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4-CzIPN 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
Ac acetyl

acac acetylacetone

Acr acridinium

ADME absorption, distribution, metabolism, and excretion
Ar aryl or argon

BDE bond dissociation energy

BDFE bond dissociation free energy

Bn benzyl

bpy 2,2"-bipyridyl

Bu butyl

BuOH butanol

CAN ceric ammonium nitrate

CH3;CN acetonitrile

cod 1,5-cyclooctadiene

Cp* pentamethylcyclopentadienyl

CYP cytochrome P450

DCE 1,2-dichloroethane

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

dr diastereomeric ratio

dtbbpy 4,4'-di-tert-butyl-2,2'-bipyridine

DTBP di-fert-butyl peroxide

DpM dopamine  -monooxygenase

EG ethylene glycol

FG functional group

HAT hydrogen atom transfer

hERG human ether-a-go-go related gene

Het hetero

HTS high through-put screening

inh. inhibition

Ir(Fppy)s tris[2-(4,6-difluorophenyl)pyridinato-C2,NJiridium(III)
Ir(ppy)s tris[2-phenylpyridinato-C2,N]iridium(I1I)



L ligand

LED light emitting diode

M metal or molar

mCPBA m-chloroperoxybenzoic acid
Mes mesityl

NMO N-methylmorpholine N-oxide
NMR nuclear magnetic resonance

PC photocatalyst

PCET proton-coupled electron transfer
PHM peptidylglycine a-hydroxylating monooxygenase
PhthN phthalimide

PK pharmacokinetics

PPy 2-phenylpyridine

SCE saturated calomel electrode
SDS sodium dodecyl sulfate

SET single electron transfer

TBHP tert-butyl hydroperoxide

TBS tert-butyldimethylsilyl

Tf trifluoromethanesulfonyl

TRIP thiol 2,4,6-triisopropyl-thiophenol



Fr

E S

AIERIZI T 1990 4R E TIERWBIE DO HIREIC X 5 B3R &, ADME OB EN K&

IR E 2o T, MTIC/AR LY | 1991 0T — % TR RKOBREF IERIL, Y
FETHY . FHRD 4 ET< 2 EDH TN D 23, 2000 4O FRAE TIIIRMENEE A FIK O BH %
Mk R TR £ Tl L T D, IUEEE R (K7 ADME OUGEIZIES LTz Th 5,
Thbh, EYEHEFI CIX ADME 27 V—=V 7 O R, HTSEA B Z ebi, Al
PP CIHRK DR PHED Hivlz, ShhBAsei&e LTabnd luleof 5] 2 132
ORI A SN -fRETH 5, Ruleof 5 & 1%, OERSOPMEED L 28 1) KFEHES
R — (OH, NH) 2 S{EHLELT, 2) KFHMET 7% — (N,072E) B 10ELLT, 3)
&)= | K SEARE (log P) 285 LAT, 4) 43 FED 500 LA T D 4 D57
FTEWVIOIREBRAITH Y . AL ICEAR Lo W T 1997 4 Lipinski H 23MEE L7726 D
Thd, YREPDIBEEPRBIICE KB E X TWDLZERMLNTWEZZEHH Y,
ZOWAITARIZIKE Y . ADME OWEICK X REERE B2 Lz, 4 HORIEIERICH =
ORERITBI &N TND Y,

50

M 1991
= 40— [ 2000
§
)
£ 304
[&]
~
Q
3
é 20+
[ —
2
g 10—

N m |
Clinical Efficacy Formulatlon Commercial Toxicology Cost Unknowrv/
safety btoavallabllrty of goods other

Figure 1. Reasons for attrition (Nat. Rev. Drug Discov. 2004,3,711 & ) #&#E)
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Figure 2. Ring counts for each decade (Drug Discovery Today 2011, 16, 164. £Dik¥%)
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\ZxF LT, carbo aliphatic ring & H 2D EFH 1T logD UAME LA ET B T 7 A VOB ERD
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Figure 5. Relationship between ring counts and properties
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Y Direct transformation
Y Rapid diversification
¥ Enabling previously unachievable synthetic transformation

H,

Scheme 1. sp® C-H activation : strongly desired for late-stage diversification
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BI1E MRS TEZAVE sp’ C-H BRILKG

1-1. T

WHE C-HAESIIANIEERES L LTUASRBASN TV AR, HHHED T ¥ h LRI
AEO C-H fHEEtlcE s eMmbinTnD o_®%\%6%%izw%~(mm
Dissociation Energy: BDE) 735G DT 2 TS 2720 DEEFRIED — D272 5 2 L V5
nNCTWb, 20, 7 VWO BDE N EE C-H F5A D BDE LY K& WHA, B
XELOKFFEFBE) (=£ED CH Wbl NEeEbsnsg, 72720, sp’ CH FED
BDE L@ H KEX2ME%RT (80~100 kcal/mol) 7=, Z OIRMEEELL 9 DILF5MF1TE:
LWH DL AN 55, FRIBREARN O®mWY BFEEY 2 4 U 5 5mIbAe. @
ZRREF ST R U o R b e B 2 SROMEED T OIIE 5 2 &3, <D
FIGTIThbR TS, FARICE->TIEY T RORKBERICH ZEFBEO AR TIEE 2 A K
MLEEL T2 o TG, 61T, EFEBFFEOMHA BRI EEMR S5 MR 72 sp’ C-H #iA O
TP IS B 6

724 | RBAOMER & H H [0] o Shorter synthesis
) X JL Less wastes
LTS @EmaEnT R X C-H activation R™ X Low cost

Wb, DX H e
TH, RRITKEIZ
GFHETLHRAEREMEEE L THWD, UT Y REHWRWRND D, ZED T ThH Do IR
R (02) Z MW T C-H A Z ML LR EREAZEAT D Z LI MO TEHEED G
T—<bb, £, ZOXIRTFIEEFTT bADa ) I =R A FOBAND HLIEFICH
PEThU ., SOICHEEDOEWVEIERD ORI EBREICOEE INTEGTH D Z &y
%< ODREBFET D 3,

Z 2T, ZOMIER) sp? C-H BRALFOG Z METT <L RO K 9 7kl &2 Tz, 97, il
&R EZHVIBEFEO 7 = NN O E U DMER 7 VML > T CH fiG%E
EMEE L, REFETVHNEERESE D, HOTBBRICL S THELDKET VIV E FT v
75 L THME T OMBLEUSNETT D LB 2T,

Scheme 1. C-H oxygenation

Strategy

o X% % 5

Scheme 2. Strategy for C-H oxygenation by molecular oxygen

10



12, AERBHBERISRARE 2 O T BRRLRUR

EERNOBERIZB DT IR LI A & Uiz C-HEESR LS TEH ST 5, Bl 2 13,
/XX > 1% dopamine S-monooxygenase (DAM) (2L > CC-HgfbaZ=IF T/ Ve x7 U
NEEWMIND ZEBMBNTWD, T ORFOEIZ /oy FIREERE ML, BERTEMEF O
2 D82 il & U TRV C-H fEA ZEHEAA S, BBLISNEITL TV 5D,
%72, peptidylglycine a-hydroxylating monooxygenase (PHM) [I~7"F K C KD 7'V o %
MR & IO CTIIRANICEML T 5 Z &b T D

1) dopamine S-monooxygenase (DBM)

@_@/\@_@

dopamine H,0 HO norepinephrine

ascorbate dehydroascorbate

2) peptidylglycine a-hydroxylating monooxygenase (PHM)

O HH O H OH o
' o o AL o 'S
N><n/ > N Rt S
H \ H NH,
o o
0, H,O
ascorbate dehydroascorbate

Scheme 3. Biocatalyst of copper for oxygenation in nature

INDOBERITVTNGEE 2 OIEMEFLICER o 72 ZESERE AL T\ 2D Z &35
IRMFGEIC Lo THBICENTEY . £72, #PRIEIT bis (u-oxo) (K THDH Z L bHlES

NTD, BT OfE PR O % (i Key Intermediate :

P - e HE 3 0 0) Lo o m

SEDHDITILY H v ROE TR IEH L-cuZ9Scurl === L-cul eurL

WCHELR->TERY, £7o, B2 L DRE 0 T
side on peroxo bis(u-oxo)

LIRS Do T DT ENERMBRLDY
RIEIINTWND Y,

DOIEHZE b L1125 < ORFEE DSR2 FV - C-H BERUS 2 BRET L TR 0 | rHFEsk
§< DHEN/2 I TS, Scheme 5 (VT b U Ty REHOTHZIEHL L72RICE
WC, AV 7y k0T I Fatb 72 L2 E L, @REEO TBHP Z LAl L
L THWTRIGZIT> TWDHD, FRENDRINERICE EE - TR K720 2 < fill i
RIS STV ),

Scheme 4. Key intermediate of copper species
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o _N :
5 mol% Cul . :
o 5mol% L, o) Y TN ]
> (P :
5 mol% SDS, TBHP (4 eq) : \CL s
H,0, r.t. : ;
2 | OHC8F17"
b)
catalyst 1 (1 mol%)
CH4CN, TBHP(Geq)
reflux
c)

5 mol% CuCl,

(0] 5 mol% neocuproine
'
TBHP (7 eq)

H20, r.t.

Hossain, M. M.; Shyu, S. -G. Tetrahedron 2016, 72, 4252.

Scheme 5. Ligand accelerated copper catalyzed oxygenation

1-3. U AV 7Y —SftEEesR R

Uy RERWRWRTIE, EEOEMLS, BEANCE B LIEREICE > T, #ifili
DOEAEHEALZ L L LW WN S O fESNTWS O, MELIET ' 70T B RZITR
MFlE LT % Z & T C-HBEEILISHHEITT 5 Z & & L L7z (Scheme 6. d), AR T
I (D, 7 T AT R R, EBEDIEFENAE T D 2 & T C-H AW A d =8 ¢
WHERELTNWD, L, BENRKLEREHIRE LV, 72, Lei 5X° Maes biI~7
DEREREY, TAXUIERT e FAbT 28T, BV ULAIT AU ETAHIEEX
JEBRE) ] & LT DAL B IEM L LB L Z R L TV D (e, 1), RSB EZ OKIGT
X7 2=V EDO XA T A EZRERTERWV OISR ET L2 ERIELE S
TW5, Wang HIIfiiEEDRIED ) 7 L2 HNWT, 7= AT v FVEEZT ) —bT 5
ZlEHE E L TRBNHOCEHMELTND (g, EHIC, JiblEp-7 =/ —MIx LT
%//%L%@mﬁé & TRU VAL C-H FEB 2T L CEEFE(LUG ZERMR LT (h), 2
NOORISITIEE D C-H B2 AITIEHEL L T A A TERTZRISTH 203, 1HHETE
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BB LTS Z b0 BE ML WD S THIBRZ 22> TLE D,
d) o)
Cu(OAc),, O5/N, (1/8 atm)

CH3;CHO, CH;CN/CH,CI, (3:2) 60%
(excess) 70°C,4h

Hayashi, Y.; Komiya, N.; Suzuki, K.; Murahashi, S. Tetrahedron Lett. 2013, 54, 2706.

(0]
e) 0, (1 atm)

R CuCl,+2H,0 (10 mol%) @ R
’
CICH,COOEt (1 eq)
DMF, 130 °C, 24 h
Liu, J.; Zhang, X.; Yi, H.; Liu, C.; Liu, R.; Zhang, H.; Zhuo, K; Lei, A. Angew. Chem. Int. Ed. 2015, 54, 1261.

f) H H o]
R Cul (10 mol%)

N
A AcOH (1 eq) A
| T ~
Z DMSO, 0, =X
100 °C or130°C, 24 h
Houwer, J. D.; Tehrani, K. A.; Maes, B. U. W. Angew. Chem. Int. Ed. 2012, 51, 2745.

g) Cu(OAc),*H,0 (5 mol%) 0
Ar, K,COj; (5 mol%) Ar,
Ar1/\n/ ’ AI'1
fo) O, (1 atm), DMF o
50 °C
Yu, J. -W,; Mao, S.; Wang, Y. -Q. Tetrahedron Lett. 2015, 56, 1575.
R; o R;
h)
Cu(OAc), (1 mol%)
Ambient air
Ry R, EG,50°C,12 h Ry R,
OH OH

Jiang, J. -A.; Chen, C.; Huang, J. -G.; Liu, H. -W.; Cao, S.; Ji, Y. -F. Green Chem. 2014, 16, 1248.

Scheme 6. Additive accelerated copper catalyzed oxygenation

PLED X HIZL L OFENMTOILTNAE DD, KT —MERE < . fBE O/
HCD C-H BRSO TIERR STV, T RO MBE S Z A, BEMER Y TR
VT & b 3 rTRE 7R sp® C-H BAREA LML RO IR A Bf L=t E T L1,

1-4.  KIRFBoRELR L OERE —&EOmR
FEESHIER L S 09 W Y 7 e~ (la) ZROSEE & UL THW., UG & L Ciaize
BROBHREIToTz, AV 7u~vrRof Y ra~ ) VEREIICHALNDEHRTHY |
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air

C(j metal (cat) - o)
TBHP (3 equiv)
t-BuOH (0.1 M)
1a 50°C,12h 2a

Table 1. Screening of metals

catalyst loading yield ® catalyst loading yield ®

entry metal (Mol%) (%) entry metal (Mol%) (%)
1 CuCl 10 100 9 Pd(OAc), 10 87
2 CuCly*H,0 10 62 10 Co(OAcC), 10 92
3 NiCl, 10 8 11 BiBr; 10 28
4 FeCl, 10 33 12 IrCls 1 0
5 FeCl; 10 30 13 Ir(cod)(acac) 1 79
6 SnCl,+2H,0 10 3 14 [Cp*IrCl,), 0.5 88
7 ZnCl, 10 30 15 [Ir(cod)Cl], 0.5 82
8 In(OTf)3 10 0 16 none - 22

@ Yields were determined by "H NMR analysis with 1,1,2,2-tetrachloroethane as an internal standard.
AYTEEME A RA~DISH IR TEDL MO LETAEEE LTREEE X, fix
D@2t Lo, HAbsi (1) 2R bR TEH Y (Table 1, entry 1), HAkE (1) TH
R E DR CTRUGSEIT L7 (entry 2), € DOMLIZ HEERE /ST 27 A(entry 9) <CHERR =1 /3L
b (entry 10) & EINERCRUGCBEITT D Z ERH LN E IR o7z, T2, ARSI IR LA &
LCi#/172 TBHP ZfEH L TWA Z 6B L THWRWR TS 22%IR TG I
179% (entry 16),

air
(0] metal (cat.
(cat.) > 0
TBHP (3 eq)
t-BuOH (0.1 M)

1a 50°C,12h 2a

Table 2. Screening of copper species

entry metal catalyst loading (mol%) yield (%)a
1 CuBr 10 100
2 Cul 10 96
3 CuCN 10 100
4 CuOAc 10 100
5 Cu(OAc), 10 93
6 CuOTf (CH3CN)4 10 88
7 Cu(OTf), 10 83
8 Cu(ClOy),+6H,0 10 69
9 Cu,0 10 100
10 CuSO, 10 83
11 CuCl 1 92
12b CuCl 1 34
13° CuCl 10 84
144 CuCl 1 16

2 NMR yield. b Stirred for 6 h. ° Stirred at room temperature for 24 h.
9 The reaction was performed under Ar with deoxygenated solvent.
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L LR, ZiREeETh 2803/ F 2 AW TEINR CRSAEIT L2 L
ITLELWERTh-TZ, SBIZ, BEEETIEHLIN, A VU LEzHWEGAE, UV
ROBENIT-E Y ERNTEY, TEF LT b (entry 13) <° Cp* (entry 14), cod (entry
15) HHIVENLF L E DI TND Y, BIFNCIRZ R L, 0.5~1 mol% D&z & 2o 6
TR T H I & AR LTz,

ZDBRIZENRI T o o 728l DV T S BITHERT 2 B 7z (Table 2), k& Zeiflst (1 i,
2 ) ZRRET L7oAES. 2 SRR BMERNIZ & 2 D2k LT (entry 5, 7, 8 and 10), 1
i#H Tl 10 mol%fMilZ W TV B IEFICIRITH Y | EEMICHEIINGELND Z
EVH 572 (entry 1,2,3,4,6and 9), Z OHCIIIE LS (1) AAREETEMEC = A b ($64.8/500 g,
Sigma-Aldrich) O THFE LW EB 2, il & U-Ci3E(bdR 1) 28H L7z, filiisEs 1
mol%IZJET 25 & DT NITUEDOPD 358D BTz (entry 11), F£72. 1 mol% THGFEH
ORI L 9D L 34%INETH -7 (entry 12), & HIZEIELTHSUNMIHEITT 5 28 24 HFH
OGS TH 84%INERTH D (entry 13) I & 2Bl g% 50 °C, 12 Bl & L7z, AR
IEFE RV IR CTIHRINRTH -2 D, BELGICKESBEEL WS EE
ZBHivD (entry 14),

0

air
(0] CuCl (10 mol%
ucCl ( 0) - 0
oxidant
solvent (0.1 M)

1a 50°C, 12 h 2a
Table 3. Optimization of solvent

a

entry solvent oxidant (eq) yield (%)
1 1,2-dichloroethane  TBHP (3) 33
2 acetone TBHP (3) 56
3 CH;CN TBHP (3) 53
4 benzene TBHP (3) 61
5 H,O TBHP (3) 39
6 t-BuOH TBHP (3) 100
7 t-BuOH TBHP (1) 100
8 t-BuOH TBHP (0.5) 99
9 t-BuOH TBHP (0.3) 99
10 t-BuOH TBHP (0.1) 61
11 t-BuOH none 5
12°% t-BuOH TBHP (0.3) 83

@ NMR yield ® CuCl (1 mol%)

S DICEBEDNFNZ DO W THRFE LT R, 7 %/ — A3 ThH D Z LR LT
(Table 3, entry 6), Z #UITI5E & < Ik 5 BESE D VAR EEOHA VSR DOVR MR EE S 28 LTy
HEEBEZTWD, WRICHEA -7 % 7 —/VICHEE L T TBHP DY EAE R L7-, B R&Z
L2 TBHP DY E% 03 Y& E THDO L TCHIRIEEEMNCSIEAHEIT L, 0.1 Y& TITINER
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MR E TNV EED = (entry 6~10), F7-. TBHP FEIFEIE F TIZH 90> 5% Lo HHI A ARk
L7220y o 72 (entry 11), ¥ ESZ 1 mol%E T RIS 5 & 0.3 450> THBP TlIEfiRiEalfiz )3 H <
720 3WINE LW Lic, 2O D L b Filidhx 7 % 7 — e HEALER 10 mol%.
TBHP 0.3 Y& & Uiz, ARGME2H O THRE - RIEOHERZ BT,

AV a~wy BICEBBILEZE A LZ N EIVE IR 2 MR L 7R . B oRkg [ (b,
lc, le), BTG5 (2d, 2f, 2g) W TAILHPERDIK IR HiL7e (Table 4), KoMk
DA, NV C-H A D BDE 28 EAR > TLE W, fANTIICL <72 b Z & AFIK
TLeEBEZXTND, £z, BETHEEOLE, TS MICEBRIEEA LZ72D, 4
JWED BDE 23 T80 26 HIZ S UGS RN TE T2 2 & THRUETEE DK FIZ-272 23 > 7 D Tl
RODNEHERIL TV D, 72720, BIHM0IC 4 MEBEBE S NZRIER NG ONTE TN D
DI TIERVD T, ERIZ AN UNML CHFERZSIEHIT TV EDITTHRNnEH T

H5b,
air
CuCl (10 mol%)
y
TBHP (0.3 eq)

t-BuOH (0.1 M)
50°C, 12h

Table 4. Substrate scope of isochroman derivatives
Product
(o]

o

2b: 63% 2c: 65% 2d: 78%
(0]
J EFEJ Oﬁ;
2e: 79% 2f: 72% 2g: 54%

isolated yield

S HIZEDOMDEEEIZ DN T b RRRICEE — MO R A1T 72 (Table 5), ZAUH DAL
BHiZA Y r7m<wr L0 % C-HAEA® BDE AAEV oD, TBHP % 0.3 Y& CTRICEIToT2 &
A, EFIERNERICKID o7z, £ 2T, TBHP % 3 Y& L TR E1T o 72,



air
. CuCl (10 mol%) .
: > :
. ) TBHP (3 eq) . K

t-BuOH (0.1 M)

1 50 °C, 12 h 2
Table 5. Substrate scope of another C-H bonds
product
2h: 83% 2i: 54% 2j: 70% 2k: 45%
(o] o) 0 0
0 o”
o o
21: 16% 2m: 53% 2n: 70% 20: 96%
(o]
o O
2p: decomp. 2q: decomp.

isolated yield

ZORER, TA Ly (1h) RVT == A Z s () ZEIEED D PRE DI ER TG
DETT DN oT, A F Q) T R Retr 7Ly (k) DLHIZ2 DD
R DML EFEALEIZONT S BRI SUS D EIT L, 2 DETRE D ET L2 b D
T LA CTHERTETWARY, 2L, 1 OB(bEND BTSN TE H —DDR Y
NMLC—HFEAEDBDENH E4 5 Z LIk o T2 ZITIT< K R TWE EEZ BN D,
B2, =742 () OX ) BRIEHEAEINTOHRNE DOIFMRINRIZE EE o720, p-
TFNT =Y —)L (Im) TiX p-A XV EOFEANL > TEMEbEZZ TS 2 & THEE S
TN L LT, IR OV —T VBB N OETOMERNH D720, XY
JAL C-H DU T K o TD 2 EMnh, IR UL —T )b (In), ATV p-A ¥
NPT —=T )L (10) & BITENERTRISHEIT LI, XUV —FT LER p-A hF
NRUVNE—=TAIRETT NV a— L OR#EE U CTHBEIEH IS8, LI LIZBUR#EN R
HRIGENDH D, ZOHEITARTIEITIEFIZ AV FREFTHEREEELAR TE 200, 1
LNEDEREIINEETH D Z Lo HRBRESRIEOBIRKIC R D EEZ 26N D,
F 72 ARSI DL C-H FE A & RIRREEIIENEZR 7 U UL C-H i & 2 FF > 5E (1p, 1q)
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WZHENS L722y, ROSOEMME L CHMMIIE LR Do T,

ZIZETRUDIMNIAF LV C-HEERIZOW T ZERTELR, ATFILRLAF o ~D
RIS Z RS D10, p-AFNLT =V —)L (Ir) & pA YTt LT =Y—) (Ir) &H
WCRINEIT -T2, FOFEF. 1Ir O IR UEE 2r 2 17% THELLE, T2, 1s BT
TN a— AR 2s & b AR 2m G HALTc, AT VEE BDE 30O O TR T X 48
ENTY Thotz, 2. Is T 3FIRFE LV H Z & TBDE BMEWO T C-H UK Z v
L USITEITT 208, AT A7 13Xy T DVULNREETH D20, Uk %L
9 T ENRETENMELS ENTND EEZTND,

Scheme 7. Substrate scope at methyl or methine group

H (0]
H air
CuCl (10 mol%
H uCl (10 mol%) - OH
TBHP (3 eq)
MeO MeO

£-BuOH (0.1 M)
ir 50 °C, 12 h 2r: 17%

Me Me (o]
H air OH
Me CuCl (10 mol%) - Me Me
TBHP (3 eq)
MeO t-BUOH (0.1 M) MeO MeO
1s 50 °C, 12 h 2s: 24% 2m: 27%

p-TFNT =V —/b (1g) DX HIZ BDE HEWTZONEPPRELE T2 b D2 S HITh
Wik L&D b, BROEREIZOWTHBEFZTo7c, L LR, BAllzon
T, TBHP ## 2 5 & DL 727) > 72 (Table 6), £7=, >N THA Y 7B~ TD
FREFCIE 1 8L < BNEEMICRISDEIT L CW 2Ol L Tl 67, 2he
O Z L TWehote, 07D, HALSE D a7z b 0% AT 720, BRiE1T
ST, THL LA X 5 b OIX R o7 (Table 7),
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0

air
/©/\ CuX(10 mol%)
. . »
\O oxidant (3 equiv.) \O

t-BuOH (0.1 M)

19 50 °C, 12 h 2g
Table 6. Oxidant screening ? Table 7. Optimization of copper
entry oxidant yield (%) b entry copper species yield (%) ®

1 TBHP 47 1 CuCl 47
2 benzoyl peroxide 17 2b CuCl 67
3 mCPBA 11 3 CuBr 50
4 cumene hydroperoxide 36 4 Cul 32
5 DTBP 3 5 CuCN 33
6 NMO 2 6 CuOAc 41
7 iodobenzne diacetate 5 7 Cux0 21
8 NalO, 3 8 Cu(CF3C00),°H0 41
9 CAN 21 a b o o
10 H,0, 0 NMR vyield. ® Stirred at 80 °C for 12 h.

2 CuCl was used. ® NMR vyield

1-5.  ISHSHEENT

FOSHERE % W 5 M9 5 72912 Scheme 6 O L 95 e xR A1T 572, 4 V7 v~ (1a)
WZxt LC, ETHMBEIEFAE T -7 % / — /L TBHP & RABEEDO A TG EIT- 12, &
DFER, BEMITIZ & AR INT 2%) 5k (64%) &/3—FF = —TF /1 3 (34%)
BJoniz, 0%k, ZORNICHE LR Z Nz X512 12 REEE L A, BHY
N 83%ULETH LN (1), £z, BWALSHIEAAE TRIFRIC 24 RIS S5 & HE
FEONDN, DT 2©URINETH-T= (K2), 202 LIRS RIS EE R %E %
FFoTWba Z EAERL TS, FRZHT &2 2T 5 & 1 TIERBIE2ICHE S
Nl Z b, BALSHOFARIIROSHRE DR RIZKRELS HFELTWDZ &35, £,
N—=FF =T N 3DORRBBESNTND ZERHD, Ll s, EALRGFET
TBHP % A#L72WIGEITIEE A CTREHEIN Tl - TR Y | iR & A7 T Tl
DR ENTELT, C-HEADBANEZ o TNz &35 (X3), £/, ARG
ETNVIUT, BENL BN REIT) 28T, BRICHBBLZRIILERTITO &L K
BIDEAE LT (N1 vs 4), £72. ZORFEIW S 43%INEREPRETHY , /N—FF
V=TV 3 DONIRBHEL TR ST, ZDOZ i, BBRITERTIRET LD b
T v 7ICHEDL LN, SOENLE LT R—FF =TV 3 ONiRCiRE T v Ik
STHEKRTDHE e X—FF2 ROGIRIZL D B~ — F STV 5 L
HTED,
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CO

1a

1a

1a

1a

1a

air air
! CuCl
TBHP (3 eq) 1a : 64% (1 mol%)
—_—>» | 22a: 2%
t-BuOH 3 -34% t-BuOH
50°C, 12h 50°C,12h
air
TBHP (3 eq)
’
t-BuOH
50°C, 24 h
air
CuCl (10 mol%) 1a: 95%
—_—>» 23 5%
t-BuOH 3: 0%
50°C,12h
Ar, degas Ar,c:ﬂ%gl;as
TBHP (3 eq) 1a:71% (1 mol%)
—_—>®» | 22a: 2% | —>
t-BuOH 3 -24% t-BuOH
50°C,12h 50°C,12h
Ar, degas
TBHP (3 eq)
’
t-BuOH
50°C, 24 h

Scheme 8. Control experiments

PbDZ L1z X0 BOSHEIZRO X 9 IZHERI L7 (Scheme 9), £3°, TBHP 37 = > kv
B, b LIEBWINIRIZCE ST +7 v T 0h0 (RN 7 F A= F T VL)
AERL, AV 7rvr (la) POKEBRFEZSIEHKE, KRBT PNV A ZERSED, 2
DIRFET PHNMIEEHRIZ ST v TSN THEEB 2T L. 7 2 0 /LA TR 1a 7
BARFRFEGIEHEA L C LD, ZTOHMEIK CITERIC K - TR o S CTHBY
L 725 (path a), £7-, FIFFIZ path b OREHFEL TWNWDHEBXBND, DFED, -7 F
NWN—=FF T IOHNVNIRFT VANV A Ty T L TR—FF =T 3 E]A L,
ZD%, S X D0 ERCHIM L D RED 2 SDRIEFL TV D EHEIND,
7 ORREED C Je O 3 0 HIBEE O /i 1T 5 < 7 = > b U HE#E & 8L U 7-phE <t

TLTWD LERABND,
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Scheme 9. Possible mechanism

£BUOH, H,0
s N
cu' cu'
H \—/
tBuO(0)®* = t-BuOOH

or thermal (50 °C)
t-BuO(O)H

LY

[ )
t-BuOO

o)
tBu” O
o)
—_—
path b ©f\) Y
3
O/OH
Qj
c

S

0, path a

- >

o

EO
)

1-6. /INE

R DAL sp? C-H FBEBITHRT LT, HALER (1) ARBETFEE T ~BuOH 1 Cfiffit £0> TBHP &
225 DOWESE & LA &+ 5 2 & Ty R DL sp’ C-H BALIOSS ZhRITHEITT 5 =
&L Lo, ARBOGIEEESR DS 72 SO TICE B 2 % EI 2 > T D 2 23, xfREE
BRSO BB LN ENTZ, £ ORIGIIANAT ) v FROMRFE NN — A OSLEE 72 <
BIBCRIC LT RRIEHR CHAOCTh 572D, BEMEICENZHFIETHH D, SHITT hax
o/ IR A b, BEAORZBICEAL CHENTEFEZHBT AN TE,
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Experimental

1. General Method

"H NMR spectra were recorded on JEOL JNM-LA 500, JEOL ECX500 (500 MHz for 'H NMR), and
JEOL ECS400 (400 MHz for '"H NMR) spectrometer. Chemical shifts were reported downfield from
an internal standard (1,1,2,2-tetrachloroethane (56 = 5.95 ppm)) or the solvent used as an internal
reference for 'H NMR. Column chromatographies were performed with Silica Gel 60N (40-100 um,
spherical, neutral) purchased from Kanto Chemical Co., Inc. or by Biotage® Isolera™ One 3.0 with
pre-packed column of Biotage® SNAP Ultra. All solvents and reagents were used without further
purification (purchased from Aldrich, Tokyo Chemical Industry Co., Ltd. (TCI), Kanto Chemical Co.,
Inc., and Wako Pure Chemical Industries, Ltd.). NMR yield was calculated by 'H NMR of crude

product using an internal standard (1,1,2,2-tetrachloroethane).

2. Typical Procedure for Cu-Catalyzed Aerobic C-H Oxygenation

To a test tube charged with CuCl (2.0 mg, 0.02 mmol) and isochroman (251 pL, 2.0 mmol) in
t-BuOH (20 mL) was added TBHP (5.0~6.0 M in decane, 10.9 uL, 0.6 mmol) and the mixture was
stirred at 50 °C for 12 h under open air. After cooling to room temperature, the reaction mixture was
quenched with 25% aqueous ammonia solution and water then extracted with AcOEt. The separated
organic layer was dried over Na>SO4, and products were concentrated after filtration. The residue
was purified by silica gel column chromatography (AcOEt / Hexane = 1 / 10) to give isochromanone

as colorless oil in 83% yield.

NMR data of all products are in agreement with those previously reported in literatures. (a) For 2a,
2h, 2i, 2j, 2k: Dohi, T.; Takenaga, N.; Goto, A.; Fujioka, H.; Kita, Y. J. Org. Chem. 2008, 73, 7365.
(b) For 2m, 2h, 2i: Komagawa, H.; Maejima, Y.; Nagano, T. Synlett 2016, 27, 789. (c) for 21: Zhao,
B.; Lu, X. Org. Lett. 2006, 8, 5987. (d) For 2n: Mineno, T.; Nikaido, N.; Kansui, H. Chem. Pharm.
Bull. 2009, 57, 1167. (e) For 20: Gao, H. Y.; Ha, C. Y. Synth. Commun. 2006, 36, 3283. (f) For 2b:
Yanai, H.; Taguchi, T. Chem. Commun. 2012, 48, 8967. (g) For 2e: Kindera, M. A.; Kopfb, J.;
Margaretha, P. Tetrahedron 2000, 56, 6763. (h) For 2¢, 2d, 2f, 2g: Zhang, Z.; Gao, Y.; Liu, Y.; Li, J.;
Xie, H.; Li, H.; Wang, W. Org. Lett. 2015, 17, 5492. (i) For 2r: Kobayashi, K.; Kondo, Y. Org. Lett.
2009, /1, 2035. (j) For 2s: Yamamoto, Y.; Hasegawa, H.; Yamataka, H. J. Org. Chem. 2011, 76, 4652.
For 3: Catino, A. J.; Nichols, J. M.; Choi, H.; Gottipamula, S.; Doyle, M. P. Org. Lett. 2005, 7, 5167.
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B2E LRV CT I B HAT A 7Y v K2 W5 C-H 7 Y —/HERIE
2-1. R

T BAMREET—EBT LV Ry 7 ARUSZHIERETH L Z Enb, kL Ky
7 AR IZ BT 5 2 < OAFFEDEFE IS

o TE7= 0, Kz, =0 10 E T Figure 1. photoredox BE3E R0 4EK

S Ry 7 A OB T 2 M EITE L -

W OVE RE TV (Figure 1), DO HT

Bt (PC) A 7V » RADKFEBE)

il (HAT) 8L L7 sp’ C-H BREHAL 377

SRS ER 2 T B 3T 5 2, I

KEBELE (HAT) &% 2 >R M e e
T u kL ETOBEBE IR T 00 00 o o om0 s
LML T d 1 | BHCITAE TIRASHIRE sp° C-H S5 A OIE AL & BRI AT 5 F1ED—
& LT < OWIZEICIEH E1UhhD TE Y ), 2 0 HAT filtfit 2 il LA G b5 2 & T
FER 72 S TIERITIRVMEF RS 3 502 < R STV 5, Z O FUG DRFEUT, LRl (PC)
WA L > TR F—2ED LIk Tt Sh, T0%, —EFBEICE-T
HAT it/ B2 BVR 1727 DI NVFEARSE S, 61T, ZOALET U VE
Nsp’ C-HAEG MO KBIRFHIZHREEZEZ LREBT VNV ENRINERSEDL Z LT K
> THe< C-CHRERTERREIT L PR~ LFFETEX 5 L Th D (Figure 2),

visible
light

PC* R'—YH .

/ R™ R
Photoredox carbon radical
f HAT
PC catalysis catalysis
\ H
SET

\/ R —Y* R)\R,

Figure 2. PC-HAT hybrid system

JeBi 7Bl & LT MacMillan & 13T 4 — /L% HAT fillit & 9252 & C, 26 W Al T 7
U NMALEERIIZ C-H fEE 21 b &8, B bz kth 72 %, F£7=. Glorius HIXZE
FWeIE 24 HAT it & U CHWD 2 & TIFFITHRE R sp* C-H B 2RI E D Z LITkY)
L TW% 9 (Scheme 1),
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acetone, r.t.
26 W light

y Irppy)s (1 mol%)
Pr;SiSH (5 mol%)
K,CO > O
2C0;
H
NC NC

BDE = 82 kcal/mol
Cuthbertson, J. D.; MacMillan, D. W. C. Nature, 2015, 519, 77.

[Ir(dF(CF3)ppy).(dtbbpy)]PF ¢(2 mol%)

PhCO,NBuy (5 mol%)
PhthN-SCF; (1.5 equiv) W
OBz e OBz
H Blue LEDs (5 W) F3CS

CH,CN (0.2 M)
BDE = 99 kcal/mol rt.

Mukherjee, S.; Maji, B.; Tlahuext-Aca, A.; Glorius, F. J. Am. Chem. Soc., 2016, 138, 16200.

Scheme 1. Representative examples of PC-HAT catalyzed reaction

L2723 B, K72 HAT fiEO#EF 23070, FA—AFFER D, X7 ) DU iFg
Y, ZEFEEO, N-t FaXxUiFEER? oL )IBonzb00AMFIHITWASZ &
DD, G 72 <L TEHICHIBRDS 22> T D, HAT filtlit 2 v 7o C-H FE A5
{BIT— BT HE B fRBff = L% — (BDE) 25 [ET 5 Z & CRILAZBETE %, Figure 3
IZREN 2 GHEAE O BDE Z50# L72 Y, sp’ C-H 54 O 13442 80~100 keal/mol T

0. —RANCE TSRO THESITH 8D . B RGIMEEOEETH] 72D,
IHIZ, HAT AN=ALZWEYL L5 &2 LB FHREENEZZET HUNENDDHT-
W, BEIT® I BDE #FFo b0, b LI, Y1V 720 C-H #54 & V58 BDE & £
BT T HAT (38R L 72,

Gl N E%Of

101
Q Cf S i @O T
H H H o
Ao T EF A
Ph OH Ph (o] (o] (o)
88 85 93 92

Figure 3. BDE value of representative C-H bonds all values are in keal/mol.

L L722 5, 3 & 5 BDE (>100 keal/mol) % 5> HAT fifiil Cl34%k ~ 72 sp’ C-H F5 &
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DEIETAEE & 72 2720 BHEEIEIMEICHENE T <R b, o, BIEEO C-H #AIC
KL THRRRFGIZHRENEZ D720, BISUED Y AZIZORNBHZEnb, HHT5
I HIBRAI 2373 U JREIPH 72 B — e 2 8155 5 Z L 3Nt L 72 5, B 21X, Scheme 1
{27~ L7z Glorius HDOB3E L7= MU Zvda A F LT e © CTlidik /)72 BDE & fFo%
FRYE (BDE = 110 kcal/mol) & H T\ 572, RiffldD 7\ g8 )72 C-H fE A O EIRAIY)
BHZEE LT D, 7272 L, FERBNCIEI BDE Z R0 E N A > TWRNZ &b, #
PFHEDOHERGPNEETH L L HERITE 5, —J7. 99V BDE 252 HAT i CI3EMHE(LTE S
C-HFEAMPRONTLEI ZL0n, 260 G EE - MRIEICHIRNR 05 2 LN RE I D,
MacMillan & (35 A —/ L% HAT filfit & U TR L7223 %9, 27 b D F 4 —/L 13 BDE 7° 87
kcal/mol TH Y | 7 U LR D NALD K D IZHIV C-HFEBE DA EIEIE LT D, 20D
it BREFFAMEIIER CX 2L B2 0N, FOLOKGEIZHIRR > TLE D,

2-2. FHHAT i D BRY & 75 A
FR L7506, BEFOHREIZIT /W iEIEO BDE (90~100 kcal/mol) % 7> HAT filift
MEENTEY, o, Bl 7 U ONFEZRIET D 2 & THERITITRWE RRESFFAMEIC
BTz spd C-H i A HENFBLITE 5 LB 2 7= (Figure 4),
VRN

C-H activation

st
I ™ t A \ OAc
Si-u, ( N—O arget Area [w

Y >\ H! New HAT catalyst ;

.. (BDE : 90 ~ 100 kcal / mol) ,+*

(87) (88) R ’," (100) (110)

~ -
~
~ -
Sea -

: | | 8% I
BDE 3 1 P v i !
(kcallmol) P90 : : : :________:_._._._1._99 ......... : 110
/L Q ci ,HVH
E>_ )j\/"' Ay vt
c1” >H
(89) (92) (95) (96) (96) (97) (99)

Figure 4. Target area of BDE for new HAT catalysts
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DX D gAML, o T REZR BDE %A 5 i 7e HAT fefiit s 2 45
WZhTeo T, ANVKYT I RERAEE LTI 2E 2, 7 I FOGAE, EAME L
L C® BDE (N-H) 289 TIZE W EE (>100 keal/mol) & 725 Z & 726, HAJ L 9% BDE (90
~100 keal/mo) IZHN X2 5 Z ENEEL W EB X HLTZ % L TALAR T I FN-HAHE O BDE
flE 1X . Dbenzenesulfonamide 7% 105 kcal/mol & & W fH 2 r & & O @ |
N-phenylbenzenesulfonamide Tl 93 kcal/mol & & XL TuW 72 ¥, tsd T E IZ BDE % &5
L7=& A, Figure 5 O LD REMENE OGN, ZOZ LIFEBREEELLEET TS 2 L T,
%@ BDE 7% 90~100 kcal/mol F2% DO #iH TH S IZHRHIr[fETH v . 8E T % BDE #iPHIZ
RKETHDHILEERLTND, 72, AROES S LHVMER 7 U —=2 712 LT
HEBEZHND,

Figure 5. BDE of sulfonamides

o 0 o 0 o 0 o O o 0O

\// \7// \7/ V7] \7/
S R S Ph S Ph S.. . .Me _Me
R~ N7 Z = Me” " N~ Ph” SN” Me” N Ph”
I | | I I
H H H H H
(92) (92) (102) (103)
Candidate for new HAT catalysts BDE (kcal / mol)

- Proper BDE range
- Easy to modify and synthesize
= Known to generate amidyl radical

B A Fif & L C. Knowles HITITHEA R XUV A L7 2 R Ir et 4e7E T2 HAT
PR L U CHERET 5 2 L 2 LTV D, T O LIZIZE > T 9,

HAT catalyst

------------------------

: % [Ir(dF(CF3)ppy)2(4,4'-d(CF3)bpy)]PFs
Ph H OMe (2 mol%) Ph
)\ O/ P H i NBu,OP(O)(OBu); (5mol%) O/\(
© N : CO,M
CO,Me ' Et” : PhCF; (0.1 M) 2e
(1 eq) (10 eq) o (1eq) Blue LEDs, 60 °C 69%

........................

N-H BDE =107 kcal / mol
Choi, G, J.; Zhu, Q.; Miller, D. C.; Gu, C. J.; Knowles, R. R. Nature, 2016, 539, 268.

Scheme 2. Amidyl radical catalyzed intermolecular alkylation by HAT process

X2 BDE OIZDIERKTHT7 I VLT VN OLREENMEL . BRSO D
ZEMEDRDLEDETWRWAEREEREZ X bz, DFE0 ., AT 2 HWET IVLT TN
NOMTHEETOSLYVIY O% Ik ME T I K-H~EPHgAMEE, il s LT 5 F < HEEE
LTWaWAEELH 2, b LIE, mWRIGHEDTZD, A7 ¢ v ERICRISLTLE
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VD, FRBEDRN SIS L CW A REEME L B X B D, TDD 1 BUEL DT I K HAT % iAW
WA TWADTIZZR WA EHERI LT, ZDOZ L Z2ENITH L 5T, &iIF Knowles 6% &
D ZEMEDENAILR= LT I VT D H VA HWT C-N fESTER S 2 s LT 10,

Ir photocat.
O\\//0 R phosphate base o\\//o
R /S\N/H + /\/ 2 ’ R /S\N R
1 I TRIP thiol R 2
H blue LEDs H
BDFE (N-H) R,
105 kcal/mol P2 2
'
PCET Ri” ~N7

Zhu, Q.; Graff, D. E.; Knowles, R. R. J. Am. Chem. Soc., 2018, 140, 741.

Scheme 3. C-N bond formation by sulfomanide with photocatalyst

ZOWEICENTHS

hv
T8 B T IR IR A o QL \ V%
BEOLDRLNC e LA e

N, e LR =
TIVUNT IO
EHFOME X . T VANV DREMEN TR &b RSO EITE TR D 523 = -
TWAHAIEEMED & D (Scheme 4),

ZVART I K& HAT it b L CHSRES B L 9 & LIRS, 207 2 J{ERIGBREIC &
2 TS 2 I 2 MR B D, ERROFILISMNI S, AVKR= VT I PN T P IEA
L7 4 UREBRICKH L TOEENT I {ERISICHWSO N Z ERmbA TS 1
(Scheme 5), D7, 1) VARBEEEBRILOBEANZL D7 I /{LRISOMRE, 2) EF R
7=V OEMAIC KD NH T\ b oEEMEE O B K O BDE O & W 5 AR EHE S A&
SR 2 DA NVAKR YT I REsRE, BT 52 Lic Lz,

Scheme 4. Difficulty of adjusting the equilibration

(0]
\// N\Y/]
R1/S\N/ 2 + R3\/ —>» R~ \ril/\l/RS
[
R;
0\\//o o\\//o

S. _R _ S. _Ar
R1/ \N 2 + Ar H _> R1/ \N’
. |

Ry

Scheme 5. Direct amination by sulfonylamidyl radical

2-3.  HTH HAT RS - 7 U ANLT U — ARG~ D)
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MacMillan & DBRFE L72T U AALT U — AR 49 & BRI, HAT fifiiio 2 7 ) —=
T #ATH T &IT LT (Scheme 6), FEERNFE{EIZIENEAIEE T D F T A, T CITfilgE 1
TIVISEERNI T o D72, Fikl HAT il & U COMRERS L OA 1 = X AFHIl A EfEICTE 5
LERTTDTH D, RS A 7 VTET, D PHIC K> TmRmAF—%2HF5H2 LT
hE ST ) RUB TR L T—EFETERE T, ZORIZ WY Loy T /N8
YDTIANT =AU NERT D, 2O V) NF A —)L & PCET #tIC L » T —E (b
THILETTFANTVINEERT D, FIZZ DTV HVHNIEE O HAT HEHEIZ L > TKkE
GIEHREEZREZ L TRBETI D INEAER L, FVINT =AYV 735248 T
B3I DG onb BN TND,

Ir(ppy)3 :

CN HAT catalyst :

r :

K,CO; O '

NC acetone (0.1 M), r.t. NC :
3 '

1

..................

I 1
NN ;
~ ! :

Ir(ppY)s !

2 1 26W light
visible
proposed mechanism light
Ir'" (it
( Photoredox ) NC —Q—CN
catalysis

(Prigsi <" PCET SET

HA -
catalysis r
. NC —.—CN
H (Pr)ssi~ @
RJZ\R' . | R

R™ R * NC_©_<R
CNR A 3
O
R

Scheme 6. Mechanism of allylic arylation

PRI E LT, DV T/ R_RUBY 1)1 4E), v aattr (2) (5 HE), ikl
L T Ir(ppy)s & 1 mol%H T HAT it D fgst 2 Bilas L 7= (Scheme 7),
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1 mol% Ir(ppy);

CN 20 mol% HAT catalyst
20 mol% K,COg4
NC

acetone (0.1 M), 40 °C NC

2:5eq 1:1eq Blue LED
(HAT catalyst )
4: TfNH, : 1% o :
5: TSNHZ : 3% SZ Ph : Ar =
6: (PhSO,,NH : 0%  Ar” SN~ 1 MeO
©:l</m-| e OMe
; 8: 1% 9: <1% 10: 3%
ﬁ% 7: 0% ’ ° 0: 3%
\_ J

* Control experiment : without HAT catalyst : 1%
Scheme 7. Screening of HAT catalyst by allylic arylation

M) TZNANFABRAZANKEET IR @) BEORAT IR B) IXZENEN 1%, 3%
WHERTCHYHNHER S ivliz, L2 L. N-(phenylsulfonyl) benzenesulfonamide (6) <°
benzo[d]isothiazol-3(2H)-one 1,1-dioxide (7) Tixa< HMIIE LN o7, RISITHE T72
NHEITLbO0, 2 ba—/ LFERE LT HAT il 2 A2V R TRISEIT ) & 1%
WRCTHIGBHEITT D LN olz, 2FED, Ny 7 7T 00 RTHEDLT DR KIGH
HITT D72, 4~7 73 HAT fillit & U CHERE L7= D E 9 EiT» & 0 LI T & e
Lo, BRI AT IR (5) TIHET I 3%IETIEIH D H OO RN LT
WieTed, ERERETHAH LIS NI &b H VRO FHWITIFEREBLETH o7,
ANVKRCT IR 8,9, 10 ZMafL/ic& 2 A, 8, 9 I\ 7T 0 REFRRBREDIHET
o723, 10 1 X 5NN BRI REIFOS 72 < ERB T E T, 3%INERTH 5 Z &0 b iFBLFER
BIToTe, Ny 7 7702 RCORIGEITIZEXTHONICHBWRE 2 T eled,
HAT fillft & U CTORIENTED ST &l L7,

it 10 O N _E@E#HILE p- b U 7 Ao AF L7 2= 11 &5 2 & TUILERBEMN I
M EL 7% E 7o 72 (Figure 6), 1T, EREHILZ A RF LI, 17, 18, 19 C
WERBRENEI 12%., 15%, 13% & 7eoTc, NUBUEHBATEF LG ETITaI S L
RN (16), B REIMER TIINEEO M EARD L (11,17), BFL ALK T IR
D pKa BT PHNDREICHEHGE L TWNDLHDEEZ TS, £-, BRSIMERIIN-H D
BDE %[ LEH25HME LTHOIRTH D, ANKR L BB UBROBEHELNR G R
L7z, ZHHIE N RE#IL L GENE 7RSI EIIRIS 2 EIT LR o 7o, BRETOREE.
1-F7F N (22) Db EWIEREE 52 T,
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NO,

NO, F
. 0, . 0,
Me0/©)§ 21: 3% Meo/@zm 0% F~7 i 2:F ZG-MON/@XZ& 0%

2

cl F :

F . 9% ¢

O Megq @\X 30: 9% :
25: 0% 29: 8% :

b cl cl F F 27:0% ;

I :

22: 14% 23: 7%

.........................................................................................................................

Figure 6. Screening of sulfonamide as a HAT catalyst

HAT #5& D @b D72, TNENARA Mo Bk A AR bE S 2 L TIEDM
EERH ST, WITPERITIR T L CLE -7 (Figure 7).

CF;

i
O/ -4
9 E
o :
w=0
7\
O Zx
<\ /(>
=z
wnw=0
7\
O Zx

22: 14% 23: 0% 24: 5%

Flgure 7. Optimization of HAT structure

CF,

Table 1. Optimization
$72. HAT filfiod 24 80l oo & % 190 -
HAT 22 (mol%) Ir(ppy)s; (mol%) yield (%)

L CHICERILSE LR o7 (Table 1), 20 y "
Z 2T WICBUSEREO R b2 ED 5 gg ; 1§

L2 L7z, Table 2 1T/ L7e X 9 ITHiH, TAlE

Falat L2y, IR b DT 5

2o,

Table 2. bases and solvents screening

base equiv. solvent yield (%)
‘/4’? N
IR B L7V EIR & LT HAT fif K,CO; 0.2 acetone 14
BORLAT v v Mz b oo KGO 15 acetone 4
K,HPO, 1.5 acetone 9
7o mnEEB T, DFED,. WL B NaOAc 1.5 acetone 0
L o . e . NaHCO; 1.5 acetone 0
AL, AR T I RORRAEAR coIIidin; 1.5 acetone 0
=2 LA ENTF D S \ N7 Et;N 1.5 acetone 1
T UV VREWNTZD D F BTV KGO, 0. OME 0
WZ b A& LT, MacMillan O F F— K,CO; 0.2 CH;CN 2
K,CO; 0.2 DCE 0
K,CO; 0.2 acetone-H,O (10:1) ¢
aK;C0; 0.2 acetone 5*

*:conc. increased to 0.5 M



JVHAT HELART > v Y AR HEE W E ST Y | R TF A — L (AT A V)
TO8SV EHEINTWD, ZOBNMIT In(ppy)s (Ir'V/Ir'=0.77 V) TIXEEERILTE 20
WL L O EAERZ W2 PCETHEIC X D T AN T OB ERT D B2 LT
Bo LTeRoT, Fx DANVERLT I R HAT il 6 A VKR = VT I DVT VNV E S
FICHASE L BT, KB o@Dz ety 5 2 Lic Uiz, Jefbiixy 7
RIZETREIMMEREZEAT S Z & TRIEIN ERD Z SiXdcicmoin Ty, Al
Ir(Fppy)s & #ri- \Zfat L7z,

.....................................................................................

: fac” Ir(ppy)s fac” Ir(Fppy)s i
: Ir(Iv)-Ire(i1): 0.77 V. & EF g IrGv)-r(m): 118 v i
: Ir()-Ir(1 ): 219V 4 : Ie(l)-Ir(1 ): =211V :
' Ir(111)*-Ir(1v): -1.73 V & : Ir(111)*-Ir(1v): not reported |
: Ir()*Ir(1 ): 0.31V : Ir(11)*-Ir(11 ): not reported :
: : : FN2F ;

.....................................................................................

Figure 8. Redox potential of Ir(ppy); and Ir(Fppy);

— R L < i DRI DU T Figure 9 (2% & 7203, TS OYefiEix, BRbAR
T X VT In(ppy)s IS TEVMEZ R L, B LEEORIS, REE W55 H
WHENLN, ARIORGTIEET ST ) _o P OB FRTEITI LW o -k a i
EL TSI, IBILART v v L OFHVERRBEIIE X 7e v E W o 72l R R B 5

N
® | ®

Eosin Y

. N

E%%i=206V E ‘::;= 23V Ei=079V / N TEZTIP:‘ 35V
red = E =-0.36 V ) .

E 0.57 V Ered =106V \ % Ered=_421V

Mes Ph Br Br O O
HO (o}
oD oL O ~
NC CN
Z
Z Ph”” >0~ “Ph Br Br
- COOH
Me c|o4- BF4 N N
Mes Acr* triphenylpyrylium

Ru(bpz);2* N Ru(bpy);2* Bu Bu
Ir(1] )*-Ir(1): 1.45 V Ir(11 )*Ir(1): 0.77 V Ir(dF-CF3-ppy)(dtbpy)** Ir(ppy)2(dtbpy)®*
Ir(11 )*-Ir(n11): -0.26 V Ir(j1 )*-Ir(n11): -0.81 'V Ir(I)*Ir()) ): 1.21 V Ir(111)*-Ir(11 ): 0.66 V
Ir(11 )-Ir(1): -0.80 V Ir(11 )-Ir(1): -1.33 V Ir(p11)*-Ir(1v): -0.89 V Ir(1)*-Ir(1v): -0.96 V
Ir(11r)-Ir(11 ): 1.86 V Ir(l)-Ir(lr ): 1.29 Vv Ir(n1)-r(ly ): .37V Ir(l1)-Ir(ly ): -1.51 V
Ir(1V)-Ir(111): 1.69 V Ir(\V)-Ir(l11): 1.21 vV

Figure 9. Redox potential of general photoredox catalysts
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Ir(Fppy)s % FHN7=fE 5% Table 3 (278 L7z, HAT 17 Z H W 5AITIERD M E L 42%1Y
BTCHHIIDEOIND Z -7, 7272 L, HAT 22 TIZFITIEREN T AN FED 5
iz, DF V| HAT A& 1T K o TOUE & OFEMER 0 | 72l e RD 5
b,

Table 3. Effect of Ir(Fppy)3

cn [ mol%Ir(x)s Ir(x); HAT yield (%)
20 mol% HAT catalyst
K,CO w Ir(ppy); 22 14
2 3 (20 mol ﬁ))

NC acetone, 40 °C NC Ir(ppy)s 17 12

Blue LED Ir(Fppy)s 22 5
Ir(Fppy); 17 42

-----------------------------------

..................................
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| HAT catalyst CF, ;

oy 2 Mol InFppy)s ] =

@ @/ 20 mol% HAT catalyst : o, ;
KoCOy (20 molh) O : 3. i

NC acetane, 40 °C 5 N i

NEC 1 . '

2 1 Blue LED
17
solid
Dicyanobenzene
HAT, KoCOs, In(Fppy): 40°C, 24 h
Previous —y 5
methad -, e 30~40%
Ar acefone blue LED
cyciohexens
rt, 30 min 40
HAT, K.CO, sitons 0°C. 24 h
g o
W i =
\-—J \..J
Ar dicyanobenzeng blue LED

IriFppyls, cyclohexena

Figure 10, Optimization of reaction procedure

et 2 5 T, ARG A 1 mol% W 7284 TIHIRERDIES >E R E <
BT EMALNER S TEZDOT, 2mol%E R L LT, STFIRICOWTHE %
AApTo (Figure 10), EW0HDH, HIEL LTHWTWBREED U 7 LD T & b
BIREL TCWAEE 2 BN, ANVEKEUT I RT7T =4 VN EORBREARNTAER TE T
WADHIWIIN TE R TelodTH D, ANKLT I RERBED Y v LHEEED pKa IZH
FORERBEBNIRVOT, BREOEBIIRE NI ET D EE X, FRIT =4
VRN L I o TS EMIEC & 5 BT IRMEAVIIE K T L2V ATRENER B B
2T, RISEBBT DANCANAVR ST I KRBT Y 7 2% T & b 30 58T 5 2
ETANKYT X RT =4 2 FalfiRo 6 JSEBRIGT 5 FlEZR AT, fHRE LT,
WENRKEL M ETDZ e o7,

B, YEOMGZITo7ofR. KEBED U U LARRIEFRBREOENZ RS Z &2
flo7z (Table4), LU, KEBLA Y 7 MIWFEMER S D Z LG, BEMEOBLR CTRIE
71U D B &I L7, E7o. HAT 17 - RO Y BT 10 mol% 3 i ThH D . LA
B/ LWENETT 5, B D EMBEOH T v H— T = SR B R R
LMD 7 W ERHTE TV D EEZ TN D,
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Table 4. Optimization of base

cN 2 mol% Ir(Fppy)3
x mol% HAT 17
r
NG base (x mol%) O
NC

acetone, 40 °C, 24 h

5eq 1eq Blue LED
base xmol% yield (%)? SM rec. (%)?
N*Bu,O"P(O)(OBu), 20 30 61
KOH 20 85 5
LiOH 20 53 45
Cs,CO; 20 65 36
K,CO3 20 79 3
Na,CO3 20 13 87
K,HPO, 20 17 49
t-BuOK 20 64 29
KOH 10 91 5
KOH 5 90 6
KOH 1 20 81
K,CO3 10 91 1
K,CO3 5 87 5
K,CO3 1 42 57
K,CO, 20° 77° 12P

2 NMR yield, ® at r.t.

Table 5 TIXEE DT 7 u~Ft o 0T ) RUVB UV OYEORKEZIToT-/E, 5:1
Wi Ch o7 2 &b Z DM 2 sttt & LT, xHREREZ1T 572 (Table 6),

Table 5. Optimization of substrates ratio Table 6. Control experiment
cyclohexene dicyanobenzene ; o HAT K,CO . .
el 2 3

(eq) (eq) yi d ( A)) Ir(Fppy)3 (mol%) (mol%) ||ght y|e|d
1.2 1.0 58 2 mol % 10 10 OFF 0%
g-g 1-3 3‘1‘ 2mol % 10 0 ON 0%
10 1.2 51 2mol % 0 10 ON 0%
1.0 2.0 43 0 mol % 10 10 ON 0%
1.0 5.0 45 cyclohexene : dicyanobenzene =5 : 1

Ir(Fppy)s: 2 mol%, HAT17-K,CO3 : 10 mol% in acetone

XIRFEBROAR . ARISITE, ik, HAT i, oo NN b EETH D Z LIRS
Nic, UEOREREY | BE - Eomas 2B L7,

2-4. HAT fBEIC X 27 UL, RUDNVALT Y — ALK D FE —iett
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sl LTz OS2 W CHRE — IO 21T o7, ¥ 7 u~Ftr (2a), ¥ 71
RUT Y (2b), Y7 EANTT Y (20) FENENENETHIMIIS T, B A )N
ERDIZONTUERDOWA RGO Bz, 3E 6 BRILKIZL D BDE O L5 9 BHKTH
HEEZBND, o-EX Y (2d) TIHHFREDOIEEZR DN O RRIRINZ BB G LT,
Late-stage ‘B HREFMLDO—BE L TT T ATy Q) ~DT ) — LG EITH TR, &
IO ERIRE T H S bz,

Table 7. Substrate scope of allylic arylation
cN " Ir(Fppy)s (2 mol:A) R
+ )\ HAT 17 (10 mol%) R?
NC H” ~R? K,CO3 (10 mol%)
acetone, 40 °C NC
1(1eq) 2(5eq) Blue LED, 24 h 3

85% 95% 68%

3d

54%2 (dr : >10:1) 3e

82%2 (dr : >10:1)

Isolated yields. @ Mixture of uncharacterized isomers.

WIZFEE — B DOIEEZ B L TR OIS LTT U — b S E R AT, 75T
@R A YTy (2g) DX OITEERRL VLT —TF T 86%. 95% & FEHITEINERT
FOSWET LTz, VX —7 )0 2h) LGB 2 b5 I HBEbLTE /7Y —L
{EANRINAIIZ 2% UK THEAT LTz, XUV AF T —T /L 20) 1ZIRIEE B EH i
fTLIED, p-7 = = Vi (2) 775 L BICICENME T Lz, o B2 LTy
INLDETEEN TR ISEMET LIz B2 TnW5D, XU U7 ba—Ld TBS fRi
K 2k) BUCER S SUSHHEIT L7, BRCRSIMETH L v 7 U E# (21, 2m) Ehvd
ENEDPKRELS TR oz, £, A MFTEWR 2n) TIHIEERM ELEZ DB 17
WS BDE (B E H 2, IWRNEFBH L TNWDEEEZTND, 20 ZHEETD & 4ifkx
FHEE D B THEAT L7,
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Table 8. Substrate scpoe of benzylic arylation

CN Ir(Fppy)s (2 mol%)
. R HAT 173(’10 mol%) —
PY > R?
NC H” R? K,CO5 (10 mol%)

1(1eq) 2 (5 eq) acetone, 40 °C NC
Blue LED, 24 h 3

fo) (o) OBn OMe
R
39 3h

3f R =H (3i) 99%
86% 95% 82% R =Ph (3j) 48%
TBSO OH
oTBS R =H (3k) 74%
R=oCl(3) 41% Ar Ar
Ar R R=o0Br(3m) 36%
R = p-OMe (3n) 89% R
3o R=H(3p) 43%°
76% R = OMe (3q) 46%°
Me OH HO Me Me Me
Ar Ar Ar Ar)\©\
OMe OMe
3r 3s 3t 3u
35%7? 56%°2 21% 3%

Isolated yields are shown unless otherwise noted.
2Yijeld was determined by "H NMR in the presence of internal standard
(nitromethane or 1,1,2,2-tetrachloroethane) due to tough purification.

Fo. ARSITEREO R DL T L a— )L THFRRERN S SN EIT Lz, 2720,
TBS Ri#EL7=bODIE ) BMNENEL . £72, B & FEISERINEE - 72 535508520
ZEMNDREBAIZIIE NS LW TH -T2, p-A Y TR ELT =V —)L (2t) X p-TF )L
T=Y—=b 2u) b 21%. 3%ICELN O RINTET Lic, INEROEITARLT DT A0
LEMIERT b0 EMBELTND,

2-5. ILHEHERRAT

AECHEZ A BT H72012, AR T I R-B ) oA CV Z2llELE, Z0
fE. +0.47 Vvs SCE DENG BV, F£72, In(Fppy)s (I DWW TITRR(LIEILAR T > v v L3
WESN T2 &b, BEO 3 HEEZ L —12 I FHEIZ X - TELELHR
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TR NANEBERE L, ZOEE, kMY 2143 VB IO 0.50 V & E X

iz,

Ir(ppy); mechanism by MacMillan group

I

Photoredox
catalysis

PCET
HAT +0 77
catalysis |r|v

......................................

fac” Ir(ppy);

Ir(1v)-Ir(11): 0.77 V
Ir(111)-Ir(11 ): -2.19 V &
Ir(11)*-Ir(1v): -1.73 V:
Ir(111)*-Ir(11 ): 0.31V

.......................................

.........

.........................................

fac” Ir(Fppy);

Ir(1v)-Ir(1n1): 1.18 V
Ir(D)-Ir(1l ): -211V
Ir(1n)*-Ir(1v): -1.43V .
Ir(11)*-Ir(11 ): 0.50 V

M

.........................................

Figure 11. Mechanism and redox potential of Ir(ppy); and Ir(Fppy); which is calculated by triple state energy

P Td % MacMillan & OE TIiE, JAEINED Lo 72 2 EBJRKTH & D23, Figure
IR LEEEY I, Lo T SNz k* RN o7 ) ReoBrz—&EiET LT Y
VT )RR DT IANT = F U BERRT D E AP A 7 Ve E D &
HENTWD, 2L, AEOFE 2 OIS TIHE k(Fppy)s ZHNTNWSZ b ZOH A7
NEEDHZENRTERD, EVIHDYL, IFppy)s @ KWV OIBTAET v v L -143V
Thh, VT I R_XUBY ((1.64V) ZIEILTXAHRT Uy LV ERLAEDE TR0
Thd, 2F0, KARSFEFOREEITEI A=A LEBLoTWDHEEZLND, £
\ JCRbEL - HAT il & D LE IR T v ¥ L& b & IT, Figure 12 IZF0HEL
kﬁk@fﬁ:xA%@ELko
FP. RIS E o THIEESNZA VP AfEN VR T 2 R T =4 v & —EF
L, b & ZVHR=VT IVNVTIANEERT D, I OFBILART ¥ uE 211 V
EWNTHLIED, VT IR B U E B FEILT A EICL ST I NEAL, it
BE A T VNTERET D, T, ANVKEAT I VN T OHNAPEEOKERTE5 & k&
IRFETVHINERBESE, VT I RXCBOTVINT =F DT T BT
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L THIY 3 BMEOND, SHICZOBRZERT LV T )T =AU NAVERST I R
570 hEEHRNVTANLKRLT I KT =4 2 HAT 5 2 LT HAT il oY1 7 Lh

T o LBERALND,
BE B LU, HAT St ORLETTR T Yy VidEhEh e+l L Tnd 2

& DARRSHEI T B IT N EEZ TN D,

Flgure 12. Proposed mechanism

O\ (0]
visible S Ar'
. Ar” N7 + KyCO;
light H 4
|
It I«
Ir HCN

Photoredox 0\\/,
catalysis Ar” \N’
NC CN —
<:> SET SET
CN-
e 4
catalysis O ,/0 A
NC \\/9 / N /Arl
l /\
CNR'
O
" N

R R’

N

2-6. /1N

AEIZ VAR T X RAHS HAT flifif & U CHERE L OBAREE A 77U RRIZBWTT U AL,
NUDNALERIRINZ C-H 7 U — /UALBOS S FRANEIT T2 Z L 2 R L7, AlmEIE
AWK T I RIS HAT filflit e U CHET D Z L 2R LTI Coflch b b, £z, 20
AR T 2R (N-H) @ BDE (% 95 keal/mol T ¥ |, fEHRIZ72 W VEIKD BDE /853 2 &5
O ZIVE TIZARVER T, BIREDSEIRFCX 5, FFIC, #0 L72 X MacMillan 27 /L —
LR T TIEH 2 b DOOEMBES A 7 V1T, HAT &AM D7 08 AR TE SO
DIFEWVIZENTWD, T2 5 MacMillan 7 /V—7" DR TIEA VT A3 fli—4 DY A 2
Nl oTWELOR, LVBETRT VY VORERA VUL 2M—3 M1 7% &
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NDEITRoTNDeD, BIRIIUK WEE THRISHITR D ARt d | EE—
PO EIZHIGATE D,
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Experimental

1. General Method

"H and *C NMR spectra were recorded on JEOL JNM-LA 500, JEOL ECX500 (500 MHz for 'H
NMR, 125 MHz for '*C NMR), and JEOL ECS400 (400 MHz for '"H NMR, 100 MHz for '*C NMR
and 368 MHz for '’F NMR) spectrometer. Chemical shifts were reported downfield from an internal
standard (1,1,2,2-tetrachloroethane (6 = 5.95 ppm) or nitromethane (8 = 4.33 ppm)) or the solvent
used as an internal reference for 'H NMR or '*C NMR. Column chromatographies were performed
with Silica Gel 60N (40-100 um, spherical, neutral) purchased from Kanto Chemical Co., Inc. or by
Biotage® Isolera™ One 3.0 with pre-packed column of Biotage® SNAP Ultra. Gel permeation
chromatography was performed on a recycling preparative HPLC LC9210 NEXT system, Japan
Analytical Industry Co., Ltd. Infrared (IR) spectra were recorded on a JASCO FT/IR 410 Fourier
transform infrared spectrophotometer. ESI-MS spectra were measured on a SHIMADZU
LCMS-2020 spectrometer (for LRMS), and a JEOL JMS-T100LC AccuTOF spectrometer (for
HRMS) All solvents and reagents were used without further purification (purchased from Aldrich,
Tokyo Chemical Industry Co., Ltd. (TCI), Kanto Chemical Co., Inc., and Wako Pure Chemical
Industries, Ltd.). NMR yield was calculated by "H NMR of crude product using an internal standard

(1,1,2,2-tetrachloroethane or nitromethane).

2. General Procedure for the Arylation Reaction

To a glass screw top vial (4 mL) with a cap equipped with a magnetic stirring bar were added
potassium carbonate (0.01 mmol, 10 mol%), sulfonamide 17 (0.01 mmol, 10 mol%), and degassed
acetone by freeze-pump-thaw (FPT) cycling. After the mixture was stirred at room temperature for
30 min, 1,4-dicyanobenzene (1, 0.1 mmol, 1.0 equiv), a substrate alkene or ether (2, 0.5 mmol, 5.0
equiv), and tris[2-(4,6-difluorophenyl)pyridinato-C2,N]iridium (IIT) (2 umol, 2 mol%) were added to
the mixture, and the vial was sealed under argon atmosphere. The reaction mixture was then placed
in Aldrich® Micro Photochemical Reactor® and irradiated with blue LED lights for 24 hours at 40 °C.
The reaction mixture was then diluted with water and brine, and products were extracted with AcOEt.
The organic layer was dried over Na>SO4 and concentrated by rotary evaporator after filtration. The

residue was purified by a flash chromatography on silica gel to afford arylation product 3.

SThe reaction was performed inside of a cardboard box, of which inner walls are covered with

aluminum foil to keep the internal temperature at 40 °C.
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3. Compound Characterization Data

4-(cyclohex-2-en-1-yl)benzonitrile (3a)

T

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO, AcOEt / Hexane = 1:10) to afford 3a as a colorless oil (85%).

"H NMR (500 MHz, CDCl3) & 7.58 (d, J= 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 5.98-5.92 (m, 1H),
5.68-5.62 (m, 1H), 3.49-3.42 (m, 1H), 2.14-2.06 (m, 2H), 2.06-1.97 (m, 1H), 1.77-1.68 (m, 1H),
1.68-1.58 (m, 1H), 1.57-1.47 (m, 1H).

All the spectroscopic data matches with the previously reported data.

Ref) Cuthbertson, J. D.; MacMillan, D. W. C. Nature 2015, 519, 74.

4-(cyclopent-2-en-1-yl)benzonitrile (3b)
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Q.

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford the 3b as a colorless oil (95%).

"H NMR (500 MHz, CDCI3) § 7.57 (d, J = 8.6 Hz, 2H), 7.27 (d, J = 8.6 Hz, 2H), 6.01-5.99 (m, 1H),
5.73-5.72 (m, 1H), 3.94-3.91 (m, 1H), 2.55-2.40 (m, 3H), 1.72-1.58 (m, 1H)

All the spectroscopic data matches with the previously reported data.

Ref) Cuthbertson, J. D.; MacMillan, D. W. C. Nature 2015, 519, 74.

4-(cyclohept-2-en-1-yl)benzonitrile (3c)
I CN

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO, AcOEt / Hexanes = 1:10) to afford 3¢ as a colorless oil (68%).

"H NMR (500 MHz, CDCI3) & 7.58 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.92-5.86 (m, 1H),
5.69-5.62 (m, 1H), 3.60-3.56 (m, 1H), 2.31-2.15 (m, 2H), 1.98-1.89 (m, 1H), 1.84-1.62 (m, 4H),
1.50-1.40 (m, 1H)

All the spectroscopic data matches with the previously reported data.

Ref) Cuthbertson, J. D.; MacMillan, D. W. C. Nature 2015, 519, 74.

4-((1R,55)-4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-yl)benzonitrile (3d)

Prepared according to the general procedure, then the crude material was purified by flash column

CN

chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford an inseparable mixture of the 3d and
minor uncharacterized isomeric products (54%).

"H NMR (500 MHz, CDCI3) & 7.57 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.32-5.29 (m, 1H),
3.63-3.59 (m, 1H), 2.13-2.04 (m, 3H), 1.80-1.78 (m, 3H), 1.33 (s, 3H), 1.22-1.17 (m, 1H), 1.00 (s,
3H).

All the spectroscopic data matches with the previously reported data.
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Ref) Cuthbertson, J. D.; MacMillan, D. W. C. Nature 2015, 519, 74.

4-((3S5,7R,8R,95,10R,13S,14S)-3-hydroxy-10,13-dimethyl-17-0x0-2,3,4,7,8,9,10,11,12,13,14,15,16
,17-tetradecahydro-1H-cyclopenta[a]phenanthren-7-yl)benzonitrile (3e)

CN

Prepared according to the general procedure without extraction, then the crude material was
purified by gel permeation chromatography to afford 3e (82%, >10:1) and a minor
uncharacterized isomer, as a white solid.

"H NMR (500 MHz, CDCl3) 8 7.59 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 5.00 (s, 1H),
3.57-3.51 (m, 1H), 3.20 (d, /= 9.7 Hz, 1H), 2.25 (d, J = 8.0 Hz, 2H), 2.21 (d, /= 9.2 Hz, 1H), 2.06
(ddd, J = 10.3 Hz, 1H), 1.96-1.77 (m, SH), 1.58-1.46 (m, SH), 1.43-1.37 (m, 1H), 1.32-1.22 (m, 2H),
1.20 (s, 3H), 1.18-1.14 (m, 1H), 0.81 (s, 3H).

3C NMR (125 MHz, CDCls) & 220.6, 152.4, 141.0, 132.5, 129.3, 125.3, 119.0, 110.4, 71.4, 52.1,
50.3, 50.0, 48.2,42.0, 38.1, 37.2, 36.4,35.8, 31.7, 31.3,31.1, 24.3, 20.6, 19.9, 13.8.

IR (KBr) cm! 3447(br), 2936, 2857, 2226, 1737, 1605, 1503, 1455, 1376, 1266, 1174, 1131, 1058,
993, 865, 838, 737, 703.

HRMS (ESI) m/z calc. for C;6H31NO>Na ([M+Na]*) 412.2247, found 412.2235.

4-(1,3-dihydroisobenzofuran-1-yl)benzonitrile (3f)

(0]
O
Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO», AcOEt / Hexanes = 1:4) to afford 3f as a colorless oil (86%).
"H NMR (500 MHz, CDCI3) § 7.65 (d, J = 8.6 Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H), 7.34-7.30 (m, 2H),
7.28-7.22 (m, 1H), 7.02 (d, J= 7.4 Hz, 1H), 6.20 (s, 1H), 5.37 (dd, J= 2.9, 12.0 Hz, 1H), 525 (dd, J
=1.7,12.0 Hz, 1H).

All the spectroscopic data matches with the previously reported data.
Ref) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 626.
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4-(isochroman-1-yl)benzonitrile (3g)

0]

SRS

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO, AcOEt / Hexanes = 1:4) to afford 3g as a colorless oil (95%).

"H NMR (500 MHz, CDCI3) § 7.64 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 7.23-7.17 (m, 2H),
7.10 (dt,J=5.8,2.3 Hz, 1H), 6.68 (d, /= 8.0 Hz, 1H), 5.77 (s, 1H), 4.20-4.15 (m, 1H), 3.98-3.92 (m,
1H), 3.19-3.11 (m, 1H), 2.87-2.80 (m, 1H).

All the spectroscopic data matches with the previously reported data.

Ref) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 626.

4-((benzyloxy)(phenyl)methyl)benzonitrile (3h)
OBn

J L,

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford 3h as a colorless oil (82%).

"H NMR (500 MHz, CDCl3) § 7.61 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.6 Hz), 7.40-7.28 (m, 10 H),
5.46 (s, 1H), 4.57 (d, J=12.0 Hz, 1H), 4.50 (d, J = 12.0 Hz, 1H).

All the spectroscopic data matches with the previously reported data.

Ref) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 626.

4-(methoxy(phenyl)methyl)benzonitrile (3i)
OMe

1,

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO», AcOEt / Hexanes = 1:10) to afford 3i as a colorless oil (99%).

"H NMR (500 MHz, CDCI3) & 7.57 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.35-7.22 (m, 5H),
5.23 (s, 1H), 3.04 (s, 3H).

All the spectroscopic data matches with the previously reported data.
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Ref) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 626.

4-([1,1'-biphenyl]-4-yl(methoxy)methyl)benzonitrile (3j)

OO L.,

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford 3j as a white solid (48%).

"H NMR (500 MHz, CDCI3) § 7.63 (d, J = 8.6 Hz, 2H), 7.60-7.55 (m, 4H), 7.52 (d, J = 8.0 Hz, 2H),
7.44 (t,J="7.4 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 7.38-7.34 (m, 1H), 5.32 (s, 1H), 3.42 (s, 3H).

BC NMR (125 MHz, CDCl3) & 147.5, 141.1, 140.5, 139.6, 132.3, 128.8, 127.4, 127.4, 127.3, 127.0,
118.8,111.2,84.4,57.1, 22.6.

IR (KBr) cm! 3424, 2932, 2361, 2227, 1607, 1486, 1407, 1193, 1092, 830, 754, 698.

HRMS (ESI) m/z calc. for C21Hi7NONa ([M+Na]") 322.1208, found 322.1227.

4-(((tert-butyldimethylsilyl)oxy)(phenyl)methyl)benzonitrile (3k)
OTBS

SRS

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford 3k as a colorless oil (74%).

"H NMR (500 MHz, CDCI3) 6 7.59 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2H), 7.33-7.22 (m, 5H),
5.76 (s, 1H), 0.91 (s, 9H), 0.01 (s, 3H), -0.04 (s, 3H).

All the spectroscopic data matches with the previously reported data.

Ref) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 626.

4-(((tert-butyldimethylsilyl)oxy)(2-chlorophenyl)methyl)benzonitrile (31)
Cl OTBS

Q2

Prepared according to the general procedure, then the crude material was purified by flash
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column chromatography (SiO2, AcOEt/ Hexanes = 1:10) to afford 31 as a colorless oil (41%).

"H NMR (400 MHz, CDCls) & 7.58 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 7.60-7.52 (m,
1H), 7.31 (d, J = 8.2 Hz, 1H), 7.27 (t, J = 7.6 Hz, 1H), 7.20 (m, 1H), 6.25 (s, 1H), 0.90 (s, 9H),
0.03 (s, 3H), -0.04 (s, 3H).

3C NMR (100 MHz, CDCls) 6 149.27, 141.4, 132.1, 131.4, 129.3, 128.8, 128.4, 127.3, 126.8,
118.9,110.8,71.8,25.7, 18.2,-4.9, -5.1.

IR (KBr) em™ 2935, 2929, 2856, 2228, 1607, 1472, 1252, 1078, 1003, 884, 835, 774.

HRMS (ESI) m/z calc. for C20H24CINOSiNa ([M+Na]") 380.1208, found 380.1212.

4-((2-bromophenyl)((zert-butyldimethylsilyl)oxy)methyl)benzonitrile (3m)
Br OTBS

J L,

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO», AcOEt / Hexanes = 1:10) to afford 3m as a colorless oil (36%).

"H NMR (400 MHz, CDCI13) & 7.60-7.49 (m, 6H), 7.31 (t, J = 7.8 Hz, 1H), 7.12 (dt, J = 1.4, 8.2 Hz,
1H), 6.23 (s, 1H), 0.90 (s, 9H), 0.05 (s, 3H), -0.05 (s, 3H).

3BC NMR (100 MHz, CDCI3) & 149.3, 143.0, 132.6, 132.1, 129.2, 129.0, 128.0, 126.8, 121.7, 118.9,
110.8, 74.0, 25.7, 18.2, -4.8, -5.0.

IR (KBr) cm! 3636, 2930, 2857, 2229, 1699, 1646, 1470, 1362, 1254, 1085, 1022, 839, 779.

HRMS (ESI) m/z calc. for C20H24BrNOSiNa ([M+Na]") 424.0703, found 424.0715.

4-(((tert-butyldimethylsilyl)oxy)(4-methoxyphenyl)methyl)benzonitrile (3n)
OTBS

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford 3n as a colorless oil (89%).

"H NMR (500 MHz, CDCl3) 8 7.57 (d, J= 8.3 Hz, 2H), 7.47 (d, J= 8.3 Hz, 2H), 7.21 (d, J/=9.2 Hz,
2H), 6.84 (d, J=9.2 Hz, 2H), 5.73 (s, 1H), 3.78 (s, 3H), 0.91 (s, 9H), 0.01 (s, 3H), -0.06 (s, 3H).

All the spectroscopic data matches with the previously reported data.

Ref) Deng, Y.; Liu, Q.; Smith, III, A. B. J. Am. Chem. Soc. 2017, 139, 9487.

4-(1-((tert-butyldimethylsilyl)oxy)-2,3-dihydro-1H-inden-1-yl)benzonitrile (30)
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. OTBS
SR
Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford 3o as a colorless oil (76%).
"H NMR (400 MHz, CDCI3) 6 7.59 (d, J = 8.7 Hz, 2H), 7.48 (d, J = 8.7 Hz, 2H), 7.31-7.28 (m, 2H),
7.23-7.17 (m, 1H), 6.99 (d, /= 7.8 Hz, 1H), 3.16 (ddd, /= 7.8, 7.8, 16.0 Hz, 1H), 2.96 (ddd, J=4.1,
8.7, 16.5 Hz, 1H), 2.49 (ddd, /= 4.1, 8.2, 13.7 Hz, 1H), 2.37 (ddd, /= 7.7, 7.8, 14.7 Hz, 1H), 0.93 (s,
9H), -0.24 (s, 3H), -0.41 (s, 3H)
3BC NMR (100 MHz, CDCls) 8 154.0, 146.5, 144.5, 131.7, 128.9, 126.9, 126.5, 125.3, 125.0, 119.1,
110.2, 87.2, 45.6, 30.1,25.9, 18.4, -3.3, -4.2.

IR (KBr) cm! 2953, 2929, 2856, 2228, 1607, 1472, 1252, 1078, 1003, 884, 835, 774.
HRMS (ESI) m/z cale. for C22H27NOSiNa ([M+Na]*) 372.1754, found 372.1771.

4-(hydroxy(phenyl)methyl)benzonitrile (3p)
OH

J .,

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:4) to afford a mixture of 3p and benzyl alcohol, due to
tough purification. The yield was determined by 'H NMR in the presence of
1,1,2,2-tetrachloroethane as an internal standard (43%)

"H NMR (500 MHz, CDCl3) 8 7.61 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 8.0Hz, 2H), 7.39-7.28 (m, 5H),
5.85 (s, 1H), 2.61 (bs, 1H).

All the spectroscopic data matches with the previously reported data.

Ref) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 626.

4-(hydroxy(4-methoxyphenyl)methyl)benzonitrile (3q)

OH
MeO I I CN

Prepared according to the general procedure, then the crude material was purified by flash column

chromatography (SiO2, AcOEt / Hexanes = 1:4) to afford a mixture of 3q and p-methoxybenzyl

49



alcohol, due to tough purification. The yield was determined by 'H NMR in the presence of
1,1,2,2-tetrachloroethane as an internal standard (46%).

"H NMR (500 MHz, CDCls) 8 7.62 (d, J= 8.3 Hz, 2H), 7.50 (d, J= 8.3 Hz, 2H), 7.23 (d, J = 8.8 Hz,
2H), 6.89 (d, J= 8.8 Hz, 2H), 5.82 (s, 1H), 3.79 (s, 3H), 2.33 (s, 1H).

All the spectroscopic data matches with the previously reported data.

Ref) Chen,M.; Zhao, X.; Yang, C.; Xia, W. Org. Lett. 2017, 19, 3807.

4-(1-hydroxy-1-phenylethyl)benzonitrile (3r)

HO

.,

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:4) to afford a mixture of 3r and 1-phenylethan-1-ol,
due to tough purification. The yield was determined by 'H NMR in the presence of nitromethane as
an internal standard (35%).

"H NMR (500 MHz, CDCls) & 7.58 (d, J = 8.6Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 7.38-7.30 (m, 4H),
7.26 (t,J=6.9 Hz, 1H), 2.25 (s, 1H), 1.94 (s, 3H).

All the spectroscopic data matches with the previously reported data.

Ref) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 626.

4-(1-hydroxy-2,3-dihydro-1H-inden-1-yl)benzonitrile (3s)

. OH
o U
Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO2, AcOEt / Hexanes = 1:4) to afford a mixture of 3s and
2,3-dihydro-1H-inden-1-ol, due to tough purification. The yield was determined by 'H NMR in the
presence of 1,1,2,2-tetrachloroethane as an internal standard (56%).
"H NMR (500 MHz, CDCl3) § 7.60 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 7.37 —7.22 (m, 3H),
7.01 (d, J = 7.4 Hz, 1H), 3.20 (dt, J = 12.7, 16.6 Hz, 1H), 3.05-2.95 (m, 1H), 2.51-2.42 (m, 2H),
2.20-2.12 (brs, 1H).

All the spectroscopic data matches with the previously reported data.
Ref) Chen,M.; Zhao, X.; Yang, C.; Xia, W. Org. Lett. 2017, 19, 3807.
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4-(2-(4-methoxyphenyl)propan-2-yl)benzonitrile (3t)

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO,, AcOEt / Hexanes = 1:10) to afford 3t as a colorless oil (21%).

"H NMR (500 MHz, CDCls) 8 7.53 (d, J= 8.0 Hz, 2H), 7.30 (d, J= 7.4 Hz, 2H), 7.07 (d, /= 9.2 Hz,
2H), 6.80 (d, J=9.2 Hz, 2H), 3.77 (s, 3H), 1.64 (s, 6H).

All the spectroscopic data matches with the previously reported data.

Ref) Maslak, P.; Chapman, Jr. W. H. Tetrahedron 1990, 46, 2715.

4-(1-(4-methoxyphenyl)ethyl)benzonitrile (3u)

Prepared according to the general procedure, then the crude material was purified by flash column
chromatography (SiO», AcOEt / Hexanes = 1:10) to afford 3u as a colorless oil (3%).

"H NMR (500 MHz, CDCls) 8 7.56 (d, J= 8.6 Hz, 2H), 7.29 (d, J = 8.6 Hz, 2H), 7.09 (d, J = 8.6 Hz,
2H), 6.84 (d, J=8.6 Hz, 2H), 4.14 (q, /= 7.4 Hz, 1H), 3.78 (s, 3H), 1.61 (d, J= 7.4 Hz, 3H).

All the spectroscopic data matches with the previously reported data.

Ref) Chu, C. -M.; Huang, W. -J.; Liu, J. -T.; and Yao, C. -F. Tetrahedron Lett. 2007, 48, 6881.

N-(3,5-bis(trifluoromethyl)phenyl)-2,4,6-triisopropylbenzenesulfonamide (17)
CF;

To a solution of 2,4,6-triisopropylbenzenesulfonyl chloride (1.21 g, 4 mmol) and pyridine (0.97 mL,
12 mmol) in THF (20 mL) was added 3,5-bis(trifluoromethyl)aniline (0.929 ml, 6 mmol) at room
temperature. The mixture was stirred at room temperature for 21 hours then concentrated by rotary
evaporator. The residue was purified by flash chromatography on silica gel (AcOEt / hexane = 1
/ '15), then recrystallized from Et,O — n-hexane to give 17 as a white solid (1.4 g, 71%).

"H NMR (500 MHz, CDCl3) § 7.54 (s, 1H), 7.32 (s, 2H), 7.33-7.27 (brm, 1H), 7.19 (s, 2H), 4.12
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(sep, J = 6.9 Hz, 2H), 2.90 (sep, J = 6.9 Hz, 1H), 1.23 (d, J = 6.9 Hz, 18H).

13C NMR (100 MHz, CDCL3) & 154.0, 150.9, 139.0, 132.6 (q, J = 24.3 Hz), 131.0, 124.3, 122.7 (q, J
=277.5 Hz), 119.38-119.27 (m), 117.7-117.5 (m), 34.2, 30.0, 24.6, 23.4.

IR (KBr) em! 3253, 2964, 2931, 2355, 1702, 1620, 1507, 1470, 1414, 1378, 1280, 1185, 1148, 970,
883, 653.

HRMS (ESI) m/z calc. for C2sHyFeNO,SNa ([M+Na]*) 518.1559, found 518.1574.

4. Cyclic Voltammetry (CV) Measurement
CF;

A potassium salt of 17 was prepared by following method.

To a solution of N-(3,5-bis(trifluoromethyl)phenyl)-2,4,6-triisopropylbenzenesulfonamide (4, 25 mg,
0.05 mmol) in CH3CN (2 mL) was added potassium fert-butoxide (5.6 mg, 0.05 mmol). The mixture
was stirred at room temperature for 3 hours then concentrated by rotary evaporator. The residue was
dissolved in acetonitrile to the optimum concentration to measure the CV.

The E,» was determined at the half current (Cp2) . The obtained value was referenced to Ag/Ag"
and converted to SCEP.

02 : : Nov. 28, 2017 14:54:05
Tech: CV
0 File: 1(GC).bin
§ - IntE(V)=0
02 S High E (V) = 0.65
fm [ LowE(V)=0
« L IntPN=P
lf', 04 Scan Rate (V/s) = 0.1
o b Segment =2
- 06 L Smpl Interval (V) = 0.001
~ t Quiet Time (s) = 2
- » Ep/2 =0.44V vs Ag/Ag* | Sensitivity (AV) = 5e-8
; bl . F Segment 1
z CPI (0.47V vs. SCE) f Ep = 0507V
s -0 O ip=-1.282e-5A
b Ah = -9.500e-6C
12 Segment 2
14
16 T L T —
070 0.60 0.50 040 030 020 010 0

p/2

Potential / V

(a) Roth, H. G.; Romero, N. A.; Nicewicz, D. A. Synlett 2016, 27, 714.
(b) Pavlishchuk, V. V.; Addison, A. W. Inorg. Chim. Acta. 2000, 298, 97.
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5. Bond Dissociation Energy (BDE) Calculation of Sulfonamides

Molecular modeling studies using a Merck molecular force field 94S (MMFF94S) were performed
by CONFLEX® 7. Geometry optimization with the density functional theory (DFT) method was
performed by the Gaussian 16 program package. Ground-state geometry was optimized at the
B3LYP/6-31G(d) level of theory in the gas phase, geometry optimization for open shell species were
performed at UB3LYP/6-31G(d) level of theory and the total energies of individual conformers were
obtained. These having minimum energies were confirmed by frequency calculation. Subsequent
single point calculations have been performed at the B3LYP/6-31(d) or ROB3PLYP/6-31G(d) with

the SMD continuum solvation model (SMD, acetone).

BDE :AfHORad[cal + AfHOH 'AjHOMolecule

Ref) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Scalmani, G.; Barone, V.; Petersson, G.A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V,;
Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.V.; Izmaylov, A. F,;
Sonnemberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.;
Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang,
W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.;
Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery, Jr. J. A.; Peralta, J. E.; Ogliaro, F,;
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Farkas, O.: Foresman, J. B.; Fox, D. J. Gaussian 16, Revision A. 03; Gaussian, Inc.: Wallingford, CT,
2016.
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tanaka01 | BDE = 48t + A% - A st |
@Jﬁlw BCFERTSE : CONFLEX
" ST RS (MMFFR4S)
1 kcalmaol LIPS 216K

N ST
tanaka01_conf01 (i &2 A2H) | | tanaka01_confo1r (i % EA2EF) |

=i . Qaussian 16 RisE L Gaussian 16
EATA SR DF T p (DF TSt
DFT'B3LYP/6-31G(d) in the gas phase DFTIUB3LYPME-116{d)inthe gas phase
HimWEEIREs, AomREL (TE VI oikERa b iCmEE L) SOHURREIR 3. mnHESTE L (DF U T il el kL

tanaka01_conf01 (optimized structure) | | tanaka01_conf01r (optimized structure) |

—mIL T —5FHH : Gaussian 18 — L F A5 : Gaussian 16
A R DF TR A B DF TR
OFTBILYP6-31G{d) DFTIROBILYPIG-31G(d)
in the SMD continuum solvation model in the SMD continuum solvation model
[SMD, A cetone) {SMD, Acelone)
| 457,,...., = -2095.13272719 [a.u ] | | 1 gy =-2094.48067585 [a.u.] |

H2 LI 20 TE Nanaked canDir) = REEESEEREE —ITF
LF—HEET @R A, =-D493863360142

BOE = &gy + BHY = BHl 0y, = -2094 4B0BT585 + (-0.490883389142) - (-2095.13272719) = 01521679708 [a.u ]
01521678706 [a.u] » 827.5 = 95.4864 [kealimol]

Scheme. Cascade of calculation method for the BDE of HAT 17
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