAET
o 7R O 2 BB L. BRI A ICE W T HED OB 2 O WEE R #E T H B IR
REFEFLEBECTE 5, RICHEREOFEBRNARMEITIC X Y RRKIED C-C AT L L] D
E¥ERTH 2 Su2 HoOEHE L 138 A 5, Xy Y a v MEOFWWAERE, 7Y -9
WAL DFREATERIC X > THEITL T2 & L AR X L7z AIFZECR 12, 5% DRI MHAT
FEFALET VT v FeERECEICHTE. 2L Ca v Mz RHEL 727 YA il
D C-C ARG ORFEICHFS L 5> 20 LAfFL T3,

NG X

Yamaguchi, Y.; Hirata, Y.; Higashida, K.; Yoshino, T.; Matsunaga, S.

Cobalt/Photoredox Dual-Catalyzed Cross-Radical Coupling of Alkenes via Hydrogen Atom Transfer and
Homolytic Substitution.

Org. Lett. 2024, 26, 4893—4897. DOI: 10.1021/acs.orglett.4c01370
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O3 E OREEIT ARy T v Ik BIEHIEANTA FOAALNEAL L

EHEMLSTICEWTT I MiiA Rz olEe, KEBEGOT 772 —ROFF—L ka2
Hhro77—~a7x7 & L TENDTLOMHAEMNZIH-720, ADMET IC K& 2gE% 5
Z5BEReH L L CEERKEZ R/ (Figure 20)419, it - T, 7 I FGEIZEERAE LY
BOTHIEFICHERENE LT, ZOWMEE2E 2 720 O RIEDFRBEZEAITTbOITE /2 15
18, FRIC, AR VIRICH LT L T A = vt 9 U v, B B Ik A OfEa Al 7 & o i
KB DWEWACK Z V2 FOCIXAAESPHEES 2 oBlniromdbIECHLOA TS
(Scheme 19), —77C. TN O DIRIKICH D2 2 R F R L BREAL L 2HEEM R L OB S,
FRICHER 72 7 2 F AT EOBRESED ST & 72 154155,

Ph
" Phi{_\,\, OH OH
Z "N
N x HN
HO O,N %m
0 cl 0
Tropicamide Loperamide Chloramphenicol
(for examination of the eye) (for diarrhea) (antibiotic)
Figure 20. Amide groups in medicinal chemistry.
Scheme 19. Amide synthesis by condensation of carboxylic acid.
SOCly, (COCI),, o
i - condensation reagents, etc. J\
R SoH *+ HNRR R” NR'R2
(0] PFg™
EtO CN
XN, PFg I
| N N.
AN (0]
Cy, Et, N \ NMe, \@)\
N=C=N N=C=N_ /~NMe, o NZONTY
Cy ©NMe, | o
DCC EDC (WSCI) HATU COMU

HCh, Pd 21 Uo & T 2 ESBBMMBE 2 H V- —BURFTFAZRE L AVE= AR H v 7
Y v 27, Z OPLHMED SREIICHFEATH T & 72 (Scheme 20)156102, ARSI G 1F—% I 7
Y=, ESARETAFAANT A FOMBE~DEELHIFIN G Fid —RILIRED TOIAL £ L
TIRICHIBEEZ 2 © & CHEEITT 2 ARISIERIEA & LCTAFARIE - R o v EAERR Y
DRFEREFNLT I v, Tra— g KiRACEEZEHRETH Y, o—RFEFLT=y FDE
ANCZfi7e CO HAZFHTEL L WINAAY v FPBFET S, L LAars, —mLK
FAAFIEFICHEEDE L ORI T — I Sl 7 & OB A S th s B e X
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Kiwm HI3EE 1A

N5 70, WHZEEHCETT 2 RIG 16 —BLIREE AR OWTFE 14 OFFERE%EE I
TE 7z,

Scheme 20. Carbonylative coupling by transition metal catalysis.

TM catalyst 1)
.g. [Pd], [Rh], [Ru], [I
X o s Ne© ©9. (Pdl [Rhl, [Rul, (1 RJLNU
[Mn], [Fe], [Co], [Ni] Nu=C,N,O,
etc. etc.
[M]
OA
Nu@J RE
CO
\ (0]
[M]—X
R” Insertion RJ\ [M]—X

20X AP OEEEHEINTVEIDN, AV_EAALTCHAZFALAEZT I FEKKGE
DFFETH 2 165, ANNEANTIANEIFET I FPCAVLNIVEATA PRAFH I VR
B, Z LR 2 7 I F DHP ICHEUA - EITHI-Ce il 7 &I X 2 —E T RELETE N
THILETHROLNETIVHALTHY, WINVENAVBEREF L —v T H6offt51C X 5Tk
BRaEFGIZVANELTELEEE S, ZORMEZHAL, AMeEEZ V72 Giese T V¥
AL 166168 o fR Tl I v FBERIE A FIF L 72 7 v F = Ak 169170 | Minisci BUG 74172 0 C-H
HANREA AL B Jo EOFEAFIBAI LTS (Figure21), 35 O IGIE. R AT DGR L
B ITCAE & I 5 b IS D TR - IR IS N oAl R 5t CilEfT 3 2 729, CO % FIH
Lzcain e A AL LD b EREFFAEICENL T S,

1R2
0 (6] NR'R
X0
)OL o THLNWRZ o EtOC & CO,Et
X~ "NR'R2 ¢} N
X =H or NPhth X =H or NPhth H
—e~ or +e” —e~ or +e” —e~
EWG BZA N ~
i SN
o Ewe _A s @ O
M EWG TN Sy i NR'R?
-~ — >
RZR'N EWG N I
Giese-type Rxn. ‘0" Minisci-type Rxn.
\
- 'KNRWRZ
.OMe
N
Carbamoyl ‘ _OMe
Radicals R N‘
o — ©;?R

R— [||||]
/NR’Rz [Pd'y g

NR'R?
R
(0]
Alkynylation C-H carbamoylation

Figure 21. Generation and application of carbamoyl radical.
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oYX b THREEREFEHLZDIF, Yt )Y vER LAV NEALEEZEL
727 I F DHP 58K TH % (Scheme21a) ', Ri{F I A VK V& DHP 2 Hifitrd 52 & T
BHICEKATRETH Y, Eiff - 2250 N CRE ARG MERER L LT on s, £, REEIE X
T I FRAFY I VEBHERO LD mEuBLEeEE 0L ¢ F. 72 DHP Bi% % T
CLANRNREANTG I ANFETH L7120, KIGHKICE T 2EICH & L CoKEb I D, o
Tz AN ANEA VT AN E U TRBEEZNA L 2 OGO TR EZED T35, K
ARFEE 1T 2020 FFIC Melchiorre H I X W FAFE S v, RFEZFH L 2wy ORIGHI & L=y 7
IR SR 2RI L 727 U — AT A FDOAANEAL MEAERL S TS (Scheme
21b), % T THEH IIARMIE L ESRREME, i omB R Hws T, TArFANTAF
DANNEANMEDERLTE 2D TRV EFEZ, MRICETF L. b, = v 7 u
DIHE R EZFHL 2o a v 7 roKIbE LT -7 aEfHKD 7Y a2 v ¥ h i
REFHLEET I FERIE T RO, 7YY Y v G & LR OAREF LT 4 1L
BRG1 BRGREE E v,

Scheme 21. Amide DHP and its applications

a.
Os_OH 0+_NR'R?

HNR'R?
EtO,C CO,Et \ EtO,C CO,Et
\ \ Condensation \ \
N N

H H
AEasy to prepare
ABench-stable

b. Carbamoylation of aryl bromides (Melchiorre, 2020)
4CzIPN (1.5 mol%)

0. _NR'R? Ni(dme)Cl; (5 mol%) o
dOMebpy (10 mol%)
Br EtO,C CO,Et Na,COs (1.5 equiv.) @ NR'R2
+
| THF (0.05 M)
N blue LED, r.t.
H
(1.5 equiv.)
c. Carbamoylation of alkyl bromides (This work)
Os_NR'R? S
Br @
EtO,C CO,Et NR'R?
+ N e xlpe)e---o-- R
» ﬁ @)= *Y
H via XAT, Sy2,
Free-radical Coupling
etc.?

FIA DG IZEN R D% v 2 o5 A D B R 2 M L 72720, & DR TOFHER
% Figure22 ICELT . (X U@ ICHEDGIC X 0 phie X L7t PC* 237 I F DHP1S Ik 3
EICHITE 2R T, T AT =F v PCo RUAANEANLT S AL %G 25, PCo
IR D Coll % EILL T Col 252, TNBTAFAANTA F~D vy vIETEE)
(Halogen Atom Transfer; XAT)!8 ZiZ3Z &CEfi7ArFrasvtzhbzx 5, AMeAfidE
PR DREEHIC D X 225, S ROBHECHWwW2 Bn DAL Bn 7 VA aHiicE 2 5 5,
INICXVELETCHANEANANREAL T AABKIG L, BED A 3E 4 A UIKDTE S
NBMETH 572, obB. RROICDRKEI YW, KK ANANREANTG I ANDBT L F A a0
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Yo

Kiwm B 3FEHE 1 Hi

M RIS S22 BUDHERECEILL T C-C #iaBle s 32 L 2 E L Tnds, RIZiT-
7285t (c.f. Scheme 18, Figure 19) IC T Y I3 L b ~D S22 KIGAMEITS 2 AlFEME /N &

WERE I N/ ® | Figure 22 TR T AFABED M-C #EE O RLHN R EERAZEE L <

W5,

Coul]J

[Co} >
[Co"l + /
NR'R?
R
EtO,C co,et  PC \)LNR1R2
16
N NR 'R?

H
15

Figure 22. Reaction design.
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52 8 0 RIGSEMERFE (Co/PC nif#h%R)

I 3L b A - SR OFFE T T, 7 I F DHP15a & BnBr L DA v 7V v IHRHETT S H
BEt L 72 (Table 20), Jefiiiit & LT 4CzIPN % >, AL benzene & THF O fEEZ 3 L
Too MR, XV VIR T a v Ml e v 7B iR 2 B2 5 5%DIEECHIY) 16a
D357 (Entries 1,2), BRI DTl TPP 2 M 72 BRICIRINE © HUY) 2315 5 41 (Eentry
3). THF %W 7=BRIZHY O LK ITHEZR T E CTWwn\ (Entries 5-8), Entry S ICD W Tl
)b b RIETR A IC XD NMR 23 broad L. T34+ & 7o 7=,

Table 20. Initial screening

Oy~ NHBn BnBr (2.0 equiv.)
- CO.Et 4CzIPN (1.0 mol%) NHBn
2 ) 2 [M] cat. (2.5 mol%)

N solvent (0.1 M), blue LED

H ca25°C,18h

15a 16a

(O 10 mmol)
Pﬂ T'ﬁ L -Pn
//N‘F/eIH—NI Y Et
|| ~-N__
4a: X =tBu — Ph
< 2 ; > % 4d: X = OMe
4e: X = CF4 Fe(TPP)CI Fe(oep)Cl

Entry [M] cat. Solvent Yield of 16a (%)“
1 Co cat. 4e benzene 5
2 Co cat. 4a benzene 5
3 Fe(TPP)Cl benzene 1
4 Fe(oep)Cl benzene N.D.c
5 Co cat. 4e THF N.Detm.”
6 Co cat. 4a THF N.D.c
7 Fe(TPP)Cl THF N.D.c
8 Fe(oep)Cl THF N.D.c

“Determined by "H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bYield was Not Determined due to broad 'H NMR spectra. “Product was not detected.

W TARMIG DX HAFER % 1T > 72 (Table 21, Entry 1), fE55R. 250 MMEIEFET CIZEHW
PNIER L o7z LA LGRS, AFERIZ IS0 Ml L YIAEE L 72T d 2 Sw2
Bhy 70 v 7L TV LW REIDIESIC, BnBr 225D XAT #{EEL T3 7210 &
WIORZEHIL 5 2 H D Th, fiEo T, D R CHEMEIRIRERRICHY Bn 7 ¥ A VR &
L C. NHPIester %M\ CTHET%1T > 72 (Entries 2,3)s % DFEHR. 250 bl OFAAE T CULEK
DA EFRD b7z,
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Table 21. Other radical precursors

Ox,~NHBn Bn—X (2.0 equiv.) \HE
4CzIPN (1.0 mol%) n
EtOzC/\E/ﬁ/\COzEt Co cat. 4e (0 or 2.5 mol%)
N benzene (0.1 M), blue LED
H ca25°C,20h
15a 16a
(0.10 mmol)

Entry X= [Co] (mol%) Yield of 16a (%)“
0 Br 2.5 5
1 Br 0 N.D.?
2 CONHPI 2.5 15
3 CONHPI 0 6

“Determined by "H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bProduct was not detected.

KIT, FOGERICAEK S 5 HBr BRICZIHE L Tw 2[Rtk 2 i A, HE OB 21T - 7%
(Table 22), L22L7a20, WENOEEEZH WGBS ICRIEIZL LR ETT20ATH -
Tro TR - flE L OMIMEZR EDOFELEZ Z b2z, a5 Ml - el o lifTR 2 ) — =
v 7 b1 T o7z (Table23), fEHE. MIGH I IS4 Ml o EEICIE & A SIRTFES, il &
L T Ir[ {dF(CF5)ppy }2(dtbpy)](PFe) % U} 4CzIPN % Fl W 7zBRic o A HWI S b Tz, T2 LA
NOGMETIRFERDIRFE L 72, a0 MO RN F EO BB OFENRKE L BT & d b,
TR D ol % 5l A T o & A R CARIMAI OBET 21T 5 TR Y TH B L E R T2, MU
B O RETCIIBUE 232 2> o 72 Ir[ {dF(CF3)ppy } 2(dtbpy)|(PFs) % Jefilli & L CH 7z,
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Table 22. Screening of additive

BnBr (2.0 equiv.) (@)
Oxy-NHEn 4CzIPN (1.0 mol%)
Et02c COzEt Co cat. 4e (25 mol%) NHBn

] Additive (3.0 equiv.)

N benzene (0.1 M), blue LED

H ca25°C,18h
15a 16a

(0.10 mmol)

Entry Additive Yield of 16a (%)“
0 none 5
1 NEt;3 4
2 DIPEA N.D.?
3 2,6-lutidine 5
4 2,4,6-lutidine 3
5 LixCOs 4
6 K>CO3 5
7 CSZCO3 N.D.b

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bProduct was not detected.
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Table 23. Screening of cobalt catalyst and photocatalyst
Ox~NHBn BnBr (2.0 equiv) i NHER
o Lcon  Joiomm
) 25, B2
15a 16a
(0.10 mmol)

Entry Co cat. PC Yield of 16a (%)“
1 Cocat. 4¢  Ir(ppy)s N.D.?

2 Co cat. 4e  Ir(dFppy)s N.D.?

3 Cocat. 4e  Ir[{dF(CF3)ppy}2(dtbpy)](PFs) 7

4 Co cat. 4¢  Ir{(ppy)(dtbpy)} (PFs) N.D.?

5 Cocat.4e 4CzIPN 4

6 Cocat. 4¢  2CzTPN N.D.”
7 Co cat. 4¢  3DPAFIPN N.D.”

8 Cocat. 4¢  Ru(bpy)s(PFe)2 N.D.?

9 Cocat. 4a  Ir(ppy)s N.D.}
10 Co cat. 4a  Ir(dFppy)s N.D.}
11 Cocat. 4a  Ir[{dF(CF3)ppy}2(dtbpy)](PFs) 6

12 Cocat.4a  Ir{(ppy)2(dtbpy)}(PFs) N.D.}
13 Cocat.4a 4CzIPN 4

14 Cocat.4a 2CzTPN N.D.}
15 Cocat.4a 3DPAFIPN N.D.?
16 Cocat. 42 Ru(bpy)s;(PFe)2 N.D.?
17 Cocat. 4d  Ir(ppy)s N.D.}
18 Cocat. 4d  Ir(dFppy)s N.D.}
19 Cocat. 4d  Ir[{dF(CF3)ppy}2(dtbpy)](PFs) 8

20 Co cat. 4d  Ir{(ppy)2(dtbpy)} (PFs) N.D.}
21 Cocat.4d 4CzIPN 4

22 Cocat.4d 2CzTPN N.D.?
23 Cocat.4d 3DPAFIPN N.D.?
24 Cocat. 4d  Ru(bpy)s;(PFe)2 N.D.?

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bProduct was not detected.

B DOWET % 1T > 72 (Table 24), FAGEOIGIE & K & OMICIATEZRMRIIT R O Nk o723
DD, T—T NVRIEMEZ O 72 BRI iy BAF I % 78 L 72 (Entries 6-8), % DRI D W\
TR A (Entries 1,3,4) IE 7w b v PEEBRMAEE (Entries 9-11, 13). 7'& b v PERRPEA
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I (Entries 15, 16) TIRIZZER L HIYIAHE LN TV 5, DBEORRET CIFHICBREDS RIF7Z -
7= THF Z w7z,

Table 24. Screening of solvent

O
0O NHEBn BnBr (2.0 equiv.) NHB
EtO0,C co,Et  IM{dF(CF3)ppyl}a(dtbpy)l(PFe) (1.0 mol%) n
| | Co cat. 4e (2.5 mol%)
N solvent (0.1 M), blue LED
H ca25°C,19h
15a 16a
(0.10 mmol)

Entry Solvent Yield of 16a (%)“
1 benzene 3
2 toluene N.D.?
3 DCE 4
4 DCM 4
5 ether N.D.?
6 DME 11
7 THF 14
8 1,4-dioxane 8
9 EtOAc 2
10 MeCN 1
11 acetone 6
12 DMA N.D.}
13 DMF 2
14 DMSO N.D.}
15 iPrOH 3
16 EtOH 5

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bProduct was not detected.

HOEREEZ L E L2l o2& 7 (Table25), L2 LA, WINOHERZ v
7zB%d Table 21 & [FAFRICUCRIBEML R BTS2 DA TH o7, 7&ad, Entries 11,12 TH
WYy 7 VEFER 17a,17b 1, SEMEIC X 3 B FEITCAER T CTEL 2V Y LT VAR
Halogen Atom Transfer (XAT) 7% #C Z 3732JCHY XAT mediator T& % (Scheme 22)'81, ZH 5 B IY
KA FICiZFH G L b o 72,
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Table 25. Re-screening of additive

BnBr (2.0 equiv.) 0]
O NHBY  1r({dF(CF5)ppya(dtbpy)I(PFs) (1.0 mol%) \HE
Et02C COzEt Co cat 4e (25 mol%) n
| | additive (1.0 equiv.)
N THF (0.1 M), blue LED
H ca25°C,19h
15a 16a
(0.10 mmol)
0 SIiMe3 O Bu_fBu
Si-SiMes Si-SiEt,
N-O SiMej N-O
(0] (0]

NHPI-Si(TMS); (17a)

NHPI-SitBu,(TES) (17b)

Entry Additive Yield of 16a (%)*
0 none 14

1 NEt; 10

2 DIPEA 3

3 2,6-collidine N.D.”
4 2,4,6-lutidine  N.D.?
5 Li>CO3 1

6 K>CO; 5

7 Cs2CO; trace
8 MgO 15

9 CaO 9

10 SrO 12

11 17a N.D.”
12 17b 7

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bProduct was not detected.

Scheme 22. Reductive XAT mediator

(0] ?iMe:; te- .
SiSiMes prpn- T
N-O SiMe; —— >, Si-SiMey ——
O SiMes
0
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p={1{

a9V IO BRET 21T 5 72 (Table26), 4L v BV 7 I VvEfiOEKE 72 =L v YT IV
DN D b DIicEEIZ-BE, LYYV FAT AT e FEf 2 H T 5 leh IR K % 72
ZACIT R b7 p> o 72 (Bntries 1-3)e ¥ 8 7 = VENLFRHEARICOW TR, ALEREF T T — M
MEEHT DD D (Entry 4) AMIFEIERD RIGHE% 2 L 72 (Entries 5-8), 2L b O O KRR
LAan{ED 3 AEREAYER L 5 By o 7 2 VISR TR, 2 OICRIZEREOE IR
REICHKTF L 722> > 7= (Entries 6-8), 2. W TN OMETIC I W T b EIBERT O KGH 2 2 50 b
FLVEHRDR~FREZ R L T 3D LT, RICEROEIRITERRE G (r Ao L a3
Lo FGICHEK T2 EBbNE) EEL Tz,

ZZE TORED L ARG RS LAMA O EZ T L A EZ T T, 5D RIGHIC il
DREDRD HNT= T L REHR, DIRED 7 U —D a5 b 4 & v Ml & 70 ) £3 2 ATEEME A
EzZ o720, NIREE 1T > 72 (Table 26, Entries 9,10), % DFEH., CoBra XU Co(OAc), D
B CHMD 2 BIREEAR L 72 D% R L 72 AFER2 O, 479 LIARKIBIC Si2 Hofis
FERKIZF S L TE 5., 50 b IE 3 XAT BRI\ T 2 ATREM2SRIZ & L7z, Table
21 1IZF\WTIE NHPIester % i\ 72BRIC 250 D FINEh R 235380 b T 7z D icxf LT,
KIGT C-C AT DIEER R0 5N T Wi\ D iE, Bn 7 ¥ 41V D4 R A3HTE <1
TR VDI LT, KR TIEXAT ICX % Bn 7 VW ADEMMIEL . FHEREE i TL E
SRS EZ NS, IHILIDODH, B2 BEOT —<ICEVRTRY I3 Ml b
D Sp2 MIGIRIEE A EEITL TR e WHRSHBE LN,

TN DR LIRY KD b ARG Co iR CORRIIMIE L. #7- RiiR 0RE %
Higdz & L7z,
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Table 26. Re-screening of cobalt catalyst
(0]
0 NHBn BnBr (2.0 equiv.) .
EtO,C CO,Et  IM{dF(CF3)ppyla(dtbpy)l(PFe) (1.0 mol%) n
| | Co cat. (2.5 mol%)
N THF (0.1 M), blue LED
H ca25°C, 18-19h
15a 16a
(0.10 mmol)
Q Ph_ Ph #_%
_Ni N= =N_ N= =N_ II,N_
Co! co! Co
tBu4C§:o/ \oi%}—tsu UAC§:O/ \01%37@ Bu o Yo tBu
tBu tBu tBu tBu tBu tBu
Co cat. 4f Co cat. 49 Co cat. 4h
=N_ N= =N_ N=
1 1
X O/Co o x 4z X = COpNBuy x—do’co\obfx 4k: X = Bu
4j: X =CN 41: X = OMe
Bu Bu 4m: X = CF3

Entry Co cat. Yield of 16a (%)*
0 Cocat.4e 14
1 Cocat. 4f 21
2 Cocat.4g 19
3 Cocat.4h 18
4 Cocat. 4i trace
5 Cocat.4j 11
6 Cocat. 4k 15
7 Cocat.41 14
8 Cocat.4m 16
9 CoBrn 21
10 Co(OAc), 16

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).
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AKam B3 3H

p=(1113

553 8 - ROGSEHRSR (NI/PC 17 fE) %)

= VIR - S OTFE T T, 7 2 F DHP15a & BnBr & DA v 7Y v IHRMETT S H
DIREI % 1T - 72 (Table 27), % D&%, Ni(dtbpy)Br, K UHEHE L L T 2,6-lutidine % V> 72BRic
FEOIE CHNY2 RS L7z,

Table 27. Initial Screening of Ni/PC catalysis

BnBr (2.0 equiv.) o]
Oy -NHBn 4CzIPN (1.0 mol%) \HE
Et0,C CO,Et Ni(dtbpy)Br; (2.5 mol%) n
| | additive (2.0 equiv.)
N THF (0.1 M), blue LED
H ca25°C,18h
15a 16a
(0.10 mmol)
Entry additive Yield of 16a (%)“
1 none N.D.c
2 Na,CO; N.Detm.”
3 NaOAc 19
4 2,6-lutidine 46

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bYield was Not Determined due to broad 'H NMR spectra. “Product was not detected.

LAEDfEREZRE X = v 7 AR SRR 8% © D A v o' 4 AL o St adifl & G A 7
(Table 28), IFL®IC= v 7 LJi& LT Ni(dme)Br, %M\, BRI FEHLICHETILEL A
(Entries 1-8), BT AEAE Y P VAT L4 ZHAVZRRIC 5 EREOIK TCHINYIAE LR
72 (Entry 4), JEMREEIC DWW TIZBIR 4CZIPN i CH o 7243, a5 MR & Br b ffi 4
D Ir SefliE-C B L B PEETH - 72 (Entries 9-15), HEFEICOWTIE 2,6-lutidine 235
BRI RIF R 2R L, Z DM OIFHE CIERIGHAMET L 72 (Entries 16-21), #AHEICOWTIX
FFIC benzene % H[»& L 7AKMRMEIAI C© RAF 7 BOCHEZ 7R L 72 DI L (Entries 22-29), (=i
PRI CIEROCHEICZ LD > 72 (Entries 30-36), ARG IEEflE-C = v 7 A R OIEFEET
A N AIRREIEIRS T T3 & A EEfTE S (Entries 37,38,40,41), = v 7 AL DIEFLET
TR ICHEDME T 3% Z & 235370 > 7= (Entry 39),
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Table 28. Optimization table

BnBr (2.0 equiv.)

PC (1.0 mol%) O
Oxy-NHBn Ni(dme)Br, (2.5 mol%)
E10,C CO,Et ligand (4.0 mol%) NHBn
| | additive (2.0 equiv.)
N solvent (0.1 M), blue LED
H ca25°C,18h
15a 16a
(0.10 mmol)
L1: X =1Bu L5: X =H
R R 12:x=0Me R Le:x=Ph
7 N\_¢ \} L3:X=Me 7 N N\

L7: X =H

L8: X = tB
Entry ligand PC Additive Solvent Yield of 16a

(%)’

1 L1 4CzIPN 2,6-lutidine THF 43
2 L2 4CzIPN 2,6-lutidine THF 27
3 L3 4CzIPN 2,6-lutidine THF 28
4 L4 4CzIPN 2,6-lutidine THF 52
5 LS 4CzIPN 2,6-lutidine THF 16
6 L6 4CzIPN 2,6-lutidine THF 47
7 L7 4CzIPN 2,6-lutidine THF 10
8 L8 4CzIPN 2,6-lutidine THF 28
9 L4 Ir(ppy)s 2,6-lutidine THF 2
10 L4 Ir {ppy2(dtbpy)} (PFs) 2,6-lutidine THF 22
11 L4 Ir[{dF(CF3)ppy }2(dtbpy)](PFs)  2,6-lutidine THF 43
12 L4 Ir(dFppy)s 2,6-lutidine THF 38
13 L4 4CzPN 2,6-lutidine THF 43
14 L4 3DPAFIPN 2,6-lutidine THF 5
15 L4 Ru(bpy)s(PFs)> 2,6-lutidine THF N.D.?
16 L4 4CzIPN NEt; THF 9
17 L4 4CzIPN DIPEA THF 2
18 L4 4CzIPN 2,6-Bupyridine  THF 6
19 L4 4CzIPN BTMG THF 8
20 L4 4CzIPN KOAc THF 10
21 L4 4CzIPN CsOAc THF 7
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Kew 53 EH 3 A
22 L4 4CzIPN 2,6-lutidine benzene 54
23 L4 4CzIPN 2,6-lutidine toluene 50
24 L4 4CzIPN 2,6-lutidine DCE 44
25 L4 4CzIPN 2,6-lutidine DCM 45
26 L4 4CzIPN 2,6-lutidine ether N.D.?
27 L4 4CzIPN 2,6-lutidine DME 44
28 L4 4CzIPN 2,6-lutidine 1,4-dioxane 51
29 L4 4CzIPN 2,6-lutidine EtOAc 50
30 L4 4CzIPN 2,6-lutidine MeCN 17
31 L4 4CzIPN 2,6-lutidine acetone 27
32 L4 4CzIPN 2,6-lutidine DMA 5
33 L4 4CzIPN 2,6-lutidine DMF 4
34 L4 4CZIPN 2,6-lutidine DMSO N.D.?
35 L4 4CzIPN 2,6-lutidine iPrOH 13
36 L4 4CzIPN 2,6-lutidine EtOH 25
37 L4 none 2,6-lutidine benzene N.D.?
38¢ L4 4CzIPN 2,6-lutidine benzene 4
39 none 4CzIPN 2,6-lutidine benzene 40
40 L4 4CzIPN none benzene 6
414 L4 4CZIPN 2,6-lutidine benzene N.D.?

“Determined by '"H NMR analysis of the crude mixture (1,1,2,2-tetrachloroethane as an internal standard).

bProduct was not detected. “w/o Ni(dme)Br2. “w/o blue LED irradiation.

BRIC, SEfTrgE 77170 o AR ROC O RUE KOCHENS % Figure 23 ICiC 9. DHP15 IC X %
BICHIE N 2R T TR U N D 5 AT = v PCe 13, Rho—ffi= v 7 A il % &
JTGLTCOofli=y rAfirz525, TNUBTAFAANT A FICBLMNMEZRZ Lzobic, T
ZIiC DHP HRD AN AREA AT P HADMINL, BICHEEZ %2 2 L THIOY 16 5 %
2IETH D,
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Figure 23. Plausible mechanism.
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K B 3EE 4H

p={1{

54 H g

PALED & 5 I1c g T 250 b A SEABE R R B O = v 7 v B S B 8% 2 FIU 5 5
LT, TIF DHP ZHAANEALTIHAANFE L=y I 70 FOHANEAL AL
ETT22 2/l L7z, =y 7 AR TD inner-sphere 7 v 7Y v 7% FIH L 7z N
EANMLIRIIR D BAITON TS, SBROMEHCX > TX YV HFRBLAYEONS
—HRR T, ERTAFANTA VDA TV v TEER RO E WL CnwB, T, 2
S MR I L 72 & F T RRISETT I 5 L WO RRIE. ArNeEf by TY v
TNR=btF =T AFAANTAFYIMCHIRL T S A THHGBMATH 2 L E R 5,
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T
p={11}
o

LAFEF I, Zo0WR %@L CTHH I U AAVRIGORIE L. Fhic X 3 BEE LY D%
J& ¥ SANAR—ZA~DT 72 ZDEHZHIG L 72, SRIEHHIAE L 72 MHAT & F o
TV = ALK MHAT b Frxy DR, RV & OEHILEY D&, ER GG
EOHBICFGTENTENTH D, FRC FrX VIO W TIEZ ORISR L9 D
REFEANTLE oD RERSICE I A, Z2hTd S22 KISZFIHLAWTZ V=5 ArDh
TOH Yy 7Y v 7 TENICHI T 2GS e Z RS ICE,. BOoOfe dF 2 2% a1 b
Fl S A R 2 R L GERCTE 722 L3R E LTZIR D 720,

AR OMERF R CRISHFE & L TIRFER RIH 2 W N A MURIGICTD N T D,
INE TS TET Csp? ZVMNIND TV HNFRICOBTORIA Z D 5 DI > 72,
KT7F—==ICOWTIERY) Y BECNY HAZH R D 20 3ED VDD, SFETHRoTE
a5 b SRR OB L wATREE R R L L bic, BESHIE LTV MAE =y L
SR IC O W T OE . Z O - IO ®m I ICOWTERT LA TE DI,
GHAT AV FNT IAPE L THATHERET 25 A CHERRARMTH -7 LKL 5,

KWL DR TR 7z FOCHERE 72 LIS B 2 MR, D 7 a7 T2 Y — ARAEBAL
P DT F L WO EIED L 2 EROELR 2RO —BhL 03 2 L 2YNICHH ),

73



27 3CHik

235 3k

(1) Woodward, R. B. The Total Synthesis of Vitamin B12. Pure Appl. Chem. 1973, 33, 145-178.

2) Brown, D. G.; Bostrom, J. Analysis of Past and Present Synthetic Methodologies on Medicinal
Chemistry: Where Have All the New Reactions Gone? J. Med. Chem. 2016, 59, 4443-4458.

3) Lovering, F.; Bikker, J.; Humblet, C. Escape from Flatland: Increasing Saturation as an Approach
to Improving Clinical Success. J. Med. Chem. 2009, 52, 6752—-6756.

4) Lovering, F. Escape from Flatland 2: Complexity and Promiscuity. MedChemComm 2013, 4, 515—
519.

5) Capaldo, L.; Ravelli, D. Hydrogen Atom Transfer (HAT): A Versatile Strategy for Substrate
Activation in Photocatalyzed Organic Synthesis. Eur. J. Org. Chem. 2017, 15, 2056-2071.

(6) Yi, H.; Zhang, G.; Wang, H.; Huang, Z.; Wang, J.; Singh, A. K.; Lei, A. Recent Advances in Radical
C-H Activation/Radical Cross-Coupling. Chem. Rev. 2017, 117, 9016-9085.

7 Capaldo, L.; Ravelli, D.; Fagnoni, M. Direct Photocatalyzed Hydrogen Atom Transfer (HAT) for
Aliphatic C-H Bonds Elaboration. Chem. Rev. 2022, 122, 1875-1924.

®) Zhang, J.; Rueping, M. Metallaphotoredox Catalysis for Sp3 C-H Functionalizations through
Hydrogen Atom Transfer (HAT). Chem. Soc. Rev. 2023, 52, 4099—4120.

9) Shaw, M. H.; Twilton, J.; MacMillan, D. W. C. Photoredox Catalysis in Organic Chemistry. J. Org.
Chem. 2016, 14, 6898—6926.

(10)  Romero, N. A.; Nicewicz, D. A. Organic Photoredox Catalysis. Chem. Rev. 2016, 116, 10075—
10166.

(11)  McAtee, R. C.; McClain, E. J.; Stephenson, C. R. J. Illuminating Photoredox Catalysis. Trends
Chem. 2019, 1, 111-125.

(12) Marzo, L.; Pagire, S. K.; Reiser, O.; Konig, B. Visible-Light Photocatalysis: Does It Make a
Difference in Organic Synthesis? Angew. Chem., Int. Ed. 2018, 57, 10034-10072.

(13)  Schultz, D. M.; Yoon, T. P. Solar Synthesis: Prospects in Visible Light Photocatalysis. Science.
American Association for the Advancement of Science 2014.

(14) Hedstrand+, D. M.; Kruizinga, W. H.; Kellogg, R. M. LIGHT INDUCED AND DYE
ACCELERATED REDUCTIONS OF PHENACYL ONIUM SALTS BY 1,4-DIHYDROPYRIDINES;
Pergamon Press, 1978.

(15) Okada, K.; Okamoto, K.; Morita, N.; Okubo, K.; Oda, M. Photosensitized Decarboxylative Michael
Addition through N-(Acyloxy)Phthalimides via an Electron-Transfer Mechanism. J. Am. Chem.
Soc. 1991, 113, 9401-9402.

(16) Okada, K.; Okamoto, K.; Oda, M. A New and Practical Method of Decarboxylation:
Photosensitized Decarboxylation of N-Acyloxyphthalimides via Electron-Transfer Mechanism. J.
Am. Chem. Soc. 1988, 110, 8736-8738.

(17)  Nicewicz, D. A.; MacMillan, D. W. C. Merging Photoredox Catalysis with Organocatalysis: The

74



(18)

(19)

(20)

21

(22)

(23)

24

(25)

(26)

27)

(28)

(29)

(30)

G

(32)

5 3Lk

Direct Asymmetric Alkylation of Aldehydes. Science, 2008, 322, 77-80.

Ischay, M. A.; Anzovino, M. E.; Du, J.; Yoon, T. P. Efficient Visible Light Photocatalysis of [2+2]
Enone Cycloadditions. J. Am. Chem. Soc. 2008, 130, 12886—12887.

Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible Light Photoredox Catalysis with Transition
Metal Complexes: Applications in Organic Synthesis. Chem. Rev., 2013, 113, 5322-5363.
Twilton, J.; Le, C. C.; Zhang, P.; Shaw, M. H.; Evans, R. W.; MacMillan, D. W. C. The Merger of
Transition Metal and Photocatalysis. Nat. Rev. Chem. 2017, 1, 0052.

Chan, A.Y.; Perry, I. B.; Bissonnette, N. B.; Buksh, B. F.; Edwards, G. A.; Frye, L. I.; Garry, O. L.;
Lavagnino, M. N.; Li, B. X.; Liang, Y.; Mao, E.; Millet, A.; Oakley, J. V.; Reed, N. L.; Sakai, H.
A.; Seath, C. P.; MacMillan, D. W. C. Metallaphotoredox: The Merger of Photoredox and Transition
Metal Catalysis. Chem. Rev. 2022, 122, 1485-1542.

Osawa, M.; Nagai, H.; Akita, M. Photo-Activation of Pd-Catalyzed Sonogashira Coupling Using a
Ru/Bipyridine Complex as Energy Transfer Agent. Dalton Trans. 2006, 827-829.

Kalyani, D.; McMurtrey, K. B.; Neufeldt, S. R.; Sanford, M. S. Room-Temperature C-H Arylation:
Merger of Pd-Catalyzed C-H Functionalization and Visible-Light Photocatalysis. J. Am. Chem. Soc.
2011, 733, 18566—18569.

Ye, Y.; Sanford, M. S. Merging Visible-Light Photocatalysis and Transition-Metal Catalysis in the
Copper-Catalyzed Trifluoromethylation of Boronic Acids with CFsl. J. Am. Chem. Soc. 2012, 134,
9034-9037.

Zvo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J. A.; Doyle, A. G.; MacMillan, D. W. C. Merging
Photoredox with Nickel Catalysis: Coupling of a-Carboxyl Sp 3 -Carbons with Aryl Halides.
Science 2014, 345, 437-440.

Zhong, J. J.; Meng, Q. Y.; Liu, B.; Li, X. B.; Gao, X. W.; Lei, T.; Wu, C. J.; Li, Z. J.; Tung, C. H,;
Wu, L. Z. Cross-Coupling Hydrogen Evolution Reaction in Homogeneous Solution without Noble
Metals. Org. Lett. 2014, 16, 1988—1991.

Eisenberg, D. C.; Norton, J. R. Hydrogen-Atom Transfer Reactions of Transition-Metal Hydrides.
Isr. J. Chem. 1991, 31, 55-66.

Hoffmann, R. W. Markovnikov Free Radical Addition Reactions, a Sleeping Beauty Kissed to Life.
Chem. Soc. Rev. 2016, 45, 577-583.

Crossley, S. W. M.; Obradors, C.; Martinez, R. M.; Shenvi, R. A. Mn-, Fe-, and Co-Catalyzed
Radical Hydrofunctionalizations of Olefins. Chem. Rev. 2016, 116, 8912-9000.

Green, S. A.; Crossley, S. W. M.; Matos, J. L. M.; Vasquez-Céspedes, S.; Shevick, S. L.; Shenvi,
R. A. The High Chemofidelity of Metal-Catalyzed Hydrogen Atom Transfer. Acc. Chem. Res. 2018,
51,2628-2640.

Shenvi, R. A.; Matos, J. L. M.; Green, S. A. Hydrofunctionalization of Alkenes by Hydrogen-Atom
Transfer. Org. React. 2019, 100, 383—470.

Shevick, S. L.; Wilson, C. V.; Kotesova, S.; Kim, D.; Holland, P. L.; Shenvi, R. A. Catalytic
Hydrogen Atom Transfer to Alkenes: A Roadmap for Metal Hydrides and Radicals. Chem. Sci. 2020,

75



27 3CHik

(33)

(34)

(35)

(36)

G37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

21, 12401-12422.

Kotesova, S.; Shenvi, R. A. Inner- and Outer-Sphere Cross-Coupling of High Fsp® Fragments. Acc.
Chem. Res. 2023, 56, 3089-3098.

Wu, J.; Ma, Z. Metal-Hydride Hydrogen Atom Transfer (MHAT) Reactions in Natural Product
Synthesis. Org. Chem. Front. 2021, 8, 7050-7076.

Feder, H. M.; Halpern, J. Mechanism of the Cobalt Carbonyl-Catalyzed Homogeneous
Hydrogenation of Aromatic Hydrocarbons. J. Am. Chem. Soc. 1975, 97, 7186—7188.

Mukaiyama, T.; Isayama, S.; Inoki, S.; Kato, K.; Yamada, T.; Takai, T. Oxidation-Reduction
Hydration of Olefins with Molecular Oxygen and 2-Propanol Catalyzed by
Bis(Acetylacetonato)Cobalt(Il). Chem. Lett. 1989, 18, 449—452.

Isayama, S.; Mukaiyama, T. A New Method for Preparation of Alcohols from Olefins with
Molecular Oxygen and Phenylsilane by the Use of Bis(Acetylacetonato)Cobalt(Il). Chem. Lett.
1989, 18, 1071-1074.

Waser, J.; Carreira, E. M. Catalytic Hydrohydrazination of a Wide Range of Alkenes with a Simple
Mn Complex. Angew. Chem., Int. Ed. 2004, 43, 4099—4102.

Waser, J.; Carreira, E. M. Convenient Synthesis of Alkylhydrazides by the Cobalt-Catalyzed
Hydrohydrazination Reaction of Olefins and Azodicarboxylates. J. Am. Chem. Soc. 2004, 126,
5676-5677.

Waser, J.; Gonzalez-Gémez, J. C.; Nambu, H.; Huber, P.; Carreira, E. M. Cobalt-Catalyzed
Hydrohydrazination of Dienes and Enynes: Access to Allylic and Propargylic Hydrazides. Org.
Lett. 2005, 7, 4249—-4252.

Waser, J.; Nambu, H.; Carreira, E. M. Cobalt-Catalyzed Hydroazidation of Olefins: Convenient
Access to Alkyl Azides. J. Am. Chem. Soc. 2005, 127, 8294—8295.

R6 Me Waser, J.; Gaspar, B.; Nambu, H.; Carreira, E. M. Hydrazines and Azides via the Metal-
Catalyzed Hydrohydrazination and Hydroazidation of Olefins. J. Am. Chem. Soc. 2006, 128,
11693-11712.

Gaspar, B.; Waser, J.; Carreira, E. M. Cobalt-Catalyzed Synthesis of Tertiary Azides from a,0-
Disubstituted Olefins under Mild Conditions Using Commercially Available Reagents. Synthesis
2007, 24, 3839-3845.

Gaspar, B.; Carreira, E. M. Mild Cobalt-Catalyzed Hydrocyanation of Olefins with Tosyl Cyanide.
Angew. Chem., Int. Ed. 2007, 46, 4519—4522.

Gaspar, B.; Carreira, E. M. Catalytic Hydrochlorination of Unactivated Olefins with Para-
Toluenesulfonyl Chloride. Angew. Chem., Int. Ed. 2008, 47, 5758-5760.

Gaspar, B.; Carreira, E. M. Cobalt Catalyzed Functionalization of Unactivated Alkenes:
Regioselective Reductive C-C Bond Forming Reactions. J. Am. Chem. Soc. 2009, 131, 13214—
13215.

Fischer, D. M.; Balkenhohl, M.; Carreira, E. M. Cobalt-Catalyzed Cyclization of Unsaturated N-
Acyl Sulfonamides: A Diverted Mukaiyama Hydration Reaction. JACS 4u. 2022, 2, 1071-1077.

76



(48)

(49)

(50)

(1

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(39)

(60)

(61)

5 3Lk

Lindner, H.; Amberg, W. M.; Martini, T.; Fischer, D. M.; Moore, E.; Carreira, E. M. Photo- and
Cobalt-Catalyzed Synthesis of Heterocycles via Cycloisomerization of Unactivated Olefins. Angew.
Chem., Int. Ed. 2024, 63, €202319515.

Lindner, H.; Carreira, E. M. Cobalt-Catalyzed Photo-Semipinacol Rearrangement of Unactivated
Allylic Alcohols. Angew. Chem., Int. Ed. 2024, 63, €202407827.

Lindner, H.; Schneider, M.; Mader, P.; Su, F.; Carreira, E. M. Synthesis of Primary Amines via
Hydrogen Atom Transfer-Initiated Cyclization/Reduction Cascade of Unsaturated Nitriles. Org.
Lett. 2024, 26, 5467-5471.

Lindner, H.; Carreira, E. M. Photo- and Cobalt-Catalyzed Cycloisomerization of Unsaturated
Guanidines, (Iso-)Ureas, and Carbonates. Org. Lett. 2025, 27, 704—708.

Ishikawa, H.; Colby, D. A.; Seto, S.; Va, P.; Tam, A.; Kakei, H.; Rayl, T. J.; Hwang, 1.; Boger, D. L.
Total Synthesis of Vinblastine, Vincristine, Related Natural Products, and Key Structural Analogues.
J. Am. Chem. Soc. 2009, 131, 4904-4916.

Barker, T. J.; Boger, D. L. Fe(IlI)/NaBH 4-Mediated Free Radical Hydrofluorination of Unactivated
Alkenes. J. Am. Chem. Soc. 2012, 134, 13588-13591.

Leggans, E. K.; Barker, T. J.; Duncan, K. K.; Boger, D. L. Iron(IlI)/NaBH 4-Mediated Additions to
Unactivated Alkenes: Synthesis of Novel 20’-Vinblastine Analogues. Org. Lett. 2012, 14, 1428—
1431.

Shigehisa, H.; Aoki, T.; Yamaguchi, S.; Shimizu, N.; Hiroya, K. Hydroalkoxylation of Unactivated
Olefins with Carbon Radicals and Carbocation Species as Key Intermediates. J. Am. Chem. Soc.
2013, 735, 10306-10309.

Shigehisa, H.; Nishi, E.; Fujisawa, M.; Hiroya, K. Cobalt-Catalyzed Hydrofluorination of
Unactivated Olefins: A Radical Approach of Fluorine Transfer. Org. Lett. 2013, 15, 5158-5161.
Shigehisa, H.; Koseki, N.; Shimizu, N.; Fujisawa, M.; Niitsu, M.; Hiroya, K. Catalytic
Hydroamination of Unactivated Olefins Using a Co Catalyst for Complex Molecule Synthesis. J.
Am. Chem. Soc. 2014, 136, 13534-13537.

Shigehisa, H.; Hayashi, M.; Ohkawa, H.; Suzuki, T.; Okayasu, H.; Mukai, M.; Yamazaki, A.; Kawai,
R.; Kikuchi, H.; Satoh, Y.; Fukuyama, A.; Hiroya, K. Catalytic Synthesis of Saturated Oxygen
Heterocycles by Hydrofunctionalization of Unactivated Olefins: Unprotected and Protected
Strategies. J. Am. Chem. Soc. 2016, 138, 10597-10604.

Date, S.; Hamasaki, K.; Sunagawa, K.; Koyama, H.; Sebe, C.; Hiroya, K.; Shigehisa, H. Catalytic
Direct Cyclization of Alkenyl Thioester. ACS Catal. 2020, 10, 2039-2045.

Nagai, T.; Mimata, N.; Terada, Y.; Sebe, C.; Shigehisa, H. Catalytic Dealkylative Synthesis of
Cyclic Carbamates and Ureas via Hydrogen Atom Transfer and Radical-Polar Crossover. Org. Lett.
2020, 22, 5522-5527.

Ebisawa, K.; Izumi, K.; Ooka, Y.; Kato, H.; Kanazawa, S.; Komatsu, S.; Nishi, E.; Shigehisa, H.
Catalyst- And Silane-Controlled Enantioselective Hydrofunctionalization of Alkenes by Cobalt-
Catalyzed Hydrogen Atom Transfer and Radical-Polar Crossover. J. Am. Chem. Soc. 2020, 142,

77



27 3CHik

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

13481-13490.

Ohuchi, S.; Koyama, H.; Shigehisa, H. Catalytic Synthesis of Cyclic Guanidines via Hydrogen
Atom Transfer and Radical-Polar Crossover. ACS Catal. 2021, 11, 900-906.

Ohuchi, S.; Koyama, H.; Shigehisa, H. Catalytic Synthesis of Cyclic Guanidines via Hydrogen
Atom Transfer and Radical-Polar Crossover. ACS Catal. 2021, 11, 900-906.

Osato, A.; Fujihara, T.; Shigehisa, H. Constructing Four-Membered Heterocycles by
Cycloisomerization. ACS Catal. 2023, 13, 4101-4110.

Sugimura, T.; Shigehisa, H. Investigating Cyclization Selectivity by Ligand Tuning Based on
MHAT/RPC Mechanism. Tetrahedron Lett. 2024, 135, 154902.

Mimata, N.; Shigehisa, H. Synthesis of Five-, Six-, and Seven-Membered Cyclic Isoureas via
MHAT/RPC Promoted Cycloisomerization. Tetrahedron Lett. 2024, 135, 154890.

Sugimura, T.; Yamada, R.; Kanna, W.; Mita, T.; Maeda, S.; Szartan, B.; Shigehisa, H. Annulation
Producing Diverse Heterocycles Promoted by Cobalt Hydride. ACS Catal. 2024, 14, 15514—15520.
Sugimura, T.; Shigehisa, H. Synthesis of Silacycles via Metal Hydrogen Atom Transfer and
Radical-Polar Crossover Mechanism. Tetrahedron Lett. 2024, 151, 155313.

Lo, J. C.; Yabe, Y.; Baran, P. S. A Practical and Catalytic Reductive Olefin Coupling. J. Am. Chem.
Soc. 2014, 136, 1304-1307.

Lo, J. C.; Gui, J.; Yabe, Y.; Pan, C. M.; Baran, P. S. Functionalized Olefin Cross-Coupling to
Construct Carbon-Carbon Bonds. Nature 2014, 516, 343-348.

Dao, H. T.; Li, C.; Michaudel, Q.; Maxwell, B. D.; Baran, P. S. Hydromethylation of Unactivated
Olefins. J. Am. Chem. Soc. 2015, 137, 8046—8049.

Gui, J.; Pan, C.-M.; Jin, Y.; Qin, T.; Lo, J. C.; Lee, B. J.; Spergel, S. H.; Mertzman, M. E.; Pitts, W.
J.; La Cruz, T. E.; Schmidt, M. A.; Darvatkar, N.; Natarajan, S. R.; Baran, P. S. Practical Olefin
Hydroamination with Nitroarenes. Science 2015, 348, 886—891.

Lo, J. C.; Kim, D.; Pan, C. M.; Edwards, J. T.; Yabe, Y.; Gui, J.; Qin, T.; Gutiérrez, S.; Giacoboni,
J.; Smith, M. W.; Holland, P. L.; Baran, P. S. Fe-Catalyzed C-C Bond Construction from Olefins
via Radicals. J. Am. Chem. Soc. 2017, 139, 2484-2503.

Gnaim, S.; Bauer, A.; Zhang, H. J.; Chen, L.; Gannett, C.; Malapit, C. A.; Hill, D. E.; Vogt, D.;
Tang, T.; Daley, R. A.; Hao, W.; Zeng, R.; Quertenmont, M.; Beck, W. D.; Kandahari, E.; Vantourout,
J. C.; Echeverria, P. G.; Abruna, H. D.; Blackmond, D. G.; Minteer, S. D.; Reisman, S. E.; Sigman,
M. S.; Baran, P. S. Cobalt-Electrocatalytic HAT for Functionalization of Unsaturated C—C Bonds.
Nature 2022, 605, 687—695.

Gan, X.; Zhang, B.; Dao, N.; Bi, C.; Pokle, M.; Kan, L.; Collins, M. R.; Tyrol, C. C.; Bolduc, P. N.;
Nicastri, M.; Kawamata, Y.; Baran, P. S.; Shenvi, R. Carbon Quaternization of Redox Active Esters
and Olefins by Decarboxylative Coupling. Science 2024, 384, 113-118.

Iwasaki, K.; Wan, K. K.; Oppedisano, A.; Crossley, S. W. M.; Shenvi, R. A. Simple, Chemoselective
Hydrogenation with Thermodynamic Stereocontrol. J. Am. Chem. Soc. 2014, 136, 1300-1303.
Crossley, S. W. M.; Barabé, F.; Shenvi, R. A. Simple, Chemoselective, Catalytic Olefin

78



(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

o1

92)

93)

5 3Lk

Isomerization. J. Am. Chem. Soc. 2014, 136, 16788-16791.

Green, S. A.; Matos, J. L. M.; Yagi, A.; Shenvi, R. A. Branch-Selective Hydroarylation: Iodoarene-
Olefin Cross-Coupling. J. Am. Chem. Soc. 2016, 138, 12779-12782.

Obradors, C.; Martinez, R. M.; Shenvi, R. A. Ph(i-PrO)SiH2: An Exceptional Reductant for Metal-
Catalyzed Hydrogen Atom Transfers. J. Am. Chem. Soc. 2016, 138, 4962—4971.

Green, S. A.; Vasquez-Céspedes, S.; Shenvi, R. A. Iron-Nickel Dual-Catalysis: A New Engine for
Olefin Functionalization and the Formation of Quaternary Centers. J. Am. Chem. Soc. 2018, 140,
11317-11324.

Shevick, S. L.; Obradors, C.; Shenvi, R. A. Mechanistic Interrogation of Co/Ni-Dual Catalyzed
Hydroarylation. J. Am. Chem. Soc. 2018, 140, 12056—12068.

Green, S. A.; Huffman, T. R.; McCourt, R. O.; Van Der Puyl, V.; Shenvi, R. A. Hydroalkylation of
Olefins to Form Quaternary Carbons. J. Am. Chem. Soc. 2019, 141, 7709-7714.

Matos, J. L. M.; Green, S. A.; Chun, Y.; Dang, V. Q.; Dushin, R. G.; Richardson, P.; Chen, J. S.;
Piotrowski, D. W.; Paegel, B. M.; Shenvi, R. A. Cycloisomerization of Olefins in Water. Angew.
Chem., Int. Ed. 2020, 59, 12998—-13003.

Gan, X.; Kotesova, S.; Castanedo, A.; Green, S. A.; Mpller, S. L. B.; Shenvi, R. A. Iron-Catalyzed
Hydrobenzylation: Stereoselective Synthesis of (—)-Eugenial C. J. Am. Chem. Soc. 2023, 145,
15714-15720.

Kong, L.; Gan, X.; van der Puyl Lovett, V. A.; Shenvi, R. A. Alkene Hydrobenzylation by a Single
Catalyst That Mediates Iterative Outer-Sphere Steps. J. Am. Chem. Soc. 2024, 146, 2351-2357.
King, S. M.; Ma, X.; Herzon, S. B. A Method for the Selective Hydrogenation of Alkenyl Halides
to Alkyl Halides. J. Am. Chem. Soc. 2014, 136, 6884—6887.

Ma, X.; Herzon, S. B. Non-Classical Selectivities in the Reduction of Alkenes by Cobalt-Mediated
Hydrogen Atom Transfer. Chem. Sci. 2015, 6, 6250—6255.

Ma, X.; Herzon, S. B. Intermolecular Hydropyridylation of Unactivated Alkenes. J. Am. Chem. Soc.
2016, 738, 8718-8721.

Ma, X.; Herzon, S. B. Synthesis of Ketones and Esters from Heteroatom-Functionalized Alkenes
by Cobalt-Mediated Hydrogen Atom Transfer. J. Org. Chem. 2016, 81, 8673—-8695.

Ma, X.; Dang, H.; Rose, J. A.; Rablen, P.; Herzon, S. B. Hydroheteroarylation of Unactivated
Alkenes Using N-Methoxyheteroarenium Salts. J. Am. Chem. Soc. 2017, 139, 5998-6007.

Ma, X.; Herzon, S. B. Cobalt Bis(Acetylacetonate)-Tert-Butyl Hydroperoxide—Triethyl-Silane: A
General Reagent Combination for the Markovnikov-Selective Hydrofunctionalization of Alkenes
by Hydrogen Atom Transfer. Beilstein J. Org. Chem. 2018, 14, 2259-2265.

Matos, J. L. M.; Vasquez-Céspedes, S.; Gu, J.; Oguma, T.; Shenvi, R. A. Branch-Selective Addition
of Unactivated Olefins into Imines and Aldehydes. J. Am. Chem. Soc. 2018, 140, 16976—16981.
Kamei, Y.; Seino, Y.; Yamaguchi, Y.; Yoshino, T.; Maeda, S.; Kojima, M.; Matsunaga, S. Silane-
and Peroxide-Free Hydrogen Atom Transfer Hydrogenation Using Ascorbic Acid and Cobalt-
Photoredox Dual Catalysis. Nat Commun. 2021, 12, 966.

79



27 3CHik

94)

95)

(96)

7

(98)

99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

Jana, S.; Mayerhofer, V. J.; Teskey, C. J. Photo- and Electrochemical Cobalt Catalysed Hydrogen
Atom Transfer for the Hydrofunctionalisation of Alkenes. Angew. Chem., Int. Ed. 2023, 62,
€202304882.

Shen, H.; Zeng, X.; Wang, Z. Recent Advances in Radical Hydrofunctionalization of Alkenes and
Dienes via Reductive Metal-Hydride Hydrogen Atom Transfer (MHAT). Eur. J. Org. Chem. 2025,
28, ¢202401103.

Suzuki, A.; Kamei, Y.; Yamashita, M.; Seino, Y.; Yamaguchi, Y.; Yoshino, T.; Kojima, M.;
Matsunaga, S. Photocatalytic Deuterium Atom Transfer Deuteration of Electron-Deficient Alkenes
with High Functional Group Tolerance. Angew. Chem., Int. Ed. 2023, 62, €202214433.

Seino, Y.; Yamaguchi, Y.; Suzuki, A.; Yamashita, M.; Kamei, Y.; Kamiyama, F.; Yoshino, T.; Kojima,
M.; Matsunaga, S. Synthesis of Polysubstituted Enamides by Hydrogen Atom Transfer Alkene
Isomerization Using Dual Cobalt/Photoredox Catalysis. Chem. Eur. J. 2023, 29, ¢202300804.
Suzuki, A.; Higashida, K.; Yoshino, T.; Matsunaga, S. Multiple Deuterium Atom Transfer
Perdeuteration of Unactivated Alkenes under Base-Assisted Cobalt/Photoredox Dual Catalysis.
Angew. Chem., Int. Ed. 2025, 64, €202500233.

Yamashita, M.; Suzuki, A.; Yoshino, T.; Higashida, K.; Kojima, M.; Matsunaga, S. Distal
Heteroaryl Ipso -Migration of Unactivated Alkenes via Cobalt/Photoredox-Catalyzed
Hydrogen/Deuterium Atom Transfer. Chem. Asian. J. 2025, 20, ¢00448.

Lorenc, C.; Vibbert, H. B.; Yao, C.; Norton, J. R.; Rauch, M. H- Transfer-Initiated Synthesis of y-
Lactams: Interpretation of Cycloisomerization and Hydrogenation Ratios. ACS Catal. 2019, 9,
10294-10298.

Kattamuri, P. V.; West, J. G. Hydrogenation of Alkenes via Cooperative Hydrogen Atom Transfer.
J. Am. Chem. Soc. 2020, 142, 19316-19326.

Buzsaki, S. R.; Mason, S. M.; Kattamuri, P. V.; Serviano, J. M. I.; Rodriguez, D. N.; Wilson, C. V,;
Hood, D. M.; Ellefsen, J. D.; Lu, Y.-C.; Kan, J.; West, J. G.; Miller, S. J.; Holland, P. L. Fe/Thiol
Cooperative Hydrogen Atom Transfer Olefin Hydrogenation: Mechanistic Insights That Inform
Enantioselective Catalysis. J. Am. Chem. Soc. 2024, 146, 17296—-17310.

Kojima, M.; Matsunaga, S. The Merger of Photoredox and Cobalt Catalysis. Trends Chem. 2020,
2,410-426.

Ram Bajya, K.; Selvakumar, S. Dual Photoredox and Cobalt Catalysis Enabled Transformations.
Eur. J. Org. Chem. 2022, 20, €¢202200229.

Maji, T.; Karmakar, A.; Reiser, O. Visible-Light Photoredox Catalysis: Dehalogenation of Vicinal
Dibromo-, a-Halo-, and a,a-Dibromocarbonyl Compounds. J. Org. Chem. 2011, 76, 736—739.
Guo, X.; Wenger, O. S. Reduktive Aminierung Durch Photoredoxkatalyse Uber
Polaritdtsangepassten Wasserstoffatomtransfer. Angew. Chem. 2018, 130, 2494-2498.

Giedyk, M.; Narobe, R.; Weil}, S.; Touraud, D.; Kunz, W.; Konig, B. Photocatalytic Activation of
Alkyl Chlorides by Assembly-Promoted Single Electron Transfer in Microheterogeneous Solutions.
Nat. Catal. 2020, 3, 40-47.

80



(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

5 3Lk

Arcudi, F.; Pordevi¢, L.; Schweitzer, N.; Stupp, S. I.; Weiss, E. A. Selective Visible-Light
Photocatalysis of Acetylene to Ethylene Using a Cobalt Molecular Catalyst and Water as a Proton
Source. Nat. Chem. 2022, 14, 1007-1012.

Nakagawa, M.; Matsuki, Y.; Nagao, K.; Ohmiya, H. A Triple Photoredox/Cobalt/Brensted Acid
Catalysis Enabling Markovnikov Hydroalkoxylation of Unactivated Alkenes. J. Am. Chem. Soc.
2022, 144, 7953-7959.

Takekawa, Y.; Nakagawa, M.; Nagao, K.; Ohmiya, H. A Quadruple Catalysis Enabling
Intermolecular Branch-Selective Hydroacylation of Styrenes. Chem. Eur. J. 2023, 29, €202301484.
Shibutani, S.; Nagao, K.; Ohmiya, H. A Dual Cobalt and Photoredox Catalysis for
Hydrohalogenation of Alkenes. J. Am. Chem. Soc. 2024, 146, 4375-4379.

Nakagawa, M.; Nagao, K.; Ohmiya, H. y-Amino C(Sp 3 )-H Functionalization of Aliphatic Amines
through a Light-Driven Triple Catalysis. ACS Catal. 2024, 14, 8005-8012.

Bergamaschi, E.; Mayerhofer, V. J.; Teskey, C. J. Light-Driven Cobalt Hydride Catalyzed
Hydroarylation of Styrenes. ACS Catal. 2022, 12, 14806-14811.

Qin, J.; Barday, M.; Jana, S.; Sanosa, N.; Funes-Ardoiz, I.; Teskey, C. J. Photoinduced Cobalt
Catalysis for the Reductive Coupling of Pyridines and Dienes Enabled by Paired Single-Electron
Transfer**. Angew. Chem., Int. Ed. 2023, 62.

Mayerhofer, V. J.; Lippolis, M.; Teskey, C. J. Dual-Catalysed Intermolecular Reductive Coupling
of Dienes and Ketones**. Angew. Chem., Int. Ed. 2024, 63.

Lunic, D.; Vystavkin, N.; Qin, J.; Teskey, C. J. Dual-Catalytic Structural Isomerisation as a Route
to A-Arylated Ketones. Angew. Chem., Int. Ed. 2024, 63.

Zhou, H.; Lunic, D.; Sanosa, N.; Sampedro, D.; Funes-Ardoiz, I.; Teskey, C. J. Merging Hydrogen-
Atom-Transfer and the Truce-Smiles Rearrangement for Synthesis of B-Arylethylamines from
Unactivated Allylsulfonamides. Angew. Chem., Int. Ed. 2025, 64.

Jana, S.; Kusza, D. A.; Vystavkin, N.; Lunic, D.; Teskey, C. J. Inverting Polarity in a Cobalt MHAT
Reaction via Reductive Catalytic Turnover. Chem. Sci. 2025, doi: 10.1039/D5SCO06119A.
Shigehisa, H.; Ano, T.; Honma, H.; Ebisawa, K.; Hiroya, K. Co-Catalyzed Hydroarylation of
Unactivated Olefins. Org. Lett. 2016, 18, 3622-3625.

Shigehisa, H. Studies on Catalytic Activation of Olefins Using Cobalt Complex. Chem. Pharm.
Bull. 2018, 66, 339-346.

Vrubliauskas, D.; Vanderwal, C. D. Cobalt-Catalyzed Hydrogen-Atom Transfer Induces
Bicyclizations That Tolerate Electron-Rich and Electron-Deficient Intermediate Alkenes. Angew.
Chem. 2020, 132, 6171-6177.

Vrubliauskas, D.; Gross, B. M.; Vanderwal, C. D. Sterecocontrolled Radical Bicyclizations of
Oxygenated Precursors Enable Short Syntheses of Oxidized Abietane Diterpenoids. J. Am. Chem.
Soc. 2021, 143,2944-2952.

Zhang, B.; Zheng, W.; Wang, X.; Sun, D.; Li, C. Total Synthesis of Notoamides F, I, and R and
Sclerotiamide. Angew. Chem. 2016, 128, 10591-10594.

81



27 3CHik

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

Lu, Z.; Zhang, X.; Guo, Z.; Chen, Y.; Mu, T.; Li, A. Total Synthesis of Aplysiasecosterol A. J. Am.
Chem. Soc. 2018, 140, 9211-9218.

Ji, Y.; Xin, Z.; He, H.; Gao, S. Total Synthesis of Viridin and Viridiol. J. Am. Chem. Soc. 2019, 141,
16208-16212.

Johnson, L. K.; Niman, S. W.; Vrubliauskas, D.; Vanderwal, C. D. Stereocontrolled Synthesis and
Structural Revision of Plebeianiol A. Org. Lett. 2021, 23, 9569-9573.

Tu, Y. J.; Njus, D.; Schlegel, H. B. A Theoretical Study of Ascorbic Acid Oxidation and HOO / O
2- Radical Scavenging. Org. Biomol. Chem. 2017, 15, 4417—4431.

Ng, F. T. T.; Rempel, G. L.; Halpern, J. Steric Influences on Cobalt-Alkyl Bond Dissociation
Energies; 1983; Vol. 77.

Kulkarni, M. R.; Gaikwad, N. D. Recent Advances in Synthesis of 3,4-Dihydroisoquinolin-1(2H)-
One. ChemistrySelect. 2020, 5, 8157-8184.

Zhou, W.; Ni, S.; Mei, H.; Han, J.; Pan, Y. Hydroxyalkylation-Initiated Radical Cyclization of n -
Allylbenzamide for Direct Construction of Isoquinolinone. Org. Lett. 2015, 17, 2724-2727.

Xu, Z. Q.; Wang, C.; Li, L.; Duan, L.; Li, Y. M. Construction of 3,4-Dihydroisoquinolinones and
Indanones via DTBP-Promoted Oxidative Coupling of N-Allylbenzamides with Aromatic
Aldehydes. J. Org. Chem. 2018, 83, 9718-9728.

Cismesia, M. A.; Yoon, T. P. Characterizing Chain Processes in Visible Light Photoredox Catalysis.
Chem. Sci. 2015, 6, 5426-5434.

Kalyanasundaram, K. PHOTOPHYSICS, PHOTOCHEMISTRY AND SOLAR ENERGY
CONVERSION WITH TRIS(BIPYRIDYL)RUTHENIUM(II) AND ITS ANALOGUES; 1982; Vol. 46.
Haga, M.-A.; Dodsworth, E. S.; Eryavec, G.; Seymour, P.; Lever, A. B. P. Contribution from the
Luminescence Quenching of the Tris(2,2/-Bipyrazine)Ruthenium(Il) Cation and Its
Monoprotonated Complex Inorg. Chem. 1985, 24, 1901-1906.

Zhang, Y.; Li, K.; Huang, H. Bimolecular Homolytic Substitution (Suy2) at a Transition Metal.
ChemCatChem 2024, 16, €202400955.

McWhinnie, I. M.; Martin, R. T.; Xie, J.; Chen, R.; Priecto Kullmer, C. N.; MacMillan, D. W. C.
Radical Sorting Catalysis via Bimolecular Homolytic Substitution (Su2): Opportunities for C(Sp
3)-C(Sp 3 ) Cross-Coupling Reactions. J. Am. Chem. Soc. 2025, 147, 23351-23366.

Liu, W.; Lavagnino, M. N.; Gould, C. A.; Alcazar, J.; MacMillan, D. W. C. A Biomimetic Sy2
Cross-Coupling Mechanism for Quaternary sp* -Carbon Formation. Science 2021, 374, 1258-1263.
Xuan, J.; Zhang, Z.; Xiao, W. Visible-Light-Induced Decarboxylative Functionalization of
Carboxylic Acids and Their Derivatives. Angew. Chem., Int. Ed. 2015, 54, 15632—-15641.

Niu, P;; Li, J.; Zhang, Y.; Huo, C. One-Electron Reduction of Redox-Active Esters to Generate
Carbon-Centered Radicals. Eur. J. Org. Chem0 2020, 2020, 5801-5814.

Karmakar, S.; Silamkoti, A.; Meanwell, N. A.; Mathur, A.; Gupta, A. K. Utilization of C( Sp 3 )-
Carboxylic Acids and Their Redox-Active Esters in Decarboxylative Carbon—Carbon Bond
Formation. Adv. Synth. Catal. 2021, 363, 3693-3736.

82



(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)
(153)

(154)

(155)

(156)
(157)

(158)
(159)

5 3Lk

Ji, C; Lu, Y.; Xia, S.; Zhu, C.; Zhu, C.; Li, W.; Xie, J. Photoinduced Late-Stage Radical
Decarboxylative and Deoxygenative Coupling of Complex Carboxylic Acids and Their Derivatives.
Angew. Chem., Int. Ed. 2025, 64, ¢202423113.

Li, G.; Chen, R.; Wu, L.; Fu, Q.; Zhang, X.; Tang, Z. Alkyl Transfer from C[C Cleavage. Angew.
Chem., Int. Ed. 2013, 52, 8432-8436.

Wang, P.-Z.; Chen, J.-R.; Xiao, W.-J. Hantzsch Esters: An Emerging Versatile Class of Reagents in
Photoredox Catalyzed Organic Synthesis. Org. Biomol. Chem. 2019, 17, 6936—6951.

M. Correia, J. T.; A. Fernandes, V.; Matsuo, B. T.; C. Delgado, J. A.; de Souza, W. C.; Paixdo, M.
W. Photoinduced Deaminative Strategies: Katritzky Salts as Alkyl Radical Precursors. Chem.
Commun. 2020, 56, 503-514.

Gao, Y.; Jiang, S.; Mao, N.-D.; Xiang, H.; Duan, J.-L.; Ye, X.-Y.; Wang, L.-W.; Ye, Y.; Xie, T.
Recent Progress in Fragmentation of Katritzky Salts Enabling Formation of C-C, C-B, and C-S
Bonds. Top Curr. Chem. 2022, 380, 25.

Cai, Q.; McWhinnie, I. M.; Dow, N. W.; Chan, A. Y.; MacMillan, D. W. C. Engaging Alkenes in
Metallaphotoredox: A Triple Catalytic, Radical Sorting Approach to Olefin-Alcohol Cross-
Coupling. J. Am. Chem. Soc. 2024, 146, 12300—-12309.

Leifert, D.; Studer, A. The Persistent Radical Effect in Organic Synthesis. Angew. Chem., Int. Ed.
2020, 59, 74-108.

Roughley, S. D.; Jordan, A. M. The Medicinal Chemist’s Toolbox: An Analysis of Reactions Used
in the Pursuit of Drug Candidates. J. Med. Chem. 2011, 54, 3451-3479.

Brown, D. G.; Bostrom, J. Analysis of Past and Present Synthetic Methodologies on Medicinal
Chemistry: Where Have All the New Reactions Gone? J. Med. Chem. 2016, 59, 4443-4458.
Kumari, S.; Carmona, A. V.; Tiwari, A. K.; Trippier, P. C. Amide Bond Bioisosteres: Strategies,
Synthesis, and Successes. J. Med. Chem. 2020, 63, 12290-12358.

Shen, B.; Makley, D. M.; Johnston, J. N. Umpolung Reactivity in Amide and Peptide Synthesis.
Nature 2010, 465, 1027-1032.

Pattabiraman, V. R.; Bode, J. W. Rethinking Amide Bond Synthesis. Nature 2011, 480, 471-479.
de Figueiredo, R. M.; Suppo, J.-S.; Campagne, J.-M. Nonclassical Routes for Amide Bond
Formation. Chem. Rev. 2016, 116, 12029-12122.

Valeur, E.; Bradley, M. Amide Bond Formation: Beyond the Myth of Coupling Reagents. Chem.
Soc. Rev. 2009, 38, 606-631.

Sabatini, M. T.; Boulton, Lee. T.; Sneddon, H. F.; Sheppard, T. D. A Green Chemistry Perspective
on Catalytic Amide Bond Formation. Nat. Catal. 2019, 2, 10-17.

Kollar, L. Modern Carbonylation Methods; Kollar, L., Ed.; Wiley, 2008.

Beller, M.; Wu, X.-F. Transition Metal Catalyzed Carbonylation Reactions; Springer Berlin
Heidelberg: Berlin, Heidelberg, 2013.

Gabriele, B. Carbon Monoxide in Organic Synthesis; Gabriele, B., Ed.; Wiley, 2021.

Wu, X.-F.; Han, B.; Ding, K.; Liu, Z. The Chemical Transformations of C1 Compounds; Wu, X.,

83



27 3CHik

(160)

(161)

(162)

(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

Han, B., Ding, K., Liu, Z., Eds.; Wiley, 2022.

Wu, X.-F.; Neumann, H.; Beller, M. Synthesis of Heterocycles via Palladium-Catalyzed
Carbonylations. Chem. Rev. 2013, 113, 1-35.

Wu, X.-F.; Fang, X.; Wu, L.; Jackstell, R.; Neumann, H.; Beller, M. Transition-Metal-Catalyzed
Carbonylation Reactions of Olefins and Alkynes: A Personal Account. Acc. Chem. Res. 2014, 47,
1041-1053.

Friis, S. D.; Lindhardt, A. T.; Skrydstrup, T. The Development and Application of Two-Chamber
Reactors and Carbon Monoxide Precursors for Safe Carbonylation Reactions. Acc. Chem. Res. 2016,
49, 594-605.

Friis, S. D.; Skrydstrup, T.; Buchwald, S. L. Mild Pd-Catalyzed Aminocarbonylation of
(Hetero)Aryl Bromides with a Palladacycle Precatalyst. Org. Lett. 2014, 16, 4296—4299.

Serrano, E.; Martin, R. Forging Amides Through Metal-Catalyzed C—C Coupling with Isocyanates.
European J. Org. Chem. 2018, 2018, 3051-3064.

Ogbu, 1. M.; Kurtay, G.; Robert, F.; Landais, Y. Oxamic Acids: Useful Precursors of Carbamoyl
Radicals. Chem. Commun. 2022, 58, 7593-7607.

Bai, Q.-F.; Jin, C.; He, J.-Y.; Feng, G. Carbamoyl Radicals via Photoredox Decarboxylation of
Oxamic Acids in Aqueous Media: Access to 3,4-Dihydroquinolin-2(1 H )-Ones. Org. Lett. 2018,
20,2172-2175.

de Pedro Beato, E.; Mazzarella, D.; Balletti, M.; Melchiorre, P. Photochemical Generation of Acyl
and Carbamoyl Radicals Using a Nucleophilic Organic Catalyst: Applications and Mechanism
Thereof. Chem. Sci. 2020, 11, 6312-6324.

Cardinale, L.; Konev, M. O.; Jacobi von Wangelin, A. Photoredox-Catalyzed Addition of
Carbamoyl Radicals to Olefins: A 1,4-Dihydropyridine Approach. Chem. Eur. J. 2020, 26, 8239—
8243.

Wang, H.; Guo, L.; Wang, S.; Duan, X.-H. Decarboxylative Alkynylation of a-Keto Acids and
Oxamic Acids in Aqueous Media. Org. Lett. 2015, 17, 3054-3057.

Huang, H.; Zhang, G.; Chen, Y. Dual Hypervalent lodine(III) Reagents and Photoredox Catalysis
Enable Decarboxylative Ynonylation under Mild Conditions. Angew. Chem., Int. Ed. 2015, 54,
7872-7876.

Minisci, F.; Citterio, A.; Vismara, E.; Giordano, C. Polar Effects in Free-Radical Reactions. New
Synthetic Developments in the Functionalization of Heteroaromatic Bases by Nucleophilic
Radicals. Tetrahedron 1985, 41, 4157-4170.

Westwood, M. T.; Lamb, C. J. C.; Sutherland, D. R.; Lee, A.-L. Metal-, Photocatalyst-, and Light-
Free Direct C—H Acylation and Carbamoylation of Heterocycles. Org. Lett. 2019, 21, 7119-7123.

Jing, K.; Cui, P.-C.; Wang, G.-W. Palladium-Catalyzed Decarboxylative Ortho -Amidation of O -
Methyl Ketoximes with Oxamic Acids. Chem. Commun. 2019, 55, 12551-12554.

Matsuo, B. T.; Oliveira, P. H. R.; Pissinati, E. F.; Vega, K. B.; de Jesus, I. S.; Correia, J. T. M.;

Paixao, M. Photoinduced Carbamoylation Reactions: Unlocking New Reactivities towards Amide

84



(175)

(176)

(177)

(178)

(179)

(180)

(181)

5 3Lk

Synthesis. Chem. Commun. 2022, 58, 8322—8339.

Liu, L.; Zheng, G.; Fan, G.; Du, H.; Tan, J. Research Progress in Organic Reactions Involving 4-
Acyl/Carbamoyl/Alkoxycarbonyl Substituted Hantzsch Esters. Acta. Chim. Sin. 2023, 81, 657.
Manoharan, K.; Bieszczad, B. Acyl-1,4-Dihydropyridines: Universal Acylation Reagents for
Organic Synthesis. Molecules 2024, 29, 3844.

Alandini, N.; Buzzetti, L.; Favi, G.; Schulte, T.; Candish, L.; Collins, K. D.; Melchiorre, P. Amide
Synthesis by Nickel/Photoredox-Catalyzed Direct Carbamoylation of (Hetero)Aryl Bromides.
Angew. Chem., Int. Ed. 2020, 59, 5248-5253.

Ye, X.-Y.; Wang, G.; Jin, Z.; Yu, B.; Zhang, J.; Ren, S.; Chi, Y. R. Direct Formation of Amide-
Linked C -Glycosyl Amino Acids and Peptides via Photoredox/Nickel Dual Catalysis. J. Am. Chem.
Soc. 2024, 146, 5502-5510.

Zhang, L.; Liu, H.; Santiago, T. G.; Martin, R. Dual Catalytic Enantioconvergent Carbamoylation
of Aziridines. J. Am. Chem. Soc. 2025, 147, 44048-44054.

Julia, F.; Constantin, T.; Leonori, D. Applications of Halogen-Atom Transfer (XAT) for the
Generation of Carbon Radicals in Synthetic Photochemistry and Photocatalysis. Chem. Rev. 2022,
122,2292-2352.

Gould, C. A.; Pace, A. L.; MacMillan, David. W. C. Rapid and Modular Access to Quaternary
Carbons from Tertiary Alcohols via Bimolecular Homolytic Substitution. J. Am. Chem. Soc. 2023,
145, 16330-16336.

85



FEBR DS

KER DL

Experimental Section

Table of contents

B1E a0 AR O RENC X 5 MHAT 537 F a7 ) = AAURIG s 87
L GIIETAL ...ttt ettt bt st et h e bt ettt he st ettt eb e ent et ebeeatenbe st 87
2. EXPerimental PrOCEAUIES .......c.eeiuiiriieriieriieiierteesitesie et et esteeste e teesseesseessaesseesseensaesseesssesssesssesssesssesssensees 88
2-1. SYNhESIS OF SUDSIIALES .....eecvieiieiiieiieitieit ettt ettt et ettt et et e teesteessaessaessaessaesseessesssesssesssennnes 88
2-2. Synthesis 0f the cObalt COMPIEXES.....cc.eiruieriiiriieriiiiieciert ettt ettt e seae e e ssaesseenenes 94
2-3. Intramolecular hydroarylation of alkenes by cobalt-photoredox dual catalysis..........c.ccceerverunnnen. 95
2-4. Procedure of 1.0 MMOI-SCAlE TEACTION ......ecueeueeiiiiieiieiieie ettt 104
3. Comparison of the hydroarylation performance for the preparation of 5-lactam 6a............................. 106
4. MecChaniSticC INVESTIZALIONS .......ccvieeiieeiieieerieeite et erteeteeteeteeteeteesseenseesseesseenseensesssessseesseensessseesessennes 110
4-1. Computational METNOAS. .......cccviiiiieiieiieie ettt e te et et e te e e beebeebeenbeesseenseenseenseenns 110
4-2. Detection of a radical intermediate by TEMPO-trapping..........cccceeveeeevieesieenieenieeie e eie e 130
4-3. Detection of a radical intermediate by cyclopropane opening ............ccccceeeveeeveerieesreerreesieenreenneenns 130
4-4. Stern-Volmer qUeNChing EXPEIIMENLS .......ccveeruiervierieerreerieesieesteesteesseesseesseeseesseesseessessseesseessesssennns 130
S REICIEIICES ..ottt ettt ettt h et ettt e b e e a et e et et e et e e bt eh e ent e te bt ehtenteteebe et etetes 131
B2 EE: gL ARSI OB X 2 MHAT 2 0 A5V AAA Y T ) VT e, 133
1. General REMATKS ........couiiiiiiiiitieee ettt ettt ettt ettt et e e te bt est e e ntesbeeneeeenee 133
2. EXperimental PrOCEAUIES.......c..ccuiieiieiieiieie ettt ettt et et e e beebeebeesbeesbeenbeenseenseenseenseenns 134
2-1. Standard LED setup for the r€aCtION .........c.eeieriiriieiieieierieeeie ettt 134
2-2. Screening Of PhOtOCAtALYSES. .....cc.eiiiieiiieieiee ettt sttt s nae s 135
2-3. Intermolecular Hydrobenzylation of Alkenes by Cobalt-photoredox Dual Catalysis................... 136
2-4. Intermolecular Hydrobenzylation at the 1.0 mmol Scale...........cccoceeoierininieninenieeereeeeene 143
2-5. Limitations of Hydrobenzylation ...........ccccieeiieeiieiiieciieieee ettt 144
B RETCICIICES ..ttt ettt ettt b e e st et et e sbeent et e et e eaeent et e ebeeneententeebeenteeeee 145
HI3E: NHWE T AN v RAy T v X BREWES T A4 FDANASEA M. 146
L. General REMATKS .....oouiiiiiiiieieee ettt ettt ettt et et eae et e st e bt ene et e naeeneeneeneeneas 146
2. EXperimental PrOCEAUIE ........c.occiieiiiiieiicie ettt et ettt e ebeebeesaeesbeesseenseenseenseenns 147
B REICIEIICES ..ottt ettt ettt s bt et e et e bt e st et e bt e bt en e e eeateeseent e teebeent et eteebeententetes 148

86



FERDE

1R a0 N ESEMBE O )i X 5 MHAT 2 FA e F a7 ) — ARG

1. General

Reactions were carried out under argon atmosphere unless otherwise noted. NMR spectra were recorded
on JEOL INM-ECS400 spectrometers operating at 391.78 MHz for 'H NMR and 98.52 MHz for 3C NMR,
JEOL JNM-ECX400 spectrometers operating at 396 MHz for 'H NMR and 99.55 MHz for *C NMR, and
JNM-ECA500 spectrometers operating at 500.16 MHz for 'H NMR and 125.77 MHz for 3C NMR.
Chemical shifts were reported in the scale relative to TMS (0.00 ppm for '"H NMR in CDCl3), CHCl; (7.26
ppm for 'H NMR in CDCl3), DMSO (2.50 ppm for 'H NMR in DMSO-d), CDCl; (77.0 ppm for 3C NMR
in CDCl3), DMSO-ds (39.5 ppm for '3C NMR in DMSO-ds), PhCF3 (—63.7 ppm for '°F NMR in CDCl3),
CeHsF (—113.2 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. Reverse phase column
chromatography was performed with Yamazen YFLC AI-580 using Universal column ODS. 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
(Et20), and toluene were purified by Glass Contour solvent purification system 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 m~2s! at 10 ¢cm distance from the LED panel) or Al6OWE TUNA
Blue (purchased from Kessil; Wavelength of peak intensity = 456 nm) as photon source. Cyclic
voltammetry was performed with BAS ALS/DY?2325 potentiostat and BAS model2325 software and the
measurements were conducted in DMF (0.1 M tetrabutylammonium perchlorate) under argon atmosphere
with a standard three electrode setup (working: glassy carbon, reference: Ag/AgNOs, counter: platinum).
UV-Vis spectra were measured with SHIMADZU UV-1850. Measurement of luminescence quenching was
performed with JASCO FP-8600.
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2. Experimental procedures

2-1. Synthesis of substrates

General Procedure A

R )k/CI R
| |
Ar\n/CI RNH, NEt; Ar\n/NH NaH, TBAI Ar\"/N\)J\

0 solvent, 0 °C to r.t. e} DMF, 0 °C tor.t. o) 5

To a solution of the corresponding acyl chloride or sulfonyl chloride (1.0 equiv.) in solvent (DCM or Et;0,
0.5 M), primary amine (3.0 equiv.) and triethylamine (5.0 equiv.) were sequentially added at 0 °C. The
mixture was 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 layer was washed with
brine (x 1). The organic layer was dried over NaxSO4 and concentrated under reduced pressure, and the
obtained crude was filtered through a short pad of silica gel using AcOEt. The obtained crude amide was
used for the next step without further purification.

The crude amide was dissolved in DMF (0.5 M), and NaH (60% mineral oil dispersion, 1.5 equiv.) was
added at 0 °C. The mixture was warmed to room temperature and stirred for 15 minutes, then 3-chloro-2-
methyl-1-propene (2.0 equiv.) and tetrabutylammonium iodide (10 mol%) were added dropwise. Reaction
mixture was stirred overnight and quenched with H>O. Organic material was extracted with AcOEt (x 3)
and the combined organic layer was washed with brine (x 1). The organic layer was dried over Na;SO4 and
concentrated under reduced pressure, and the obtained crude was purified by silica gel flash column

chromatography to afford the amide product S.

4-(N,N-dipropylsulfamoyl)-N-methyl-/V-(2-methylallyl)benzamide (5d)
Br\)J\

MeNHz, NEt3 H K2C03 |
_Cl o _N . /N\)J\
S THF, 0 °C to r.t. SRR DMF, 0 °C to r.t. S
7\ /7N 7\

o,N OO o,N OO o,N OO
S1 S2
1-dodecanethiol O\\S’/O O\\S//O
LiIOH-H,0 l\J\ TN EDC+HCI, DMAP > "N l\J\
— +
DMF, r.t. HN H OH MeCN, r.t. ﬁ N
S3 probenecid © 5d O

To a solution of 2-nitrobenzenesulfonyl chloride (6.7 g, 30 mmol) in THF (30 mL), 2 M methylamine
solution in THF (45 mL, 90 mmol) and triethylamine (21 mL, 150 mmol) were sequentially added at 0 °C.
The mixture was warmed to room temperature and was stirred overnight. The reaction mixture was

quenched with aq. 1 M HCI and organic material was extracted with AcOEt (x 3). The combined organic
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layer was washed with brine (x 1), dried over Na,SO4 and concentrated under reduced pressure. The
obtained crude was roughly purified by recrystallization from hexane and AcOEt, to afford crude N-methyl-

2-nitrobenzenesulfonamide (S1) (5.8 g) as a pale yellow solid.

To a solution of crude S1 (5.8 g) in DMF (26.7 mL), 3-bromo-2-methylpropene (3.0 mL, 29.4 mmol) and
K>COs (11 g, 80 mmol) were sequentially added at 0 °C. The mixture was allowed to warm to room
temperature and stirred overnight. The reaction mixture was quenched with saturated aq. NH4Cl at 0 °C
and organic material was extracted with Et;O (x 3). The combined organic layer was washed with brine (x
1), dried over Na,SO4 and concentrated under reduced pressure. The obtained crude was roughly purified
by flash column chromatography (silica gel, hexane/AcOEt = 2/1), to afford crude N-methyl-N-(2-
methylallyl)-2-nitrobenzenesulfonamide (S2) (6.8 g) as a pale yellow oil.

To a solution of crude S2 (2.7 g) in DMF (25 mL), LiOH*H>O (839 mg, 20 mmol) and 1-dodecanethiol
(4.8 mL, 20 mmol) were added at room temperature. The mixture was stirred for 2.5 hours and diluted with
hexane-AcOEt (100 mL, 1/1). The crude amine was extracted with aq. 1 M HCI (x 2) and the combined
aqueous layer was washed with hexane-AcOEt (1/1). The aqueous layer was basified with aq. 1 M NaOH
until pH = 13. From the aqueous layer, organic material was extracted with Et;O (x 2). The combined
organic layer was washed with brine (x 1) and dried over Na>SO4. Solvent was roughly removed under
reduced pressure, to afford crude solution of 1.6 M N,2-dimethylprop-2-en-1-amine (S3) in AcOEt (1.6 g,
ca. 2.85 mmol, ca. 24% for 3 steps) as a yellow liquid, which was used for the next step without further

purification.

To a solution of probenecid (285 mg, 1.0 mmol) in acetonitrile (13 mL), the solution of S3 (750 mL, ca.
1.2 mmol), EDC*HCI (230 mg, 1.2 mmol) and 4-dimethylaminopyridine (12 mg, 0.1 mmol) were
sequentially added and stirred at room temperature for 3 hours. Volatiles were removed under reduced
pressure, and the residue was dissolved in AcOEt. The solution was washed with H>O (x 1) and with brine
(x 1) and dried over Na;SOs. After concentrated under reduced pressure, the obtained crude product was
purified by flash column chromatography (silica gel, hexane/AcOEt = 2/1) to provide 5d as a colorless
viscous oil (287 mg, 0.814 mmol, 81%). IR (neat) 2969, 2933, 2874, 1732, 1714, 1633, 1341, 1149, 1087,
1065, 989, 769, 717 cm™'. 'TH NMR (DMSO-ds, 100 °C, 400 MHz) d 7.84 (2H, d, J= 8.1 Hz), 7.59 (2H, d,
J=28.1 Hz), 4.94 (1H, s), 4.87 (1H, s), 3.91 (2H, s), 3.10 (4H, t, J = 7.4 Hz), 2.89 (3H, s), 1.65 (3H, s),
1.56-1.47 (4H, m), 0.83 (6H, t, J = 7.4 Hz). 3C NMR (DMSO-ds, 100 °C, 100 MHz) d 168.8, 140.2,
140.00, 139.96, 126.9, 126.4, 111.5, 53.9, 49.2, 34.2, 21.0, 19.0, 10.3. HRMS (ESI): m/z calculated for
CisH2803N>SNa* [M+Na]*: 375.1713, found: 375.1722. Rf 0.36 (hexane/AcOEt = 1/1).

N-methoxy-4-methyl-/V-(2-methylallyl)benzamide (5j)
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According to the general procedure A, 5j was prepared from 4-methylbenzoyl chloride

\< (396 mL, 3.0 mmol) and O-methylhydroxylamine hydrochloride (752 mg, 9.0 mmol).
\©\[(N\0Me DCM was used as the solvent for the first step. The crude product was purified by

© flash column chromatography (silica gel, hexane/AcOEt = 5/1) to provide 1j as a
colorless oil (330 mg, 50% for 2 steps). IR (neat) 1741, 1553, 1540, 1501, 1362, 1212, 1121, 769, 717,
672,592 cm™'. 'TH NMR (CDCl3, 500 MHz) d 7.62 (2H, d, J= 8.0 Hz), 7.20 (2H, d, /= 8.0 Hz), 5.01 (1H,
s),4.97 (1H, s), 4.31 (2H, s), 3.54 (3H, s), 2.39 (3H, s), 1.81 (3H, s). 13C NMR (CDCl3, 125 MHz) d 169.4,
140.6, 139.9, 131.0, 128.4, 128.0, 113.2, 61.2, 52.0, 21.2, 19.8. HRMS (ESI): m/z calculated for
Ci3H170:NNa* [M+Na]*: 242.1152, found: 242.1158. Rf 0.65 (hexane/AcOEt = 1/1).

N-benzyl-4-chloro-N-(2-methylallyl)benzamide (5k)
According to the general procedure A, 5k was prepared from 4-chlorobenzoyl chloride
“ \< (383 mL, 3.0 mmol) and benzyl amine (983 mL, 9.0 mmol). Et,O was used as the
\©\[(N\Bn solvent for the first step. The crude product was purified by flash column
© chromatography (silica gel, hexane/AcOEt = 4/1) to provide Sk as a white solid (868
mg, 96% for 2 steps). MP 67.6-68.8 °C. IR (KBr) 3056, 3028, 2969, 2930, 1641, 1588, 1449, 1415, 1268,
1080, 847 cm™'. 'TH NMR (DMSO-ds, 100 °C, 400 MHz) d 7.46-7.43 (4H, brm), 7.35-7.27 (5H, brm),
4.94 (1H, s), 4.82 (1H, s), 4.55 (2H, s), 3.83 (2H, s), 1.61 (3H, s). 13C NMR (DMSO-ds, 100 °C, 100 MHz)
d 169.6, 139.9, 136.6, 134.8, 133.7, 128.00, 127.95, 127.8, 126.9, 126.7, 111.7, 51.6, 48.4, 19.2. HRMS
(ESI): m/z calculated for C1sHi;sONCINa*™ [M+Na]*: 322.0969, found: 322.0976. Rf 0.85 (hexane/AcOEt

= 1/1).

N-(4-methoxybenzyl)-4-methyl-/N-(2-methylallyl)benzamide (51)
According to the general procedure A, 21 was prepared from 4-methylbenzoyl chloride
\< (396 mL, 3.0 mmol) and 4-methoxybenzyl amine (1.2 mL, 9.0 mmol). DCM was used
\©\y(N\PMB as the solvent for the first step. The crude product was purified by flash column
© chromatography (silica gel, hexane/AcOEt = 3/1) to provide 5l as a colorless viscous
0il (790 mg, 86% for 2 steps). IR (neat) 1631, 1508, 1452, 1411, 1244, 1173, 1031, 892, 819, 769, 721 cm™
. TH NMR (DMSO-ds, 100 °C, 400 MHz) d 7.31 (2H, d, J= 8.1 Hz), 7.22 (2H, d, J= 7.6 Hz), 7.16 (2H,
d, J=8.1 Hz), 6.90 (2H, d, J = 8.5 Hz), 4.94 (1H, s), 4.82 (1H, s), 4.49 (2H, s), 3.82 (2H, s), 3.76 (3H, s),
2.34 (3H, s), 1.62 (3H, s). *C NMR (DMSO-ds, 100 °C, 100 MHz) d 170.6, 158.3, 140.1, 138.4, 133.3,
128.8, 128.29, 128.27, 125.9, 113.7, 111.5, 54.7, 51.1, 48.0, 20.2, 19.2. HRMS (ESI): m/z calculated for
C20H230,NNa* [M+Na]*: 332.1621, found: 332.1630. Rf 0.22 (hexane/AcOEt = 3/1).

N-(methoxymethyl)-4-methyl-V-(2-methylallyl)benzamide (Sm)
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HZN\J\ MOMCI

NEtg H\)J\ NaH, TBAI MiM)J\
Cl' pcm,0°Ctort. N DMF, 0 °C to r.t. N
o)
5m

(6] (6]
S4
To a solution of 4-methylbenzoyl chloride (661 mL, 5.0 mmol) in DCM (10 mL), 2-methylallyl amine (900
mL, 10 mmol) and triethylamine (3.5 mL, 25 mmol) were sequentially added at 0 °C. The mixture was
allowed to warm to room temperature and was stirred overnight and quenched with 1 M aq. HCI. Organic
material was extracted with DCM (x 3) and the combined organic layer was washed with brine (x 1). The
organic layer was dried over Na,SO4 and concentrated under reduced pressure. The obtained crude was
roughly purified by flash column chromatography (silica gel, hexane/AcOEt = 1/1) to afford crude 4-
methyl-N-(2-methylallyl)benzamide (S4) (919 mg) as a white solid.

S4 (919 mg) was dissolved in DMF (9.8 mL) and NaH (60% mineral oil dispersion, 296 mg, 7.4 mmol)
was added at 0 °C. After the mixture was warmed to room temperature and stirred for 15 minutes,
chloromethyl methyl ether (744 mL, 9.8 mmol) and tetrabutylammonium iodide (185 mg, 0.50 mmol) were
added dropwise. The reaction mixture was stirred overnight and quenched with H>O. Organic material was
extracted with AcOEt (x 3) and the combined organic layer was washed with brine (x 1). The organic layer
was dried over Na,SO4 and concentrated under reduced pressure. The obtained crude was purified by flash
column chromatography (silica gel, hexane/AcOEt = 7/2) to provide Sm as a colorless oil (307 mg, 25%
for 2 steps). IR (neat) 2976, 2937, 2902, 1739, 1648, 1087, 905, 829, 763, 717 cm™!. "TH NMR (DMSO-ds,
100 °C, 400 MHz) d 7.37 (2H, d, J=8.1 Hz), 7.25 (2H, d, /= 7.6 Hz), 4.91 (1H, s), 4.87 (1H, s), 4.60 (2H,
s), 4.03 (2H, s), 3.18 (3H, s), 2.36 (3H, s), 1.70 (3H, s). 13C NMR (DMSO-ds, 100 °C, 100 MHz) d 171.0,
140.4, 139.0, 132.7, 128.2, 126.4, 111.1, 78.4, 54.6, 49.8, 20.3, 19.3. HRMS (ESI): m/z calculated for
Ci1sH1900,NNa* [M+Na]*: 256.1308, found: 256.1314. Rf 0.61 (hexane/AcOEt = 1/1).

(E)-4-chloro-N-methyl-N-(2-methylpent-2-en-1-yl)benzamide (5n)

CeClz*7H,0 phthalimide
H\H)\/\ NaBH,4 HO\)\/\ DIAD, PPh3 PhthN\)\/\

MeOH, 0 °C to r.t. THF, 0 °C tor.t.

0 S5 S6
MeNH, (33 wt% in EtOH) cr 4-chlorobenzoyl chloride  Cl
H
reflux H3N+\)\/\ NEt, N\)\/\
then HCI (1 M in ether) DCM, 0 °C to r.t.
o)
S7

Cl
I
Mel, NaH N S
DMF, 0 °C to r.t.
(0]
5n
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According to the reported procedure,!3!! (E)-2,3-dimethyl-4-phenylbut-3-en-2-ol (S5) was prepared from
2-methyl-2-pentanal (1.14 mL, 10 mmol). The crude allylic alcohol was roughly purified by flash column
chromatography (silica gel, hexane/AcOEt = 3/1) and the obtained crude S5 (a colorless oil, 899 mg) was

used for the next step without further purification.

The crude S5 (899 mg), phthalimide (2.0 g, 13.6 mmol) and PPh; (3.5 g, 13.3 mmol) was dissolved in THF
(18 mL). The solution was cooled to 0 °C and diisopropyl azodicarboxylate (DIAD, 2.9 mL, 14.7 mmol)
was added dropwise. The mixture was allowed to warm to room temperature and was stirred overnight.
Volatiles were removed under reduced pressure, and the residue was dissolved in DCM. The solution was
washed with 1 M aq. NaOH (x 2), brine (x 1). The solution was dried over Na,SO4, concentrated under
reduced pressure and roughly purified by flash column chromatography (silica gel, hexane/DCM = 2/1) to
afford crude (F)-2-(2-methylpent-2-en-1-yl)isoindoline-1,3-dione (S6) (1.1 g) as an off-white solid.

The crude S6 (1.1 g) was dissolved in 33 wt% MeNH; solution in ethanol (12 mL), warmed to reflux and
stirred for 1 hour. After cooled to room temperature, the mixture was filtered using Et,O. The filtrate was
concentrated under reduced pressure to half of its volume. Then, HCI (1 M in Et,O, 7.8 mL) was added to
the filtrate and the mixture was stirred for 5 minutes. Volatiles were removed under reduced pressure, and
the residue was dissolved in DCM (24 mL). To the solution, triethylamine (2.8 mL, 24 mmol) and 4-
chlorobenzoyl chloride (1.2 mL, 9.4 mmol) was added dropwise at 0 °C. The reaction mixture was warmed
to room temperature and stirred overnight. Then, the reaction was quenched with saturated ag. NaHCO3
and organic material was extracted with DCM (x 3). The combined organic layer was washed with 1 M aq.
HCI (x 1), brine (x 1) and dried over Na>SOs. The solution was concentrated under reduced pressure, and
was roughly purified by flash column chromatography (silica gel, hexane/AcOEt = 4/1) to afford crude
(E)-4-chloro-N-(2-methylpent-2-en-1-yl)benzamide (S7) (822 mg) as a white solid.

The crude S7 (822 mg) was dissolved in DMF (7.0 mL), and NaH (60% mineral oil dispersion, 210 mg,
5.3 mmol) was added at 0 °C. The mixture was warmed to room temperature and stirred for 15 minutes,
then iodomethane (436 mL, 7.0 mmol) was added dropwise. Reaction mixture was stirred for 3.5 hours and
quenched with H>O. Organic material was extracted with AcOEt (x 3) and the combined organic layer was
washed with brine (x 1). The organic layer was dried over Na,SO4and concentrated under reduced pressure.
The crude product was purified by flash column chromatography (silica gel, hexane/AcOEt = 3/1) to
provide Sn as a colorless oil (628 mg, 2.49 mmol, 25% for 5 steps). IR (neat) 2965, 2864, 1749, 1633,
1400, 1264, 1216, 1091, 766, 717 cm™'. "TH NMR (DMSO-ds, 100 °C, 400 MHz) d 7.45 (2H, d, J = 8.5
Hz), 7.39 (2H, d, J= 8.5 Hz), 5.29 (1H, t, J= 7.0 Hz), 3.86 (2H, s), 2.82 (3H, s), 2.08-1.99 (2H, m), 1.52
(3H, s), 0.95 (3H, t, J = 7.4 Hz). 13C NMR (DMSO-ds, 100 °C, 100 MHz) d 169.1. 135.1. 133.5. 129.1.
128.5. 128.0. 127.8. 55.3. 33.5. 19.9. 13.2. 13.0. HRMS (ESI): m/z calculated for Ci4Hi;sONCINa*
[M+Na]": 274.0969, found: 274.0975. Rf 0.24 (hexane/AcOEt = 3/1).
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N-methyl-N-(2-methylallyl)benzenesulfonamide (Sp)
\< According to the general procedure A, 5p was prepared from benzenesulfonyl chloride (384
@\ N mL, 3.0 mmol) and 33 wt% MeNH solution in ethanol (1.1 mL, 9.0 mmol). Et,O was used

~
/7 \\

as the solvent for the first step. The crude product was purified by flash column
chromatography (silica gel, hexane/AcOEt = 5/1) to provide 5p as a pale-yellow oil (442 mg, 98% for 2
steps). IR (neat) 2965, 1749, 1714, 1341, 1216, 1160, 923, 776, 752, 717 cm™'. TH NMR (CDCl3, 400
MHz) d 7.81-7.79 (2H, m), 7.62-7.59 (1H, m), 7.55-7.52 (2H, m), 4.93 (1H, s), 4.86 (1H, s), 3.52 (2H, s),
2.62 (3H, s), 1.77 (3H, s). 3C NMR (CDCls, 125 MHz) d 139.8, 137.2, 132.5, 129.0, 127.2, 114.6, 56.5,
33.8, 19.5. HRMS (ESI): m/z calculated for Ci;HisO>2NSNa* [M+Na]*: 248.0716, found: 248.0722. Rf
0.81 (hexane/AcOEt = 1/1).

N-(4-chlorophenyl)-4-methyl-NV-(3-methylbut-2-en-1-yl)benzenesulfonamide (1c)

ol TsCl, NEt, cl Br/\)\ ol
NH, DCM,0°C tordt. NHTs  DMF, 0°C tordt. NN

2 |
Ts
S8 1c

According to the reported procedure, 2! crude N-(4-chlorophenyl)-4-methylbenzenesulfonamide (S8) was
prepared from 4-chloroaniline (638 mg, 5.0 mmol). The crude S8 (2.2 g) was used for the next step without
further purification.

The crude S8 (2.2 g) was dissolved in DMF (10 mL) and NaH (60% mineral oil dispersion, 300 mg, 7.5
mmol) was added at 0 °C. After the mixture was warmed to room temperature and stirred for 15 minutes,
1-bromo-3-methyl-2-butene (1.2 mL, 10 mmol) was added dropwise. The mixture was stirred overnight
and quenched with H>O (5.0 mL), MeOH (5.0 mL) and K»CO3 (1.0 g). Organic material was extracted with
AcOEt (x 3) and the combined organic layer was washed with H,O (x 2), brine (x 1). The organic layer
was dried over Na,SO4 and concentrated under reduced pressure. The obtained crude was purified by flash
column chromatography (silica gel, hexane/AcOEt = 10/1) to provide 1¢ as a white solid (144 mg, 8% for
2 steps). MP 86.9-88.0 °C. IR (KBr) 2976, 2916, 2861, 1488, 1337, 1153, 1083, 745, 661, 581 cm™'. 'H
NMR (DMSO-ds, 400 MHz) d 7.47 (2H, d, J= 8.5 Hz), 7.40-7.36 (4H, m), 7.08-7.04 (2H, m), 4.99 (1H,
tt,/=7.0, 1.3 Hz), 4.14 (2H, d, J=7.2 Hz), 2.39 (3H, s), 1.54 (3H, s), 1.46 (3H, s). ¥*C NMR (CDCl3, 100
MHz) d 143.5, 137.9, 137.4, 135.2, 133.4, 130.0, 129.4, 128.9, 127.6, 118.3, 48.4, 25.6, 21.5, 17.8. HRMS
(ESI): m/z calculated for C1sH20O0>NCISNa* [M+Na]*: 372.0796, found: 372.0806. Rf 0.23 (hexane/AcOEt
=10/1).

ethyl (S)-2-benzamido-3-(4-((3-methylbut-3-en-1-yl)oxy)phenyl)propanoate (1e)
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Et0” K,CO3 EtO

NH NH
Bz~ OH acetone, r.t. Bz~ o

1e

To a solution of N-benzoyl-L-tyrosine ethyl ester (1.6 g, 5.0 mmol) in acetone (10 mL), K»CO3 (4.6 g, 34
mmol) and 1-bromo-3-methyl-2-butene (866 mL, 7.5 mmol) were sequentially added and the mixture
stirred at room temperature overnight. To the reaction mixture, ethanol (10 mL) was added and stirred for
1 hour and H>O (10 mL) was added. Organic material was extracted with AcOEt (x 3) and combined
organic layer was washed with brine (x 1). The organic layer was dried over Na;SO4 and concentrated
under reduced pressure. Obtained crude mixture was purified by flash column chromatography (silica gel,
hexane/AcOEt = 3/1) to provide 1e as a white solid (1.6 g, 83%). MP 83.1-85.4 °C. IR (KBr) 3341, 3066,
2969, 2924, 2864, 1752, 1641, 1523, 1244, 1212, 1173 cm™!. TH NMR (CDCls, 400 MHz) d 7.74 (2H, d,
J=17.2Hz), 7.54-7.49 (1H, m), 7.45-7.41 (2H, m), 7.04 (2H, d, J= 8.5 Hz), 6.83 (2H, dt,/=9.1, 2.5 Hz),
6.58 (1H, d, J= 7.6 Hz), 5.48 (1H, tt, J= 7.0, 1.5 Hz), 5.03 (1H, td, /= 6.5, 4.8 Hz), 4.47 (2H, d, /= 6.7
Hz), 4.22 2H, q, J = 7.2 Hz), 3.26-3.15 (2H, m), 1.79 (3H, s), 1.73 (3H, s), 1.29 (3H, t, J= 7.2 Hz). BC
NMR (CDCl;, 100 MHz) d 171.4, 166.5, 157.6, 137.5, 133.6, 131.2, 130.0, 128.1, 127.6, 126.7, 119.4,
114.3,64.3, 61.1, 53.5, 36.5, 25.4, 17.8, 13.8. HRMS (ESI): m/z calculated for C»3H>704NNa* [M+Na]*:
404.1832, found: 404.1845. Rf 0.71 (hexane/AcOEt = 1/1).

2-2. Synthesis of the cobalt complexes

42,1531 4b34 and 4¢!5%) were prepared according to the reported procedure.
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2-3. Intramolecular hydroarylation of alkenes by cobalt-photoredox dual catalysis

General procedure B

. Ru(bpy)sCl, (2.0 mol%) N
| 4a (10 mol%) H N
N ' H
O0E
6

\/\ ascorbic acid (3.0 equiv)
EtOH, 25 °C, 18 h
blue LED
5
In an argon filled glove box, a flame dried reaction vial was charged with Ru(bpy);Cl,*6H>O (3.0 mg, 4.0
mmol), 4a (12.0 mg, 20 umol), ascorbic acid (106 mg, 0.60 pmol), alkene 5 (0.20 mmol) and ethanol (3.0

mL). The vial was capped and removed from the glove box. The reaction vial was placed in front of the
light source (ca. 3 cm from two blue LED panels) in a cold room (4 °C) so that the temperature of the
reaction mixture was kept approximately at 25 °C (see Figures S1 and S2). After stirring for indicated time,
the mixture was cooled in an ice bath and sat. aq. NaHCO3 was added. Organic material was extracted with
EtOAc (x 3) and the combined organic layer was washed with brine (x 2). The organic layer was dried over
Na;SO4 and concentrated under reduced pressure. Obtained crude mixture was purified by column

chromatography (silica gel) to afford the hydroarylated product 6.

General procedure C
[Ru(bpy)3l[PFel2 (2.0 mol%) \

! 4a (10 mol%) H N
-~ ' H
O8K
2

\\/\\ ascorbic acid (2.0 equiv)
tBUOH/H,0, 25 °C, 18 h
In an argon filled glove box, a flame dried reaction vial was charged with an Ru(bpy)3(PF)2 (3.4 mg, 4.0

blue LED
1

umol), 4a (12.0 mg, 20 umol), ascorbic acid (70.4 mg, 0.40 mmol) and alkene 1 (0.20 mmol). The vial was
capped and removed from the glove box. A mixed solvent (terz-butyl alcohol/H,O = 3/1, 3.0 mL) was added
to the vial via syringe, and the syringe hole was carefully sealed with a vinyl tape. The reaction vial was
placed in front of the light source (ca. 3 cm from two blue LED panels) in a cold room (4 °C) so that the
temperature of the reaction mixture was kept approximately at 25 °C (see Figures S1 and S2). After stirring
for indicated time, the mixture was cooled in an ice bath and sat. aq. NaHCO3 was added. Organic material
was extracted with Et;O (x 3) and the combined organic layer was washed with brine (x 1). The organic
layer was dried over Na;SO4 and concentrated under reduced pressure. Obtained crude mixture was

purified by column chromatography (silica gel) to afford the hydroarylated product 2.
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Figure S1. Standard LED setup for the HAT hydroarylation
The reaction vials are placed between the two blue LED panels (ISLM-150X150-BB447, CCS) in the cold

room (4 °C) and the reaction temperature is monitored using a thermometer placed by the reaction vessels.

Figure S2. Additional description of the LED setup

For a clear description, the setup is as shown in Figure S2 when one LED panel is removed.
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6-chloro-4,4-dimethylchromane (2a)

o . Prepared according to the general procedure C (18 h),
\©\ /\)\ — \©fﬁ using 1a (39.3 mg, 0.20 mmol). The crude was purified by
12 ~ 2a 0 flash column chromatography (silica gel, hexane/AcOH =
370/1), and 2a was isolated as a colorless oil (28.3 mg,
72%). NMR spectra of the obtained product were consistent with the reported one.[5! TH NMR (CDCl;,
400 MHz) d 7.20 (1H, d, J = 2.3 Hz), 7.00 (1H, dd, J = 8.6, 2.3 Hz), 6.71 (1H, d, J = 8.6 Hz), 4.184.15
(2H, m), 1.82-1.79 (2H, m), 1.31 (6H, s). 3C NMR (CDCls, 100 MHz) d 152.2, 133.2, 127.0, 126.7, 125.0,

118.3,63.1,37.2,30.9, 30.8. Rf 0.27 (hexane/AcOH = 370/1).

6-chloro-4,4-dimethylchromane (2a’)

Prepared according to the general procedure C (18 h), using 1a’

Cl\@\\é —»Cl\©\>§ (39.3 mg, 0.20 mmol). The crude was purified by flash column
1an 2a'o chromatography (silica gel, hexane/AcOH = 370/1), and 2a’ was
isolated as a colorless oil (29.7 mg, 76%). NMR spectra of the

obtained product were consistent with the reported one.[31 TH NMR (CDCl;, 500 MHz) d 7.20 (1H, d, J =
2.3 Hz), 7.00 (1H, dd, J = 8.9, 2.3 Hz), 6.71 (1H, d, J = 8.6 Hz), 4.184.16 (2H, m), 1.82-1.80 (2H, m),
1.32 (6H, s). *C NMR (CDCls, 125 MHz) d 152.2, 133.2, 127.0, 126.7, 125.0, 118.3, 63.1, 37.2, 30.9,

30.8. Rf 0.27 (hexane/AcOH = 370/1).

6-methoxy-4,4-dimethylchromane (2b)

M eo\@\)ﬁ Prepared according to the general procedure C (18 h), using 1b (38.5 mg, 0.20 mmol).
The crude was purified by flash column chromatography (silica gel, hexane/Et,O =
18/1), and 2b was isolated as a pale yellow oil (31.0 mg, 81%). NMR spectra of the

obtained product were consistent with the reported one.[3 TH NMR (CDCl;, 500 MHz) d 6.80 (1H, d, J =

2.9 Hz), 6.72 (1H, d, /= 8.6 Hz), 6.65 (1H, dd, /= 8.6, 2.9 Hz), 4.14 (2H, t, /= 5.4 Hz), 3.76 (3H, s), 1.81

(2H, t, J= 5.2 Hz), 1.32 (6H, s). ®*C NMR (CDCls, 125 MHz) d 153.4, 147.7, 132.4, 117.3, 112.6, 112.3,

62.9,55.7,37.8,31.1, 30.9. Rf 0.23 (hexane/Et,O = 18/1).

6-chloro-4,4-dimethyl-1-tosyl-1,2,3,4-tetrahydroquinoline (2c)
ol \@\)ﬁ Prepared according to the general procedure C (18 h), using 1¢ (70.0 mg, 0.20 mmol). The
crude was purified by flash column chromatography (silica gel, hexane/DCM/AcOH =
?S 3/1/0.1), and 2¢ was isolated as a pale yellow solid (69.1 mg, 99%). NMR spectra of the
obtained product were consistent with the reported one.[53 'TH NMR (CDCls, 400 MHz)
d 7.78 (1H, d, J=9.0 Hz), 7.45 (2H, d, J = 8.1 Hz), 7.22-7.20 (2H, m), 7.14 (1H, dd, J = 8.8, 2.5 Hz),
3.81-3.78 (2H, m), 2.38 (3H, s), 1.34-1.31 (2H, m), 1.00 (6H, s). *C NMR (CDCls, 100 MHz) d 143.8,
140.4, 136.6, 134.0, 130.6, 129.6, 127.1, 127.0, 126.4, 126.3, 43.5, 35.2, 32.6, 31.0, 21.5. Rf 0.20
(hexane/AcOEt = 10/1).
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6-chloro-4-methyl-1-tosyl-1,2,3,4-tetrahydroquinoline (2d)

4CzIPN (2.0 mol%) N
4a (10 mol%) o NC CN

Cl
\@\ ascorbic acid (2.0 equiv)
N "X (BUOH/H,O, 40 °C, 20 h N 0 N N ‘

Ts Ts N
o blue LED ” O O O ‘

4CzIPN

In an argon filled glove box, a flame dried flask was charged with 4CzIPN (3.2 mg, 4.0 umol), 4a (12.0
mg, 20 pumol), ascorbic acid (70.4 mg, 0.40 mmol) and alkene 1d (67.2 mg, 0.20 mmol). The flask was
attached with three-way stopcock and removed from the glove box. The stopcock was equipped with a
balloon filled with argon and a septum. A mixed solvent (fert-butyl alcohol/H,O = 3/1, 6.0 mL) was added
to the vial via syringe. The flask was placed in front of the light source (ca. 2 cm from A160WE Tuna Blue,
Kessil inc.) at room temperature without external cooling so that the temperature of the reaction mixture
was kept approximately at 40—45 °C. After stirring for 20 hours, the mixture was cooled in an ice bath and
sat. aq. NaHCO3 was added. Organic material was extracted with Et,O (x 3) and the combined organic
layer was washed with brine (x 1). The organic layer was dried over Na,SO4 and concentrated under
reduced pressure. The obtained crude mixture was purified by open column chromatography (silica gel,
hexane/AcOEt = 15/1) to afford the hydroarylated product 2d as a white solid (38.8 mg, 58%). MP 111.0—
114.6 °C. IR (KBr) 3118, 3062, 2982, 2961, 2924, 2871, 1592, 1480, 1397, 1355, 1341, 1163, 1059, 769,
665 cm™'. 'TH NMR (CDCls, 400 MHz) d 7.76 (1H, d, J = 9.0 Hz), 7.46 (2H, d, J=8.2 Hz), 7.21 2H, d, J
=17.9 Hz), 7.15 (1H, dd, J = 8.6, 2.5 Hz), 7.09 (1H, d, J = 1.8 Hz), 3.82 (1H, ddd, J = 13.5, 6.6, 4.5 Hz),
3.76-3.69 (1H, m), 2.52 (1H, td, J = 13.8, 7.1 Hz), 2.38 (3H, s), 1.73-1.66 (1H, m), 1.30-1.21 (1H, m),
1.00 (3H, d, /= 7.2 Hz). BC NMR (CDCls, 100 MHz) d 143.7, 137.2, 136.3, 134.8, 130.4, 129.6, 127.6,
127.1, 126.5, 126.2, 44.6, 30.3, 29.0, 21.5, 21.4. HRMS (ESI): m/z calculated for Ci17Hi;s0>NCISNa*
[M+Na]*: 358.0639, found: 358.0633. Rf 0.35 (hexane/AcOEt = 5/1).

ethyl (S)-2-benzamido-3-(4,4-dimethylchroman-6-yl)propanoate (2e)

o) Prepared according to the general procedure C (18 h), using 1e (76.3 mg, 0.20
Et0” Y mmol). The crude was purified by open column chromatography (silica gel,
Bz 0~ hexane/AcOEt = 4/1), and 2e was isolated as an off-white solid (56.0 mg, 73%).

MP 74.9-78.5 °C. IR (KBr) 3313, 2954, 2920, 1735, 1637, 1529, 1491, 1289, 1227, 1059, 1035 cm™". 'H
NMR (CDCl;, 400 MHz) d 7.74 (2H, d, J = 7.2 Hz), 7.51-7.47 (1H, m), 7.43-7.39 (2H, m), 6.99 (1H, d,
J=22Hz), 6.82 (1H, dd, J = 8.3, 2.5 Hz), 6.70 (1H, d, J = 8.5 Hz), 6.61 (1H, d, J = 7.6 Hz), 5.04-5.00
(1H, m), 4.26-4.18 (2H, m), 4.15 (2H, t, J = 5.6 Hz), 3.24-3.14 (2H, m), 1.79 (2H, t, J= 5.4 Hz), 1.31 (3H,
t,J=7.2Hz), 1.26 (3H, s), 1.22 (3H, s). *C NMR (CDCls, 100 MHz) d 171.6, 166.6, 152.7, 133.9, 131.7,
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131.5, 128.5, 128.0, 127.8, 127.3, 126.9, 117.0, 62.9, 61.5, 53.5, 37.4, 37.1, 30.93, 30.90, 30.4, 14.2.
HRMS (ESI): m/z calculated for C3H»;OsNNa® [M+Na]*: 404.1832, found: 404.1844. Rf 0.47
(hexane/AcOEt = 2/1).

1,3,3-trimethylindolin-2-one (2f)
Prepared according to the general procedure C (18 h), using 1f (37.9 mg, 0.20 mmol). The
o crude was purified by flash column chromatography (silica gel, hexane/AcOEt = 7/1), and
N\ 2f was isolated as a pale orange oil (29.0 mg, 77%). NMR spectra of the obtained product
were consistent with the reported one.[S¢) TH NMR (CDCls, 500 MHz) d 7.26 (1H, t,J=7.7 Hz), 7.21 (1H,
d,J=7.4Hz), 7.06 (14, t, J = 7.4 Hz), 6.85 (1H, d, J = 8.0 Hz), 3.22 (3H, s), 1.37 (6H, s). 3C NMR
(CDCl3, 125 MHz) d 181.3, 142.6, 135.8, 127.6, 122.4, 122.2, 108.0, 44.1, 26.1, 24.3. Rf 0.22

(hexane/AcOEt = 5/1).

6-chloro-2,4,4-trimethyl-3,4-dihydroisoquinolin-1(2 H)-one (6a)
Prepared according to the general procedure B (18 h), using 5a (44.7 mg, 0.20 mmol).
“ The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =
N 3/2), and 6a was isolated as a brown solid (39.8 mg, 89%). MP 66.7-68.0 °C. IR
(KBr) 2961, 1651, 1592, 1495, 1439, 1400, 1335, 1257, 1163, 1125 cm™'. 'H NMR
(CDCl3, 500 MHz) d 8.03 (1H, d, J= 8.6 Hz), 7.29 (1H, dd, /= 8.3, 2.0 Hz), 7.26 (1H, d, J= 1.7 Hz), 3.31
(2H, s), 3.16 (3H, s), 1.33 (6H, s). 3C NMR (CDCls, 125 MHz) d 163.6, 148.3, 138.1, 130.1, 127.0, 126.4,
123.7,60.3, 35.3, 34.3, 26.4. HRMS (ESI): m/z calculated for C1,H1sONCINa* [M+Na]*: 246.0656, found:

246.0659. Rf 0.30 (hexane/AcOEt = 3/2).

6-fluoro-2,4,4-trimethyl-3,4-dihydroisoquinolin-1(2H)-one (6b)
Prepared according to the general procedure B (18 h), using 5b (41.5 mg, 0.20 mmol).
The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =
1/1), and 6b was isolated as a colorless oil (37.3mg, 90%). IR (neat) 2972, 1717, 1655,
1439, 1261, 1149, 1080, 822, 769, 703 cm™'. "TH NMR (CDCls, 400 MHz) d 8.10 (1H,
dd, J = 8.6, 6.3 Hz), 7.00-6.94 (2H, m), 3.32 (2H, s), 3.16 (3H, s), 1.33 (6H, s). 13C NMR (CDCl;, 100
MHz) d 166.3, 163.7 (d, J= 18.1 Hz), 149.6 (d, /= 7.6 Hz), 131.2 (d, /= 9.5 Hz), 124.3 (d, J = 2.9 Hz),
113.7 (d, J=21.9 Hz), 110.4 (d, J=22.9 Hz), 60.3, 35.2, 34.3 (d, J= 1.9 Hz), 26.4. F NMR (CDCl;, 369
MHz) [CeHsF (—113.2) as an internal standard] d —107.35—107.42 (1F, m). HRMS (ESI): m/z calculated
for C1,Hi4sONFNa* [M+Na]*: 230.0952, found: 230.0955. Rf 0.20 (hexane/AcOEt = 1/1).

=z

2,4,4-trimethyl-6-(trifluoromethyl)-3,4-dihydroisoquinolin-1(2H)-one (6¢)
Prepared according to the general procedure B (18 h), using 5¢ (51.5 mg, 0.20 mmol).
F3C
’ The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =

2/1), and 6¢ was isolated as a white solid (40.2 mg, 78%). MP 82.5 —83.4 °C. IR (KBr)

N
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2958, 2871, 1654, 1578, 1505, 1417, 1337, 1299, 1257, 1160, 1104 cm™'. '"H NMR (CDCl;, 500 MHz) d
8.21 (1H,d,J=8.6 Hz), 7.58 (1H, d, J = 8.0 Hz), 7.53 (1H, s), 3.36 (2H, s), 3.19 (3H, s), 1.38 (6H, s). 13C
NMR (CDCls, 125 MHz) d 163.2, 147.3, 133.5 (q, J = 32.4 Hz), 131.0, 129.1, 123.8 (q, J = 272.3 Hz),
123.6 (dd, J=4.0 Hz), 120.5 (q,J = 3.6 Hz), 60.2, 35.4, 34.4, 26.4. ’F NMR (CDCl3, 471 MHz) [C¢HsCF;3
(—63.7) as an internal standard] d —63.9. HRMS (ESI): m/z calculated for C;3H4ONF3;Na" [M+Na]*:
280.0920, found: 280.0921. Rf 0.31 (hexane/AcOEt = 3/2).

2,4,4-trimethyl-1-ox0-N,N-dipropyl-1,2,3,4-tetrahydroisoquinoline-6-sulfonamide (6d)
Q.0 Prepared according to the general procedure B (18 h), using 5d (70.5 mg, 0.20
\/\N/S\Qf’é mmol). The crude was purified by flash column chromatography (silica gel,
ﬁ N~ hexane/AcOEt = 3/2) and an inseparable mixture of 6d and an unidentified
© byproduct was obtained. In order to facilitate the removal of the byproduct, the
mixture was subjected to Mukaiyama hydration because the byproduct was assumed to possess an alkene
judging from the "H NMR analysis of the mixture. Thus, the mixture of 6d and the byproduct and Co(acac),
(1.8 mg, 7.0 umol) was dissolved in THF (700 mL) in a test tube, and phenylsilane (34 mL, 0.28 mmol)
was added via syringe. The mixture was stirred under O, atmosphere (1 atm) at room temperature for 18
hours. The mixture was filtered through a short pad of alumina using AcOEt and purified by flash column
chromatography (silica gel, hexane/AcOEt = 3/2) followed by reverse phase column chromatography (ODS,
H>O/MeCN = 95:5 to 0:100). Thus, 6d was isolated as a white solid (46.9 mg, 67%). MP 93.4-95.0 °C.
IR (KBr) 2965, 2874, 1655, 1495, 1470, 1337, 1299, 1153, 996, 603 cm™'. '"H NMR (CDCl3, 500 MHz) d
8.21 (1H,dd,J=6.3,2.3 Hz), 7.73— 7.71 (2H, m), 3.36 (2H, s), 3.19 (3H, s), 3.12-3.09 (4H, m), 1.58-1.52
(4H, m), 1.37 (6H, s), 0.87 (6H, t, J= 7.4 Hz). 1*C NMR (CDCls, 100 MHz) d 162.9, 147.5, 143.2, 131.1,
129.3, 1249, 122.2, 60.0, 49.6, 35.4, 34.4, 26.4, 21.7, 11.1. HRMS (ESI): m/z calculated for

CisH2803N>SNa* [M+Na]*: 375.1713, found: 375.1721. Rf 0.17 (hexane/AcOEt = 3/2).

2,4,4-trimethyl-3,4-dihydroisoquinolin-1(2H)-one (6e)

Prepared according to the general procedure B (18 h), using 5e (37.9 mg, 0.20 mmol). The
crude was purified by flash column chromatography (silica gel, hexane/AcOEt=3/1 to 3/2),
and 6e was isolated as an off-white solid (27.5 mg, 73%). MP 35.5-40.2 °C. IR (KBr) 3373,
2965, 1648, 1497, 1425, 1393, 1335, 1299, 1254, 1233, 1260, 1091 cm™'. '"H NMR (CDCl3,
500 MHz) d 8.11-8.09 (1H, m), 7.46 (1H, dt, J = 7.6, 1.3 Hz), 7.33-7.28 (2H, m), 3.31 (2H, s), 3.17 (3H,
s), 1.34 (6H, s). ®*C NMR (CDCls, 100 MHz) d 164.5, 146.5, 131.9, 128.4, 127.9, 126.6, 123.2, 60.4, 35.4,
34.1,26.6. HRMS (ESI): m/z calculated for Ci,HisONNa* [M+Na]*: 212.1046, found: 212.1050. Rf 0.33
(hexane/AcOEt = 3/2).

2,4,4,6-tetramethyl-3,4-dihydroisoquinolin-1(2 H)-one (6f)
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Prepared according to the general procedure B (18 h), using 5f (40.7 mg, 0.20 mmol).
The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =
53/47 to 32/68), and 6f was isolated as a white solid (33.3 mg, 82%). MP 61.1-64.0 °C.
IR (KBr) 2954, 2926, 1739, 1648, 1605, 1495, 1456, 1335, 1254, 1163, 1059 cm™!. 'H
NMR (CDCls, 500 MHz) d 7.98 (1H, d, J = 8.0 Hz), 7.12 (1H, d, J = 8.0 Hz), 7.08 (1H, s), 3.28 (2H, s),
3.15 (3H, s), 2.38 (3H, s), 1.32 (6H, s). 3C NMR (CDCls, 125 MHz) d 164.6, 146.5, 142.2, 128.5, 127.4,
125.3, 123.8, 60.6, 35.3, 34.1, 26.6, 21.7. HRMS (ESI): m/z calculated for Ci3H;7ONNa* [M+Na]*:
226.1202, found: 226.1205. Rf 0.31 (hexane/AcOEt = 1/1).

b4

6-methoxy-2,4,4-trimethyl-3,4-dihydroisoquinolin-1(2H)-one (6g)
Prepared according to the general procedure B (18 h), using 5g (43.9 mg, 0.20 mmol).
Me© The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =
3/2), and 6g was isolated as an off-white solid (36.8 mg, 84%). MP 62.6-65.0 °C. IR
(KBr) 2961, 1641, 1603, 1484, 1445, 1397, 1320, 1261, 1233, 1031, 871, 832, 776,
700 cm™!. "TH NMR (CDCls, 500 MHz) d 8.05 (1H, d, J= 8.6 Hz), 6.82 (1H, dd, /= 8.6, 2.9 Hz), 6.77 (1H,
d,J=2.9 Hz), 3.85 (3H, s), 3.28 (2H, s), 3.14 (3H, s), 1.31 (6H, s). 3C NMR (CDCl;, 125 MHz) d 164.5,
162.5, 148.7, 130.6, 120.9, 111.1, 109.2, 60.5, 55.3, 35.2, 34.3, 26.5. HRMS (ESI): m/z calculated for

Ci3H170,NNa™ [M+Na]*: 242.1152, found: 242.1155. Rf 0.14 (hexane/AcOEt = 3/2).

pd

2,4,4,5,7-pentamethyl-3,4-dihydroisoquinolin-1(2 H)-one (6h)
Prepared according to the general procedure B (18 h), using 5h (43.5 mg, 0.20 mmol).
The crude was purified by flash column chromatography (silica gel, hexane/AcOEt = 3/1),
™ and 6h was isolated as an off-white solid (33.7 mg, 78%). MP 69.1-75.0 °C. IR (KBr)
2958, 2916, 2857, 1644, 1603, 1495, 1449, 1387, 1331, 1289, 1223, 1104, 687, 784 cm™
. TH NMR (CDCls, 500 MHz) d 7.84 (1H, d, /= 1.7 Hz), 7.05 (1H, d, J = 1.7 Hz), 3.21 (2H, s), 3.15 (3H,
s),2.44 (3H, s),2.31 (3H, s), 1.39 (6H, s). *C NMR (CDCl3, 100 MHz) d 165.1, 141.2, 136.8, 135.9, 134.5,
128.9, 127.4, 62.0, 35.5, 35.2, 25.8, 22.7, 20.5. HRMS (ESI): m/z calculated for Ci4H19ONNa* [M+Na]*:
240.1359, found: 240.1360. Rf 0.16 (hexane/AcOEt = 2/1).

O

5-chloro-2,4,4-trimethyl-3,4-dihydroisoquinolin-1(2 H)-one (major isomer) (6i)
7-chloro-2,4,4-trimethyl-3,4-dihydroisoquinolin-1(2 H)-one (minor isomer) (6i’)
Prepared according to the general procedure B (18 h), using 5i (44.7

Cl
mg, 0.20 mmol). The crude was purified by flash column
N * cl N chromatography (silica gel, hexane/AcOEt = 2/1), and a mixture of 6i
2o L) and 6i’° were isolated as a colorless oil (34.7 mg, 78%). These products

were isolated as a mixture of regioisomers (r.r. = 3:2). IR (neat) 2958, 2871, 1658, 1495, 1331, 1264, 1244,
1069, 759, 721 cm™. '"H NMR (CDCls, 500 MHz) d (major isomer) 8.09 (1H, dd, J = 7.7, 1.4 Hz), 7.44
(1H,dd,J=7.7,1.4 Hz), 7.24 (1H, t,J= 6.9 Hz), 3.27 (2H, s), 3.16 (3H, s), 1.52 (6H, s). d (minor isomer)
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8.07 (1H, d,J=2.3 Hz), 7.40 (1H, dd, J = 8.3, 2.6 Hz), 7.22 (1H, d, J = 8.0 Hz), 3.30 (2H, s), 3.16 (3H, s),
1.32 (6H, s). *C NMR (CDCls, 125 MHz) d (major isomer) 163.8, 142.9, 134.8, 131.8, 128.3,127.8, 127.6,
61.5, 36.0, 35.3, 25.0. [/ (minor isomer) 163.3, 144.9, 132.8, 131.8, 131.0, 129.5, 125.0, 60.3, 35.4, 34.0,
26.5. HRMS (ESI): m/z calculated for C12Hi4ONCINa™ [M+Na]™: 246.0656, found: 246.0658. Rf 0.17
(hexane/AcOEt = 2/1).

2-methoxy-4,4,6-trimethyl-3,4-dihydroisoquinolin-1(2H)-one (6j)
Prepared according to the general procedure B (18 h), using 5j (43.9 mg, 0.20 mmol).
The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =
N-ome 4/1 to 3/1), and 6j was isolated as an off-white solid (37.1 mg, 85%). MP 72.5-73.4 °C.
IR (KBr) 2961, 2926, 2857, 1669, 1609, 1480, 1417, 1380, 1303, 1244, 1013, 703
cm'. "TH NMR (CDCls, 500 MHz) d 8.03 (1H, d, J= 8.0 Hz), 7.14 (1H, d, J= 8.0 Hz), 7.09 (1H, s), 3.88
(3H, s), 3.57 (2H, s), 2.39 (3H, s), 1.40 (6H, s). 13C NMR (CDCl3, 125 MHz) d 163.1, 146.0, 143.1, 128.6,
127.8,124.6,124.4,61.3,59.8,35.9,27.0,21.7. HRMS (ESI): m/z calculated for C;3H70,NNa* [M+Na]":
242.1152, found: 242.1157. Rf 0.06 (hexane/AcOEt = 5/1).

2-benzyl-6-chloro-4,4-dimethyl-3,4-dihydroisoquinolin-1(2H)-one (6k)

ol Prepared according to the general procedure B (18 h), using 5k (60.0 mg, 0.20 mmol).
The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =
7/1), and 6k was isolated as a pale-brown oil (54.0 mg, 90%). IR (neat) 2961, 1721,
1648, 1592, 1473, 1435, 1251, 1153, 717, 700 cm™'. '"H NMR (CDCls, 500 MHz) d
8.10 (1H, d, J=8.0 Hz), 7.34-7.26 (6H, m), 7.24 (1H, d, J= 1.7 Hz), 4.77 (2H, s), 3.21 (2H, s), 1.19 (6H,
s). BC NMR (CDCls, 125 MHz) d 163.4, 148.4, 138.3, 136.7, 130.5, 128.57, 128,56, 127.6, 127.0, 126.5,
123.7,57.2,50.6, 34.1,26.5. HRMS (ESI): m/z calculated for C;sH;sONCINa* [M+Na]*: 322.0969, found:

322.0972. Rf 0.28 (hexane/AcOEt = 4/1).

Bn

2-(4-methoxybenzyl)-4,4,6-trimethyl-3,4-dihydroisoquinolin-1(2 H)-one (61)
Prepared according to the general procedure B (18 h), using 51 (61.9 mg, 0.20 mmol).
The crude was purified by flash column chromatography (silica gel, hexane/AcOEt =
"-puis 4/1), and 61 was isolated as a white solid (48.3 mg, 73%). MP 72.3-74.8 °C. IR (KBr)
2961, 2924, 1644, 1605, 1512, 1309, 1281, 1240, 1149, 1028, 776 cm™'. "TH NMR
(CDCls, 400 MHz) d 8.05 (1H, d, J = 8.1 Hz), 7.29-7.26 (2H, m), 7.15-7.13 (1H, m), 7.06 (1H, s), 6.87—
6.84 (2H, m), 4.71 (2H, s), 3.79 (3H, s), 3.17 (2H, s), 2.38 (3H, s), 1.18 (6H, s). 13C NMR (CDCl;, 100
MHz) d 164.3, 158.9, 146.6, 142.4, 129.8, 129.1, 128.8, 127.4, 125.4, 123.9, 113.8, 57.3, 55.2, 49.8, 33.8,
26.6,21.8. HRMS (ESI): m/z calculated for C20H230.NNa* [M+Na]*: 332.1621, found: 332.1629. Rf 0.20
(hexane/AcOEt = 3/1).

2-(methoxymethyl)-4,4,6-trimethyl-3,4-dihydroisoquinolin-1(2H)-one (6m)
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Prepared according to the general procedure B (18 h), using 5m (49.9 mg, 0.20 mmol).

The crude was purified by flash column chromatography (silica gel, hexane/AcOEt

"MOM = 7/2), and 6m was isolated as a white solid (43.6 mg, 87%). MP 59.0-60.1 °C. IR

© (KBr) 3010, 2954, 2825, 1651, 1605, 1477, 1435, 1317, 1244, 1149, 1100, 1076,

1041, 912 cm™!. 'H NMR (CDCls, 500 MHz) d 8.01 (1H, d, J= 7.4 Hz), 7.14 (1H, d, J = 8.0 Hz), 7.12

(1H, s), 4.99 (2H, s), 3.38 (3H, s), 3.37 (2H, s), 2.40 (3H, s), 1.34 (6H, s). ¥3C NMR (CDCls, 125 MHz) d

165.2, 147.0, 143.0, 129.0, 127.5, 124.9, 124.0, 77.4, 56.7, 56.2, 33.9, 26.6, 21.8. HRMS (ESI): m/z
calculated for C14H19O,NNa" [M+Na]*: 256.1308, found: 256.1313. Rf 0.19 (hexane/AcOEt = 7/2).

6-chloro-2,4-dimethyl-4-propyl-3,4-dihydroisoquinolin-1(2 H)-one (6n)
In an argon filled glove box, a flame dried reaction vial was charged with an
Cl Ru(bpy);Cl26H20 (3.0 mg, 4.0 pmol), 4a (12.0 mg, 20 pmol), ascorbic acid (106 mg,
N  0.60 mmol), 5n (50.4 mg, 0.20 mmol) and ethanol (3.0 mL). The vial was capped and
o removed from the glove box. The reaction vial was placed in front of the light source
(ca. 3 cm from two blue LED panels) at room temperature without cooling so that the temperature of the
reaction mixture was kept approximately at 50 °C. After stirring for 18 hours, the mixture was cooled in an
ice bath and sat. aq. NaHCO3; was added. Organic material was extracted with EtOAc (x 3) and the
combined organic layer was washed with brine (x 2). The organic layer was dried over Na,SO4 and
concentrated under reduced pressure. Obtained crude mixture of 6n was used for the second cycle without
further purification.
In an argon filled glove box, a flame dried reaction vial was charged with an Ru(bpy);Cl,*6H,0 (3.0 mg,
4.0 umol), 4a (12.0 mg, 20 umol) and ascorbic acid (106 mg, 0.60 mmol). Crude 6n was dissolved in
ethanol (1.0 mL) and transferred into the reaction vial, followed by addition of ethanol (2.0 mL). The vial
was capped and removed from the glove box. The reaction vial was placed in front of the light source (ca.
3 cm from two blue LED panels) at room temperature without cooling so that the temperature of the
reaction mixture was kept approximately at 50 °C. After stirring for 18 hours, the mixture was cooled in an
ice bath and sat. aq. NaHCO3 was added. Organic material was extracted with EtOAc (x 3) and the
combined organic layer was washed with brine (x 2). The organic layer was dried over Na>SO4 and
concentrated under reduced pressure. The obtained crude mixture was purified by flash column
chromatography (silica gel, hexane/AcOEt = 3/1), and 6n was isolated as a pale yellow oil (36.7 mg, 73%
for 2 cycles). IR (neat) 2961, 2941, 2871, 1655, 1592, 1337, 1163, 1100, 776, 717 cm™'. 'TH NMR (CDCls,
400 MHz) d 8.03 (1H, d, /= 8.5 Hz), 7.29 (1H, dd, J= 8.5, 1.8 Hz), 7.20 (1H, d, /= 1.8 Hz), 3.44 (1H, d,
J=12.6 Hz), 3.23 (1H, d, J=12.6 Hz), 3.15 (3H, s), 1.66—1.50 (2H, m), 1.34-1.06 (2H, m), 1.30 (3H, s),
0.86 (3H, t, J= 7.2 Hz). 1*C NMR (CDCls, 100 MHz) d 163.7, 147.6, 137.8, 130.1, 126.9, 126.7, 124.5,
58.4, 41.7, 37.3, 35.2, 23.0, 17.5, 14.5. HRMS (ESI): m/z calculated for Ci4sH;sONCINa* [M+Na]*:
274.0969, found: 274.0971. Rf 0.37 (hexane/AcOEt = 1/1).

ethyl 4,4-dimethyl-1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (60)
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Prepared according to the general procedure B (18 h), using 10

O‘ OEt + OEt (49.3 mg, 0.20 mmol). The crude was purified by flash column

OH O 5 o chromatography (silica gel, hexane/Et,O = 25/1), and 60 was

isolated as a yellow oil (33.9 mg, 69%). This product was
isolated as a mixture of enol and keto tautomers. NMR spectra of the obtained product were consistent with
the reported one.S”7TH NMR (CDCls, 500 MHz) d (enol and keto form) 12.42 (0.87H, s), 8.02—7.83 (1.08H,
m), 7.60-7.26 (3.36H, m), 4.32—4.24 (2.19H, m), 3.81 (0.10H, dd, /= 13.8, 4.6 Hz), 2.48 (2.00H, s), 2.11—
2.08 (0.11H, m), 1.47 (0.36H, s), 1.43-1.32 (4.16H, m), 1.29 (6.25H, s). '3C NMR (CDCls, 125 MHz) d
(enol and keto form) 193.4, 173.0, 170.5, 164.3, 151.5, 147.8, 134.3, 131.1, 128.6, 127.8, 126.6, 126.2,
125.9, 124.7, 123.9, 95.5, 61.2, 60.5, 51.5, 40.0, 35.5, 33.6, 30.3, 29.7, 28.5, 14.3, 14.2. Rf 0.44

(hexane/Et,O =20/1).
2,4,4-trimethyl-3,4-dihydro-2H-benzo[e][1,2]thiazine 1,1-dioxide (6p)

Prepared according to the general procedure B (45 h), using 5p (45.1 mg, 0.20 mmol). The

©\>§ crude was purified by flash column chromatography (silica gel, hexane/AcOEt = 6/1), and
d,S\é)N\ 6p was isolated as a white solid (23.9 mg, 53%). MP 96.5-98.0 °C. IR (KBr) 2972, 2920,
2868, 1739, 1477, 1292, 1188, 1160, 1097, 759 cm™'. "TH NMR (CDCls, 400 MHz) d 7.86

(1H, dd, J= 8.1, 1.3 Hz), 7.53-7.49 (1H, m), 7.39-7.35 (2H, m), 3.40 (2H, s), 2.97 (3H, s), 1.39 (6H, s).
13C NMR (CDCl;, 100 MHz) d 143.7, 135.3, 132.4, 127.1, 127.0, 123.8, 61.4, 35.5, 34.6, 28.8. HRMS
(ESI): m/z calculated for C1;H;sO,NSNa* [M+Na]*: 248.0716, found: 248.0721. Rf 0.17 (hexane/AcOEt

= 5/1).

6,6-dimethyl-5,6-dihydroimidazo[2,1-a]isoquinoline (6q)
Prepared according to the general procedure B (18 h), using 5q (39.7 mg, 0.20 mmol). The
crude was purified by flash column chromatography (silica gel, hexane/AcOEt = 2/1), and
l\\l i/7 6q was isolated as a pale-orange oil (29.4 mg, 74%). NMR spectra of the obtained product
were consistent with the reported one.[5!%) 'TH NMR (CDCls, 400 MHz) d 8.08-8.04 (1H,
m), 7.35 (3H, dt, J=12.6,4.7 Hz), 7.17 (1H, s), 6.92 (1H, s), 3.87 (2H, s), 1.33 (6H, s). *C NMR (CDCls,
125 MHz) d 143.7, 141.3, 128.8, 128.8, 127.2, 125.5, 123.9, 123.9, 55.2, 35.3, 26.7. Rf 0.17
(hexane/AcOEt = 1/1).

2-4. Procedure of 1.0 mmol-scale reaction

Ru(bpy)sCl, (2.0 mol%) H
F 3a (10 mol%) F
\©\’([L\)J\ ascorbic acid (3.0 equiv)
N
EtOH, 25°C, 18 h ~
© blue LED 5
5b 6b
207 mg 206 mg

In an argon filled glove box, a flame dried sealed tube was charged with an Ru(bpy)3;Cl*6H,0 (15 mg, 20
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umol), 4a (59.8 mg, 0.10 umol), ascorbic acid (528 mg, 3.0 mmol), 4-fluoro-N-methyl-N-(2-
methylallyl)benzamide 5b (207 mg, 1.0 mmol) and ethanol (15 mL). The tube was capped and removed
from the glove box. The tube was placed in front of the light source (ca. 1 cm from two blue LED panels)
in a cold room (4 °C) so that the temperature of the reaction mixture was kept approximately at 25 °C.
After stirring for indicated time, the mixture was cooled in an ice bath and sat. ag. NaHCO3; was added.
Organic material was extracted with EtOAc (x 3) and the combined organic layer was washed with brine
(x 2). The organic layer was dried over Na;SO4 and concentrated under reduced pressure. The obtained
crude mixture was purified by flash column chromatography (silica gel, hexane/AcOEt = 3/2) to afford 6b
as a colorless oil (206.1 mg, 99%).
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3. Comparison of the hydroarylation performance for the preparation of d-lactam 6a

Table S1. Detailed comparison of the reactivity of various protocols for the intramolecular

hydroarylation of 1a

H
Cl cl
\ conditions
N . N
18 h ~
0 o}
5a 6a
entry conditions yield (%)*
1 Ru(bpy);Cl, (2.0 mol%), 4a (3.0 mol%), ascorbic acid (3.0 equiv), EtOH (0.067 M), 25 °C, blue LEDs 71
2b 4b (3.0 mol%), PhSiH3 (6.0 mol%), benzene (0.1 M), 22 °C 18
3 4b (3.0 mol%), PhSiH3 (1.0 equiv), benzene (0.1 M), 22 °C 43
4 4b (3.0 mol%), PhSiH; (3.0 equiv), benzene (0.1 M), 22 °C 34
5ed 4c¢ (3.0 mol%), MesNFPY+OTf (2.0 equiv), (Me;SiH),0 (2.0 equiv), PhCFs (0.1 M), 1t 11
6° Ru(bpy);Cl; (2.0 mol%), 4a (3.0 mol%), ascorbic acid (3.0 equiv), iPrOH/H,0 (0.2 M), 25 °C, blue LEDs 62
7 Ru(bpy);Cl, (2.0 mol%), 4a (3.0 mol%), ascorbic acid (3.0 equiv), iPrOH/H,O (0.067 M), 25 °C, blue LEDs 67
8 Ru(bpy);Cl; (2.0 mol%), 4a (3.0 mol%), ascorbic acid (3.0 equiv), EtOH (0.2 M), 25 °C, blue LEDs 58
9 4b (3.0 mol%), PhSiH3 (6.0 mol%), benzene (0.1 M), 25 °C, blue LED 33
10 4b (3.0 mol%), PhSiH; (6.0 mol%), benzene (0.1 M), 40 °C 22
11 4a’ (3.0 mol%), PhSiH; (6.0 mol%), benzene (0.1 M), 22 °C 16
12 4a’ (3.0 mol%), PhSiH3 (6.0 mol%), benzene (0.1 M), 25 °C, blue LEDs 44
13 4a’ (3.0 mol%), PhSiH; (6.0 mol%), benzene (0.1 M), 40 °C 47

oTf

=N_ N= < N= N
/C\O\ /CO\ ‘ +

tBu O ¢ O tBu tBu O 6} tBu N
|

F

tBu tBu tBu tBu
4b 4c Me;sNFPY-OTf
N\ /N
/Co\
tBu e tBu
tBu tBu
4a’

iDetermined by 'H NMR analysis. PRef. S10. “Ref. S9. 920 h. °Ref. S3.

106



FERDE

[Comparison experiments described in Table 2]

For a fair comparison, loading of the cobalt catalyst was fixed to 3.0 mol% for each protocol. As observed
in entries 3 and 4 in Table S1, yield of 6a can be improved when stoichiometric amount of phenylsilane
was used in the representative conditions reported by Shenvi.!'% Nevertheless, the dual cobalt-photoredox
catalysis showed higher performance for the transformation of 5a into 6a (entry 1). In the reaction in entry
5, the reaction afforded a more complex mixture compared to the reactions in entries 1-4, and only 11% of
5a was recovered after the reaction according to the 'H NMR analysis of the crude reaction mixture. We
tentatively assume that the chemical oxidant used in entry 5 might be responsible for the unproductive

decomposition of 5a.

[Comparison with the conditions for Co/photoredox-catalyzed HAT hydrogenation]

When the HAT hydroarylation was attempted using the conditions for the Co/photoredox-catalyzed HAT
hydrogenation!S3], 6a was obtained in slightly lower yield (entry 6) compared to entry 1. However, yield of
6a was improved when the reaction was conducted in lower concentration (entry 7). In addition, the HAT
hydroarylation in ethanol became less efficient when it was run in higher concentration (entry 8). From the
comparison of entries 1, 6, 7 and 8, we hypothesize that the properly diluted conditions are beneficial for
the HAT hydroarylation in order to minimize undesired intermolecular reactions (e.g. hydrogenation of an

alkene).

[Evaluation of the effect of photoirradiation]

To elucidate whether photoirradiation is beneficial for the HAT hydroarylation in other aspects than the
initial generation of cobalt hydride, we irradiated blue LED to HAT hydroarylation conditions reported by
Shenvi. Interestingly, the yield improved when the silane-mediated reaction was performed under blue LED
irradiation (entry 9, 33% yield of 6a). The improvement in the reaction efficiency was more significant
than thermal effect (entry 10, 22% yield of 6a). The comparison of entries 2, 9 and 10 imply that blue LEDs

promote a certain step in the catalytic cycle, for example, collapse of the alkylcobalt(IIl) intermediate.

[Evaluation of the effect of catalyst structure]

In order to evaluate the effect of the structure of the cobalt complex to the reaction efficiency, HAT
hydroarylation was performed using the cobalt salophen complex 4a’ and phenylsilane (entry 11). In this
case 6a was obtained in only 16% yield. However, when blue LEDs were irradiated, yield of 6a was
improved to 44% (entry 12). Equally beneficial effect was observed under mild heating (entry 13). These
results suggest that, while the reactivity of 4a’ and 4b is similar at ambient temperature (entry 1 vs entry
11), 4a’ shows higher efficiency under more forcing conditions compared to 4b (entries 12,13 vs entries

9,10).

[Evaluation of the difference between silane and ascorbic acid]

Comparison of effect of difference between phenylsilane and ascorbic acid was challenging because these
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two reactions require very different solvent system. Shenvi’s conditions require nonpolar solvents!
the ascorbic acid-mediated reactions require protic solvents. Therefore, we were not able to perform a fair

comparison.

Representative experimental procedures
[Shenvi’s conditions (Table S1, entries 2-4)]510]
A flame dried test tube was charged with 5a (44.7 mg, 0.20 mmol) and (R,R)-(-)-N,N'-Bis(3,5-di-tert-

butylsalicylidene)-1,2-cyclohexanediaminocobalt(I1I) chloride 4b (3.8 mg, 6.0 umol). After being attached
with a three-way stopcock, the test tube was dried in vacuo for 10 minutes and filled with argon. After
benzene (1.0 mL) and phenylsilane (12 mM in benzene, 1.0 mL, 12 pmol) was added via syringe, the
reaction mixture was stirred at room temperature for 18 hours. The mixture was filtered through a short
pad of alumina using AcOEt. The filtrate was concentrated under reduced pressure and analyzed by 'H
NMR in CDCI; using 1,3,5-trimethylbenzene as internal standard. Thus, yield of 6a was determined to be
18%.

[Shigehisa’s conditions (Table S1, entry 5)]5%

In an argon filled glove box, a flame dried reaction vial was charged with N,N'-Bis(3,5-di-tert-butyl
salicylidene)-1,3-propanediaminocobalt(Il) 4¢ (4.2 mg, 7.5 pmol), N-fluoro-2,4,6-trimethylpyridinium
trifluoromethanesulfonate (145 mg, 0.50 mmol) and 5a (55.9 mg, 0.25 mmol). The vial was capped and
removed from the glove box. After being dried in vacuo for 30 minutes via syringe needle, trifluorotoluene
(2.5 mL) was added via syringe. The solution was bubbled with argon for 10 min, after which 1,1,3,3-
tetramethyldisiloxane (88.4 mL, 0.50 mmol) was added via syringe under argon atmosphere. The mixture
was stirred at room temperature for 20 hours. After the reaction mixture was diluted with AcOEt, the
organic portion was washed with H>O (x 1) and brine (x 1). After being dried over Na;SOy4, the organic
layer was concentrated under reduced pressure and analyzed by 'H NMR in CDCIl; using 1,3,5-

trimethylbenzene as internal standard. Thus, yield of 6a was determined to be 11 %.

[Co/photoredox/ascorbic acid-mediated HAT hydrogenation conditions (Table S1, entry 6)]53

In an argon filled glove box, a flame dried reaction vial was charged with an Ru(bpy)3;Cl2*6H,0 (1.5 mg,
2.0 pmol), 4a (6.0 mg, 10 pmol), ascorbic acid (52.8 mg, 0.30 mmol) and alkene 5a (0.10 mmol). The vial
was capped and removed from the glove box. A mixed solvent (isopropyl alcohol/H,O = 3/1, 500 mL) was
added to the vial via syringe, and the syringe hole was carefully sealed with a vinyl tape.
(Tricyclohexylphosphine was not added since its effect on the reaction outcome is often very small (= 5%).)
The reaction vial was placed in front of the light source (ca. 3 cm from two blue LED panels) in a cold
room (4 °C) so that the temperature of the reaction mixture was kept approximately at 25 °C. After stirring
for 18 hours, the mixture was cooled in an ice bath and sat. aq. NaHCO3 was added. Organic material was

extracted with Et2O (x 3) and the combined organic layer was washed with brine (x 1). The organic layer
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was dried over Na>xSO4 and concentrated under reduced pressure. Obtained crude mixture was analyzed by
'"H NMR in CDCl; using 1,3,5-trimethylbenzene as internal standard and the yield of 6a was determined
to be 62%.
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4. Mechanistic investigations

4-1. Computational methods

4-1-1. General

All the equilibrium and transition structures were optimized using GRRM17[8111512] with Gaussian 16
Rev.C.018131 employing UwB97X-D density functional with inclusion of the solvent effects of ethanol by
the PCM method, and basis functions LANL2DZ(f) (LANL2DZ with added f polarization function a =
2.780) for Co and 6-31G(d,p) for the others. 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.C.01 program
employing UwB97X-D density functional with inclusion of the solvent effects of ethanol by the PCM
method, and basis functions SDD for Co and 6-311G(d,p) for the others. Gibbs free energies were
calculated as the sum of the electronic energies (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol))
and the thermal correction terms from the vibrational calculation (UwB97X-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.[S3HS14LISIST Al the unrestricted DFT calculations were performed using stable=opt option in order

to guarantee stability of wavefunctions throughout the calculation.

4-1-2. Optimized structures and energies

SM

Free energy correction (UwB97X-D/6-31G(d,p)+PCM(ethanol)): 0.207013306997 au
E (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.2404577 au

G (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.0334444 au

H -0.051159010007 -1.270728336111 -4.232955791799
C 1.329673330924 -1.635471834510 -2.673577311297
C 2.116506523277 -2.658757082388 -1.886276048429
H 1.822577583445 -2.642145350409 -0.834195712932
H 1.931180032233 -3.665970961742 -2.279384803778
C 1.504701906032 -0.207696703358 -2.235333121634
H 2.549575878802 0.104947140087 -2.344176007131

H 0.879687722605 0.473294739615 -2.816857283294
H 1.256031736875 -0.095771234842 -1.174167799985
H 0.441364498057 -3.037576063652 -3.980821124071

C 4.191621778952 -2.104477134198 -0.744298588353
N 3.547135955701 -2.382196594499 -1.920722965941

(6] 3.638789023476 -2.205752802058 0.344697264617
C 4.182024387185 -2.534123193646 -3.217534523011

H 3.825468428254 -3.459530800267 -3.682525886455
H 3.934613390527 -1.704953593936 -3.890677340327
H 5.263461167281 -2.596882668165 -3.113671689012
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5.618165044223
6.526773296076
6.026800947041
7.838762095102
7.334750525280
5.317872312518
8.244755169895
7.642114931661
9.267414381476
8.544053649145
6.188737352371
0.537027908591

Co(III)-H complex
Free energy correction (UwB97X-D/LANL2DZ(f) for Co, 6-31G(d,p)+PCM(ethanol)): 0.695572895201

au

E (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -1805.923235 au
G (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -1805.227662 au

a

oocoococooco@Dn o000z oroo0oo0onooo0oo0z oD T OO0 000 zo

-2.590634800504
-3.446926161252
-1.764916655855
-1.955755224747
-1.018755475326
-2.959390799309
-3.681337740447
-1.120846816230
-3.041395842671
-0.426978433207
-3.823874244568
-2.126472476021
-2.196737211837
-2.488388358253
-3.508968011739
-1.383134961308
-4.331675225349
-3.477292137573
-1.321524447428
-2.355923409835
-2.306180629337
0.956470725049
1.047178393123
-0.041249911664
1.954602893335
1.988524718410
2934169966824
2.865376483511
3.009850651435
3.927423299374
3.920281560333
4.693161991373
-0.445785884440
1.159852781172
-0.121360791733
-4.605087210051
3.037351438421

-1.631844505887
-2.166546476229
-0.604954084095
-1.709824758076
-0.133327099510
-0.162785772808
-0.692255182112

0.671669282114
-0.330129034008
-2.140873321333
-2.935874671699
-1.997712522277

-1.920200254298
-2.591636181401
-1.867534409143
-2.638200270213
-2.383130300439
-3.587196581451
-3.814781916324
-3.055126649276
-4.261000473942
-2.853405786189
-4.996579646803
-3.990980692017
-4.510201202115
-1.189466128254
-1.383051356277
-0.326556336944
-2.045929516304
-0.765506109815
0.294503866047
0.059972458347
0.540985855718
-1.132760498644
-1.687816042616
-1.421107506393
-0.155779473842
0.633265179591
0.015962429806
-0.622080338568
1.647507200982
0.948848263579
1.751603196485
2.507191537817
-0.110598621416
0.461509369594
1.174649668300
-0.984800267312
2.589692695268

-0.808689830824
0.105673049707
-1.661913292155
0.137621268037
-1.615115414673
-2.355727867297
-0.722690382816
-2.274742256409
-0.692103348755
0.840806027838
0.791616384872
-3.680718334691

0.972360413575
0.903679230436
-0.036550811192
-1.206850479879
-2.222074594155
-1.412784035186
-0.637076711240
-3.442276923110
-2.623144024438
-4.250104518815
-2.774889220597
-3.638819692016
-4.588499300282
2.181840917939
3.145122049147
2.453693196345
2.884159145497
4.369323963455
3.749454708414
4.632187374511
5.599606638448
-2.673432363186
-3.607618119262
-1.880924079746
-2.449999198806
-1.261072860102
-3.466383145845
-4.342641444469
-1.155378994421
-3.354637448912
-2.180594223921
-2.096857281518
1.590897018484
-0.288180947323
4.126565740753
5.387959254472
0.055943724167
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(0]

T

TS1

Free energy correction (UwB97X-D/LANL2DZ(f) for Co, 6-31G(d,p)*+PCM(ethanol)): 0.925070920115

au

5.011920988969
-4.699495188596
-3.758659145675
-5.498231184844
-4.918024129216
-5.940993429913
-6.187607886346
-6.759487122044
-5.898155940433
-4.374383977867
-4.324308343428
-5.204917583532
-3.453377495230

1.162206679376

2.034241835756

1.107311322501

1.310721623569

0.000127249419

0.141119729136
-0.899802812242

0.858127124596
-0.252796919576

0.627981545322
-1.133678443386
-0.304119431977

3.199756495467

3.228806431601

2.371570962882

4.137265224306

4.199664201340

4.166762087523

5.173920889879

4.135832831124

1.724638586823

0.856449404138

1.702310795957

1.647557294333

6.398377704243

6.585831770033

6.484467021367

7.187297670471

4.858844828391

4.934926274900

3.900787711605

5.653075834920

4.925124822656

3.947173724536

5.071439392396

5.695791814997
-0.324447679059
-1.195211211843

1.174971836556
-2.482579272345
-2.841451339866
-2.657152923363
-3.089654199303
-0.516047296442
-1.071929471372
-0.663586843420

0.546676261977
-0.206089130113

0.873672283543
-0.390980885552
-0.517849577965

0.320377888777

0.942759092771
-0.479435198128
-0.128293053477

2354411831013

1.999525323682

2.978197568055

2980111541968

1.759954361167

2.373194276211

2.403787871086

0.980327367745

1.784095156222

2.465885436248

1.091057070383

1217230584827

3.591428110716

4.240858346042

3.090335742867

4.234807858738

3.398696136299

2.739549728141

4.045709792032

4.033379623537

0.941168826364

1.623106050558
-0.082643599337

1.101097515584

0.220296789238
-0.827270264227

0.362152335432

0.408535201439

2.620539709290

2.809097402705

3.354271634548

2.797309344418
-0.651608844660

0.304029772840

-4.411449942481
5.735815877453
6.164692154386
6.465191861735
4.852086096714
4.780584486956
3.870945082914
5.493880318459
4.522355560575
6.691139035533
6.516658961335
7.379562667876
7.194537054589
4.093615280988
4.323716115566
4.840274434182
3.110986441661
3.142908678097
2.123219849944
3.179237526984
3.414452587688
5.540890182741
5.755508604084
5.638982880073
6.308703543803
1.359670529474
2217376925620
1.498180509708
1345643264120

-0.017919997650
0.862389522056

-0.020976836688

-0.902209711694
0.087533267223
0.122450033967
0.971530701456

-0.802051977586

-3.781199649704

-2.946272662114

-3.403881108853

-4.524329349983

-5.602837813819

-5.293208981455

-6.113823167336

-6.331864889777

-4.937861223995

-5.391721945993

-4.139430619314

-5.696156678711

-0.178966023100

-0.714407202971
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E (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2402.170629 au
G (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2401.245558 au

C -3.388883310232 -2.062863822151 0.646938120613
-3.815028762066 -3.066343796452 0.693585447345
-2.141076350032 -1.901715318822 0.986381964572

O ITTOoD T Tz oD oD ITTooococonococooco@naoocooaooooaczoornoocoo0oonoocooozz oDz o0z O000zm

-1.329280269892 -2.981923032953 1.405435761402
0.014820925956 -2.637786069099 1.635091034261
-1.743974301427 -4.303574849804 1.584653348181
-2.780045588617 -4.587912753320 1.439889920658
0.938050667397 -3.630324809262 1.975844988623
-0.825885399450 -5.276990576534 1.954847544600
1.990785400759 -3.395704190137 2.076954199979
-1.156629392864 -6.301329188151 2.090295006704
0.514417906501 -4.942369014708 2.137352976920
1.236178458952 -5.707977839328 2.401585071023
-4.284247425728 -1.045774824651 0.221501053729

-5.602795745994

-1.443374307594

-0.108459550119

-3.905292591635 0.332720730688 0.171013854677
-5.835541712739 -2.505870617417 -0.062869322095
-6.568380514989 -0.538903698190 -0.472166830872
-4.927203480798 1.292687353467 -0.160363391517
-6.187173430311 0.825826861222 -0.472740575333
-6.941372597525 1.556028834377 -0.733912733079
1.508076387658 -0.791150245036 1.609179003243
2.287612260386 -1.456653889566 1.969749285738
0.306618083099 -1.269366607212 1437224415949
1.932211709920 0.527956477353 1.302802895204
1.030495471840 1.543079906835 0.861746907854
3.329620358866 0.771255719226 1.375152142236
3.963941095696 -0.059933833669 1.666417344259
1.586128436812 2.835998680309 0.538481503117
3.864614270352 1.984606155143 1.032799255341
2.949612462577 2.996030577338 0.634467755784
3.366199204382 3.962938501890 0.374778631592
-2.706368574352 0.732467512700 0.422161096239
-0.236932437711 1.345234585331 0.739566949496
-4.602311426976 2.793487601316 -0.144253124266
-7.984050419281 -1.007886932655 -0.837750117479
0.673321481061 3.961620421863 0.029475183955

5.365420150722
-8.611358035312
-8.670838549698

2287541728371
-1.738812378907
-1.075430027778

1.045017923984
0.364565898578
1.233105061116

-9.624308233713 -2.079455101412 0.122034493061
-8.025156666154 -2.616470219005 0.653377822684
-7.911167510389 -1.970590613041 -2.038306321531
-7.304472788353 -2.852458938904 -1.811266063516
-8.913261200653 -2.317082243243 -2.315222023726
-7.467375603042 -1.473802114951 -2.906791026043
-8.905753307957 0.159471962498 -1.219410961723
-8.526875022814 0.709410049805 -2.087120186593
-9.896922176748 -0.225883919891 -1.478941733417
-9.032504564732 0.865474131556 -0.392155576773
-4.163503452936 3.204933838462 1.275988334672
-3.900714712759 4.268844630475 1.294457457747

-4.978411912361 3.042475541097 1.990127603914
-3.294350276603 2.630027437431 1.597235604947
-3.474747429414 3.101931798252 -1.147217356589
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-2.571800200122
-3.778590891956
-3.244711525115
-5.815913393188
-5.529243748718
-6.167748290061
-6.653109220632
-0.472427750727
-1.098497054777
-1.096792900017
-0.070009231082
1.435385555516
0.736547424379
1.885100511461
2.224318429200
0.094251802593
-0.422087207371
-0.622783668762
0.895251313836
5.654118358516
5.115324316991
5.353595787984
6.724359251115
6.192655224050
5.947840622631
6.036741430860
7.258419270805
5.809958872579
5.594024990645
5.300289639879
6.888065001706
-0.776341741999
1.078536277734
1.743050364629
1.602916565409
1.266980390932
1.929168453166
2.512875191655
1.311327161300
2.642780307246
-0.869560416994
4.026587145919
3.174064499977
3.647021140967
3.588295316345
3.051172187059
3.366414977573
4.655866677249
5.459119795676
6.442424167461
5.809734760204
7.767483304529
7.134087368249
5.041293476540
8.114523721914
7.396506940567
9.147588916347
8.529454519555

2.551378421050
2.831152825503
4.173830071545
3.654858766518
4.710702154454
3.443832751314
3.518074430233
4.231384840227
5.052279135939
3.348361273955
4.524472233662
5.281412623027
6.050757124147
5.634002453236
5.198408696666
3.549031606633
2.589983385644
4.298045064042
3.469506053101
3.426528431486
4.342329199706
3.139192545490
3.661504523093
1.062178484996
0.734545802443
0.220400304838
1.311284053749
2.718239914246
1.928624584571
3.629353556993
2.913666727451
0.018694376733
-0.942863949756
-2.249870492823
-2.425139754370
-3.088276582313
0.284098912370
0.258748678829
1.182448405714
0.377391096143
-1.799694140202
-2.221002090233
-2.268426551500
-2.411267287433
-2.487277855410
-3.353058212540
-1.623729051060
-2.693728513696
-1.850470447571
-2.457939595250
-0.808807055912
-2.052716275790
-0.391911864918
-0.302310134845
-1.018106070035
0.430722439035
-0.693397084330
-2.534583542207

-0.888463029921
-2.164654299625
-1.134763140022
-0.524528176489
-0.488833681892
-1.540363942209
0.168653816474
1.025036199185
0.656381734112
1.152275681174
2.001080159530
-0.165361398258
-0.508783010723
0.769264351831
-0.920678709126
-1.338210532184
-1.265139461807
-1.692094146485
-2.082186498990
2.041078393259
1.778546969679
3.053610268099
2.054103203847
1.455876254574
2471663262204
0.775115776937
1.434956263358
-0.365990609606
-1.091527722244
-0.694214847604
-0.384967040843
-2.414200071337
-2.002387231543
-1.620544865206
-0.550238710488
-2.144078280768
-2.135894438847
-3.065424170558
-2.153459553180
-1.310339390078
-2.114590400460
-0.801521875474
-1.870654716804
0.351880406487
-3.246027114838
-3.648495426001
-3.883090428392
-3.296928769180
-1.045320407341
-0.262291671380
-1.907341150690
-0.367033100885
-1.997874316888
-2.483641471640
-1.233837287576
-2.654983636380
-1.305614990782
0.236874401867
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H 6.151034844852
C -0.285128873726
Co -1.177325129068
H -0.757679520466
IM1

Free energy correction (UwB97X-D/6-31G(d,p)+PCM(ethanol)): 0.213041090488 au

-3.236027617595
-0.883169230638
-0.272044261059
-0.611682439822

0.435044659896
-2.058751518151

0.817735980152
-0.592904099858

E (UwB97X-D/6-311G(d,p)*PCM(ethanol)): -596.8124669 au
G (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.5986429 au

T

-2.456129746045
-2.685734146584
-2.327565970833
-2.790322528782
-1.276808707157
-2.937131261093
-3.351020376453
-1.797065699973
-3.276333435860
0.293261288244
-0.539398003804
-0.385159870180
0.616864694969
1.452409344924
1282719043440
-1.688850979031
-1.445206490118
-2.805140191761
-0.133924061610
-2.582328159320
0.157223086986
-1.062627956817
0.741202744819
2.229915802145
1.919775964903
-0.108503928758
0.641033197661
0.096565357731
-3.467789753208
-2.479335640689
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Co(IT) complex

0.773385727964
-0.466604350314
-0.267442781395
-1.855503481666
-0.538158890033
-0.899318002904
-2.509751271674
-2.318270862545
-1.868333477251
-1.177149583252
-0.098685336507

0.565488057056

0.183331284815
-0.886577432772
-1.572895778362

0.301105651777

0.477719697233

0.438829888418

0.532778300311

0.653708782035
-1.718342369662

1.376566116969

0.714101662758
-1.189953202146
-2.418245755111

1.370814958250

0.690808850856
-0.383790142066

0.700284959230

1.619639469564

-3.182802835517
-1.434792487468
-2.869910529269
-0.894789911639
-3.071652029904
-3.526893390134
-1.572109413922
-0.766741845418
0.085807026628
2.380395902343
2.684712739518
3.902196107725
4.785997456758
4.473630048077
3.274757691804
1.799682263250
0.465550851280
2.288338560445
-0.152120043508
-0.444836057671
1.448683923076
4.147074733259
5.724405748371
5.167457236576
3.035543173981
-0.856922968925
0.596007791840
-0.709606425419
0.195714320269
-0.955423712

FERDE

Free energy correction (UwB97X-D/LANL2DZ(f) for Co, 6-31G(d,p)+PCM(ethanol)): 0.686130430791

au

E (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -1805.364524 au
G (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -1804.678393 au

C -2.607044990696
-3.478107018927
-1.781721035905
-1.966779014818
-1.029708340361
-2.965145778190
-3.682803492588

OO0 Zzo

-1.901178479793
-2.553315428589
-1.850918523005
-2.623375268317
-2.369042910325
-3.578241832513
-3.807710059850

0.970065642256

0.894157386724
-0.039573187194
-1.212045459052
-2.230521564495
-1.414124378713
-0.634894187056
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-1.131101583311
-3.048336861204
-0.435084137371
-3.828672761983
-2.135463746749
-2.203954505852
-2.491399041270
-3.510371343020
-1.387331794102
-4.330886473458
-3.481769977877
-1.334704740884
-2.367395620424
-2.322383239852
0.943661204285
1.017716067269
-0.047354397774
1.956067935675
1.981648830772
2.943446598715
2.878547467069
3.012433156888
3.940328883820
3931399478505
4.711704122722
-0.451896222737
1.125628548510
-0.143455134192
-4.606614271276
3.049131610770
5.032158011314
-4.685915222041
-3.741124931667
-5.482378546318
-4.898543681958
-5.948150834212
-6.190786586011
-6.764146766583
-5.916218682352
-4.382031061858
-4.342930117243
-5.209657984788
-3.457113576346
1.150784845292
2.014477154804
1.104954461478
1.306342873906
-0.031974978841
0.120332028367
-0.940094152080
0.816079272408
-0.282746589757
0.590741759496
-1.171135397422
-0.326205735965
3.194661323537
3.230086771271
2.355304621776

-3.048321169108
-4.255788446277
-2.851690427447
-4.994468748225
-3.986923374373
-4.510417713337
-1.187630826835
-1.391295193349
-0.322612989659
-2.055310600836
-0.784378063836
0.295222913007
0.048936147649
0.526302856725
-1.109926259820
-1.640257442332
-1.406308501390
-0.146085941493
0.665884819745
0.010693212348
-0.637903148807
1.670592840007
0.940783318073
1.756625416803
2.504762149922
-0.087636752349
0.536703696241
1.188410945912
-1.021503352067
2.612761156587
1.148725756324
-2.522465875462
-2.874675967902
-2.710379252277
-3.125449647457
-0.561942555158
-1.113833308063
-0.722617569831
0.502933623786
-0.249649569884
0.831743671400
-0.447644042292
-0.555577999507
0.350403836117
0.983127140036
-0.452554917930
-0.092491097848
2.372244586957
2.022073432416
2.984342810977
3.008574301550
1.770538074902
2.393432997251
2.404011476531
0.989195257636
1.801761066082
2.481233437467
1.120917528302

-3.446345710942
-2.622891094740
-4.253673906469
-2.770644678026
-3.639918582619
-4.587405702456
2.191375340372
3.154913880492
2472713160597
2.889485346285
4.384553387679
3.771009920425
4.652315032903
5.621848165107
-2.694250902264
-3.644553524431
-1.896249398806
-2.460956787167
-1.285364159401
-3.472382153318
-4.341231210111
-1.182395246743
-3.366511266312
-2.201863759364
-2.119390982361
1.614670585934
-0.329918858080
4.148968504163
5.402615023338
0.029668436493
-4.419691053431
5.740462416127
6.166182983913
6.469091984788
4.852477436851
4.800707103009
3.887561634056
5.514089869166
4.549853441066
6.710950177122
6.543876374223
7.399294373611
7.210750234506
4.115720602673
4.349465400333
4.859605059342
3.131634401383
3.167766194526
2.147782204892
3.200580457527
3.446114409219
5.563959662675
5.780700878957
5.662011420893
6.330517008382
1.332623769215
2.191978828178
1.466679101111
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4.123764086967
4.228120625406
4.204882375313
5.193840282029
4.176397085671
1.750679170508
0.872713939081
1.746524144496
1676695205937
6.413936237498
6.601393891252
6.491422558031
7.207776248013
4.879428292769
4.948619619885
3.924351660627
5.677872793123
4.957528027430
3.983429913187
5.103325983771
5.733782065943
-0.277661376034

1221231146836
3.595212825562
4.243241965072
3.077907960235
4241336401374
3.444140486496
2.799196547174
4.096177295244
4.075421225556
0.912783594905
1.602208448915
-0.107517016841
1.059904946439
0.182938795368
-0.861853474943
0.324618817049
0.359711404529
2.589240501345
2.778990708749
3.330113164281
2.753728028259
-0.685716264407

1.321229348371
-0.039736003188
0.841936760312
-0.042587336488
-0.922870509547
0.065538577767
0.112234728313
0.946207498623
-0.826759758569
-3.780050548212
-2.951297606470
-3.391569959287
-4.520624617737
-5.602137598829
-5.281743941791
-6.118721048229
-6.329468403408
-4.961577181953
-5.423173806491
-4.169673999769
-5.716971588407
-0.147460194082

FERDE

Free energy correction (UwB97X-D/LANL2DZ(f) for Co, 6-31G(d,p)+PCM(ethanol)): 0.934548740003

au

E (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2402.207321 au
G (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): --2401.272772 au

a

o0z ooz oDz 000zx

-3.017255123113
-3.500927634536
-1.722398498423
-0.973256825786
0.374832046987
-1.447979239277
-2.477429093950
1.247641235349
-0.579590409841
2.306477936953
-0.944391583154
0.761031905861
1.442485211097
-3.881508410496
-5.265410014525
-3.390768925947
-5.572741583586
-6.199919484840
-4.374229688938
-5.704912071176
-6.428433697177
1.833933661260
2.474120743490
0.717316800979
2.304103182384
1.522792761332
3.576394519287

-2.084205180206
-2.922259459003
-2.118931206409
-3.222608669662
-2.925797150615
-4.522902050845
-4.769362491679
-3.934723363679
-5.517846658857
-3.734198378666
-6.532200215713
-5.223078294708
-6.010005828322
-1.056165668271
-1.241094432177
0.112193360510
-2.144728684999
-0.326153496748
1.052083464130
0.802742983783
1.525907651507
-1.074928512937
-1.703219895083
-1.582032425735
0.242763190852
1.215236554871
0.562454682723

0.756837783708
1.263313169156
0.634771623207
1.092364803136
1.333727515966
1.255111601616
1.017452505836
1.739230564931
1.689203081636
1.842373134274
1.811194103475
1.928868444597
2.234138701683
0.300530249322
0.532362233399
-0.365716408414
1.055527303382
0.120327576837
-0.846454778430
-0.574627674027
-0.924794972355
1.497093403682
2.113324970783
1.062706249118
1.262100454822
0.571659545008
1.795992345783
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4.123723493787
2.066163922660
4.109274307614
3.308507506650
3.699723752902
-2.129056146243
0.352697122713
-3.959358398355
-7.693609088745
1.238813421217
5.440090813686
-7.925001390281
-7.605697334149
-8.987128880488
-7.366970820141
-8.151295877830
-7.601110422776
-9.217195827312
-7.992868438056
-8.562617679769
-8.474255713159
-9.614401437219
-8.301151341002
-2.873771543813
-2.614938517499
-3.233828230582
-1.975846506652
-3.435321507352
-2.634024974809
-4.240169575430
-3.048244075500
-5.138160611254
-4.776653103411
-5.929853873228
-5.576794695125
-0.003698278086
-0.648219994567
-0.585457679960
0.299304700117
2.020012038970
1.387409497057
2.300876702386
2.927617175101
0.813247129472
0.172169503547
0.264917866907
1.693255786248
5.132378647270
4.524443909141
4.578203752319
6.058606695119
6.319340048393
5.874888763071
6.488558416314
7.291368269048
6.244129661232
6.467297378519
5.718865715335

-0.236206394233
2.548259113223
1.820392741064
2.785103950249
3.793044274347
0.335937757862
0.952169143519
2269416580653

-0.547944605406
3.689400464409
2218961246852

-0.649224376539
0.268971686071

-0.808539075090

-1.482216285168

-1.855234974841

-2.720262650337

-2.030038983296

-1.809430097119
0.597290965584
0.698428961188
0.397643958971
1.556710535934
3.095264567760
3.972893014941
3.449385141620
2.504685465511
1.759573195554
1.033388315279
1.275831673762
2.591473251855
3.214277217408
4.065504080812
2.732993994439
3.608959035304
3.912740431594
4.684791533614
2.995249807559
4.243018658060
5.011936844653
5.781414796674
5.368517197997
4928359172318
3.354515557029
2476546574247
4.198299219895
3.166043487111
2.925926010088
3.822250622988
2261974234165
3.229189071312
0.989158189847
0.326245731289
0.413581259028
1.307606351468
3.179518606190
2.718632104584
4.121607821973

2286710701849
0.479208162330
1.690802235591
1.032196084641
0.972621330034
-0.529099136455
0.083546398174
-1.687588449370
0.395613482872
-0.130202116482
2.338946215030
1.915276844604
2418152367280
2.132424779505
2.353491395639
-0.278735291153
0.103886811620
-0.094498541272
-1.360760662529
-0.143835559752
-1.230534875964
0.084067778093
0.314495869725
-0.975224934190
-1.579079105511
-0.002801410526
-0.810669587265
-3.044294922771
-2.908891968674
-3.608067626957
-3.643583776738
-1.972915366349
-2.558365646830
-2.556800626185
-1.050032884354
0.755383425279
0.320033101722
0.851719168460
1.754951308438
-0.181600171729
-0.635031805651
0.814939726345
-0.789886950545
-1.571819566547
-1.597197676918
-2.005574517836
-2.198586707025
3.673679187984
3.511583381592
4.344648957195
4.175268293472
2.613093138568
3.362100037176
1.697058056288
3.003407088765
1.444635946927
0.479747338084
1.263048590146
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TS2

Free energy correction (UwB97X-D/6-31G(d,p)+PCM(ethanol)): 0.215243373400 au

7.193037203761
-2.296758863876
-0.156394102338

1.081990039503

1.155430362591

0.925667918368

0.008173942261

0.073368770331
-0.843203703074

0.902561240709
-1.241937817257

3.370237892269

2.380824447586

3.272660307226

2.741486945542

2.160034221529

2.535496464434

3.798927609013

4.604346348872

5.841842307940

4.528814846101

7.001485679984

5.686414589019

3.560341685899

6.925069235407

5.618103451954

7.829333949090

7.964395284527

5.880118662763
-1.358478271065
-0.621506925595
-1.436102344646

3.429768368765
-1.609023132153
-1.341585724860
-2.263156574709
-2.942979590712
-2.898072443883
-0.076565018274
-0.334750093386

0.585672872722

0.475608842524
-2.346925053362
-1.841839009479
-1.612124689677
-2.662706174679
-1.184241312438
-1.771994327054
-0.128070024462
-1.368001228887
-0.996138867996
-1.577845904073

0.368681493341
-0.812341488479

1.134706189198

0.837595049970

0.543842775864

2.197233693301

1.143408426497
-1.271086378264
-2.630907686737
-2.149128414340
-0.661524989361
-3.117846248084

1.930841486019
-2.103430435087
-1.745778668334
-1.846670131541
-0.998791442468
-2.732713429535
-2.574870565647
-3.642336738253
-2.436028241937
-2.290344617133
-3.313564250314
-1.090668347234
-2.012242347234
-0.183123308985
-3.366283020892
-4.082129998907
-3.553332963983
-3.557871176437
-1.202939605546
-0.926088104627
-1.486739896697
-0.983543813504
-1.534040811129
-1.632985997963
-1.294982759599
-1.744530064183
-1.335590979440
-0.782750543930
-0.667430887468
-2.238016456188

0.087474609104
-1.735232413628

E (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.7904695 au
G (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.5752261 au

T
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-0.524406113098
-2.322783608216
-1.235868411959
-3.458078369949
-0.663314947096
-1.643241419076
-3.892470997224
-3.125306469262
-4.248999181103
0.594100126177
-0.602474304131
-0.992891776398
-0.194741105356
0.999693375622
1.394103663471
-1.487458093081
-1.056607584320
-2.510164170468

-1.521708613750
-0.998386796593
-1.958337847821
-1.491125246150
-2.264615360227
-2.877800000192
-2.408204217075
-1.744610053680
-0.742798084472
-0.561091116959
-0.038204022915
-0.315862129384
-1.112841717773
-1.632907751948
-1.356262739452
0.808155723672
0.990672499654
1.302208062590

-1.686954813957
-0.622368533129
-0.979845176439
0.214415321320
-0.090253269527
-1.419257401321
-0.203646423874
1.234547222263
0.311843231407
1.822427470262
2318570484877
3.632983723881
4.441004146879
3.942394081612
2.636211178338
1.472744375322
0.106347240402
1.899397055388
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Free energy correction (UwB97X-D/6-31G(d,p)+PCM(ethanol)): 0.214006420381 au

-0.766791293363
-2.090564172050
0.871442083565
-1.925736719240
-0.499262173228
1.623294444294
2.324032673533
-1.652668734293
0.001975283311
-0.373662801829
-3.031681186966
-1.708254756288

2.400900452757
0.466783502693
-0.335916491275
0.101526412721
-1.331571586499
-2.256537472242
-1.761927061341
3.045106891977
2.748101324197
2.501157557495
1.027342470816
0.656583633731

-0.148305325300
-0.815974578329
0.799043390596
3.996591229465
5.459328664347
4.575404745755
2251282613444
-0.043134551947
0.548079197621
-1.163676998982
-0.700608850033
-1.828018253425

E (UwB97X-D/6-311G(d,p)+*PCM(ethanol)): -596.8134333 au
G (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.5994269 au

a
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TS3

Free energy correction (UwB97X-D/6-31G(d,p)+PCM(ethanol)): 0.217838650358 au

0.796078897060
-0.459545201442
-1.123011302026
-0.562041688466

0.683864653164

1.367486261616
-1.083827966032
-1.184722931486
-1.457030383412
-1.702971195191
-1.112276619917
-1.923642019830
-1.329505637606
-3.333250997700

1.332907722461
-2.079170967812
-1.091533993954

1.124936039581

2.347284037662
-2.754967449248
-1.629783053779
-1.119877804827
-1.482896208254
-0.071535964788
-1.272814775323
-1.938936360965
-0.315325688648
-3.427057643332
-3.706901922099
-4.006193448484

-0.338113707636
0.113610317254
-0.543611993245
-1.673269112120
-2.132096228059
-1.455020921367
1.355612263363
1.433880815331
2.253280347121
2.663139869503
0.256591637566
-0.915315597132
-2.277137136874
-0.703833149076
0.192995093423
-0.159214696131
-2.190661851702
-3.010036019515
-1.796958809169
2.556547800533
3.453201636974
2.935106828326
0.613896218864
-0.042131770729
-2.586382635082
-3.031533543066
-2.324208891425
-0.806896094866
0.289693673087
-1.451571390769

1.628824060959
2.036681548203
3.073230047938
3.657976082208
3.235441633044
2.229523963086
1.462097255936
0.099335042435
2.207402071046
-0.474761424573
-0.786143182170
-0.329203678165
-0.202834586604
0.115489800177
0.848698801211
3.413045506097
4451581844268
3.696350398855
1.911947434651
-0.768083324201
0.270166565618
-1.359731580293
-1.758005843881
-0.950803800002
0.852713915557
-0.718721945060
-0.608548404463
1.207787414148
-0.148993306498
-0.323728943392

E (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.7990193 au
G (UwB97X-D/6-311G(d,p)+PCM(ethanol)): -596.5811806 au

C

0.208793567800

-0.691876967382

1.318782557898

120



I I I IO DI I I DO DT DI D D IOD T OO0 Zoooaoaoaan

IM3

-0.522104794860
-0.904947046015
-0.566745156052
0.184490089217
0.608048534371
-1.042051648528
-1.364442817232
-1.218493429938
-1.810539596351
-1.315805980773
-1.376008978404
-0.830705567214
-2.605502193798
0.777760852989
-1.483313606252
-0.877613051012
0.466631220492
1.237643472130
-2.859973398765
-1.709300124513
-1.203793748546
-2.176671369517
-0.419987473832
-0.754549156755
-1.490343258375
0.161165758636
-2.388507521520
-2.995206882547
-3.401139094829

0.246885282571
-0.064569508564
-1.294040668052
-2.213351963217
-1.904103975761

1.508253079332

1.480334893593

2.509798589762

2.714374458062

0.333763015619
-1.036516103320
-2.143497662546
-1.381051244048
-0.344695515071

0.667127151127
-1.532742500831
-3.162417235440
-2.595713374771

2.637303527164

3.520132485759

2.933493893790

0.443276351888

0.410435597692
-3.071408617653
-2.343510521101
-1.904344393255
-2.180193929735
-0.524214116206
-1.740172769413

2.092220503494
3.389049984137
3.953672183247
3.212472730915
1.931306114708
1.493457813918
0.157481308357
2.180518439322
-0.461909342090
-0.751239832139
-0.128842684520
-0.984314357303
0.661191536430
0.460028498798
3.943210608202
4.965092369101
3.658422323009
1.380831508577
-0.770736822881
0.262312377307
-1.348340911034
-1.430986176580
-1.386071783367
-0.409097041624
-1.841598264691
-1.382850461103
1.378200875775
1.214990723876
-0.006997359727

FERDE

Free energy correction (UwB97X-D/LANL2DZ(f) for Co, 6-31G(d,p)+PCM(ethanol)): 0.934455793824

au

E (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2402.235653 au
G (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2401.301197 au

a

Oz oorzmozaoD Doz 000

2.031026414810
-1.716696706218
0.369661168595
1.765779525640
-0.268153917199
-2.252830694161
-2.411643639769
2221923024011
2.670174925780
2.579787197775
3.660874190800
-1.497246804375
-1.584033383011
-1.976859043002
-0.014858704028
0.658494841817
1.692082917051
0.123999693497
0.659759162720
-2.574567295308

1.707258598876
2.708489583174
3.977982498815
4.100158449211
4.852824899643
1.542909615014
3.683926098350
5.075152599437
0.833278864118
2.943420440621
3.053012364745
0.310772212472
-0.301491461757
-0.246605694617
0.502302219275
-0.869800216311
-0.842410363331
-1.610940863111
-1.220072016068
2.152531160309

2.157849087066
2.180544542341
1.932454466253
1.874694495529
1.864144034063
2.645114231757
1.883197310454
1.746264310654
2235628913554
2.013077115692
2.009746440701
2.838592393411
1.932040435072
3.652488825502
3.175894568881
3.057162687387
3.413478998043
3.661224249769
2.019096194415
-0.843101006971
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-3.017798903426
-1.284957281483
-0.449457835043
0.909213381012
-0.859306761142
-1.888406675708
1.827926838534
0.068331471600
2.871659550386
-0.256633867765
1.406527146900
2.125444474702
-3.491266976914
-4.851667909101
-3.080057483788
-5.103140145315
-5.830643857856
-4.098981532455
-5.408543771534
-6.166240976310
2.440402807000
3.236955113696
1.219255367235
2.852683862467
1.934348985439
4.239083416555
4.887331688150
2.473090260725
4.749939202245
3.827696330690
4.228642052500
-1.840378375734
0.657429706804
-3.728791011547
-7.289146626652
1.543771565419
6.230379611505
-7.775142190386
-7.717983271960
-8.815360840199
-7.175043288616
-7.376557302174
-6.758311548618
-8.409494391899
-7.032698873308
-8.229246683755
-7.970680665727
-9.256188613078
-8.215810987250
-2.937440504482
-2.690301658920
-3.538813383673
-2.010675957630
-2.885987818621
-1.956328640591
-3.443960531289
-2.631361720914
-4.972711453311

3.143559230319
2.037329300212
3.157821445385
2.843591232131
4.490804313353
4.760155224954
3.855621300939
5.494529216791
3.622838434810
6.529279842612
5.177100647859
5.961328678408
1.095366454032
1.459186421861
-0.260446572368
2.510364108406
0.541091903164
-1.232891036461
-0.798139426353
-1.537625102163
1.069095538235
1.813847598736
1.475023144445
-0.266116990919
-1.358620818974
-0.476997074824
0.394431877572
-2.683849711438
-1.725972061453
-2.805865132943
-3.800864369548
-0.629389623602
-1.202355027586
-2.708219678949
0.983177385301
-3.905813497029
-2.007856373116
1.701702070915
1.036275257635
2.025183558526
2.589896143332
1.947732838076
2.837391596221
2.279067512993
1.457203970567
-0.200924798519
-0.726257915654
0.162787709440
-0.923535891150
-3.263534162630
-4.317062233554
-3.204461660757
-2.711515776045
-2.829867531522
-2.268837391203
-2.452188520140
-3.878819444338
-3.593174885866

-0.921539490096
-0.973684101131
-1.200280167916
-1.363523291471
-1.229282249297
-1.026360310154
-1.642614664333
-1.472710039802
-1.820996108670
-1.491893972275
-1.696713065996
-1.908671921249
-0.587793353478
-0.470108094595
-0.400717861826
-0.592855357672
-0.179233243020
-0.114890243845
-0.017701453058
0.203020091641
-0.979992504988
-0.977733973414
-1.186355320439
-0.724301280899
-0.691993178487
-0.500416809398
-0.515901616195
-0.511117644607
-0.271203545409
-0.300634041197
-0.143776292260
-0.462057740994
-0.807929664162
0.111231200585
-0.002003284726
-0.554299245931
-0.001368803868
-1.274474891948
-2.141553886683
-1.157757504039
-1.493337662871
1.196747429545
1.042172437430
1.351755243284
2.113310661747
0.265149520105
1.190359897600
0.370180956581
-0.557498028056
-1.090503672446
-0.916078410497
-2.004415729308
-1.242954365464
1.395378750893
1.306654831931
2259719186934
1.584140431277
0.290947270513
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-4.655076020021
-5.553154036341
-5.632788422793
0.845952057440
0.169071875253
0.263138517308
1.584699565234
2.311404123725
1.606982253542
3.067693814116
2.801963757881
0.485465052320
-0.126655066203
-0.171181299730
0962112188121
6.783958580555
6.253884655803
6.688564025999
7.843678691854
7.068559972658
7.027326727148
6.735229623641
8.116666926372
6.380329083659
5.997298383072
5.834458492478
7.434531586705
-3.692114620266
-3.970026094957
-4.159543105234
-4.045976493281
0.162343564146
-0.200209807793
1.218795116353
-0.388893555047
-0.235591590254
0.554000597577
-0.322031998826
0.363234363321

-4.632634167372
-3.319322799003
-3.553902557666
-3.972579074353
-4.833715433918
-3.070107209990
-4.088725243148
-5.221319171456
-6.057224319827
-5.378441880533
-5.267766652900
-3.805805951529
-2.915004606256
-4.683068767011
-3.766299604291
-2.950009935914
-3.907066478347
-2.495932969447
-3.160828444915
-0.722670254124
-0.217868851605
-0.019543987851
-0.963484368172
-2.673737224731
-2.018656321198
-3.620353210126
-2.884775917458
1412885624408
1274427542651
2.317321439369
0.550001382941
1.073000409552
0.360549115698
1.274359253770
2.009527652158
2.754935749469
1.482288940688
0.397012689889
0.950169104683

0.418739704463
1.178578597663
-0.582259453232
-1.928085373526
-1.961714166235
-2.115610340305
-2.728592746575
-0.356273687310
-0.409537056240
-1.133032909898
0.622163724872
0.560031847258
0.426426579431
0.534990275378
1.546000660306
-1.087522266243
-1.104698054830
-2.078787166902
-0.906459699694
-0.007818741063
-0.978652097396
0.762747837081
0.195131786286
1.380056469151
2.168975117191
1.436183616985
1.590642154159
2.768528307102
3.820374202286
2.384133508786
2.193865921675
4.586447373999
5.334653438825
4.789773634985
4.710944691794
2.082126032509
2.114076627169
-0.870049316510
1.150614792676

FERDE

Free energy correction (UwB97X-D/LANL2DZ(f) for Co, 6-31G(d,p)+PCM(ethanol)): 0.931439128699

au

E (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2402.214815 au
G (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2401.283376 au

a
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1.844250619463
-1.757014788831
0.410796506143
1.795646683013
-0.162621292812
-2.382953794759
-2.359461687453
2.318956245817
2.405403008111
2.505456131912

1.494303914493
2.787949485137
3.866865082654
3.853986531337
4.778354338979
1.666483885443
3.829598478357
4.768077902316
0.576603018094
2.660597813720

2.148144557338
2.281375644949
1.804029810360
1.641644228681
1.679700714265
2.730859218748
2.019694955057
1.383190749579
2.286422334583
1.823057020032
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3.587110942659
-1.746291952286
-1.911414003438
-2.251405735789
-0.249074776811

0.310793860773

1.334610706133
-0.296987711790

0.303678290723
-2.543228005856
-2.995534861474
-1.250503474216
-0.427388161981

0.924338610150
-0.840260307299
-1.860606266692

1.826553539003

0.073518485963

2.862677398703
-0.252968850490

1.400517060609

2.107716225576
-3.457877150745
-4.824055175534
-3.041027280544
-5.081185624231
-5.803613652151
-4.061869208414
-5.376500223553
-6.134624494616

2473034064714

3.274620575300

1.243133862909

2.892831869299

1.972340071373

4.287160317200

4.937522482971

2.517068653589

4.802551768089

3.878330678678

4.285517402943
-1.797597890190

0.693481517495
-3.686157983578
-7.269875970236

1.594512411213

6.291244759921
-7.727805121247
-7.641041529197
-8.773707665590
-7.129973350044
-7.397843242314
-6.780484620948
-8.436732975642
-7.078359545310
-8.207173357675
-7.966018086980
-9.239024816157

2.652977326051
0.356550052682
-0.180249266939
-0.205656750672
0.387532870383
-1.014289030493
-1.114290039735
-1.762351084319
-1.248889965873
2.168955109928
3.145564760991
2.060529756938
3.163663384684
2.837740994142
4.492828247218
4.774151918320
3.828719064893
5.478679760662
3.585274510739
6.510740790883
5.144483817569
5912125233383
1.116378678820
1.469303768976
-0.234911932417
2.516803298693
0.545184594719
-1.215965693680
-0.791114302216
-1.536217289095
1.084886700824
1.816101121236
1.488824405152
-0.237024575863
-1.324286102734
-0.449834598780
0.418252469054
-2.653585660859
-1.697549188040
-2.776790922865
-3.772868658700
-0.591570857977
-1.158708210102
-2.691673041504
0.976917858378
-3.880244536605
-1.981761383694
1.678850979961
1.005652462600
1.993794602887
2.570414342620
1.952555996966
2.844390527336
2.279120485826
1.473155795858
-0.212219889133
-0.728563843514
0.144351587059

1.724192056643
2.814058795028
1.877302294442
3.608411840992
3.117875624557
2.860760966111
3.232935591312
3.380621476613
1.793501503037
-0.809615183558
-0.978022946185
-0.895599416764
-1.220770305041
-1.416773249287
-1.315849587678
-1.084557860890
-1.805506855751
-1.663652517588
-2.012177643206
-1.733534312956
-1.927753612576
-2.223589687610
-0.525371805777
-0.453312917212
-0.319412843883
-0.595713199883
-0.181938363222
-0.069826225450
-0.006664867134
0.193230612237
-1.008389263923
-1.123110959636
-1.148249204780
-0.702364958617
-0.604097615746
-0.539385593691
-0.599937601666
-0.470387419444
-0.313095022936
-0.309855599968
-0.178206748691
-0.333237364032
-0.642205038201
0.143593153288
-0.047661818149
-0.543031739723
-0.096354960856
-1.339707225289
-2.198277224055
-1.254416598820
-1.551006817156
1.138431172877
0.993111795754
1.260132352706
2.069658769965
0.206589864418
1.141523775211
0.284763728948
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-8.169122664557
-2.873245082541
-2.609716853647
-3.465440291682
-1.954374508432
-2.859051200406
-1.930829128794
-3.429173771979
-2.603629912279
-4.926730271896
-4.604511258017
-5.523347153954
-5.572750047658
0.885971383757
0.207243692157
0.301846321817
1.617668143183
2.376258011443
1.679347225702
3.127473165236
2.875292690342
0.538823397346
-0.118630389038
-0.071972595860
1.014852339855
6.804881432899
6.273957313958
6.674317812967
7.870282299093
7.131136478934
7.060057418398
6.823402709674
8.184809961987
6.488890814394
6.137136675109
5.941804554431
7.549284113002
-3.829145333929
-4.121919844673
-4.218089230916
-4.249132938416
-0.017295240881
-0.440818409614
1.052022471657
-0.489181617480
-0.271589959613
0.417424421214
-0.267225168112
0.072179883970

-0.940928639186
-3.218396318719
-4.269876847592
-3.156141732357
-2.648062570746
-2.832523196166
-2.266655815167
-2.472045865088
-3.884019448773
-3.586948316395
-4.626215975635
-3.329201378208
-3.539149603972
-3.892953930942
-4.751068041511
-2.983039085975
-3.976719703808
-5.195603077406
-6.035345250244
-5.312992530939
-5.277925744867
-3.843508204945
-2.984991272995
-4.753135266778
-3.788987175955
-2.927198381654
-3.883908790864
-2.475503583674
-3.138411912294
-0.698252367595
-0.197742307397
0.008913917358
-0.940086303479
-2.645165225810
-1.987061806678
-3.589554041663
-2.859659828803
1.651915197422
1.476022786350
2.612860302162
0.856192931767
0.788409340807
0.028852116313
0.874508948324
1.748476951226
2.708588851579
1.453730009010
0.451369729720
0.880949140453

-0.609854469230
-1.056692991614
-0.894054423865
-1.976363013506
-1.190157417421
1.435978686357
1.367561423011
2299788281538
1.609086914403
0.289732367237
0.407606849784
1.171539349710
-0.593494527652
-1.913249011637
-1.975828471213
-2.058853480055
-2.724146423347
-0.407249279133
-0.490219168931
-1.195726581566
0.564608065925
0.576849317404
0.454156071835
0.544237165430
1.562211224063
-1.199262566406
-1.195062099554
-2.187602116935
-1.055733160316
-0.135271338726
-1.106605456048
0.642210989828
0.035166736058
1.280226271177
2.081106706735
1.358080873846
1.453002550607
2.846486778838
3.888146621316
2.514956371379
2221716092859
4.586174894402
5.251892091180
4.800437415255
4.814689829929
2.132766983685
2.233756466309
-0.650565944884
0.880501939106

FERDE

Free energy correction (UwB97X-D/LANL2DZ(f) for Co, 6-31G(d,p)*+PCM(ethanol)): 0.934634777560

au

E (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2402.243074 au

G (UwB97X-D/SDD for Co, 6-311G(d,p)+PCM(ethanol)): -2401.308439 au
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2.002638397156
-1.682115586598
0.381064748614
1.756257346472
-0.281786486471
-2.216011007856
-2.363117236043
2.189954326893
2.649935764301
2.565866204941
3.643112381235
-1.458951758221
-1.475690417711
-1.976241901438
-0.010487602956
0.705990191443
1.708394894568
0.139139700752
0.788998846850
-2.551957810484
-2.978792438646
-1.285963515011
-0.466215430165
0.894073414639
-0.890887549789
-1.934910665848
1.808050909171
0.031084416108
2.852854613073
-0.306423353464
1.376603121644
2.089421632180
-3.460016340651
-4.801668970960
-3.062073873329
-5.038410673071
-5.778779153771
-4.077777667954
-5.371106031910
-6.126228430601
2.419372791381
3.205689670566
1.204845293605
2.825988457188
1.919552956686
4.190086212932
4.826376001224
2.457521553333
4.692084362223
3.790208711392
4.188294548781
-1.838209866305
0.653232165059
-3.718514364535
-7.217173919706
1.553020328254
6.143591086226
-7.759654351489

1.642756784760
2.580664208381
3.757540517283
3.853977696508
4.561026925061
1.425796364443
3.561038378747
4.747162980180
0.820390938119
2.788269670229
2.846543710504
0.182268895161
-0.237883139168
-0.529555834892
0.323373727430
-0.984233561617
-1.038098912972
-1.838918194520
-1.095550147621
2.200277239030
3.201720138274
2.060265871896
3.160948941062
2.843183544686
4.473244464824
4.745094907203
3.824076172678
5.453051651858
3.576762762925
6.470989972010
5.127981383964
5.889505376678
1.154433420691
1.533175039333
-0.215704558836
2.593924407014
0.612530063590
-1.187726990738
-0.740073261513
-1.480552000958
1.125078280607
1.880859926050
1.500338803545
-0.192345570837
-1.292219704098
-0.385101979752
0.494295769216
-2.613097482379
-1.629249288143
-2.719714102566
-3.711494582182
-0.596751855320
-1.141670518374
-2.674047172108
1.062082908362
-3.846162571539
-1.894929545229
1.869289895994

2.427540926965
2.328201051193
1.653157695252
1.489948515032
1.352581262913
2.812295541757
2.031025531443
1.052660271066
2.713079902147
1.873838254598
1.745182732960
2.794634317580
1.781697025030
3.446904347032
3.272594992544
2.906510466752
3.339925511497
3.291861116252
1.821596874334
-0.856117431951
-0.871389534838
-1.122522607483
-1.463918737454
-1.592004133732
-1.672376771913
-1.571801431500
-1.975324625755
-2.017531554026
-2.127287321410
-2.180025228553
-2.179194999633
-2.476934064941
-0.540280627007
-0.308760085356
-0.468277698629
-0.349028794627
-0.020962175152
-0.167464385436
0.032999567809
0.258671431002
-1.007236462592
-1.009807088156
-1.294614958437
-0.677829107138
-0.722251336813
-0.338149936501
-0.297921504028
-0.516328926365
-0.066383297004
-0.187932590148
-0.005675888056
-0.654295136180
-0.939458433961
-0.007760063903
0.267264463951
-0.649352829974
0.340942032330
-0.926896934324
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-7.760064026197
-8.786765138217
-7.158380853441
7222328966311
-6.593505006628
-8.238764173747
-6.843890835918
-8.161752252145
-7.864092779882
-9.175417636481
-8.203620941846
-2.963294703132
-2.740164269421
-3.581355786118
-2.027141426124
-2.848852707795
-1.934012147110
-3.400296286844
-2.567987235962
-4.965968889967
-4.655256134070
-5.517020623804
-5.651278168192
0.945142176841
0.293842171167
0.352818411881
1.735014633257
2.324827024964
1.638415387379
3.136410590601
2.745508081622
0.425192707741
-0.172773892310
-0.231323149814
0.836098187940
6.809240158049
6.294672438392
6.803609084838
7.849226141727
6.962953743604
7.008483421271
6.549198996791
7.989719340916
6.168041171672
5.703440576391
5.629818151619
7.199475937492
-3.655708521894
-3.921847852429
-4.116102170540
-4.028205191768
0.021288807921
-0.391808952757
1.047861847849
-0.566875103149
-0.187652429669
0.622425869766
-0.319444917965

1262134581632
2.196964585632
2.762702341802
1.947192017684
2.833555389703
2286115305599
1.391231722585
-0.123924458961
-0.710726177183
0.246192358035
-0.792604382261
-3.204915109764
-4.269562822808
-3.100575095659
-2.670462028245
-2.832442922568
-2.245726852276
-2.502012152730
-3.882011822894
-3.553440358624
-4.599773612648
-3.309552885368
-3.474403854595
-3.891720903494
-4.767543989452
-2.998470065774
-3.969484693454
-5.155648306533
-5.999092191088
-5.281998610890
-5.221613395227
-3.779648038074
-2.881110550444
-4.651945296688
-3.773891800041
-2.827142734734
-3.790224903519
-2.371111402643
-3.026144685672
-0.599923914334
-0.092307429169
0.096582154995
-0.829032270240
-2.563415255770
-1.915028921152
-3.516061850532
-2.763232588781
1.290303022173
0.986162931627
2.249336307900
0.536497204757
0.542646530057
-0.329259923121
0.694338394178
1.421988325193
2.608439400673
1.535100097950
0.442889578301

-1.837525682495
-0.732108105498
-1.119629602009
1.528728333665
1.400213365085
1.758252214233
2.392859619056
0.509074164317
1.384255348266
0.691749431053
-0.357038919767
-1.243207328055
-1.108988498171
-2.141897452325
-1.398123439547
1.254355745296
1.174518098656
2.141990318251
1.395966585178
0.176809381423
0.256086429917
1.091331735924
-0.674035447414
-2.066086961386
-2.163590402511
-2.267438252971
-2.821169774228
-0.430249125218
-0.553620522644
-1.155175879498
0.579053960935
0.395527885266
0.252075361195
0.298135745636
1.411268284956
-0.689335332593
-0.758910317454
-1.684261377109
-0.408303765762
0.417417855003
-0.551753830030
1.154326796709
0.718936712693
1.729088017251
2.478837556153
1.730434996506
2.039560282398
2.925548077949
3.944073732328
2.694858317168
2.223080007029
4.796002274388
5.315221492354
5.142649468605
5.074685108148
2200110780403
2.601549897295
-0.947743906216
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1g radical

Free energy correction (UwB97X-D/6-31G(d,p)+PCM(MeCN)): 0.193836535 au

-0.123199489133

0.706853033444

0.397515578512

E (UwB97X-D/6-311G(d,p)*PCM(MeCN)): -503.339013635 au
G (UoB97X-D/6-311G(d,p)+PCM(MeCN)): -503.1451771 au

@]

I I I I DOXIZI D OO ao@moomzoaomnaoaozm oD aon

1g cation

Free energy correction (wB97X-D/6-31G(d,p)+PCM(MeCN)): 0.194335073 au

-0.012215074423
-1.197877206160
1.030477877264
-1.990747716539
1.946500497365
-1.339863627839
0.880465799476
1.682449558200
-0.294255427208
-0.423781977883
0.087333892265
-2.435821606510
-3.651799497146
-4.285420158578
-4.335196267629
-3.747413086168
-4.561383311007
-5.542909849078
-6.383451943104
-5.074031537463
-5.941870915841
-3.522590673052
-3.961486769199
-2.760969774228
-2.991302031484
-5.293250001517
-3.483424236521

-0.053733917276
-0.526563866857
0.408078891891
-0.879460735282
0.775375772051
-0.534859857610
0.394122599035
0.751748499805
-0.071355163047
-0.081531200121
-0.050011478894
-0.992038176117
-1.224133091535
-1.740556260827
0.073111222542
0.533851731715
1.058068122521
0.715702700178
0.129286176948
0.116916445753
1.616617546605
2.092189531486
2981219296475
1.707193652369
2.403295554299
-0.236047263516
-1.906035982593

-3.257208219879
-2.690709352690
-2.459442798665
-3.339223908147
-2.910118515620
-1.300368851115
-1.070447250130
-0.431866468900
-0.492721805082
0.584799719832
-4.338424365944
-0.635544384017
-1.344402675929
-0.620260054244
-1.809187264067
-2.610395974352
-0.702865291094
0.372169967534
-0.015198528425
1.172276334779
0.852628759567
-0.409925653168
0.058995479797
0.289735283228
-1.315634050482
-2.250699472089
-2.186637316695

E (wB97X-D/6-311G(d,p)+PCM(MeCN)): -503.1711232 au
G (@B97X-D/6-311G(d,p)+PCM(MeCN)): -502.9767881 au

a

aOxoooT T oD OO0

-0.252039147777
-1.168967539745
0.768601246093
-1.945910830842
1.474795812269
-1.054670917184
0.873046576381
1.663421891755
-0.033336936062
0.035148541331
-0.346225541653
-1.880077361244
-3.100091728443
-3.452707077245
-4.127692536458

-0.507445163653
-0.865519970950
0.400245374613
-1.583040808834
0.671968266871
-0.299463756759
0.958002432975
1.668145295339
0.614536302792
1.042481015445
-0.951099679740
-0.587467431787
-1.271342154414
-1.566677320103
-0.390934229945

-3.501805852438
-2.510650349137
-3.238380793594
-2.747630670060
-4.015638604317
-1.240441555033
-1.961983518953
-1.740277303997
-0.966380090870

0.028383637628
-4.487914598796
-0.184368416694
-0.413941406841

0.575504951180
-1.118175483456
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-3.819352151287
-4.571470775534
-5.384900239923
-4.671721938442
-5.804545573323
-6.134501280602
-4.222798578360
-4.756848217308
-3.159473199186
-4.524928768195
-5.058899825408
-2.947688967622

-0.112349346605
0.837457175204
1.784984739745
2.586142414585
1.378629057700
2.266820794828
1.122262094274
0.366901982017
0.928610236688
2.115007130764

-0.958721476613

-2.187682224443

-2.136405209107
-0.445041574599
-1.197445792125
-1.466207301898
-2.116706786235
-0.564751913732
0.941646313756
1.544543786623
1.117597706465
1.268773126659
-1.292461595783
-0.990517360656
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4-2. Detection of a radical intermediate by TEMPO-trapping

[Experimental procedures]

In an argon filled glove box, a flame dried reaction vial was charged with Ru(bpy);Cl*6H>O (1.5 mg, 2.0
pmol), 4a (6.0 mg, 10 umol), ascorbic acid (52.8 mg, 0.30 mmol), TEMPO (78.1 mg, 0.50 mmol), alkene
5a (0.10 mmol) and ethanol (1.5 mL). The vial was capped and removed from the glove box. The reaction
vial was placed in front of the light source (ca. 3 cm from two blue LED panels) in a cold room (4 °C) so
that the temperature of the reaction mixture was kept approximately at 25 °C. After stirring for 18 hours,
the mixture was cooled in an ice bath and sat. aq. NaHCO3 was added. Organic material was extracted with
EtOAc (x 3) and the combined organic layer was washed with brine (x 2). The organic layer was dried over
Na>SO4 and concentrated under reduced pressure. By ESI-MS analysis, 5a-TEMPO and its diagnostic

isotopic signal were detected from the crude mixture.

4-3. Detection of a radical intermediate by cyclopropane opening

[Experimental procedure]

In an argon filled glove box, a flame dried reaction vial was charged with an Ru(bpy)3(PFs)2 (3.4 mg, 4.0
pumol), 4a (12.0 mg, 20 pmol), ascorbic acid (17.6 mg, 0.10 mmol) and 2-benzyl-5-
methylenebicyclo[4.1.0]heptane (1g) (39.7 mg, 0.20 mmol). The vial was capped and removed from the
glove box. A mixed solvent (fert-butyl alcohol/H>O = 3/1, 3.0 mL) was added to the vial via syringe, and
the syringe hole was carefully sealed with a vinyl tape. The reaction vial was placed in front of the light
source (ca. 3 cm from two blue LED panels) in a cold room (4 °C) so that the temperature of the reaction
mixture was kept approximately at 25 °C. After stirring for indicated time, the mixture was cooled in an
ice bath and sat. aq. NaHCO3 was added. Organic material was extracted with Et,O (x 3) and the combined
organic layer was washed with brine (x 1). The organic layer was dried over Na,SO4 and concentrated
under reduced pressure. The crude mixture was analyzed by 'H NMR in CDCls using 1,3,5-

trimethylbenzene as internal standard. Thus, yield of 2g[31%1 was determined to be 22%.

4-4. Stern-Volmer quenching experiments

[Experimental procedure of Stern-Volmer analysis using 5a]

In an argon filled glovebox, Sa was added to a solution of Ru(bpy);Cl> (50 mM) in ethanol (degassed by
argon bubbling for 1.5 hours) so that the concentration of 5a was 0, 5.0, 10, 15 or 20 mM. The 5 samples
thus prepared were transferred to a quartz cuvette, capped and removed from the glove box. The

luminescence of each sample was measured at 607 nm using excitation light at 451 nm.
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1. General Remarks

Reactions were carried out under argon atmosphere unless otherwise noted. NMR spectra were recorded
on JEOL ECA-600 spectrometers operating at 600.17 MHz for '"H NMR spectra, 150.92 MHz for *C {'H}
NMR spectra and 564.66 MHz for ’F NMR spectra. Chemical shifts were reported in the scale relative to
TMS (0.00 ppm for 'H NMR in CDCl3), CHCl3 (7.26 ppm for 'H NMR in CDCl3), CDCls (77.0 ppm for
BC{'H} NMR in CDCIl3), and PhCF; (—63.7 ppm for ”F NMR in CDCIls) as an internal reference,
respectively. High resolution mass spectra (HRMS) were obtained on a Bruker micrOTOF II-KR
spectrometer in Atmospheric Pressure Chemical Ionization (APCI) method or Electrospray lonization
(ESI) method using “LC/MS tuning mix, for APCI, low concentration” or “LC/MS tuning mix, for ESI,
low concentration” (Agilent Technologies, Inc.) as the internal standard. Infrared (IR) spectra were
recorded on an Agilent Technologies Cary 630 FTIR spectrophotometer and a JASCO FT/IR-5300
spectrophotometer, and absorbance bands are reported in wavenumbers (inverse centimeters). Column
chromatography was performed with silica gel 60 N (40-50 mesh) obtained from Kanto Chemical Co. or
Universal column SiOH using Yamazen YFLC AI-580. Reverse phase column chromatography was
performed with Universal column ODS using Yamazen YFLC AI-580. 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. Benzene (Super Dehydrated: 021-16941) was purchased from Fujifilm Wako Pure Chemical
Co.. Substrates (10a, 5'° 10b—j, 5° 10l-m, 3 and 11a-g%'7) were prepared according to the reported
procedure. Cobalt complexes (4e,5' 4a,53 4¢,5* 4d5'° and 4f5%) were prepared according to the reported
procedure. All other reagents were commercially available and used as received unless otherwise noted.
The Ir(dFppy)s was purchased from Sigma-Aldrich (900540-100MG), and the photocatalysts obtained
from other suppliers were less effective. Photo-irradiation was performed with a blue LED light (ISLM-
150X150-BB447, 447 nm) obtained from CCS Inc.. The borosilicate glass vessel for photochemical
reactions was obtained from GL-Sciences (1030-61060).
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2. Experimental Procedures

2-1. Standard LED setup for the reaction

Figure S4. Standard LED setup for photochemical reactions (side view).

The reaction vessels were placed in front of the blue LED panel (ISLM-150X150-BB447, 470 nm, CCS)

at the room temperature. The distance from the LED panel to the vessel is approximately 2 cm.
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2-2. Screening of Photocatalysts

Table S2. Screening of Photocatalysts

Entry

4

5

11a (2.0 equiv.)

PC (1.0 mol%)

)J\/\ 4e (1.0 mol%)

OTBS benzene (0.1 M)
10 blue LED, 25 °C, 18 h
a

Photocatalyst % yield®
Ir(dFppy)s 74
[Ir{dF(CFs)ppy }2(dtbpy)](PFs) 46
[Ir(ppy)2(dtbpy)](PFe) 37
Ru(bpy)s N.D.
4CzIPN 60

FERDE

H Ph
J4/\OTBS
12aa
Ero(PC/PC™) [V vs. SCE]
-1.24
-1.37
-1.51
-1.33

-1.21

*Determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.

We attempted the hydrobenzylation of alkene 10a using five kinds of photocatalysts which were utilized

in the photocatalyst screening of our MHAT hydrogenation,33 as shown in Table S2.
[Ir{dF(CF3)ppy}2(dtbpy)](PFs), [Ir(ppy)2(dtbpy)](PFs), and Ru(bpy)s resulted in much lower yields than
that with Ir(dFppy)s (entry 1 vs entries 2-4), whereas 4CzIPN, the redox potential of which is almost

same as that of Ir(dFppy)s, gave 12aa with moderate yield (60%) (entry 5). These results indicated that

the reaction efficacy might rely on factors other than the electronic properties of the photocatalysts, such

as effects for the reaction rate of the SET process and of in situ generated benzyl radical quenching

process.
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2-3. Intermolecular Hydrobenzylation of Alkenes by Cobalt-photoredox Dual Catalysis

General Procedure

11 (2.0 equiv.) . R’
I
! Ir(dFppy)s (0.25 — 1.0 mol%) !
R/\/ Co catalyst 4e (2.5 mol%) R -
benzene (0.1 M) H
10 blue LED, 25 °C, 40 h 12

In an argon filled glove box, an oven dried 1 dram vial was charged with 4e (3.1 mg, 5.0 umol), Ir(dFppy)3
(0.38 mg, 0.50 pumol or 1.5 mg, 2.0 umol), DHP (11) (0.40 mmol), alkene (10) (0.20 mmol), and dry
benzene (2.0 mL). When using 0.50 mmol of Ir(dFppy)s, the photocatalyst was suspended in benzene (2.0
mL each) and the suspension was poured into a reaction vessel charged with 4e, 11, and 10. The vial was
sealed with a screw-cap and removed from the glove box. The reaction vessel was placed in front of the
light source (ca. 1 cm from a blue LED panel) at ambient temperature so that the temperature of the reaction
mixture was kept approximately at 25 °C. After stirring for 40 hours, the mixture was passed through an
alumina plug using EtOAc as an eluent, and the resulting solution was concentrated under reduced pressure.
Unless otherwise noted, the crude mixture was purified by silica gel column chromatography (reversed
phase column chromatography, if necessary) to afford the corresponding hydrobenzylated product 12.

Some products were contaminated with grease and could not be separated.

X
J\/\ )\/\ o) (j/
oTBS X OJ\N

H
10a

X = H:10b Ac:10g
Me:10c CN:10h
OMe:10d CI:10i
OBn:10e Br:10j

CF3: 10f
: o OH
10k (B-citronellol) 101
Figure S5. Chemical structures of alkenes 1.
tert-Butyl(3,3-dimethyl-4-phenylbutoxy)dimethylsilane (12aa)
H  Ph Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11a

J%/\OTBS (137.4 mg, 0.40 mmol), and Ir(dFppy)3 (0.38 mg, 0.50 pmol). The crude was purified by

flash column chromatography (silica gel, hexane/toluene = 30/1-10/1-5/1), and 12aa
was isolated as pale-yellow oil (49.6 mg, 85%). IR (ATR, v/em™) 2954, 2927, 2886, 2855, 1471, 1386,
1362, 1253, 1090, 1043, 996, 938, 898, 833, 773, 701, 661. "H NMR (CDCl3, 600 MHz) d 7.29 (t, J= 7.4
Hz, 2H), 7.23 (t,J= 7.3 Hz, 1H), 7.17 (d, J = 7.5 Hz, 2H), 3.78 (t, J= 7.4 Hz, 2H), 2.57 (s, 2H), 1.55 (t,J
= 7.4 Hz, 2H), 0.94 (s, 9H), 0.92 (s, 6H), 0.10 (s, 6H). 3C{'H} NMR (CDCl;3, 150 MHz) d 139.1, 130.7,
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127.6, 125.8, 60.1, 49.0, 44.4, 33.5, 27.0, 26.0, 18.3, —=5.3. HRMS (APCI) m/z: [M+H]" Caled for
Ci1sH3308Si" 293.2295; Found 293.2285.

3,3-Dimethyl-4-phenylbutyl phenylcarbamate (12ba)
Prepared according to the general procedure, using 10b (41.1 mg, 0.20 mmol),

Ph
O
/%/\OJ\N@ 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol). The crude was

H H purified by flash column chromatography (silica gel, hexane/DCM = 2/1-3/2—1/1)

and reversed phase column chromatography (ODS, H;O/MeCN = 50%-100%), then 12ba was isolated as
colorless oil (36.7 mg, 62%). IR (ATR, v/iecm™) 3314, 3027, 2959, 2927, 2868, 1701, 1598, 1526, 1500,
1443, 1313, 1217, 1085, 1068, 1029, 908, 752. 'TH NMR (CDCls, 600 MHz) d 7.39 (brs, 2H), 7.33-7.25
(m, 4H), 7.25-7.18 (m, 1H), 7.13 (d, J= 6.6 Hz, 2H), 7.05 (t, /= 7.2 Hz, 1H), 6.65 (s, 1H), 4.28 (t, /= 6.5
Hz, 2H), 2.55 (s, 2H), 1.63 (¢, J = 6.4 Hz, 2H), 0.93 (s, 6H) 13C{!H} NMR (CDCls, 150 MHz) d 153.6,
138.6, 137.9, 130.6, 129.0, 127.7, 126.0, 123.3, 118.5, 62.6, 48.9, 40.0, 33.5, 26.8. HRMS (ESI) m/z:
[M+H]* Caled for C19H24NO>" 298.1802; Found 298.1807.

3,3-Dimethyl-4-phenylbutyl p-tolylcarbamate (12ca)

Prepared according to the general procedure, using 10¢ (43.1 mg, 0.20 mmol),

Ph
0}
/%/\O )LN /©/ 11a (137.4 mg, 0.40 mmol), and Ir(dFppy); (1.5 mg, 2.0 umol). The crude was

H H purified roughly by flash column chromatography (silica gel, hexane/DCM =

12%-100%). In a 1 dram vial, the crude mixture was dissolved in DCM (1.0 mL), and mCPBA (49.3 mg,
0.20 mmol) was added to the mixture at 0 °C. Then, the reaction mixture was warmed to room temperature
and stirred for 30 minutes. The reaction was quenched with sat. Na,S>03 aq. (1.0 mL) and extracted with
EtOAc three times. The organic phase was washed with brine, dried over Na>SOs, and concentrated under
reduced pressure. The crude was purified by flash column chromatography (silica gel,
hexane/toluene/EtOAc = 15/1/1) to give 12c¢a as a colorless oil (35.8 mg, 57%). IR (ATR, v/cm™) 3315,
3027, 2958, 2920, 2867, 1700, 1598, 1524, 1408, 1315, 1222, 1208, 1070, 1049, 815, 767, 702. "H NMR
(CDCls, 600 MHz) d 7.31-7.24 (m, 4H), 7.21 (t, J=7.3 Hz, 1H), 7.13 (d, /= 7.3 Hz, 2H), 7.10 (d,J=17.3
Hz, 2H), 6.58 (s, 1H), 4.26 (t, J= 7.5 Hz, 2H), 2.55 (s, 2H), 2.29 (s, 3H), 1.62 (t, J= 7.6 Hz, 2H), 0.93 (s,
6H). BC{'H} NMR (CDCls, 150 MHz) d 153.7, 138.6, 135.3, 132.9, 130.6, 129.5, 127.7, 125.9, 118.6,
62.5, 48.9, 40.0, 33.4, 26.8, 20.7. HRMS (ESI) m/z: [M+H]* Calcd for C0H26NO>" 312.1958; Found
312.1971.

3,3-Dimethyl-4-phenylbutyl (4-methoxyphenyl)carbamate (12da)
Prepared according to the general procedure, using 10d (47.1 mg, 0.20

Ph OMe
(0]
/\</\OJ\N/©/ mmol), 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol). The

H H crude was purified by flash column chromatography (silica gel, Ist:

hexane/EtOAc = 4%-34%, 2nd: hexane/EtOAc/NEt; = 20/1/0.1) and reversed phase column
chromatography (ODS, H,O/MeCN = 50%-100%), then 12da was isolated as a colorless solid (41.2 mg,
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63%). MP 59.0-60.5 °C. IR (ATR, v/em™) 3320, 2923, 2833, 1695, 1599, 1541, 1509, 1465, 1415, 1309,
1222, 1176, 1065, 1031, 828. '"H NMR (CDCl;s, 600 MHz) d 7.34-7.25 (m, 4H), 7.21 (t, J = 7.3 Hz, 1H),
7.13 (d, J = 7.3 Hz, 2H), 6.84 (d, J = 9.0 Hz, 2H), 6.54 (s, 1H), 4.26 (t, J = 7.4 Hz, 2H), 3.77 (s, 3H), 2.55
(s, 2H), 1.62 (t, J = 7.6 Hz, 2H), 0.93 (s, 6H). *C{!H} NMR (CDCl;, 150 MHz) d 155.8, 153.9, 138.6,
130.9, 130.6, 127.7, 125.9, 120.5, 114.1, 62.5, 55.4, 48.8, 40.0, 33.4, 26.8. HRMS (ESI) m/z: [M+H]"
Caled for C2oH26NO5" 328.1907; Found 328.1907.

3,3-Dimethyl-4-phenylbutyl (4-(benzyloxy)phenyl)carbamate (12ea)
Prepared according to the general procedure, using 10e (62.3 mg, 0.20

Ph OBn
(0]
/\</\o )LN O mmol), 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 pmol). The

H H crude was purified by flash column chromatography (silica gel, hexane/DCM

= 2/1-3/2-1/1) and reversed phase column chromatography (ODS, HoO/MeCN = 50%-100%), then 12ea
was isolated as a colorless solid (45.4 mg, 56%). MP 70.1-70.9 °C. IR (ATR, v/cm™) 3378, 3319, 3027,
2964, 2934, 2870, 1701, 1597, 1527, 1509, 1311, 1219, 1176, 1032, 830, 706, 693. 'TH NMR (CDCl3, 600
MHz)d 7.41 (d,J=7.7 Hz, 2H), 7.37 (t, J= 7.6 Hz, 2H), 7.34-7.24 (m, 5H), 7.21 (t, J= 7.2 Hz, 1H), 7.12
(d, J= 7.3 Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H), 6.54 (s, 1H), 5.01 (s, 2H), 4.25 (t, J= 7.4 Hz, 2H), 2.54 (s,
2H), 1.61 (t,J= 7.6 Hz, 2H), 0.92 (s, 6H). 1*C{'H} NMR (CDCls, 150 MHz) d 155.0, 153.9, 138.6, 136.9,
131.2, 130.6, 128.5, 127.9, 127.7, 127.4, 125.9, 120.4, 115.2, 70.2, 62.5, 48.8, 40.0, 33.4, 26.8. HRMS
(ESI) m/z: [M+H]" Calcd for C26H30NOs*™ 404.2220; Found 404.2224.

3,3-Dimethyl-4-phenylbutyl (4-(trifluoromethyl)phenyl)carbamate (12fa)
Prepared according to the general procedure, using 10f (54.7 mg, 0.20

Ph CF,
(0]
/\</\OJ\N/©/ mmol), 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol). The

H H crude was purified by flash column chromatography (silica gel, hexane/DCM

= 20%-70%) and reversed phase column chromatography (ODS, HoO/MeCN = 50%—-100%), then 12fa
was isolated as pale-yellow oil (43.9 mg, 60%). IR (ATR, v/iem™) 3316, 2965, 2932, 1698, 1599, 1529,
1509, 1416, 1311, 1220, 1176, 1067, 1032, 830. "TH NMR (CDCls, 600 MHz) d 7.55 (d, J = 8.7 Hz, 2H),
7.49 (d,J="17.8 Hz, 2H), 7.28 (t, J= 7.8 Hz, 2H), 7.22 (t, /= 7.2 Hz, 1H), 7.13 (d, /= 7.8 Hz, 2H), 6.84 (s,
1H), 4.29 (t, J = 7.5 Hz, 2H), 2.55 (s, 2H), 1.63 (t, J= 7.6 Hz, 2H), 0.94 (s, 6H). *C{'H} NMR (CDCls,
150 MHz) d 153.3, 141.0, 138.5, 130.6, 127.8, 126.3 (q, J = 3.7 Hz), 126.0, 125.1 (¢, J = 32.8 Hz), 124.1
(¢, J=271.4Hz), 117.9, 63.0, 48.9, 39.9, 33.5, 26.8. F NMR (CDCl3, 565 MHz) d —-63.0. HRMS (ESI)
m/z: [M+H]" Caled for C20H23F3NO,* 366.1675; Found 366.1670.

3,3-Dimethyl-4-phenylbutyl (4-acetylphenyl)carbamate (12ga)
Prepared according to the general procedure, using 10g (49.5 mg, 0.20 mmol),

Ph Ac
0}
/%/\OJ\N@/ 11a (137.4 mg, 0.40 mmol), and Ir(dFppy); (1.5 mg, 2.0 pmol). The crude was

H H purified by flash column chromatography (silica gel, hexane/EtOAc/NEt; =

5/1/0.1) and reversed phase column chromatography (ODS, HoO/MeCN = 50%—-100%), then 12ga was
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isolated as a colorless solid (39.2 mg, 58%). MP 110.4-112.0 °C. IR (ATR, v/ecm™) 3317, 1719, 1696,
1660, 1598, 1534 ,1509, 1416, 1311, 1220, 1176, 1066, 1031, 828. 'H NMR (CDCls, 600 MHz) d 7.93 (d,
J=28.7Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 7.28 (t, /= 7.3 Hz, 2H), 7.22 (t, J= 7.3 Hz, 1H), 7.16-7.07 (m,
3H), 4.29 (t, J = 7.6 Hz, 2H), 2.57 (s, 3H), 2.55 (s, 2H), 1.63 (t, J = 7.6 Hz, 2H), 0.94 (s, 6H). ¥C{'H}
NMR (CDCl3, 150 MHz) d 197.0, 153.2, 142.5, 138.4, 131.9, 130.5, 129.8, 127.7, 126.0, 117.5, 63.0, 48.9,
39.9,33.4, 26.8, 26.4. HRMS (ESI) m/z: [M+H]" Calcd for C21H26NO3* 340.1907; Found 340.1897.

3,3-Dimethyl-4-phenylbutyl (4-cyanophenyl)carbamate (12ha)
cn Prepared according to the general procedure, using 10h (46.1 mg, 0.20

Ph
(0]
/\</\OJ\N/©/ mmol), 11a (137.4 mg, 0.40 mmol), and Ir(dFppy); (1.5 mg, 2.0 pmol). The

H H crude was purified by flash column chromatography (silica gel,

hexane/EtOAc/NEt; = 5/1/0.1) and reversed phase column chromatography (ODS, HO/MeCN = 50%—
100%), then 12ha was isolated as an off-white solid (37.7 mg, 58%). MP 81.8-84.2 °C. IR (ATR, v/cm™)
3366, 2966, 2929, 2221, 1732, 1589, 1522, 1414, 1320, 1210, 1176, 1079, 1038, 834. "TH NMR (CDCls,
600 MHz) d 7.57 (d, /= 8.8 Hz, 2H), 7.51 (d, J= 8.6 Hz, 2H), 7.28 (t, /= 7.3 Hz, 2H), 7.22 (t, /= 7.3 Hz,
1H), 7.13 (d, J = 6.9 Hz, 2H), 7.04 (s, 1H), 4.29 (t, J = 7.5 Hz, 2H), 2.55 (s, 2H), 1.63 (t, J = 7.6 Hz, 2H),
0.94 (s, 6H). BC{'H} NMR (CDCls, 150 MHz) d 153.0, 142.2, 138.4, 133.3, 130.5, 127.7, 126.0, 118.9,
118.2,105.9, 63.2, 48.9, 39.8, 33.4, 26.8. HRMS (ESI) m/z: [M+NH4]* Calcd for C20H26N30,* 340.2020;
Found 340.2020.

3,3-Dimethyl-4-phenylbutyl (4-chlorophenyl)carbamate (12ia)

Prepared according to the general procedure, using 10i (47.9 mg, 0.20 mmol),

Ph o]
0}
/\</\O )LN /©/ 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)3 (1.5 mg, 2.0 umol). The crude was

H H purified by flash column chromatography (silica gel, hexane/EtOAc = 2%—

23%) and reversed phase column chromatography (ODS, H,O/MeCN = 50%-100%), then 12ia was
isolated as a colorless solid (40.9 mg, 62%). MP 66.5-67.3 °C. IR (ATR, v/em™") 3277, 2964, 2921, 2852,
1731, 1716, 1694, 1601, 1521, 1492, 1404, 1311, 1200, 1174, 1091, 833, 781. "TH NMR (CDCl;, 600 MHz)
d 7.45-7.30 (m, 2H), 7.30-7.23 (m, 4H), 7.22 (t, /= 7.2 Hz, 1H), 7.13 (d, J = 7.2 Hz, 2H), 6.67 (s 1H),
4.27 (t, J = 1.5 Hz, 2H), 2.55 (s, 2H), 1.62 (t, J = 7.5 Hz, 2H), 0.93 (s, 6H). BC{'H} NMR (CDCls, 150
MHz) d 153.5, 138.5, 136.5, 130.6, 129.0, 128.2, 127.7, 126.0, 119.7, 62.8, 48.9, 39.9, 33.4, 26.8. HRMS
(EST) m/z: [M+H]* Caled for C19H23CINO>* 332.1412; Found 332.1406.

3,3-Dimethyl-4-phenylbutyl (4-bromophenyl)carbamate (12ja)

Prepared according to the general procedure, using 10j (56.8 mg, 0.20 mmol),

Ph Br
0}
/%/\OJ\N@/ 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 pmol). The crude was

H H purified by flash column chromatography (silica gel, hexane/DCM = 2/1-3/2—

1/1) and reversed phase column chromatography (ODS, H;O/MeCN = 50%—-100%), then 12ja was isolated
as a pale-yellow solid (47.5 mg, 63%). MP 57.8-59.9 °C. IR (ATR, v/cm™) 3278, 2962, 2921, 2852, 1693,
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1598, 1527, 1491, 1310, 1234, 1073, 835, 768, 699. 'H NMR (CDCls, 600 MHz) d 7.39 (d, J = 8.8 Hz,
2H), 7.32-7.25 (m, 4H), 7.21 (t, J= 6.9 Hz, 1H), 7.12 (d, J= 7.7 Hz, 2H), 6.68 (s, 1H), 4.27 (t, J= 7.5 Hz,
2H), 2.55 (s, 2H), 1.61 (t, J = 7.6 Hz, 2H), 0.93 (s, 6H). *C{'H} NMR (CDCls, 150 MHz) d 153.4, 138.5,
137.0, 131.9, 130.6, 127.7, 126.0, 120.0, 115.8, 62.8, 48.9, 39.9, 33.4, 26.8. HRMS (ESI) m/z: [M+H]*
Caled for C1oH,3BINO,* 376.0907; Found 376.0906.

(8)-3,7,7-Trimethyl-8-phenyloctan-1-ol (12ka)

Ph ] Prepared according to the general procedure, using 10k (31.3 mg, 0.20 mmol),
/\</\/E\/\OH 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol). The crude was
H purified by flash column chromatography (silica gel, hexane/EtOAc = 12%—-33%)

and reversed phase column chromatography (ODS, H;O/MeCN = 50%-100%), then 12ka was isolated as
colorless oil (23.0 mg, 46%). IR (ATR, v/icm™) 3324, 2954, 2929, 2867, 1601, 1494, 1452, 1384, 1364,
1220, 1054, 1031, 908, 720, 700. '"H NMR (CDCls, 600 MHz) d 7.26 (t, J= 7.5 Hz, 2H), 7.19 (t, J = 7.3
Hz, 1H), 7.11 (d, J= 7.3 Hz, 2H), 3.74-3.63 (m, 2H), 2.49 (s, 2H), 1.66—1.52 (m, 2H), 1.44-1.22 (m, 4H),
1.22-1.05 (m, 3H), 0.91 (d, J= 6.6 Hz, 3H), 0.84 (s, 6H). BC{'H} NMR (CDCl3, 150 MHz) d 139.5, 130.5,
127.6, 125.6,61.2,48.4,42.3,39.9,38.0, 34.2, 29.5, 26.79, 26.76, 21.4, 19.6. HRMS (APCI) m/z: [M+H]*
Calcd for C17H290" 249.2213; Found 249.2212.

Benzyl (5,5-dimethyl-6-phenylhexanoyl)-L-serinate (121a)

Ph o OH Prepared according to the general procedure, using 101 (61.1 mg, 0.20 mmol),
/\</\/U\N Jicoan 11a (137.4 mg, 0.40 mmol), and Ir(dFppy); (1.5 mg, 2.0 pmol). The crude was

H H purified by flash column chromatography (silica gel, toluene/EtOAc = 3/1-2/1—
1/1), then 12la was isolated as brown oil (46.0 mg, 58%). IR (ATR, v/em™") 3371, 2955, 1740, 1638, 1523,
1454, 1189, 1149, 1076, 909, 729, 699. '"H NMR (CDCl3, 600 MHz) d 7.43-7.30 (m, 5H), 7.25 (t,J=7.3
Hz, 2H), 7.19 (t, J= 7.3 Hz, 1H), 7.10 (d, /= 7.0 Hz, 2H), 6.53 (s, 1H), 5.20 (s, 2H), 4.78—4.66 (m, 1H),
4.06-3.94 (m, 1H), 3.94-3.84 (m, 1H), 2.89 (s, 1H), 2.49 (s, 2H), 2.22 (t, J = 7.7 Hz, 2H), 1.75-1.60 (m,
2H), 1.25-1.12 (m, 2H), 0.84 (s, 6H). BC{'H} NMR (CDCls, 150 MHz) d 173.6, 170.4, 139.1, 135.0,
130.5, 128.6, 128.5, 128.1, 127.6, 125.7, 67.5, 63.4, 54.7, 48.2, 41.5, 37.0, 34.1, 26.6, 20.3. HRMS (ESI)
m/z: [M+H]" Caled for C24H3,NO4™ 398.2326; Found 398.2326.

tert-Butyl(3,3-dimethyl-4-(p-tolyl)butoxy)dimethylsilane (12ab)
Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11b
(143.0 mg, 0.40 mmol), and Ir(dFppy)s (0.38 mg, 0.50 umol). The crude was purified by

T

flash column chromatography (silica gel, 1st: hexane/DCM = 0%-30%, 2nd:
oTBs hexane/toluene =20/1-10/1-5/1), and 12ab was isolated as colorless oil (35.7 mg, 58%).
IR (ATR, v/iem™) 2954, 2928, 2856, 1514, 1470, 1252, 1090, 1044, 996, 834, 773. "TH NMR (CDCls, 600
MHz) d 7.07 (d, J= 7.9 Hz, 2H), 7.02 (d, J = 8.0 Hz, 2H), 3.73 (t, J= 7.5 Hz, 2H), 2.48 (s, 2H), 2.32 (s,
3H), 1.50 (t, J= 7.5 Hz, 2H), 0.90 (s, 9H), 0.87 (s, 6H), 0.06 (s, 6H). *C{'H} NMR (CDCls, 150 MHz) d
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136.0, 135.2, 130.5, 128.3, 60.1, 48.5, 44.4,33.5, 27.0, 26.0, 21.0, 18.3, -5.3. HRMS (APCI) m/z: [M+H]"
Calcd for C19H350Si*" 307.2452; Found 307.2450.

tert-Butyl(4-(4-fluorophenyl)-3,3-dimethylbutoxy)dimethylsilane (12ac)
F Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11¢

(144.6 mg, 0.40 mmol), and Ir(dFppy)s (0.38 mg, 0.50 umol). The crude was purified by

T

flash column chromatography (silica gel, hexane/EtOAc =20/1-10/1) and reversed phase
column chromatography (ODS, HoO/MeCN = 50%-100%), then 12ac was isolated as
colorless oil (35.5 mg, 57%). IR (ATR, v/cm™) 2955, 2929, 2856, 1606, 1509, 1471, 1253,
1222, 1087, 834, 772. "TH NMR (CDCls, 600 MHz) d 7.08 (dd, J = 8.5, 5.6 Hz, 2H), 6.94 (d, J = 8.7 Hz,
2H), 3.73 (t,J = 7.4 Hz, 2H), 2.50 (s, 2H), 1.49 (t, J = 7.4 Hz, 2H), 0.90 (s, 9H), 0.86 (s, 6H), 0.06 (s, 6H).
BC{'H} NMR (CDCl;, 150 MHz) d 161.4 (d, J = 243.5 Hz), 134.7, 131.9 (d, /= 7.6 Hz), 114.4 (d, J =
21.0 Hz), 60.1,48.1,44.2,33.4,26.9,26.0, 18.3,-5.3. YF NMR (CDCls, 565 MHz) d —118.9—-119.0 (m) .
HRMS (APCI) m/z: [M+H]" Calcd for CisH3,FOSi* 311.2201; Found 311.2187.

OTBS

(4-(4-Bromophenyl)-3,3-dimethylbutoxy)(zer-butyl)dimethylsilane (12ad)

Br Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11d
(168.9 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol). The crude was purified by
flash column chromatography (silica gel, hexane/toluene = 20/1-10/1) and reversed phase
column chromatography (ODS, HO/MeCN = 50%-100%), then 12ad was isolated as
colorless oil (32.0 mg, 43%). IR (ATR, v/cm™") 2955, 2927, 2854, 1488, 1470, 1387, 1362,
1251, 1090, 1012, 834, 773. '"H NMR (CDCls, 600 MHz) d 7.38 (d, J = 8.4 Hz, 2H), 7.01 (d, J = 8.3 Hz,
2H), 3.72 (t, J=7.3 Hz, 2H), 2.48 (s, 2H), 1.48 (t, /= 7.3 Hz, 2H), 0.90 (s, 9H), 0.86 (s, 6H), 0.06 (s, 6H).
BC{'H} NMR (CDCls, 150 MHz) d 138.0, 132.3, 130.7, 119.7, 60.0, 48.3, 44.1, 33.5, 26.9, 26.0, 18.3, —
5.3. HRMS (APCI) m/z: [M+H]" Caled for CisH3:%'BrOSi* 373.1382; Found 373.1381. m/z [M-OTBS]*
Calcd for C1pHisBrt 239.0430; Found 239.0430.

T

OTBS

tert-Butyl(4-(4-chlorophenyl)-3,3-dimethylbutoxy)dimethylsilane (12ae)

cl Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11e
(151.1 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol). The crude was purified by
flash column chromatography (silica gel, 1st: hexane/DCM = 0%-30%, 2nd:

I

hexane/toluene = 20/1-10/1-5/1), and 12ae was isolated as colorless oil (40.0 mg, 61%).
IR (ATR, v/em™) 2955, 2928, 2856, 1491, 1470, 1252, 1089, 1043, 900, 834, 773, 734.
'TH NMR (CDCls, 600 MHz) d 7.22 (d, J= 8.3 Hz, 2H), 7.06 (d, J = 8.4 Hz, 2H), 3.72 (t, J = 7.3 Hz, 2H),
2.50 (s, 2H), 1.49 (t, J = 7.3 Hz, 2H), 0.90 (s, 9H), 0.86 (s, 6H), 0.06 (s, 6H). BC{'H} NMR (CDCls, 150
MHz) d 137.5, 131.9, 131.6, 127.7, 60.0, 48.2, 44.2, 33.5, 26.9, 26.0, 18.3, —5.3. HRMS (APCI) m/z:
[M+H]* Caled for CisH3,C10Si* 327.1905; Found 327.1896.

OTBS
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tert-Butyl(4-(3-chlorophenyl)-3,3-dimethylbutoxy)dimethylsilane (12af)

cl Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11f
(151.1 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 pumol). The crude was purified by
flash column chromatography (silica gel, hexane/DCM = 0%-30%) and reversed phase
column chromatography (ODS, H,O/MeCN = 50%-100%), then 12af was isolated as
colorless oil (30.7 mg, 47%). IR (ATR, v/iecm™) 2954, 2927, 2855, 1597, 1571, 1471, 1387, 1363, 1252,
1090, 1044, 998, 834, 773. "TH NMR (CDCl3, 600 MHz) d 7.24-7.17 (m, 2H), 7.14 (s, 1H), 7.07-6.98 (m,
1H), 3.73 (t, /= 7.3 Hz, 2H), 2.51 (s, 2H), 1.50 (t, /= 7.3 Hz, 2H), 0.90 (s, 9H), 0.88 (s, 6H), 0.06 (s, 6H).
BC{'H} NMR (CDCls, 150 MHz) d 141.2, 133.4, 130.6, 128.85, 128.82, 126.0, 60.0, 48.5, 44.1, 33.6,
27.0,26.0, 18.3, —5.3. HRMS (APCI) m/z: [M+H]* Calcd for C1sH3,ClOSi* 327.1905; Found 327.1897.

OTBS

tert-Butyl(4-(2-Chlorophenyl)-3,3-dimethylbutoxy)dimethylsilane (12ag)
Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11g
H cl (151.1 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol). The crude was purified by
flash column chromatography (silica gel, hexane/DCM = 0%-30%) and reversed phase
ores column chromatography (ODS, H:O/MeCN = 50%-100%), then 12ag was isolated as
colorless oil (42.2 mg, 65%). IR (ATR, v/iecm™) 2955, 2929, 2856, 1470, 1439, 1387, 1363, 1253, 1090,
1052, 996, 833, 773, 742. '"H NMR (CDCl3, 600 MHz) d 7.34 (d, J= 7.7 Hz, 1H), 7.21 (d, J= 7.5 Hz, 1H),
7.16 (t,J=7.2 Hz, 1H), 7.13 (t,J = 7.6 Hz, 1H), 3.75 (t, J=7.3 Hz, 2H), 2.75 (s, 2H), 1.60 (t, J= 7.3 Hz,
2H), 0.93 (s, 6H), 0.90 (s, 9H), 0.06 (s, 6H). BC{'H} NMR (CDCls, 150 MHz) d 137.1, 135.2, 132.7, 129.5,
127.3, 125.9, 60.0, 44.9, 44.5, 34.9, 26.8, 26.0, 18.3, -5.3. HRMS (APCI) m/z: [M+H]" Calcd for

CisH32ClOSi* 327.1905; Found 327.1900.

tert-Butyl(4-(4-methoxyphenyl)-3,3-dimethylbutoxy)dimethylsilane (12ah)

OMe Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11h
(149.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 umol) for 20 hours. The crude was
purified by flash column chromatography (silica gel, hexane/DCM = 0%-30%), then
12ah was isolated as colorless oil (32.8 mg, 51%). IR (NaCl, v/em™) 2961, 2856, 1610,
1512, 1466, 1386, 1361, 1300, 1248, 1177, 1092, 1041, 902, 844, 775. "H NMR (CDCl;,
600 MHz) d 7.04 (d, J= 8.5 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 3.79 (s, 3H), 3.73 (t, /= 7.5 Hz, 2H), 2.46
(s, 2H), 1.49 (t,J=7.5 Hz, 2H), 0.90 (s, 9H), 0.86 (s, 6H), 0.06 (s, 6H). BC{'H} NMR (CDCls, 150 MHz)
d 157.8, 131.5, 131.2, 113.0, 60.1, 55.2, 48.1, 44.3, 33.5, 26.9, 26.0, 18.3, -5.2. HRMS (APCI) m/z:
[M+H]*" Caled for C19H340,Si 323.2401; Found 323.2393.

I

OTBS

tert-Butyl(4-(3-methoxyphenyl)-3,3-dimethylbutoxy)dimethylsilane (12ai)
ome Prepared according to the general procedure, using 10a (40.1 mg, 0.20 mmol), 11i (149.4
mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 pmol). The crude was purified by flash

T

column chromatography (silica gel, hexane/DCM = 0%—-30%), then 12ai was isolated as
OTBS
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colorless oil (36.3 mg, 56%). IR (NaCl, viem") 2955, 2926, 2856, 1602, 1583, 1488, 1466, 1258, 1155,
1094, 1049, 830, 774, 764. '"H NMR (CDCls, 600 MHz) d 7.18 (t, J = 7.9 Hz, 1H), 6.78-6.71 (m, 2H),
6.68 (s, 1H), 3.79 (s, 3H), 3.73 (t, J= 7.4 Hz, 2H), 2.51 (s, 2H), 1.52 (t, J= 7.4 Hz, 2H), 0.90 (s, 9H), 0.89
(s, 6H), 0.06 (s, 6H). *C{'H} NMR (CDCls, 150 MHz) d 159.0, 140.7, 128.5, 123.2, 116.6, 110.9, 60.1,
55.1,49.0,44.5,33.6,27.1, 26.0, 18.3,-5.3. HRMS (APCI) m/z: [M+H]" Calcd for C19H340,Si* 323.2401;
Found 323.2395.

Benzyl (5,5-dimethyl-6-phenylhexanoyl)glycylglycinate (12ma)

Ph o Prepared according to the general procedure, using 10m (66.5 mg, 0.20
/%/\/U\N/\ﬂ/ _C0,Bn  mmol), 11a (137.4 mg, 0.40 mmol), and Ir(dFppy)s (1.5 mg, 2.0 pmol).

H The crude was purified by flash column chromatography (silica gel,
toluene/EtOAc = 3/1-2/1-1/1), and 12ma was isolated as brown oil (15.1 mg, 18%). IR (ATR, v/cm™)
3285, 3062, 3028, 2956, 2932, 1746, 1647, 1526, 1452, 1386, 1187, 1030, 727, 699. 'H NMR (CDCl3, 600
MHz) d 7.43-7.30 (m, 5H), 7.25 (t,J=7.3 Hz, 2H), 7.19 (t,J= 7.3 Hz, 1H), 7.10 (d, /= 6.9 Hz, 2H), 6.87
(s, 1H), 6.43 (s, 1H), 5.17 (s, 2H), 4.07 (d, J = 5.5 Hz, 2H), 4.00 (d, /= 5.2 Hz, 2H), 2.50 (s, 2H), 2.21 (4,
J=17.7Hz, 2H), 1.74-1.62 (m, 2H), 1.24-1.16 (m, 2H), 0.85 (s, 6H). 3C{'H} NMR (CDCl;, 150 MHz) d
173.8, 169.41, 169.37, 139.1, 135.0, 130.5, 128.6, 128.6, 128.4, 127.6, 125.7, 67.3, 48.2, 43.1, 41.6, 41.3,
36.9, 34.1, 26.6, 20.4. HRMS (ESI) m/z: [M+H]" Calcd for CosH33N204" 425.2435; Found 425.2432.

2-4. Intermolecular Hydrobenzylation at the 1.0 mmol Scale

11a (2.0 equiv.) H_ Ph

)J\/\ Ir(dFppy)s (0.25 Mol%) ){/\
OTBS Co catalyst 4e (2.5 mol%) OTBS

benzene (0.1 M)
10a blue LED, 25 °C, 40 h 12aa

200 mg 226 mg

In an argon filled glove box, an oven dried 15 mL sealed tube was charged with 4e (15.5 mg, 25 pmol),
Ir(dFppy)s (1.9 mg, 2.5 umol), DHP 11a (686.8 mg, 2.0 mmol), alkene 10a (200.4 mg, 1.0 mmol), and dry
benzene (10 mL). The tube was capped and removed from the glove box. The reaction vessel was placed
in front of the light source (ca. 1 cm from a blue LED panel) at ambient temperature so that the temperature
of the reaction mixture was kept approximately at 25 °C. After stirring for 40 hours, the mixture was passed
through an alumina plug using EtOAc as an eluent and obtained solution was concentrated under reduced
pressure. The crude mixture was purified by column chromatography (silica gel, hexane/toluene = 30/1—

10/1-5/1) to afford the hydrobenzylated product 12aa as pale-yellow oil (225.9 mg, 77%).
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2-5. Limitations of Hydrobenzylation

o Qg

Ts CO,Bn
10n, 42% NMR y. 100, trace 10p, N.D. 10q, trace
SMe 0]
/L) Et —
(0] HN
)\/\/lLN CO,Bn O)\N 0
H H
10r, trace 10s, N.D.
MeO R R=Cy 11j, N.D.
e .
o EtOC Co,Et  C2HaPh :1:"\';‘5
MeOZC _ | | CHQOBH , NLD.
Boc
oH O N N
10t, trace 11m, N.D.

Figure S6. Limitations of alkenes and DHPs.

Styrene (10m) was applicable for the reaction, although inseparable byproducts (dimeric compounds of
styrene and benzyl radical) were also formed. Cyclic substrates with exo-methylene moieties (100—q) were
not compatible with the hydrobenzylation. Highly polar compounds (10s, 10t) were also unsuitable for this

reaction. Non-benzylic DHPs (11j—m) were not applicable to the reaction.
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1. General Remarks

Reactions were carried out under argon atmosphere unless otherwise noted. NMR spectra were recorded
on JEOL ECA-600 spectrometers operating at 600.17 MHz for '"H NMR spectra, 150.92 MHz for *C {'H}
NMR spectra and 564.66 MHz for ’F NMR spectra. Chemical shifts were reported in the scale relative to
TMS (0.00 ppm for '"H NMR in CDCl3), CHCI; (7.26 ppm for '"H NMR in CDCl3), CDCl; (77.0 ppm for
BC{'H} NMR in CDCIl3), and PhCF; (—63.7 ppm for ”F NMR in CDCIls) as an internal reference,
respectively. Column chromatography was performed with silica gel 60 N (40-50 mesh) obtained from
Kanto Chemical Co. or Universal column SiOH using Yamazen YFLC AI-580. 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. Benzene (Super Dehydrated: 021-16941) was purchased from Fujifilm Wako Pure
Chemical Co.. Substrate (15a 52°) were prepared according to the reported procedure. Cobalt complexes
were prepared according to the reported procedure as well as above chapter. All other reagents were
commercially available and used as received unless otherwise noted. Photo-irradiation was performed with
a blue LED light (ISLM-150X150-BB447, 447 nm) obtained from CCS Inc.. The borosilicate glass vessel

for photochemical reactions was obtained from GL-Sciences (1030-61060).
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2. Experimental Procedure

2-1. General procedure for screening of the carbamoylation of benzyl bromide

General procedure

BnBr (2.0 equiv.)

PC (1.0 mol%) O
0 NHBn Co or Ni cat. (2.5 mol%) NHE
EtO,C CO,Et ligand (0 or 4.0 mol%) n

| | additive (0 or 2.0 equiv.)

N solvent (0.1 M), blue LED

H ca.25°C,18h
15a 16a

(0.10 mmol)

In an argon filled glove box, an oven dried 1 dram vial was charged with PC (1.0 pmol), Co or Ni catalyst
(2.5 pmol), ligand (0 or 4.0 pmol), additive (if solid, 0 or 2.0 mmol), amide DHP (15a) (0.10 mmol), dry
solvent (1.0 mL), BnBr (0.20 mmol) and additive (if liquid, O or 2.0 mmol). The vial was sealed with a
screw-cap and removed from the glove box. The reaction vessel was placed in front of the light source (ca.
1 cm from a blue LED panel) at ambient temperature so that the temperature of the reaction mixture was
kept approximately at 25 °C. After stirring for 18 hours, the mixture was passed through an silica plug
using EtOAc as an eluent, and the resulting solution was concentrated under reduced pressure. The crude
mixture was measured by 'H NMR spectroscopy to determine the yield of 16a, using 1,1,2,2-

tetrachloroethane as internal standard.
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