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Abbreviations

AP TIHEE B LT OSEEZ IV 7Z,

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

acac acetylacetonate

Acr acridiunim

tAmyl tert-amyl (1,1-dimethyl-1-propyl)
Ar aryl or argon

BDE bond dissociation energy

BINAP 2,2"-bis(diphenylphosphino)-1,1'-binaphthyl
Bn benzyl

Boc tert-butoxycarbonyl group

box bis(oxazoline)

bpy 2,2"-bipyridyl

Bu tert-butyl

Bz benzoyl

CAN ceric ammonium nitrate

Cbz benzyloxycarbonyl

CH;CN acetonitrile

CMD concerted metalation—deprotonation
cod 1,5-cyclooctadiene

conc. concentration

dba dibenzylideneacetone

DCE 1,2-dichloroethane

DCM dichloromethane

DG directing group

DIAD diisopropyl azodicarboxylate

DMA N,N-dimethylacetamide

DMAP N,N-dimethyl-4-aminopyridine
DMF N, N-dimethylformamide

dmp dipivaloylmethanato

DMSO dimethylsulfoxide

dppb 1,2-bis(diphenylphosphino)benzene
dppe 1,2-bis(diphenylphosphino)ethane



dppp
DTBP

dtbpy
EDCI
FG
Fmoc
FT-IR
HAT
Het
‘Hex
HFIP
HOBt
Ir(Fppy)s

Ir(ppy)s
ketoABNO

L
LED
LP

mCPBA
Mes
MP
MTBE
MS
MVK
NFSI
NHC
NHPI
NMI
NMP
NMR
NR
PA

PC
PCET
PG

1,3-bis(diphenylphosphino)propane
di-tert-butyl peroxide
2,6-di-tert-butylpyridine
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
functional group
9-fluorenylmethyloxycarbonyl

Fourier transfer infrared

hydrogen atom transfer

hetero

cyclohexyl
1,1,1,3,3,3-hexafluoro-2-propanol
1-hydroxybenzotriazole
tris[2-(4,6-difluorophenyl)pyridinato-C2,N]iridium(I1I)
tris[2-phenylpyridinato-C2,N]iridium(III)
9-Azabicyclo[3,3,1]nonan-3-one-9-oxyl
ligand

light emitting diode

less polar

metal or molar

m-chloroperoxybenzoic acid

mesityl

more polar

methyl tert-butyl ether

molecular sieves

methyl vinyl ketone
N-fluorobenzenesulfonimide
N-heterocyclic carbene
N-hydroxyphthalimide
1-methylimidazole
N-methylpyrrolidone

nuclear magnetic resonance

no reaction

picolinamide

photocatalyst

proton-coupled electron transfer

protecting group



Ph phenyl

phen. 1,10-phenanthroline

Phth phthaloyl

PINO phthalimide-N-oxyl

PMB p-methoxybenzyl

PMP p-methoxyphenyl

ppy 2-phenylpyridine

iPr isopropyl

PT proton transfer

py or Py pyridine or 2-pyridyl

pybox bis(oxazolinyl)pyridine
R&D research and development
rtorr.t. room temperature

rsm recovered starting material
SCE saturated calomel electrode
SET single electron transfer
TBAF tetrabutylammonium fluoride
TBHP tert-butyl hydroperoxide

TC thiophene-2-carboxylate
temp. temperature

TEMPO 2,2,6,6-tetramethylpiperidine-N-oxyl
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid or trifluoroacetate
THF tetrahydrofuran

™ target molecule

TMDSO 1,1,3,3-tetramethyldisiloxane
TMS trimethylsilyl

tol toluene

Tr trityl

Ts 4-toluenesulfonyl

uv ultraviolet

WSCI-HCI water-soluble carbodiimide hydrochloride



§1. FFia
AR AT ER S D — R B3 0 et # U o b ERICk L TR Rh R
1D D —i &5l > Ty B (Figure 1.1) 1,

Figure 1.1: Necessity to improve success rates in Drug R&D
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Phase Ill terminations

BRALFE DL 6 Z O R RE % fig 50
ERAY \:ﬂifﬁﬁlﬁf%okE
Y — NBE&E RH AR TR T 5
%ﬁﬁm%ﬁ@%%ﬂugkﬁéﬂﬁ_
TETIHEEMFO~T B REB LD s’
IRFEAENEMEA Y OBIGH, B WL | |
AT —=UMWERDIZONTEL 72D &
WEENTNWD2, ~TaRiE, #o8
JEDOEREEKRFE/BEENT DI & TERIMELRBL LD | WSR2 EloweE s
G2 %, spP IREILAWO 3 kottkd LF 50105555, (AW 3 kot Lns 2
T, BIE VX BUND L X ERBEAERT D AR AL T2 ENTE D720
AERZ2 E ORI TE D, TDD, ~T RS p'f %ﬂ%%mA%L%A¢6ﬁ
B0, spP IRBEWHAZAEICERTED L) RFIEORBPRMLETH L EEX DD, D
L B E LT, FE—KFE (C-H) HEED LD BN TIOEET D H ek 2420
ELTEERSITEBENTHY | ITFEHZEDTWHDY, FUEIZO LI RO T,
ONRFTVTL/Ea ) BT I P2 =717 R C-H 7 U —UEEIGIZ L D 47

kA RE DB
@i/ U > HAT /~A 7V RAMECRIZ X D C(sp®y-H > 7/ ALRUG DB %S

LWV 25D C-H EHEUSOBRZEICER Y A, Ok, “ERAEICER LT P on—F
Th b, C-HEWISIZIBWT ZHERIEO AT 2 @ C-H IEMEALRRIZ, WIE e A &2 4

50

40— |

o |

NUMBER OF PROJECTS
TERMINATED IN PHASE Il

20 | |

2005-2007 2006-2008 2007-2009 2008-2010

Y CMR International Pharmaceutical R&D Factbook, Thomson Reuters, 2011

2 Ritchie, T. J.; Macdonal, S. J. F.; Young, R. J.; Pickett, S. D. Drug Discovery Today 2011, 16,
164.

% Lovering, F.; Bikker, J.; Humblet, C. J. Med. Chem. 2009, 52, 6752.

4 Breckl, T.; Baxter, R. D.; Ishihara, Y.; Baran, P. S. Acc. Chem. Res. 2012, 45, 826.
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AT NIERLE@BOBNLF & L TOMRICER L TWDHEZEX, 209 LD®BREDHRIC
HEH LU, T72bb, iz WEICHAATL O TR B & LTHWD Z & Tk 72
C-H EBUGENERR TER\WINE B 2 T2, ZOFRICOWTUEFHE 2 B TEOFEMZ 1R~ 5,
QIR 2 W27 7 a—F Th %, BAFRORBAMRIR T %~ < DNA JEBIZOERRIC
B2V BOLENTER L, Hill HAT it SOGR OBAFICER Y AT, Z OFFFRIZ DN
TR 3 E TR %,



§2. NZTVUL/E2Y VBT I FEEZRAWET LT RO C-H 7V —/it
RISWZ X% b v ERIE DB FS
§2.1 R
§2.1.1 & b U BRR~REKE

TT U= N ARERLCBE R SICAS EENEAEBMEETH Y F, TALOA
FHE TS DD, WAR=AO UV IRIREZFTT 52 & T, SEIERGHEOSTH AN
HZEHTED, TOED, TOARIETINE TITES I NTE 1, —EIOIZIE,
OWeinreb 7 X N & A4 BRI Z W5 Hik
@RS D 2T V3 — L DRl
(®Friedel-Crafts 7 UV —7 V7 77 ¥ ALK
OV A=3-3 B I i
DSV B 405 (Scheme 2.1) 6,

L)L, 2RO DOFEZITHEORMPE H 5, OTIE, AEOFRIC TRELE L, £/,
W 72 RO ME & RFD Grignard RIERC U T AFREE A FW D 7o o0 BB RGP 3V, @ T
X7 AT e RERBE Lz C-C AR EBILOBEH TRZLEL TS5, QDFIETIIEY
OMEIZREEKGFLTLE Y, QTN TVTLD RN T U AAZMLEFRIRAT 5 Z L T,
AR DFE T AF W EDO~ ANV R OSEZ R MG RRELZ AV 2 LT
B, IGH & FEEOFEN0IL Y SO TR EZ T 5,

Scheme 2.1 Traditional approaches & drawbacks

o (@]
2
AHJ\N/OMe Ar-M Art-H AHJKCI
I \
Me Friedel-Crafts acylation
Weinreb amide o e-rich arenes
many steps 1 5
limited substrate scope Ar Ar o)
Ar?-M
OH \
A _— Aﬁkx
Al AR oxidation cat. Pd cross coupling
more than stoichiometric
amounts of oxidants many steps

IS OREE MR T R IHHETIE, T a—LRT LT R Pk 4 2 LIk EE Dk
BN OEENST N EART D HERRE SN TS, KFHXTIE, 7T e RInH o
R A RRICOWTEY BT A,

5 Wakaki, T.; Togo, T.; Yoshidome, D.; Kuninobu, Y.; Kanai, M. ACS catal. 2018, 8, 3123.

® (a) Dieter, R. K. Tetrahedron 1999, 55, 4177. (b) Sibi, M. P. Org. Prep. Proced. Int. 1993, 25,
15. (c) O’s Neill, B. T. In Comprehensive Organic Synthesis (Nucleophilic Addition to
Carboxylic Acid Derivatives); Trost, B. M., Fleming, 1., Eds.; Pergamon: Oxford, 1991; Vol. 1,
pp 397-458.



§2.1.2 7 FUEAR~BBERBMIEZ AW T AT b R bOEBN LA RE
THATE Rinb s bR EEICERT 2 FIEORBE kL e 7 —712 X o> TThi
T&, ZOETEENSDHIEIZONWTREL 4 D125 THRMT 5,
O7 NV EREALEHE

Hartwig 5130 V0 AfEAFAAE T, 7Av vt avfb7 V=L E2HNnbL 2L Tr g
AR LT D(eq. 2.1) o ZORISTIIBAMMEREE L CHlET 287 DNV HEL
Thy, ©ITVNEERELRWT AV I RT AT v R WSRO ITEIT L
W BUSHERERAT OSSR, 7Y v O C-H IEMAL TIE 72 < BIAH AR O SOGH g CHEAT
THAREMEN RN EARINTVND, —F, Jun HIFAT =0 Al E NI Ly I v
ET V=R Rr— b ERWEYT U= ARSI LT D (eq. 2.2) 5, Z ORIG
THERNMEERENEZETH Y Jun HITENMEERER & L T 3-picolin-2-yl K& VT 5,
Hartwig & & [FIREDSUGERE 2 G E L &N TUXWRWA, TV 0 C-H #EETEME L%
RCRUGDEITL TN D L EHLITERL TV A,

N
J:/ ] 1) cat. RhCl(cod)
NERN cat. P(n-Pr); 0
| I base
+ - O O (eq. 2.1)
H +
2) Hs0
via /N
an ]
N N

7
N | (I) (0]
N N ,B 1) cat. RU3(CO)12
| + 0 \© MVK > (eq. 2.2)
H 2) H30*

via %

" Ishiyama, T.; Hartwig, J. F. J. Am. Chem. Soc. 2000, 122, 12043.
8 Park, Y. J.; Jo, E.-A.; Jun, C.-H. Chem. Commun. 2005, 1185.
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@A VA=) Heck Kir

Cheng &I = 7 fifids L OEMEDOHIM RAFIE T, 74T 8 R& I ofbT U —n
YT V=N b EAKR LTV D(eq. 2.3) %, HiERIT Ni(0)FEAE IR E K ONEME 72 1 74 1
= VFRA R, KEIREITVETH D, Darses, Genet H 1t U0 AlEAFET, 775k
KE MU ZhdaR— MEEHANTVD(eq. 24) 10, 7T M OIREGREZHAWT, vy
UAE R RENLTLaxond y AEREITLI LT, FURRELDO T R
A B NACDETT D, TATE RET LY I U EICiEEIT 5 2 & 72 < VAR =)L Heck
FOG 2R LT D RUTRFET R E S TH 5, 2017 F-12 Newman B (F= v 7 /VAEAFTE T,
TNTe RETY—N KU 7T — kb, R =/LHeck /KM L DTV —r b &
Bz s LT D(eq. 2.5) By AREUSIE/RT U0 MMl ¢ I3t T3, AL & LT Triphos
PUSMZHER SN b O & AWTHAICHIT E A ARG DI SN BLIRTR N,

® Huang, Y.-C.; Majumdar, K. K.; Cheng, J. Org. Chem. 2002, 67, 1682.

10 Pucheault, M.; Darses, S.; Genet, J.-P. J. Am. Chem. Soc. 2004, 126, 15356.

11 Vandavasi, J. K.; Hua, X.; Halima, H. B.; Newman, S. G. Angew. Chem. Int. Ed. 2017, 56,
15441.
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cat. Ni(dppe)Br, o)

Zn powder

. . +Znl, + H
via NI\O 2 2
PO®
(@) cat. [Rh(CHzCHQ)zCl]Z (@)
KF3B cat. P(1Bu)s
H + > (eq. 2.4)
dioxane/acetone
via Rh.
(0]

(T

cat. Ni(cod),
cat. Triphos

o) o)
Tio base
H o+ —_— O O (eq. 2.5)

via Niw ’%\‘
@)
PhoPppp, 2
SA®
Triphos
@7 VT D C-H fEATEMAL
TNT B RO C-HFEEIEMHLE R D FIETIE, TN T VN AERRERD Tk L EEE
BIZE DT NVTE RO C-HFERTEHAIC K D A Z T A 7 VB E D HED 2180 23
2
Yadav 513, B2{tAIDTBP # IV Z & T, 74Tk RET UV —=ADT Y =0 LENGD
7R ERREER LTV D (eq.2.6) 2, ZOFIETIE, DTBP A U7 BuO 7 ViR T
NTE ROKBIRFZ28EHh ZLTT VAT PHINANEL CTRIEDEITT S,
Satyanarayana O3, /N7 U7 Al - SRIE - BR(LAIGFAE R, T v e REa ok U—uin

12 Tripathi, S.; Singh, S. N.; Yadav, L. D. S. Tetrahedron Lett. 2015, 56, 4211.
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ST V=N b rafGd 2 ST LT D (eq. 2.7) 8, ZOKETEH, TBHP 64T
% BuO 7 VHNVNT VT RIbAKRBRFZ51 &K< 2 & TRISHEITT 5, R IE
ELTHEREL. R THEL LI A F o EREMED Agl 2T 52 L TRIVT A
i D ITE 2PN TV D E BRI N T D, MacMillan 5 ITEARE « HAT it - Ni il
AT Yy RERZRHWT, 7T e REBIMD T » 7 U > TIZpE LT b (eq. 2.8),
AN ST RN e X 7 U B —E L L, EULAXX T VT =T LT TR
NIRT VT B RO C-H fE N OKBIRFZ 5 EHE, TINT PN ZfkH LU TRGA
1792, TVTE R B{epILizT7 s n -7V —LEREEL L HND Z LN TE 54
DOHEITEH Y, —ARHED EH,

3 Suchand, B.; Satyanarayana, G. J. Org. Chem. 2016, 81, 6409.
14 Zhang, X.; MacMillan, D. W. C. J. Am. Chem. Soc. 2017, 139, 11353,
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LT V= EZHWLZ E T, 7 FUARBUTEEI LT D (eq. 2.9) 5
D PAO)~DEELRIFHIN, 7 ATt RO C-H {EMHELZ R CRUGDEITTT 5 L EE L ITE
T 5%, Chang HlE, /X7 V7 Al & VT =0 LMD A 7 RARBER Z VT, fid
BEREELTX V UNEEETEZT AT E REa kT U —AnbDr b Ak #
HL T D(eq.2.10) 8, & 7 U LD L5 BB RER A 722 WHEE CIIM I v =1
{EDOHBBHEATT D720, ZORIS TIHENEERENSLE TH S Z ENBXH1TW5D, Li

(VA=Y

° B, Q
DTBP
©)J\ (eq. 2.6)

cat. Pd(OAc),

(0]
Agzo
O L O e

via
|O A920
[ ]
Ph—Pd(Il)l ___:><:_,. [:::rik
Ir photocat.
@) cat. NiBryedtbpy 0
Br cat. quinuclidine
H + \© base _ (eq. 2.8)
BocN blue LEDs ~ BOCN

S DI NT VT AR T BOALIEE

15 Satoh, T.; Itaya, T.; Miura, M.; Nomura, M. Chem. Lett. 1996, 25, 823.
16 Ko, S.; Kang, B.; Chang, S. Angew. Chem. Int. Ed. 2005, 44, 455.
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SITHIFEAFE T, N-7 UV — ARV LT I R THNC-H Ay 7Y 7k >T, A
RU23-PF DA L TV D (eq. 2.11) YV, ABISTIE, $HICL DT LT E RO
C-H fATEMEALIZ L D 4 BEREA X 59 A VT VBRI, 7 L— O C-H IHMHARIZ K » T
DEEITT D LB ENTVD, FE ST FTIR 2L > THRADBHR G 1TV, BOSHEE % 10
AEL TV D, £72, Martin H1E/37 20 Ml a 7243+ C-H/C-Br 4 v 7Y 71T &
ST, R radT ) OMFEERITHEE LT b (eq. 2.12) B, C-Br & ® PA(0)~D
LB, 7 AT & RO C-H fEGTEHALIZ X o TG HEITT 2 L EH DITB X
TW5,

7 Tang, B.-X.; Song, R.-J.; Wu, C.-Y.; Liu, Y.; Zhou, M.-B.; Wei, W.-T.; Deng, G.-B;
Yin, D.-L.; L1, J.-H. J. Am. Chem. Soc. 2010, 132, 8900.
8 Alvarez-B., P.; Flores-G., A.; Correa, A.; Martin, R. J. Am. Chem. Soc. 2010, 132, 466.
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|
(:fj\H“L \© base
OH

Me Me

CHO

cat. Pd(OAc),

cat. LiCl

+ Ar-Pd-I

cat. CuCl,
(O]

—_— -

cat. Pd(OAc),
cat. BINAP
base

Br

D% Dt

Me

e

o)

o i o
> Pd eq. <.
OH o Ar

cat. Pd,(dba)s

| cat. RU3(CO)12
\© base

via

(eq. 2.10)

(eq. 2.11)

(eq. 2.12)

Xiao HIENT VU AELFET, TAXAT AT REE(LTV—LEZHWLZ ETT
NENLT V= b ONREMREER LT2(eq.2.13) 1%, ZOIGSTIL, 7T/LT b Kb AE
ChHx/ 77— NIRRT VU LBENAFAT S Z & CTRIBPETT 5, D, =/ 77—
TERRATREZ2 T VT & RIZOAHARKNIT#EA TE %, Gaunt &% NHC 7/ T, 77 &
REDCTV—a— R b2 T U —r b BREEZ#E LTV 5 (eq. 2.14)
2 ZORETIE, ~T a7 ) —LF7 koo z2~Ta7 ) —17 hUb AT, 48-97%
IETERMZSD Z EIZHI LTV,

19 Ruan, J.; Saidi, O.; Iggo, J. A.; Xiao, I. J. Am. Chem. Soc. 2008, 130, 10510.

20 Toh, Q. Y.; Mcnally, A.; Vera, S.; Erdmann, N.; Gaunt, M. J. J. Am. Chem. Soc. 2013, 135,

3775.
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cat. Pd(dba),

(0] 5 cat. dppp O
r base
H *+ > (eq. 2.13)
6 6
via. o Br—Pd o
0 Ph Q
R — R Ph
Pd

0 0
. cat. NHC

= H DMAP =
g | + 1= _— | (eq. 2.14)

N Tf0\© SN

48%
oS
\
N_ N F

NS

NHC = F

§22 RIGTHA v~

C-H ZHBUNMTEROAREIEIZLER, ATy Tza /I —- T haxa )/ I—08
FEPHLENLTWD, D7, EIKGOHAEIEM B O G B D F2HUZ ) TR H CIE
ICHFFE SN TV D, BUETIIAAZEZ AV D Z & T, $0% < O C-H ZBHSUSAHE ShT
B2 723 T 2004 4R Daugulis S k- THIF S, TEERCE AL 2 VL 72 C-H 284

21 For recent reviews on C—H transformations, see: (a) Chen, X.; Engle, K. M.; Wang, D.-H.; Yu,
J.-Q. Angew. Chem. Int. Ed. 2009, 48, 5094. (b) Davies, H. M. L.; Morton, D. Chem. Soc. Rev.
2011, 40, 1857. (¢) Zhou, M.; Crabtree, R. H. Chem. Soc. Rev. 2011, 40, 1875. (d) Kuninobu, Y;
Takai, K. Chem. Rev. 2011, 111, 1938. (¢) Gutekunst, W. R.; Baran, P. S. Chem. Soc. Rev. 2011,
40, 1976. (f) Hartwig, J. F. Chem. Soc. Rev. 2011, 40, 1992. (g) Colby, D. A.; Tsai, A. S.; Bergman,
R. G.; Ellman, J. A. Acc. Chem. Res. 2012, 45, 814. (h) Neurfeldt, S. R.; Sanford, M. S. Acc.
Chem. Res. 2012, 45, 936. (i) Rouquet, G.; Chatani, N. Angew. Chem. Int. Ed. 2013, 52, 11726.
(j) Gao, K.; Yoshikai, N. Acc. Chem. Res. 2014, 47, 1208. (k) Song, G.; Li, X. Acc. Chem. Res.
2015, 48, 1007. (1) Daugulis, O.; Roane, J; Tran, L. D. Acc. Chem. Res. 2015, 48, 1053. (m)
Kuninobu, Y.; Sueki, S. Synthesis 2015, 47, 3823. (n) Hartwig, J. F. J. Am. Chem. Soc. 2016, 138,
2. (0) Moselage, M.; Li, J.; Ackermann, L. ACS Catal. 2016, 6, 498. (p) Jiao, J.; Murakami, K.;
Itami, K. ACS Catal. 2016, 6, 610. (q) Gensch, T.; Hopkinson, M. N.; Glorius, F.; Wencel-Delord,
J. Chem. Soc. Rev. 2016, 45, 2900.
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JEEER )72 FE T o D (eq. 2.15) 2,

Pd(OAC), (5.0 mol%) |
o Me0\©\ AgOAc (1.1 equiv) N/ o
neat, 130 °C, 6 h MeO NH  (eq. 2.15)
H
(1.5 equiv) 76%

Z OHELIE, Hfix e TR ISR S, ko B Y U EoRLm A TIINEETH
o7 C(sp’)-H ZZHS)E B BERK S D K 9 1278 > 72 (Scheme 2.2) &,

22 Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am. Chem. Soc. 2005, 127, 13154.

2 (a) He, G.; Chen, G. Angew. Chem. Int. Ed. 2011, 50, 5192. (b) He, G.; Zhao, Y.; Zhang, S
Lu, C.; Chen, G. J. Am. Chem. Soc. 2012, 134, 3. (c) Xie, Y.; Yang, Y.; Huang, L.; Zhang, X_;
Zhang, Y. Org. Lett. 2012, 14, 1238. (d) Zhang, S.-Y.; He, G.; Zhao, Y.; Wright, K.; Nack, W. A ;
Chen, G. J. Am. Chem. Soc. 2012, 134, 7313. (e) Zhang, S.-Y.; He, G.; Nack, W. A.; Zhao, Y.; Li,
Q.; Chen, G. J. Am. Chem. Soc. 2013, 135, 2124. (f) Roman, D. S.; Charette, A. B. Org. Lett.
2013, 15, 4394. (g) Nadres, E. T.; Santos, G. 1. F.; Shabashov, D.; Daugulis, O. J. Org. Chem.
2013, 78, 9689. (h) Ju, L.; Yao, J.; Wu, Z.; Liu, Z.; Zhang, Y. J. Org. Chem. 2013, 78, 10821. (i)
Tran, L. D.; Roane, J.; Daugulis, O. Angew. Chem. Int. Ed. 2013, 52, 6043. (j) Cheng, T.; Yin, W.;
Zhang, Y.; Zhang, Y.; Huang, Y. Org. Biomol. Chem. 2014, 12, 1405. (k) Seki, A.; Takahashi, Y.;
Miyake, T. Tetrahedron Lett. 2014, 55, 2838. (1) Li, Q.; Zhang, S.-Y.; He, G.; Nack, W. A.; Chen,
G. Adv. Synth. Catal. 2014, 356, 1544. (m) Wang, Z.; Kuninobu, Y.; Kanai, M. Angew. Chem. Int.
Ed. 2014, 53, 3496. (n) Kanyiva, K. S.; Kuninobu, Y.; Kanai, M. Org. Lett. 2014, 16, 1968. (o)
Cui, W.; Chen, S.; Wu, J.-Q.; Zhao, X.; Hu, W.; Wang, H. Org. Lett. 2014, 16, 4288. (p) Zhang,
L.-S.; Chen, G.; Wang, X.; Guo, Q.-Y.; Zhang, X.-S.; Pan, F.; Chen, K.; Shi, Z.-J. Angew. Chem.
Int. Ed. 2014, 53, 3899. (q) Martinez, A. M.: Rodriguez, N.; Arrayas, R. G.; Carretero, J. C. Chem.
Commun. 2014, 50, 2801. (r) Wang, Z.; Kuninobu, Y.; Kanai, M. Org. Lett. 2014, 16, 4790.

*
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Scheme 2.2 C(sp®)-H functionalizations with various bidentate DGs

O ! \. reactions
~ ~ B ————
N 7 S I
L H N Lok
~"H
|\ o) o)
= (0]
N ll\l | N
\ M—N < M—SMe

L L, EEEEESEEEMCEEN TS Z &34 7L< C-H BHISDRIEIC
BRI DS TR MLEL T 5 EICHREN - 72, Mz T, Borm b2 FWE I A4 5 LB
LD, BRETERELETHLH Y, 2 OREFEMZAEAHH L TLE 9 (Scheme 2.3),

Scheme 2.3 Drawbacks of C-H functionalizations with DGs

</“\DG </‘\DG </‘\DG R—FG
———————— R-H

R-H >~ R-FG ——> +
installation C-H removal
functionalization (\DG
waste

C-H ZHAS S Z 31T 2Bl D BB 224511

OEBEBAME LB 722 A 2 T A 7 VIR L, il % SOSRIESi 5 2 &
QEBAEOBN - £ L TORE
D2OTHDHEEZLND, AL, BIAEOQOEENZER Lz, $hbb, val VT
IR 8T IR U DK D 7 R A S A B AA T D TR L BT F- & LT
D Z & T bk x R E O C-H EHSUE D ERK T E D O TR &5 2 72(Scheme 2.4),
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Scheme 2.4 Reaction design

~N .
Bidentate Bidentate
| . Directing Group | Xy Ligand
N/ (@) — 0 catalyst
h '\ > substrate N
\ “ N
M~ M~
WV] )
Reaction site ) + [R=H
Substrate
Substrate with directing group Bidentate ligand and substrate

ZDXEIRTHFALDOF, 7T E RS OEBIZR7 N ARROBIZEIZEY 2o 7=,
(ZhETicea ) Vg7 I BN HIZSHOBEM & L THWLRTEZ Eixdb o7 (eq.
2.16)723%4 C-H B L7 Flix 7 uv,)

cat. Cul

H
©/O N I\© cat. PA ligand O
MeCN, 90 °C, air

PA ligand

I
M pzd

§2.3 &1L

NRURXT T Rla & p-F— R7 =Y —/b2a ZHWTHRHNEBG L-, fx O&EBE
Rl v a ) T I FEALF 2V TRET LTRER, B o Yo n v al) T
I FBRLALF L1 Z W RIS RIS ITEIT L. FrEO YT U —/L7 b2 3a 3 24%I0R TH 5
#U7-(Scheme 2.5, entry 1), F7=, BT DEZJ D T & IEEOIK T 23 HAL7 (entries 2-3),
—WREIT, 8T Uy AEAFE T o R A I E VW CH 7 U — B R T,
tAmylOH % IR T2 RF IR S KIEIZ B35 2 ERZ WD T3, tAmylOH ZiEME s L
TR LT, ZORER, W0 0 IERITRIEIZ A B L, 72%IEE THEBD 23 S 1L7= (entry
4), Flo, RRISITEE A7 T L, R Y UL 2V U7 I FEA DT RIT
THIEIT LRV Z & D33 D > - (entries 5-7),

24 Sambiagio, C.; Munday, R. H.; Marsden, S. P.; Blacker, A. J.; McGowan, P. C. Chem. Eur. J.
2014, 20, 17606.

% For example : (a) Zhang, S.-Y.; Li, Q.; He, G.; Nack, W. A_; Chen, G. J. Am. Chem. Soc.
2013, 735, 12135. (b) Li, S.; Zhu, R.Y.; Xiao, K.-J.; Yu, J. Q. Angew. Chem. Int. Ed. 2016, 55,
4317.
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Scheme 2.5 Reaction investigation

0] Pd(OAc),; (10 mol%) o
| L1 (50 mol%)
H \©\ K,CO3 (2.5 equiv)
OMe toluene (0.50 M), 150 °C, 24 h OMe
1a 2a 3a
(3.0 equiv)
entry deviation from entry 1 yield N
1 none 24% | N/ 0]
2 L1 20 mol% 8% HN\fi
L1

3 L1 10 mol% 6%
4 solv: tAmylOH (0.50 M) 72%
5 without L1 <1%
6 without Pd(OAc), <1%
7 without K2003 <1%

WAZENL DR Z TR D720, Flx OFUNL %GR« #RFT L 72 (Scheme 2.6), ¥ 7 @~
FIUNVEEAT D L2 Z Wi S BVVEER DG 5 41, 98% IR T 035G H i 722,
AV T ENVEEAET D L3 WSS THRBEDIER TAERM RGO N, — /5T
FVNERZTFAEIARL Y NEEH T X~ T NLELS 28T D HOTIHIEENMEF L
oo 7 RO N-HFEER2VL6 Z HWEGEITITNERREIK T LEZZ £ 6, N-Pd
DHAREVRAMPLTITEETHLEBEZOND, 7=V EKERATLHLIRS-T I /¥
U VERE OB L8 TIEN T TE T, B2V VB I FERESCBEENE S 2 Frobs
WLI-LI8) L ARG L7223, WIN b KIIEE A EHIT U er o7z, F2, —BRMIICHND
NHEY VURBN AR AT 4 CREMNL T2 DTS OSTEIT LW L3> T
W5,

2 WefE /XTI 5 mol%, BT 6 mol%, KHCOs (2.5 equiv), tAmylOH (0.20 M) Tl
JuanFUNEEETLHL2 LY, mFVEEET D L4 ZHWTZGA OIEERE -
770
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Scheme 2.6 Ligand screening
Pd(OAc); (10 mol%)

Ligand (50 mol%)
\©\ K,CO3 (2.5 equiv)
OMe "AmylOH (0.50 M), 150 °C, 24 h

(3. 0 equw

)

I I OMe

3a

@@ G Cp Op

72% (19%)a 98% (66%) 95%

L4

5 e e o “r

8.9% <5% <5%
L6 L7 L8 L9

56% (83%)"‘

(<5%)a

67%
LS

CHex

(9%)°
L10

Ge Gp Op Oz Gp

HN
cHex
<5% NR (<5%)? <5%
L11 L12 L13 L14
NH NH
o O L
',/NH NH
°Hex—N N-°Hex )\ 41\ N/
0~ "Py 0~ Py
(<5%)? (<5%)? <5% <5%
L16 L17 L18 L19

+ pyridine, bpy, phen, ;
' DMAP, PPh3, BINAP [ (<5%)%:
' without ligand |
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(<5%)°
L15

CF;
X

7

CF3 N

<5%
L20

@ Pd(OAc), 5.0 mol%, Ligand 6.0 mol%, ‘AmylOH (0.20 M)



BT, SUSTEE & 8 O RG 217 - 72(Scheme 2.7), SUSIEEE 120CETFIFTH
WEEIFHE 72 DT, 100°CTET D, 80°C TIEKRIE /R IPERAR T 234 H A7z (entries 1-5), & D7z
¥, 120°CCIRE 2 [ & L ChRIUNL DR & st L7z, BuikaH3 5 L1 %ﬁﬁb\ﬂfﬁ?f L 72 B

TITENL D EZE D T L IR K E < T o 72(Scheme 2.5)73, L2 & W 7256 2 I HEER
INTVT L L2=1:2 BEFE TR THIEEITE R DT (entry 6), BElE /X7 V‘?A’ﬁ: 5 mol%
IZETHED LTH R2%INER TN DT S 4172 (entry 7).

Scheme 2.7 Investigation of conditions

o Pd(OAc), (10 mol%)

| L2 (50 mol%) Q
H . \©\ K,CO3 (2.5 equiv) -
OMe 'AmylOH (0.50 M), 150 °C, 24 h OMe
1a 2a 3a
(3.0 equiv)
Entry Deviations from entry 1 Yield
1 none 98%
AN
2 135°C 91% |
-~ O
3 120 °C 93% N
HN
4 100 °C 87% \O
5 80 °C 41%
L2
6 120 °C, L2 (20 mol%) 91%
o 0,
7 120 °C, Pd(OAc), (5.0 mol%) 92%

L2 (11 mol%)

Flo p—T7RET =Y b da BISHIE LTREF L2 E 2 A, 36%INERTERY) 3a 3
BFoNT(eq.2.17), KAl LTI b7 UV —n L0 b BZAT V=V DFBAFRSTHY
HARROTY, S625MalEp-7nE®7=Y— da N TITH Z LT Lz,

o Pd(OAc), (5.0 mol%)
Br L2 (11 mol%)
H K,CO;3 (2.5
+\©\ 2CO3 (2.5 equiv) O O (eq. 2.17)
OMe ‘AmylOH (0.50 M), 120 °C, 24 h OMe
1a 4a
(3.0 equiv) 36%

FTHILOMET % L72(Scheme 2.8), RIEME Z et L7oAb R, kiRt v v A L IREEKE D

U 7 L& ORI BAF 7RI CTARRD DG S 7z (entries 1-4), — 7, BERE S UV U A0HR Y

272011 T O TR OFHR « 2L 700,000 FELL L = 7 {6 80,000 FELL
(From survey of commercial availability on SciFinder Scholar (CAS,

http://www.cas.org/products/scifinder)),
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VEEA VUL ALY RS Y T A TIIRIGER I F > 72 (entries 5-8), AR S LTHRY
TFNT I BT LA, 6% EARINER L 72 > 7z (entry 9), REEE VT L EIRIRKED Y T
ANBWFERZ G 2 728l & LTI, 26 OHEEDOTEBEA~OEEMRIENS LB mV 2 &3
B2,

Scheme 2.8 Base screening

Pd(OAc), (5.0 mol%)
o) L2 (11 mol%) 0]

Br\©\ Base (2.5 equiv)
H + -
OMe ‘AmylOH (0.50 M), 120 °C, 24 h O O
OMe
1a 4a 3a
(3.0 equiv)
Entry Base Yield/%
1 Ko,CO3 36
2 Nach3 12
3 CS2CO3 81
4 KHCO;3 72
5 K3;POy, 48
6 KoHPO, 6
7 KH,PO, 5
8 KOAc 6
9 NEt; 6

WIZIRIEAKRFE T Y 7 W% Foidhi ik & U CI I Ot 217 - 72(Scheme 2.9), 7t ="KV
JLR° HFIP & WA 1213F & A ERSITHETTH T (entries 2,3), 7 B @ XU B U OMME
BCdH % DMF X° DMSO Z H W 568121, 30%FEEE DL & 72 5 7= (entries 4-6), DCE X°
dioxane % H\\ 723551213 tAmylOH % W 72855 & [RIFEE DR 5L % 5- % 7= (entries 7,8), THF
ZHWEZEIZ, 91%E kb BWEERE 5 2 /-(entry 9), L7>L. THF 2SI H WA
WTUH Y RNRKIGELTLEW, C-HT U — k&= U T RREIEME L TELNTZ, £
7z, THF ¥ TR 2 AT L 72/ R 6 mol%IZ £ TS L CH AERDFER 1G5
e REEE T DZOW T S A [FERICHRGET L7223, IREBKE D U U A L0 BOERIE
H. 2727,
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Scheme 2.9 Solvent screening
Pd(OAc), (5.0 mol%)

e) 5 L2 (11 mol%) (0]
r\@\ KHCOj3 (2.5 equiv)
H +
OMe solvent (0.50 M), 120 °C, 24 h O O
OMe
1a 4a 3a
(3.0 equiv)

entry solvent yield/%

1 {AmylOH 72 X

2 CH5CN low yield NT P

3 HFIP 15 HN

4 Cl-benzene 33

5 DMSO 33

6 DMF 37

7 DCE 70 OMe

8 dioxane 77 obtained

9 THF 91*

RT D7 BFEIZOW TR 21T 2 72(Scheme 2.10), Pd(II) & L T PA(TFA),. PdCL % #iat L
72 PA(TFA); I3 PA(OAC), L 1FIER % Ofs R4 b2 724307 C, PCL CIIASIGIHETT L 72
o7z (entries 1-3), E72, Pd(0)& LT Pd-dba SR & i L7y 2 O5E b SOGITHEIT L
Do 7= (entries 4,5), ZILHDFERNG . ARG TIEI LA X L— NEHT 2 PdID 7S EHE
ThodrEeELLND,
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Scheme 2.10 Screening of palladium complexes

Pd (M = 5.0 mol%)

0] 5 L2 (6.0 mol%) 0]
r\©\ KHCO3 (2.5 equiv)
H + >
OMe THF (0.50 M), 120 °C, 24 h O O
OMe
1a 4a 3a
(3.0 equiv)
entry Pd yield/%
1 Pd(OAc), 91
2 Pd(TFA), 90
3 PdCl, <5
4 Pd(dba), <5
5 Pd,(dba);eCHCI; <5

§2.4 EEEMH#HAE

S 2 VT8, B —fEPE 2 Mt L= (Scheme 2.11), 7/v7 & REITIE, &5
KOBTRIIEE L L 28T 2 E THSITHEST U, BAFRINERCTERY 3a-3g 2 5 2.7,
7w RO, AT VB AROCZIEMN A . KIST DR 303 A G2 T, TATVER
T25HDTHISITEIT L, ER 3k & 56% N ThH X 7o, = A7 V1% Grignard #3872 &
DOHBEERRIEL KIET DD T, TATARHRRZ EIIFETRERTH DS, 2 (lHE
PR AEFT OISOV EE THLNTETL, 2277 FATATE R, 9- T TV
REXTTNATE R 1-E LU IANNLT E R 36-86%IE THERSY) 31-30 & 5- 2 7, FFIT 9-
T RTREVHNARFTUT AT E REHAWEGEIT 36% L RIGRIZE EEo7eh, ok
BaEHAWTHA IV R = eSS E L CEIT L, BlIAERMELTT Y F oY
D 64% R THEIL SN TND0, 7 a~FHh U LR F T AT e RRE LT LT B R
DEIRTNVIRAT AT e REHWTSRNTEIT LAY 3p,3q & 5 2 7203 ARIDGRIZH
o7,

2 THF Z W =356, BE A RMEORFHIB W TRIEREDO H OB W DR bhiz7-
B, FAEAIIZ tAmylOH % A AW T 150°C THE —RMEDOKET21T-o T\ 5, £
7oy BAET D —Z 12 M EICETH U THL T AT Rla ER(ET U —)L da DG
TILAERA) 3a 23 88% IR THF L ALY, BB — e ORMFT CIRICRICHE £ 2617236 -
7eDT, 3YUETHRIFF LTV,

2 Crawford, J. J.; Henderson, K.W.; Kerr, W. J. Org. Lett. 2006, 8, 5073.

N M DOIEZ NS A THM A VR = AEREER E L TELN TS,
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Scheme 2.11 Scope of aldehydes 12

Pd(OAc), (5.0 mol%)
L2 (6.0 mol%)

0
j\ Br\© KHCO3 (2.5 equiv)
+ >~ R
R™ H ‘AmylOH, 150°C,24h
)

1 4b
0 o}
WOhGH O )
°2%  3p82% © 3a83% © 3¢ 95%
0 0 0
3d 90% OaN 3e85% FsC 3f 69%
0 0 0
ROAS 9h®
F Cl
FsC 3971% 3h94% 3i82%
0 o} Me O
rC 0
tBUOzC
Cl 3j 92% 3k 56% 31 95%

3m 86%
3n 36%"

0 KT

3p 28% 3q 28%

a4b (3.0 equiv). °A decarbonylated product (anthracene) of aldehyde 10 was
also formed in 64% yield.
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WAL T U — /v O FLE i 6P 2 #5 U 72 (Scheme 2.12), i 53 - B R51HEED
5 EAT HEGETHINITHEIT L, 78-90% CHAM) 3¢, 3, 3r-3u 253 H iz, 7 v F R,
BELWolonm 7 S RKIGREIZIRM A, ~xa 7 o 2H3 57 h3h3i,3ve 527,
BALT U —v 4 b2 3v S DA 1L 1-bromo-4-iodo benzene 4k % AV, SIS SE%2/0 L
BEAHVNENH ST, Fl2, F bR ATV, TR, VINLVE, FAZ—FT LR —T
ND RS IRERELAT L EEZ MO THRIST 24 3w-3z, 3A, 3B % 56-99% ChL- %
7o FAT—FNEETHEEIL. 2T LI — VO TH b AT 5 H1ETIERE
ICF AT =T NVEM BB SN TLE D DT, ARG TESICE K ATRE ST E T &
RTCHD, 2MICEBREZ G T 20 SEmWEEE WS ETH EP%%WZ)%E&%&HR%T‘E
4 31, 3D NG LT, £, 2 70T F T X L qu B ANTEEAITIE 98% & IEHIC
IR CAERY 3m N5 5T,

~NTaT U= b ATERGRZEDOERPEIRICAS RoN DB TH D0, Ake
JEFRE A I\ 5 5 1ESC Friedel-Crafts 7 3 /Wb & W o 72 E R IE TIXARBS REE /2 = & T b
T, REISEEEZRNT, ~7T a7 ) —ATr N ElERif L A, BTV —
NRT AT 2 DX IR BEIITPREDONRTHEATE, £ 3E, 3F 2155 2 LN T
TW5,

81 (a) Toh, Q. Y.; Mcnally, A.; Vera, S.; Erdmann, N.; Gaunt, M. J. J. Am. Chem. Soc. 2013,
135,3772. (b) Demkiw, K.; Araki, H.; Elliott, E.; Frankline, C.; Fukuzumi, Y.; Hicks, F.; Hosoi,
K.; Hukui, T.; Ishimaru, Y.; O’Brien, E.; Omori, Y.; Mineno, M.; Mizufune, H.; Sawada, N.;
Sawai, Y.; Zhu, L. J. Org. Chem. 2016, 81, 3447.
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Scheme 2.12 Scope of aryl bromides 4

Pd(OAc), (5.0 mol%)

o L2 (6.0 mol%) Q
©)KH Br\© KHCO3 (2.5 equiv)
+
S {AmylOH (0.20 M), 150 °C, 24 h

1a 4 3 R
o} o} 0
TCLT
s OMe 2 By 3 Me
r 90% s 87% c 88%
oM
0 © 0 o
CF3 OCF3 Ph
3f 86% 3t 78% 3u 85%
o} 0 o}
3h 88% 3i 99% 3v 64%P
o} o} 0
3w 71% 3x 56% 3y 90%
o} © 0 © 0 ©
I Il SiMe3 Il Il SMe Il Il OBn
3z 71% 3A87% 3B 92%
0 O Me o
O>
) 9P
3C 79% 31 60% 3D 84%

O
Z. /g
=z
)
\
NS

3m 98% 3E65% Me 3F 61%

4 (3.0 equiv). °4-Bromoiodobenzene (4k), Pd(OAc), (10 mol%), L2 (20
mol%), K,COj3 (2.5 equiv), ‘AmylOH (0.50 M), 120 °C.



§25 ~7 a7V —nNT b UERICHAIT L

I —=NARFAF T2 DL REETHIUTFRREDIETEATE N, —FHT 3-
TrEEY 4O LD REEEMOIZGEITITERDIIE LD SO D 18% & ARINERIZ
WE oT(eq. 2.18), WERUGEIZMIT, Fix FMUBFI 2T o TR, Bib~Tm7 U —/L 4
Z1IYE, 7A7TE Flaz 3 YELEREOUYEZEZDZ L TIERIT35%ICm EL, L
U, NT VT AREOHEIE, RO I I EOIEER EIXR STz,

o) Pd(OAc), (5.0 mol%)
Br L2 (6.0 mol%) O
H \\[ifj KHCO; (2.5 equiv)
| . A
+ = | (eq. 2.18)
N {AmylOH (0.20 M), 150 °C, 24 h —
1a 4x 3G N
(3.0 equiv)

normal condition: 18%
aldehyde (3.0 equiv), ArBr (1.0 equiv): 35%

D WERIFRETCIE L LR EIXLED R E WL, B2V U7 I REAL T

HFa—=T45Z L2 LiZ(Figure2.1), 2 U VBT X RENL 13T 2 —=2 KA v
KRB U P UEBAL » o FEAEIAL « SERHIE LD 3 ob Y TnEnEe T a—=r7F52
E TRV AMBYEEE B XD LB X BN ORI LG AT o7,

Figure 2.1 Tuning moieties of picolinamide ligands

X
| _ 0 o-donation site
/ N /
1

1
N
1 /
hemilabile Pd
coordination moiety ~ )
steric control site

L2

FTNE, o AL TH DT I REL A2 ME L72(Scheme 2.13), 7 B ~F LT
FORDOVIZ, ANFTT IR, VAFAVERIVR, ZJ==/LE RTT K, TEFALT I
REHTHENL T L21-124 Z 5 URET L-A0WT b BWEREZ 52 720> 72, F70.
T REAIXY ) BEICEZ BN L25 TIESSITETET, B U&7 I R
N DN — IR FAR AV TZBNL T L26-L28 THIFE A ERUSITEIT Lo 72, AR F IR
AT DHENLT L29 T, SUNMIET Lo b 0D 23%ICE L L2 2 V-84 L 0 RIGE
Lleol, ZZToAERIMIZZNE TERBEIZT AXLT I RO E THOEALO
BEHcBs Z iz L,
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Scheme 2.13 Tuning of & - donation cite

0o Pd(OAc); (5.0 mol%) o
Br Ligand (6.0 mol%)
H | X KHCO3 (2.5 equiv) XX
+ ~ > | —
N {AmylOH (0.20 M), 150 °C, 24 h N
1a 4x 3G
(3.0 equiv)
® S S S
= o = Pz — /O/O
N NT NN N N g7
HN. HN\;> HN.__O HN
R Y O
R=OMe L21 4% R
NMe, L22 6% L25 <1% R=Me L26 <1% L29 23%
NHPh L23 11% Ph L27 <1%
Ac  L24 <1% Mes L28 2%

WA, SEARHIEERAL 2 B it U 7= (Scheme 2.14), flix DL 7 a7 L& VI 2 H 4 5B+
(L2,L30-L32) Z M5 L7 fE R, WIn b KISIZEI 792 b OO KIEZRICRR FIX RS/
S72, LARIOSHMEIOBRIZ, Bl +DO7 I FOT Iy L C-H 7 U —/HAEPRIEIG & L
TH#AT LI Z R Do 72720 7 2 2 y (LD C-HFEA M 22BN F L33, L34 2 fiit L7223,
BHE R RIT R ol oTe, 7T ROBANR=VE < HRCTRAMEERERE L
TE L Cm—T NVEMAIAATZENL T L35, L36, T4 =—7 /L& FF ORI T L37 HRFTL
7o, ZOLEIIIEDO KIE/R IR T AR LT, 2D OFRERI 0 | SLRHIERTALIX S 2
EAFIUARICEELLEE, EVVVROEFTFa—=2 751752 L LT,
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Scheme 2.14 Tuning of steric control cite

') Pd(OAc), (5.0 mol%) o
Br Ligand (6.0 mol%)
H | X KHCOj3; (2.5 equiv) X
R _ - B
N {AmylOH (0.20 M), 150 °C, 24 h N
1a 4x 3G

(3.0 equiv)

A X X
| _ oR="‘hex L2 35% | _ o | _ o
N °pent L30 17% N N
HN HN

HN\R °hept L31 26%
oct L32 38%
Bu

L33 28% L34 29%
_ (o) — (@) yz (0]
N N N
HN HN HN
a: 4x (3.0 equiv)
. ) ) )
0 o s
L35 8.2% L36 1.6%2 L37 <1%°@

VY CVRDE T 2 —=2 7 %1757 (Scheme 2.15), £V °/°‘/4{i W hY 7oA m AF
NWED KD IRBEA RS2 G AN LB L38 Z 7z Wéiﬁ?bﬁo — T,

B ETHD A P REEZEA LB T L39 %:ﬂ%b\t ZIFUER DM B2 R B
7o 3-7 BB Y VDX B EDIE A VTS A TR, %’Ei)v\7‘/'7A Y YA )
ZE TR BIEN SN, KIETLHZ L TRICPEIT LW EEXx b, D, &
MO BEHRLELZ Y DURICEAT S Z LT, AN RN T E LTEB T E XD
SRENCEAL T D K 0 REML 2 S OICHFTT 5 2 &lC Lz, 40 A v a2 AT HEAL
T L40, L4l HRFT L7z, 3470, SALIC A FAEEE G T BN T L40 TIXIERIT DT 00
ELU, S1%IEETERD RS BN, — T, 3N A N VA HT HEUNL T L4l TIEUL
RBOKRTRA LN, A MFVERIVEBAEGERE N AF AT I EEGT 20N+
L42 Z W55, 56% & RO ER R bz, £, I EFEEREVE R
UPNIEEHT RN L43 2 O CTRISZ BT L7223, IERIME T L7z, L43 13@En ik
TEMEZ R LTz, DEOKNDEIGERE L7272 OICEME T L2 E 2 T\ 5, L40,
L41 ORRFIT 3L, SLOEBRIEICL > THOREREENRLOND Z NN oT2DT, 3
AL SALICOWT ORI 21T o 72, 3ALIC A FLIEE AT DR L4d % V7285 A IR
T enom b Lz, — 5T, A MFUE, 7?%#v%%ﬁ¢ému%LﬁJA«6
IS HEDIR TR BT, 3MOBEHRELIIC ) DU BET I ROMEICEE 2 52 57-9
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AFNHIDREVEHRENGASINTLE, TOHDCKRERZEN O STDIZEE R
HILD, SPLIZHOWTIEE R E2H T HENL T L47 TIIERN DTN T L, Bt
HEMETHDE A X VEEBALLENL T L48 2 AWV 7HA11E L2 OfA L RIERIC
LR % B2 T2 SALOBEREFEIC OV TIIBNL T ORI R E L 5 2 7202 &3 h
STy =T, 6 NLICEBILZH T HENF L49 2 W54 Tl SISO KgAK T2
BT,

Scheme 2.15 Tuning of hemilabile cordination moiety

0 Pd(OAc), (5.0 mol%) 0

Br Ligand (6.0 mol%)
H | N KHCO3 (2.5 equiv) | N
+ 7 >
N {AmylOH (0.20 M), 150 °C, 24 h N

1a 4x 3G
(3.0 equiv)

B Gp W O
O O O O

L38 19% L39 45% L40 51% L41 13%

\

\N/

o o GoRis

L42 56% L43 18% L44 41% L45 1%

T Ry R

L46 5% L47 23% L48 35% L49 6%
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2 ZETORMABAOFER, 3 AU AFAEEA L, 4,5 fLOWHTL 0 B IGMEE
BRI RE S 72D LB X T, REMBEIC RS WTERFEFOIFLFEFINEY ¥
VER L ATICEE SN BRIRE L. DMAP (CHATIEFICEWIEEZ R T2 LML
TW5%, ZZ THRIFAEM = A FELBEICANTRER, BLALF L50 2Nl 2t k% 52 %
DTIFRWDE B % ER% BALA L7 (Scheme 2.16),

Scheme 2.16 Synthesis of L50

Fe powder
o "a ot HNT NP o reflux HNT N
S1 S2 S3
N cat. Pd(PPh3),
m zneN [ NaBH,
reflux DMF, 120 oC r.t.
3 steps 58%
60%
H NaH
a
Cr, [ p [
N = CN reflux
H
S6 S7
quant. 88% quant.
HOBt
WSCI-HCI
NEt3
_ °HexNH, [ xHCI
2)HCI aq.
|f1HCI 65%
L50
24-V7muS5-=ha bl Uy S DL EEBRREERFKNCE>TT7I /Y 82

B L, SR EHnDHZ & T= Fn%% BILTHILTYT I/ EY Y 83 2457,
Fo, VA FH— Lo TET REY DB S4B LT~ Z OB Th T Lk5H
I HIET, 3 LR 60%INRTAERY S4 #15TW\W5, NT U7 AilllEEHWS Z & Ty

%2 (a) Rycke, N. D.; Berionni, G.; Couty, F.; Mayr, H.; Goumont, R.; David, O. R. P. Org. Lett.
2011, /3, 530. (b) Lindner, C.; Tandon, R.; Maryasin, B.; Larionov, E.; Zipse, H. Beilstein J.
Org. Chem. 2012, 8, 1406. (c) Tandon, R.; Unzner, T.; Nigst, T. A.; Rycke, N. D.; Mayer, P.;
Wendt, B.; David, O. R. P., Zipse, H. Chem. Eur. J. 2013, 19, 6435.
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T EEEAN%, €TV UM EKFA TR R UL TEL, i AT/ Lo TY
7 RV VB ERT DAY ST 1572, = MU VONUKG R, fi 7 a~F LTy
LU EDORERIZ L - T, LAY L50 ZM% D, LU, ZERWINANLETE > Tol-®, HElE
W29 52 L TLS0 2285 CREICHED Z LT Lz, 2B, {LEW S6 1281F 5 B2
T DY AFNAITERITCHIT /ﬂ:»ﬁa Mel+K>CO; D&M Tk, BV Yo 2Tk
FIRFICHEI T L CLE 72720, NaH O L9 itz Lo TEE T =4 v BRE LT A
FACIZE RV — A28 8 L 72 (Scheme 2.17),

Scheme 2.17 Failed routes

Me
reductive l

NN amlnatlon N N HCO,H with HCHO aq, paraformaldehyde
| HCHO aq. with NaBH3;CN, NaBH;CN + AcOH, NaBH,

Z > eN ... messy

Mel I\I/Ie
cho3 Py-HCI messy
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l\NAe D _Me
[ | of NT P eN
Me
H quant.
G UTZBL T LSO Z W TS AR L& 2 A, WRITINETTRLE LV 62%E

eolc, TDD, I TR FOKELE KD O, ~7T a7 U —/Lr h o ERRO S #E
)ﬂ%ﬁ%iﬁ%ﬂ‘j‘é\_k K—L/f:o

o Pd(OAc), (5.0 mol%)

Br L50 (6.0 mol%) O

H \Ej KHCOj (2.5 equiv) “
+ — >

N~ ‘AmylOH (0.20 M), 150 °C, 24 h | 7 (eq. 2.19)

1a 4x 3G

(3.0 equiv) ﬁNMe
MeN N
5
N

HN
L50 62% \O
§ 2.6 EHwEH

Bzl EG LTz LS50 ZHWTA~T a7 U—Nr ko BROEE — OB 21T 72
(Scheme2.18), BV PSMZF U A VF /2D F/2XH Vo AR, v
NS —)VEKEEAT D b 3G3L bHREND BIFRIETHE LN, £, BEANT
27 U= h 2 3M-30 b 59-T5%ICETHESD 2 EIZH AN L, Fillichis L7z Ls0 & H
W5 b TRV I 2 REEAICHRIR T 5 2 LT E T,
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Scheme 2.18 Synthesis of mono (heteroaryl) ketones and di (heteroaryl) ketones?

Pd(OAc), (5.0 mol%)

L50 (6 0 mol%)
‘)J\ \‘ KHCOj3; (2.5 equiv)
{AmylOH, 150 °C, 24 h

3G 87%> 3H 85% | 65%
3J 81% 3K 53% 3L 54% ‘ph
o) o)
= X = N\
e g )
N N N N
3M 59% 3N 74% 30 75%

a1 (3.0 equiv). %4 (3.0 equiv)
§27 7V r—va v
7T DA — )V THARRIGIIHEIT L, 0.686g DX X7 /LT B K lahb 1.33g 88%E I
AR T 2-_ ) A b7 % L2 3m MBS 7= (eq. 2.20),

Pd(OAc), (5.0 mol%) o
L2 (6.0 mol%)

o]
Br i
H+ KHCO3; (2.5 equiv) - O OO (eq.2.20)
{AmylOH, 150 °C, 24 h

1a (0.686 g) 4u (3.0 equiv) 3m 88% (1.33 g)

A TEIEE AR AWS Z EnT& T(eq. 2.21), MIBMERFER 7 = /) 7 4 7
— h 6 LB 2 TR, TB%INRTHKT D Z &Ik LT,
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o Pd(OAc), (5.0 mol%)
Br L2 (6.0 mol%)
@H \Q >§( KHCO4 (2.5 equiv)
+ O
ol © W/ ‘AmyIOH, 150 °C, 24 h
1j 5 O

(commercially) (3.0 equiv)
available (obtained in one step) 0

C|o>§(0\(

0]

(eq. 2.21)

Fenofibrate (6) 75%

§2.8 RICHAE

4 ODRINEREE B 2, TNENC OV CTEBIRIEFHE 21T > 7= (Figure 2.2), —D(JRHR)
FENLARAZ R D BOSHRE, 750 0 3 S(F, &, )T C-H FaTEMAL 288 D RO ©
# % (Scheme 2.19 - 22),
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—>H % pathway i (Figure 2.2 77/#%) T, 7/V7 & KO C-H fiaiEME b 2 # 5
DTIE7e <, AL A ZRE U7 UCHERE T &% 5 (Scheme 2.19),
Scheme 2.19. Proposed mechanism-1: insertion pathway (red line in Figure 2.2)
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KHCO,
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co2 ‘ Pd“”/' “chex
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,N/ 7 N/ 0
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o~ (|) OH hex Pd” “Chex
Ar)\Ar'\([)]/ v Y
OH
| X
V 0]
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(4) ! (3)
Br< N
pdV— “ch Ar'—Br
Ar” o 4
X ™
Ar H o

ZDNANZEBT DO 1S-01 2 HEBIRAE TS-12 (747 Klany U —
WIRT VT BEDNT 4 BREBBIRIEZHHA TVSIREE) ~D B OTEMAL
TRLF—(L 51.3 kecal/mol TH D, EBIRHE TS-I2 2T, NIV TU LTIV
%R IS-I3 5 B e RU RBEE(TS-I4 2B HE 2T RLF—(L 16.6
kcal/mol TH 5, P-I5 DR /LF—IRAEIZ RO L U &< | pathwayi X EVR 72208
Wb,
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WIZ, &0 D3>0 C-HIEMHALRID /X2 % Leifi3 %, Pathway ii I % Figure 2.2
TROEDT A L TRINTND,
Scheme 2.20 Proposed mechanism-2: C—H activation pathway (black line in Figure
2.2)
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0] 0]
O)\Ar \Y Yo
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+ N/ (@)
02 O 3)
v— \Ch Ar'—Br
Ar” o
1,
Ar H o |

pathway ii IZ. 77 & K 1la DB ARV & RT D AREUE LA 7 &2~
K7 V5 R (S-02,TS-03,I1S-04) - #2 H 3 5, Z OIFHEb = R /L ¥ —I% 2.8
kcal/mol THh 5, ZiLH 3 -0 3D #E&EIZFALL L TW T, C-HFR LV I V) & O-H(H
—ARF—FD O LR IO H)DOHERED, 1.10/1.80 A (for IS-02), 1.36/1.22 A (for
TS-03) and 1.76/1.02 A (for IS-04) & L L T\ 5, Ziud, HBFBLIVENDS
H—HRF— MBS TND I EZERL TV D, IS-04 (3 ) CGEBIREE TS-05
ZRHB L, HCOs &35 Z & TPA-CREAEER LN BT VT AAV) 8
KIS-06 L7205, ZOAT v FIIEFICREIWVEEBETH Y . TS-05 ~Dif
MA = RV —Z 3.4 kcal/mol TH 5,
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pathway iii, iv IZE /37 D7 LD H 7T & RO C-HIEME(L 2R T, Bk
ISR Z 588 CTd %5, pathway iii Id Figure 2.2 IZTHBAD 7 A TR I
TW5,

Scheme 2.21 Proposed mechanism-3: C—H activation pathway (blue line in Figure
2.2)

Ar Ar' |
3 N KHCO;
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1l

pathway iii ClX, pathway ii (315 —AHR R — MI LD C-HAl&EHE L I1XF
P2 B L, 7T RlaDHILAR= )L ERTOT ANENL LT A7 &
~RZVEER IS-P3 7 HIERIREE TS-P4 Z#RH L CT /3T U0 A(IDEHHAK
IS-P5 %+ 5.2 %, ZOBEBEOTEMALT 3L ¥—( 15.5keal/mol TH 5, KIZEE(L
BIRTINC & 0 RT DT AAV)ESEIE IS-PT 2 BT 5, Z DBEBEOTEMAL— L%
—1% 34.1 keal/mol TH 5, m%ZIZERIREE TS-P8 % (EM b=/ ¥ —(%
10.3 kcal/mol) L. BEILHIBBEIC L > TRy 72 /) U P-PO R EZD, 2O 1
T RAFRERFERBETH D,
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B¢ t& )3 pathway iv C Figure 2.2 |2 T D ik DM TH 5,
Scheme 2.22 Proposed mechanism-4: C—H activation pathway (green line in Figure
2.2)
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I &S 5 L pathwayiii (ZE T D H = R/LF—DE & %Zﬂ:ﬁb TS-
P4 (%, AR AR D pathwayl BT 5 ERIRHEE TS-12 <° pathway ii (23517 Z)L
FIKHE TS-05., pathway iv (2351 2 IKEE TS-P10 L Y = /L¥ — Mﬁ%u\
D= DBEBIREEFHE B 1, C-H IEMALHL D pathway iii 235 H A A fg}iﬁﬁ%ﬂ%
ThdEVIFERPIELNT,

IMZ T, RISHFTOBICAER TH L7 N UIMZT VT B Rinb Ol v
R=HEER B G LTV, ZHIIARRIED C-HIEMHELEZ R TEITL TV Z
BT AR TH DB, £7-. Pd(dba), X° Pda (dba); D KL 9 7% PA(0)FE % Fu>
AT L A ERUSHEIT LR 72 2 L1334, T V7 AA)—AV) YA 7
NERBEB LTS, 2D Z B E 2 7o ARBUS DA E BOSHEE Z Scheme 2.23 (2R
R

8 (a) Whittaker, A. M.; Dong, V. M. Angew. Chem. Int. Ed. 2015, 54, 1312. (b) Modak, A.; Rana,
S.; Phukan, A. K.; Maiti, D. Eur. J. Org. Chem. 2017, 4168.

% Almost all Pd(Il)-catalyzed C-H activation reactions using a bidentate directing group
proceeded via the formation of Pd(IV) intermediate: (a) Tremont, S. J.; Rahman, H. U. J. Am.
Chem. Soc. 1984, 106, 5759. (b) Catellani, M.; Motti, E.; Ca’, N. D.; Ferraccioli, R. Eur. J. Org.

Chem. 2007, 4153. (c) Topczewski, J. J.; Sanford, M. S. Chem. Sci. 2015, 6, 70.
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Scheme 2.23 Proposed mechanism
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DRAET V=L D/NT T LHFILASOIELRI NG K - T PA(IV) DS R
GETTHIRBEIC X > TH Mo NERL L, SRR I A3 A3 %%,

% (a) Gou, Q.; Deng, Bin.; Qin J. Chem. Eur. J. 2015, 21, 12586. (b) Yu, Y.; Lu, Q.; Chen. G;
Li, C.; Huang, X. Angew. Chem. Int. Ed. 2018, 57, 319.
% Tatamidani, H.; Kakiuchi, F.; Chatani, N. Org. Lett. 2004, 6, 3597.
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§3. ANV Ky 7 /U VB2 HAT N 7Y v FRERIZE S Csp’)-H ¥ 7
J AL S DB FES
§3.1 it
§3.1.1 #E3kD C-H 7 4k

ST BTSRRI L0 AR BRI, BRICED T IRT AT RICEHRTE %
-, RO EEERERETHD, £, HET iy?/%%é@@%uu%%%émr
WHB EDTD, T OB ANETRZ B I TE L, — AT sp’ IRBBHIC
T EEEATDITET AFANTA FE T AMA F 1 K 5 S\2 }imﬁ>ﬁﬁb\%héo
BTl K VEEMRFELELT2Oo08 A4 7O C-HI 7 /bbb BEEN TV,
D 7IVERPTMILLTELDA I =T LD F AL %, T A4 4o LRIGSES

ik

@ C-HFEAPDARBFEFEBKKXELDTVINELT JLHIT N v 72 Hik
T & % (Scheme 3.1),

Scheme 3.1 C-H cyanations

1) C-H cyanation using oxidants

R® catalyst
2 ) 2 2
R ) oxidant RL /) CNe R\N*CN

N
- - ®
l |

A stoichiometric amount of oxidant

2) C-H cyanation using HAT reagents

R1
R1 thC:O R1 " " 2
2 R2 CN R
R\XJ\H Jo | —— \x/kCN

uv X

X=N,0,C Harsh conditions

Ll OTIEERSCEES OFROBREA OB 722 & @l 2R B BETH 723, —

37 Wakaki, T.; Sakai, K.; Enomoto, T.; Kondo, M.; Masaoka, S.; Oisaki, K.; Kanai, M. Chem.
Eur. J. 2018, 24, 8051.

% (a) Fleming, F. F.; Yao, L.; Ravikumar, P. C.; Funk, L.; Shook, B. C. J. Med. Chem. 2010, 53,
7902. (b) Fleming, F. F. Nat. Prod. Rep. 1999, 16, 597. (c) Ping, Y.; Ding, Q.; Peng, Y. ACS
Catal. 2016, 6, 5989.

% (a) Miiller, E.; Huber, H. Chem. Ber: 1963, 96, 670. (b) Miiller, E.; Huber, H. Chem. Ber. 1963,
96, 2319. (c) Hayashi, Y.; Mukaiyama, T. Chem. Lett. 1987, 1811. (d) Lemaire, M.; Doussot, J.;
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FC, I TIEEND bk L2 FEDRBERE ST 5, Rueping O IMAMEAAAE T, N-7
=T hTe RrAYFX U E KON ZfWD Z LT, AIfEER &V O BRS04 T
\Z C-H > 7 /b & ER L TV D (eq. 3.1) %, F7=, HWFIE/ L—7Th, $i/keto-ABNO filt
BEAFE T, PMP R L7727 2 > afid C-H 7 /{b% 50°CHEHZE ARG FTEMR LT\
(eq. 3.2) L, LML INDDOHEFERE T LIZTV — A EENTELE L, TORITKARE L
TUEORHPE I TN D,

[Ir(ppy)2(bpy)I(PF¢) (1.0 mol%)

KCN (1.2 equiv)

AcOH (5.0 equiv)

- 3.1
N pp MeOH, blue LEDs N<ph (eq. 3.1)

CuBr (10 mol%)
Bu,ybipy (10 mol%)
NHPMP ketoABNO (10 mol%) NHPMP

DMAP (30 mol%
H + HCN ( 0) - CN (eq. 3.2)

MS13X, THF (0.20 M)
(1.5 equiv) O, (1 atm), 50 °C, 25 h

Q@O FiEZ, ZHETIZHIL, HEIZL> TERSNTWS, Hill 51X UV RS T2 HAT
il NaaW 1903 fFE T, 7 BT EAFALT ) T4V A= EeHWCCH YT/
fbZER LT D(eq.3.3) %, HHESIIRY 7=/ & HAT it s L CTHWS Z & T, &
TEAIE LT Ry T = REHAWT C-H 7 L& ER L T D(eq. 3.4) %3, L,

Guy, A. Chem. Lett. 1988, 1581. (e) Zhdankin, V. V. ; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.;
Mismash, B.; Woodward, J. K.; Simonsen, A. J. Tetrahedron Lett. 1995, 36, 7975. (f) Tajima, T;
Nakajima, A. J. Am. Chem. Soc. 2008, 130, 10496. (g) Murahashi, S.-I.; Nakae, T.; Terai, H.;
Komiya, N. J. Am. Chem. Soc. 2008, 130, 11005. (h) Singhal, S.; Jain, S. L.; Sain, B. Chem.
Commun. 2009, 2371. (i) Han, W.; Ofial, A. R. Chem. Commun. 2009, 5024. (j) Shu, X.-Z.; Xia,
X.-F.; Yang, Y.-F.; Ji, K.-G.; Liu, X.-Y; Liang, Y.-M. J. Org. Chem. 2009, 74, 7464. (k) Allen, J.
M.; Lambert, T. H. J. Am. Chem. Soc. 2011, 133, 1260. (1) Hari, D. P.; Konig, B. Org. Lett. 2011,
13,3852. (1) Alagiri, K.; Prabhu, K. R. Org. Biomol. Chem. 2012, 10, 835. (m) Ma, L.; Chen, W.;
Seidel, D. J. Am. Chem. Soc. 2012, 134, 15305.

40 Rueping, M.; Zhu, S.; Koenigs, R. M. Chem. Commun. 2011, 47, 12709.

41 Sonobe, T.; Oisaki, K.; Kanai, M. Chem. Sci. 2012, 3, 3249.

42 Zheng, Z.; Hill, C. L. Chem. Commun. 1998, 2467.

43 (a) Kamijo, S.; Hoshikawa, T.; Inoue, M. Org. Lett. 2011, 13, 5928. (b) Hoshikawa, T.;
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B DOFFER UV BB &0 \EE R SN LETH 5 SICEO R H 5,

O )O]\ cat. NayW 0035 O/CN
+
MeO CN UV, 90 °C (eq. 3.3)

(excess) 78%

Ph,C=0 (20 mol%)

dtbpy (4.0 equiv)
() v o - (20,34
N MeCN, UV, r.t N

. H  (4.0equiv) oo ., CN

85%
§3.1.2 ALV Ry 7 A% 7z Csp’)-H BEEUS
IEFEE L RNy 7 2 &K R B Eh Al (HAT fl4: Hydrogen Atom
Transfer catalyst)D/~A 7' U~ RfEER 2 o C-H BRSBTS T D
M ZORIETIE, YT K o TR S 72l ss HAT il %2 —& 7 ER{b
L. 2EU% HAT 2V HNFENEED C-H #EE N OLABR 125 &Hk 2 LT
FOG D LT % (Scheme 3.2),

Scheme 3.2 General mechanism of PC/HAT catalyzed reactions

HAT

H
P cat."! R—Ye )\ Hydrogen Atom Transfer
P Cat n HAT
FG
FG
blue LED P cat ™ R—Y(H) /.\ )\

Yoshioka, S.; Kamijo, S.; Inoue, M. Synthesis 2013, 45, 874.

4 (a) Wencel-Delord, J.; Glorius, F. Nat. Chem. 2013, 5, 369. (b) Cernak, T.; Dykstra, J. D.;
Tyagarajan, S.; Vachal, P.; Krska, S. W. Chem. Soc. Rev. 2016, 45, 546. (c) Shaw, M. H.; Twilton,
J.; MacMillan, D. W. C. J. Org. Chem. 2016, 81, 6898. (d) Capaldo, L.; Ravelli, D. Eur. J. Org.

Chem. 2017, 15, 2056. (¢) Hu, X.-Q.; Chen, J.-R.; Xiao, W.-J. Angew. Chem. Int. Ed. 2017, 56,
1960.
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HAT fiflit & U Ci, 4% FAHY R T4 A I RSB, X7 ) D4
AR I RB A A, BAEA A0 BV U, N-T v a kv
RERFNHILTND, FEIL, LB b DO Z LT 5, MacMillan 5%
AR T, A U U0 A, A4 — LV HAT il 2 L bbb 2 LT, 7V
AL C-H 7 U — AL & /L L T D (eq. 3.5), flix DOF A — L&t Li=fE R,
NEIEWNWT Y ALTFA—ANELERVERE G2 TWD, 7V —/HERISH % &
T HDVENHDLDT 4T /BN DR 14-VT IR BUrD L) 7RET
RNRIZEELDPHWD Z LR TERY, BWE 7 N —7 TR - o 0w
LfRlEE « F AR AKRA T R HAT i oA 7' ) o R 2 WA Z LT, 7
Nob Far 72 Ly ORKRRISEERL TV D(eq. 3.6), TARARA IR
2N HAT filft & LTl b BWFERZ 52 TV A 0, T4 Y Ui 35%IR THRL
MaEH 2 T\Wh, X710 % HAT filtllite LTHWT, v~ I7 251X C-H
7 U — b & ERN L T D (eq. 3.7). T DOBUG TR HIE, e, = o 4 Uil
HAT fififl:o A 70 > Rz VTV 5, BHEF -0 ER O oL C-H
FEABLORUNALO C-H FEGOEMBNPAETHDH, ZOWMETIEFXIY
DrE LI EHEHWNTWAN, X7 U U h HAT fillilt & M 5 ogE L L
THWTWA, A/LART I N HAT X Y98 7 v — 712 L - TR &S

4 (a) Dénes, F.; Pichowicz, M.; Povie, G.; Renaud, P. Chem. Rev. 2014, 114, 2587. (b) Jin, J.;
MacMillan, D. W. C. Nature 2015, 525, 87. (c) Cuthbertson, J. D.; MacMillan, D. W. C. Nature
2015, 519, 74. (d) Hager, D.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 16986.

4 Kato, S.; Saga, Y.; Kojima, M.; Fuse, H.; Matsunaga, S.; Fukatsu, A.; Kondo, M.; Masaoka,
S.; Kanai, M. J. Am. Chem. Soc. 2017, 139, 2204.

47 (a) Shaw, M. H.; Shurtleff, V. W.; Terrett, J. A.; Cuthbertson, J. D.; MacMillan, D. W. C.
Science 2016, 352, 1304. (b) Le, C.; Liang, Y.; Evans, R. W.; Li, X.; MacMillan, D. W. C. Nature
2017, 547, 79. (c¢) Zhang, X.; MacMillan, D. W. C. J. Am. Chem. Soc. 2017, 139, 11353. (d)
Jeffrey, J. L.; Terrett, J. A.; MacMillan, D. W. C. Science 2015, 349, 1532.

4 Tanaka, H.; Sakai, K.; Kawamura, A.; Oisaki, K.; Kanai, M. Chem. Commun. 2018, 54, 3215.
49 (a) Shields, B. J.; Doyle, A. G. J. Am. Chem. Soc. 2016, 138, 12719. (b) Sun, Z.; Kumagai, N.;
Shibasaki, M. Org. Lett. 2017, 19,3727. (c) Deng, H.-P.; Fan, X.-Z.; Chen, Z.-H.; Xu, Q.-H.; Wu,
J. J. Am. Chem. Soc. 2017, 139, 13579.

%0 Heitz, D. R.; Tellis, J. C.; Molander, G. A. J. Am. Chem. Soc. 2016, 138, 12715.

51 a) Mukherjee, S.; Maji, B.; Tlahuext-Aca, A.; Glorius, F. J. Am. Chem. Soc. 2016, 138, 16200.
b) Mukherjee, S.; Garza-Sanchez, R. A.; Tlahuext-Aca, A.; Glorius, F. Angew. Chem. Int. Ed.
2017, 56, 14723.

52 Liu, X.; Lin, L.; Ye, X.; Tan, C.-H.; Jiang, Z. Asian J. Org. Chem. 2017, 6, 422.
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72(eq.3.8)s AR T I UNT U H L HAT LSRR E U CHERET 2 L [RIFRICA L
T4 R EELRIRT DI ENHLNTNDS, 2D, ALK NS
EWEIL A T ENCE T REI K AEEAT L L TTFa—= T LT
%o 7manm TPV HAT (LR L L CTHEBET 2 & W 9 AT RLIE Doyle H 12X »
THE S72(eq. 3.9), Doyle HITIEAMEE L = » 7 U ilEAF/E T, THF BR72 & D
GRFILEMET V- a T4 REHWHZ ETC-HT U —fb& ik L T
W5, IZIERKRIZT T UV HERET 5 Z & & Molander 523G LTV 5
(eq.3.10), 71 /LA RS HAT filit & U CHERES 5 2 & 13 Glorius 512 & » Tds
S AU, SR - J7 VIR R HAT i 2 WA Z & T3 C-HAEADTF A RY 7
A a AFNALIZARED LT D (eq. 3.11), Jiang & (% PINO 7% HAT filllt & L CTH%
BT D2 &AL, AIEDLIH TIZ R DAL OERIEACIZAE) LT 5 (eq.
3.12),

5 Zhu, Q.; Graff, D. E.; Knowles, R. R. J. Am. Chem. Soc. 2018, 140, 741.
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Ir(ppy)s (1.0 mol%)
H . | N PrySiSH (5.0 mol%)
NG = blue LEDs, r.t.

(5.0 equiv) Y
>*Si—SH
A

thiol

7\

Mes-Acr (5.0 mol%)
H Pd(BF4),#4MeCN (2.5 mol%)

HAT cat. (5.0 mol%)
DCM, blue LEDs, r.t.

o OO 0 OO NTf
(ONG)] O
HS P ~
\)J\oMe :gio/ “SH I I o~ P\SH

thiol thiophosphoric acid thiophosphoric imide
<1% 35% 85%

Ir[(dF(CF3)ppylo(dtbpy)PFg (1.0 mol%)
3-acetoxyquinuclidine (1.1 equiv.)

+

O\ Br NiBr,e3H,0 (1.0 mol%)
N~ H \©\ 4,7-dOMe-phen (1.0 mol%)
CO,Me

DMSO/H,0, blue LEDs, r.t.

S

N
quinuclidine

50

81%

(eq. 3.5)

(eq. 3.6)

COzMe

(eq. 3.7)



Ir(Fppy)s (2.0 mol%) CN
HAT catalyst (10 mol%) O

CN
H /©/ K,COy (10 mol%)
+
©/ NC Acetone, blue LEDs, 40 °C ‘ (eq. 3.8)

5.0 i
( equiv) CF4
85%
O,
S.
N CF
N 3
sulfonamide

Ir[dF(CF3)ppylo(dtbpy)PFg (2.0 mol%)
Ni(cod), (10 mol%)

cl
/©/ . [\ dipy(i5moi%)
Ac 0 > Ac O (eq. 3.9)

K3PO4 (2.0 equiv.)
blue LEDs, r.t. 79%

S)
Cl

chloride

Ir[dF(CF3)ppyla(bpy)PFe (2.0 mol%)
Ni(NO3),#6H,0 (5.0 mol%)

Br
/O/ . [\ dibpy (5.0 mol%) o (eq.3.10)
NC o

DMBP (25 mol%), K,HPO, (2.0 equiv.) NC

blue LEDs, r.t. 89%
S
Br
bromide
O Ir[dF (CF3)ppyla(bpy)PFg (2.0 mol%)
PhCO,;NBuy4 (5.0 mol%) OBz
OBz + N—SCF3 F;CS
H MeCN, blue LEDs, rt.
(0] 96%
(0]
o® (eq. 3.11)

aryl carboxylate
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H DPZ (0.50 mol%) (o)

NHI (20 mol%)
(;@ FeC,0,4¢2H,0 (10 mol%)‘ (eq. 3.12)
DCM, blue LEDs, r.t., O,

71%
O
4
MeO S \ N CN
N-OH |
S N/ CN
0 MeO \ |
NHI
N-hydroxy compounds DPZ

ZA 5o HAT > BDEx-n (90-110 kcal/mol) IXILABERALEMNH T 5
BDEc-u & I /3—F 50, TNENLLTIZH T 5 R0 % (Scheme 3.3),
@ BDE DR, ZH#TE 5 C-HFEENFHNHDIRLI TV D,
© FE L AKRFSI K EBALS OB CREE#Z ) ThRISLTLE 5,
@ w9 &% BDE #, RIBUSHEITLTLE I,
NS DORIEA R~ | #E 7 BDE 2% Ho0, BREAIFAMICEN B
L HAT i DO BR %S 2 3 A 7=,

Scheme 3.3 BDE values of some substrates and HAT catalysts

functional
HAT catalysts unctiona’ groub

T tolerance O
N
too weak R-S too strong
(90) (100) (112)
90 100 1_1_0"5
: I ‘ | unde;/ree/(;ped L BDE
ey ; (kcal/mol)
; H | H
Ot JRGU
" Ao v
g o” " rDr R)\R
(89) (90) (92) (100 - 105)
Substrates BDE : Bond Dissociation Energy

§3.2 NA 7Y v R OBRR & HK#El
HAT fiffit & U CHERE L 0 D ERERZRT 720, iAE % L7z, T OREE,
2012 A2 Sevilla 52382 L 72 DNA YBRZLEFEIC B3 23 SCICiER L7254, DNA

5 Adhikary, A.; Becker, D.; Palmer, B. J.; Heizer, A. N.; Sevilla, M. D. J. Phys. Chem. B 2012,
116, 5900.
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DONBRZLERIRIZBNT, T~ ORIV —HBEFIC L > TAELRY
VBT VIINH, EFED C-HAEE N OKRBIR T2 &R 2 LT ERI SN
% L) HAE T2 5 72 (Scheme 3.4 (a)), FAXZ OFIENG, U U ERBERED X 5 72
BEREL B E /R BREE N CHEEE L. RIEMEZe C-H f5A O C& % HAT {b5F
2720 5 DO TiX7euvi)» & 2 72 (Scheme 3.4 (b)),

Scheme 3.4 (a) In the natural system: DNA-strand cleavage by a
phosphate radical-mediated HAT process induced by photoenergy.
(b) This work: C(sp®)-H activation by a phosphate radical-mediated
HAT process induced by visible-light photoredox catalysis.

(@) v M
0l o |,
@O/IID H H .0/6 ’
O O photo-induced @)
oxidation
e} —1le” 9
O=P-0
|
(0]C) XY
cell death
mutation
aging
transformation
etc.
b
(b) RO\P/Q 5 @) RO\P//O
RG O visblelight 4 O
® -1e”
+H
H HAT G
. FG
)\ N —_—
X X radical X)\
X=N,0,S trap

Glorius 5 (Z X - THEZ X #17- mechanism based screening®®(Z L » T, Jefiligt &
HAT MDA G DT 2 RE LIz, TOMR. BRILTIDO@mA U 20 Lotfimpt

% Hopkinson, M. N.; Gémez - S., A.; Teders, M.; Sahoo, B.; Glorius, F. Angew. Chem. Int. Ed.
2016, 55, 4361
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1%L B F 7 F Y R 2a BEEE T Z L & R L 72(Scheme 3.5),

450 nm

% quenching

Scheme 3.5 A hit combination between PCs and phosphates

ZONAT Yy R OF AL R, BE & RICHOMAROE %
f£5% L72(Scheme 3.6), N-Boc 2 U ¥V 3a Z FVEITHWTT Ul LifEAl & L
CYATNT 7T H—2ETRI LD, Wz EHWEEE S BARD
B =15y WA NN -

Scheme 3.6 Screening of radical trap reagents

1 (1.0 mol%)

O . 2a (20 mol%) O\
+ radical trap K,CO3 (2.0 equiv) FG

N reagent > N
Boc MeCN (0.10 M), blue LEDs, 22 h Boc
3 (2.0 equiv)

2 NR

radical trap reagent

Ts
OEt CO,Me o .0
= 7z 2 N\ 7/
/\[o( /\g e /I/;(OMe ph” S ph
o)
L)L, Ry T = Rda %z 7 2BV & U THWIZERRICETE O RS
HEAT L. 56%IR TR S5a 1315 B 7z (eq. 3.13),
1 (2.0 mol%)

f \ 2a (20 mol%) O\
K>CO3 (2.0 equiv) CN

N + TsCN - N (eq. 3.13)
Boc MeCN (0.10 M), blue LEDs, 19 h Boc
3a 4a 5a

(2.0 equiv) 56%

% Choi, G. J.; Zhu, Q.; Miller, D. C.; Gu, C. I.; Knowles, R. R. Nature 2016, 539, 268.
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B WO m Ex2 HE L, JEl & A OGS 21T > 72(Scheme 3.7), (b
TOENA VP T L 6 ZHWTIGAEITIFICERITIR T Le, £72. b omn
fEEAE 7 Z WSS I ERMIIE LN D b ODRINRIZE E 72, VT
= M 8 A WA IR BUSITHET L e o 7o, 2 B2 BiEt L
TR, DCM I WIS, IERIIRE < al kL etz 1.0 mol%,
U »E HAT fili#ii% 5.0 mol%, b3 /Lo 7 =R% 1.5 Y&EITE THLE TH 95%I%
KT Sa oD & x i Lz,

Scheme 3.7 Investigation of PCs and solvents
1 (2.0 mol%)

2a (20 mol%) D\
K,CO3 (2.0 equiv
N . TsCN 2CO3 (2.0 equiv) N CN
Boc MeCN (0.10 M), blue LEDs, 19 h Boc
3a 4a 5a
(2.0 equiv)
Me N
ﬂ N 2PFg
® ¢
Nﬁ\ =
p N
Me Me X N, \\N\\//l

R =5-CFy (+1.68 V)1 56% Mes-Acr* (+ 2.06 V)  [Ru(bpz)s](PFg), (+ 1.45 V)
95%% (solv. : DCM) 7 16% 8 <1%

4-Bu (+1.21V)6 22% (vs SCE)

@ : photocatalyst (1.0 mol%), phosphate (5.0 mol%), TsSCN (1.5 equiv), 4 h
WA T 7 AEFNZ DWW T DRt 24T - 72(Scheme 3.8), CN 4 T4 LS54 &
LCHERET D N-v 7/ 7 XA I Kdb, N-v 7T J RXURAAIF Y —)L de &
WG AT B ROSITEIT L o7, — 5T o7 /Ry 3 —Rx Y —)b
4d, 7TV T = K de AWV AITIISIEDHEIT L2 b DD, 20%FEFE DK
PERIZE FE o7z, CN 7 =4 ik & L THERET 5 TMSCN 4f 0> 7 kT |k
U7 A 4g WA I3 IGTEIT Leno 72,
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Scheme 3.8 Investigation of cyanating reagents

1 (1.0 mol%)

{ \ 2a (5.0 mol%) O\
K,CO3 (2.0 equiv) CN

N + "CN' N

| |

Boc . DCM (0.10 M), blue LEDs, 4 h Boc

(1.5 equiv)

3a LY:)
: O O—I—CN 5
: N :
L@ N-CN > o :
. CN N Br—CN Ts—CN
! \ |
0] CN !
; 4b <1% 4c <1% 4d 21% 4e23%  4a95% |
5 TMS-CN NaCN ;
; CN 4F <1% 49 <1%

BEAFO HAT i CH D X7 Y Vv 2b, BEERE 2¢. T4 —L2d ZHWT
ARG ERF L& 2 A, KIISHIEE A EHIT L7 ) - 72 (Scheme 3.9, entries 1-
4), ©FT7FNY CEEUSND Y FE 2e,2f B HWTZGEIC S BAF R IEE TARRY)
DGOV (entries 5,6)08, B 7 F LU VR 2a WA NR D EWIET
B EGD Z ENTETND, Eio, BIEGME, S - I Z =& T
HAERMITE LGB > T (entries 7-9), — 5T, HAT filliE % Br\u 7= 544 C
H 17%IER TROMTET L7222y, ZHUIRISHR TP TAEL D v DL
HAT {b5 48 & U CHERE L 725 R 72 & & 2 T D (entry 10),
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Scheme 3.9 Investigation of reaction conditions

1 (2.0 mol%)
O HAT cat. (20 mol%) O\
K,CO3 (2.0 equiv
,}l . TsCN 2 3 ( q ) . '\Il CN
Boc MeCN (0.10 M), blue LEDs, 19 h Boc
3a 4a 5a
(2.0 equiv)
entry deviations from entry 1 yield/%
1 optimized conditions 95
2 HAT : 2b <1
3 HAT : 2¢c <1 o ipr
4 HAT : 2d 9 N oH P S| SH
r—Si-
5 HAT : 2e 94 @ |
6 HAT : 2f 87 'Pr
7 no light irradiation <1 2b 2c 2d
8 without photocatalyst <1
9 without K2CO3 <1
10 without HAT cat. 17
T, L ha
O\|':'> \P//O \P//O
, OH 2N /N
o o s IVl
2a 2e 2f

§3.3 REEREGHAOKRNET S r—a v
§3.3.1 EEHEAHEORE

Bl b SR TRV — R O 24T o 72(Scheme 3.10), £, fRi#EHEIZHOW
THiETLTZ, T D55, Boc LISMT Cbz, Fmoc, Ac 72 & O—fRHI WV S 1 544
HEREAZANTH BIFRINRTERY 5a-5d #5272, G%E%E 5 BR{LEWMLUS
26 BB, 7 BETCHICRITER DT, AW Se,5t RGO, 8R7 I 3¢g
ERHNWTH VT b ST AR Sg DHRBREOINETH LN, ATFLELT
=T R ENLEAET D 24k N-Boc 7 2 2 3h & WA, AT VEMIT
D FHJOMNFTHET L. HFRREE O THEBMI(Sh, >20: D35GB ivlz, REIGIZ X -
T, N-Boc E/VRY ¥ 3i 1T Iend DB/ 5i & T1%IER T, N,N-di-Boc B F
UV 3 IFERE A a LRI T AL ST AR S5 & 66% IR T2 72,

FEREATHEEEHNTZSGE THRIGIEITL N-Boc 7 7 B Re ¥/
U 3k, N-Boc 7 Tt RaAf VX /U3l hbERENDOYT /LK 5k51
MHFFREE DR TH T,
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AIOSTEZERCAHLUINIEWERE G bW bEA TE , ~7T n i+
a (IR T b ST EgmEonsd, 41V 7u~23m, 7 h7E R
RFF 7z 3n, FT2 30 (X LTHMERKISTEIT L, 7 B0
C-H v 7 /bIZ b H T, N-Boc AT A =2 3p 251 2 DO E BAER Sp,
5p°% 97% L FHEFITEWINERTHEL ZENTE TS, THS X 3q DED
IZA~T R L E R OB TH RUNMIETT 208, RIRICHE F o/ &7
STy TR, VUERT VAT L o TKRBRAIIBIERKIT TODEN, i 7
TN NT o FNTBT DT VANVEEMENTZDIEEEZ TS,
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Scheme 3.10 Scope and limitations

1 (1.0 mol%)
2a (5.0 mol%)
K2003 (20 GQUiV)

R-H +  TsCN R-CN
CH,Cl, (0.10 M), rt, 4 h
3 4a blue LEDs (430 nm)
(1.5 equiv)

& 5a (PG = Boc) : 95% Q Q
N~ "CN 5b (PG = Cbz) : 82% N~ CN N"en
) 5¢ (PG =Fmoc) : 95% & '

5d (PG = Ac) : 80%?
5e:77% 5f: 85%

T O
Me/\/\N)\ﬁM Ph/\/\'}‘/\CN N™ “CN
Boc Boc

\ e
Boc
59 : 57% (75%) 5h : 60% 5i : 71%
IIBOC
N O
N.
[ j\ I\Il CN Boc
'\|l CN Boc CN
5j : 66%! 5k : 53% 51 : 34% (52%)
@Q O O
5m: 32% 57% 5n : 80% 50:80%
0 (0]
NC S S
~~ \/\l)J\OMe + Me” Y\HJ\OMG @\CN
NHCbz CN NHCbz
5p 5p’ 5q:16%

97%, 5p:5p"' = 2:1

Yields were determined as isolated yields. Yields indicated in parentheses
were determined from the 'TH NMR analysis in the presence of 1,1,2,2-
tetrachloroethane as an internal standard. [a] 4a (3.0 equiv), 20 h.
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§332 7Y r—vav

SEAREE Y 2R HAT il o ~A 7V » MR OB/ A EZ R, 2B
{LEM D late-stage 7 /At & FrEt L7 (Scheme 3.11), REEZANZ X L CTRIGHED
BEWa v 7T 2 ROL ) REIZIE, IAVRUBROITX 7 U0k ) 7akEs
J138% % HAT filit 2 5 Z LIXREETH 55, —FTY U BRORE I IT g
RN, ~e 7 I R 3r O X5 B ZHWTHRUSTEIT L, (LERR
IZ C-H 7 AL ST B/ 5r 3 S3%INERTHE LN, o7 I R=F
U )V 5r X DPP-IV [LEAIG RO L 72 5 IR TH 5%, I, HT1H >FE T A4
XFETFAIAKRKIEEEH LTc, ZO/E,. N-Boc 7V AFtETF 2 3s I DAESE
RIZ C-H v 7 AL ST AW 5s % 38% & FREEDINR THE S Z &Ik Th
Lice AFA=0Z2HTHURTF RIC3tICHEMA LR, BEOFEREEN
o %R CEREEEIRWICSUNTHET L. C-H > 7 (b &7z 2 DD LR 5t, 56
Z 83%IRIZ TR D Z LT LTz,

5 Vaillant, F. L.; Wodrich, M. D.; Waser, J. Chem. Sci. 2017, 8, 1790.
% Singh, S. K.; Manne, N.; Pal, M. Beilstein J. Org. Chem. 2008, 4, 20.
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Scheme 3.11 Application of C(sp?)-H cyanation

a) Short, chemoselective synthesis of a key intermediate for DPP-IV inhibitors

()

1 (1.0 mol%)
2a (5.0 mol%)
K,CO3 (2.0 equiv)

N + TsCN N
Cl DCM (0.10 M), rt, 4 h Cl
\V/LQO blue LEDs (430 nm) \V/LQO
3r 4a 5r: 53%
(1.5 equiv)

JE—

[ref. 58]

or NG {
~ o L g LT
CN
NH 5 N/ ”/\/N\/&O

Vildagliptin

NVP-DPP728

b) Late-stage functionalization

(@)

3s

_Me

N
|

0]

wa

NHCb
MeOzc/\HJ\( z

3t Ph

1 (1.0 mol%)

2a (5.0 mol%) FsC
K2CO3 (20 eqUiV)
4a (1.5 equiv) 0)

CN
DCM (0.10 M) N)
rt, 4 h '
blue LEDs (430 nm) Boc
5s : 38% (rsm: 61%)
s”CN
ki o
~ NHCb
Me0,C”~ N z
i H
conditions
as above St Ph
Me *
S
Nc”kﬁ 0
~ NHCb
Me0,C~ N z
H
5t Ph

83%, 5t:5t' = 1:1.3
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§ 3.4 USHIBMANT

FOST WA 2 % BT LT R E BUCHERE 2 Scheme 3.12 (2777, £, AIHLIC
LoTA VT L1 Bt S, il SNToA U o0 AR 13 ) T
=4 2a% BT D, AUV VBT U H 22" BNEVE 3a O C-HFEA
WHKRBIRFE2F &HRE, TAVXIAVTOANN3a EL D, REICTLILT Y
AND RN T =K 4allldbT7v7 AV TLEE 128D b
T AV da’ DIRITCIZ K o THUIED 1 7 VR 5ekET 5, 2 OFBEREHEE 2 MRFEd
D720,
(1){H Y528 + Stern-Volmer plot
QL&D CV JE
(34 D BDE 7t A
(4)EHRS - TR
)V T T OfR
D5 DO ZAT > T2,
Scheme 3.12 Proposed reaction mechanism

visible a
light base-H*
O’ \O

[ RO base O\
e
Boc %@

I 0 Photo-redox SET HAT catalysis | HAT

] catalysis /\ /\ O
/’ SET

RO’ \O°
Ts™
Ts'
"L
CN
N Ts-CN
Boc 53 4a

(1){H:525% - Stern-Volmer plot

AVYULfEL & N BocEr Y Y 3a, AUV UL E by T =
R d4a THAEDBEZ 208 9 0 EFH~ T2, 450nm ERE T, 26 OfAE D
TIHHIFB SN2 o T, D7D, iAo U U0 Al 143 FF Y R
T=F 2 RETHZETRISDEITL TWDLDIEEE X BND, Fo, A
Voo A1 & U R 2a OFNERENIE %2 L7 (Figure 3.1 (a)) (U g 2a &
REETT ) U APFERIZER LW DO T, U VR 2a EIREEH ) U A ZRET-EIK
ZRHEE LT, 220 bED LB TREZIT>12,), et 1 & U 2 2a D
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T%ﬁ%?@ﬁﬁ%ﬁ%@“@% . Stern-Volmer plot % Bt~ 7= fE . EAROME 13 1.2 x 10°
gt & foeof:(Figure3 1 (b)), ZOREENL, AL & U U 2a OEIEITHA

ﬁiﬂi HEMEREWZ ERIBRIND,
a) 160 b)
—1 2.00
— 1+ 2a (1.25 mM)
£ 1.20- 1+ 2a- (2.50 mM)
S 1+ 2a (3.75mM)
S — 1+ 2a (5.00 mM) 1,50
:‘g 0.80- ::]
g ) 1.00
g .
0.40
0.50 [ ; ‘ ‘
0.00+ 00 10 20 30 40 50
T T T T _
0.0 0.1 0.2 0.3 0.4 [2a]/ mM

Time / us
Figure. 3.1 (a) Luminescence time profiles of 1 (50 pM) with various concentrations
of 2a” (0 — 5.00 mM) in acetonitrile. (b) A Stern-Volmer plot of 1. 2a™ was generated

by adding excess amount of K2CO3 to a solution of 2a in acetonitrile.

() HbE& o CV JIE

AL ED DOEEAEITTEMICHOWNT, A U 0 A 1 ™I = +1.68 V vs.
SCE). (IM/I'"=-0.69 Vvs. SCE) . F3 /L7 = K 4a(Ts®/Ts~ =-0.50 V vs. SCE)*®
Tholz, T2, UV W 2a OMLEITLEN 20 E L= (Figure 3.2), L LT
IREET U U LZMATICHELIZEZ A, B{bE—27 2 1.2V ICBH S =GR
o —H T, WEEZIMZTZEEA, Friizlicey—27 RN 150V IcEnz, B85
VET = A OBALIZET A E—27 Th D, ISR ORI LTIk
FOSEHETT L2 o T2y, ZAUEA U 2o Al 1 OB )(+1.68 V) TILEH%
U UFE2a ZBLTETIC Y VBT UV HANE Loz b BT LND,

% (a) Heitz, D. R.; Rizwan, K.; Molander, G. A. J. Org. Chem. 2016, 81, 7308. (b) Dai, J.-J.;
Zhang, W.-M.; Shu, Y.-J.; Sun, Y.-Y.; Xu, J.; Feng, Y.-S.; Xu, H.-J. Chem. Commun. 2016, 52,
6793.
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—_— 22
- 2a + Base

I’IOpA

T T T T

1.0 1.2 14 1.6 1.8
Potential [V vs SCE]

Figure. 3.2 Square wave voltammograms of 2a (0.5 mM) with and without K2COs3 (5
equiv).

(3) %&#E4A D BDE #HH

SCERFHAE OFE R N-Boc B2 U 22 3a DEHFEF+F oL C-H #E4& D BDE I
95 kcal/mol T&H-72%0, U & 2a ® O-H #5H& @ BDE %##HHE L7-#E . BDE IX
102.4kcal/mol TH o7z, L7zN-T, VBRI VH/WITHEED C-HFEENBK
FIRF 25 R <IZIT+2372 BDE 2R L T\ 5,

(ARG - L TR

ASGEINT B IVEB S THEIT LT DN E D BN 572 blue LED
DORRG « ENA M R L, NEEOE(ZWE LT (Figure 3.3), PR RFIZIEEN |
H5 25— 5T, EERFICITNERNED L 72 o Tz, TORENS T UV
ROFMNENZ &, REISITT VSR TIIR W2 LR S 58,

60 Shaw, M. H.; Shurtleff, V. W.; Terrett, J. A.; Cuthbertson, J. D.; MacMillan, D. W. C. Science,
2016, 352, 1304.

LT V7 BB D Y& T O RO R 2 R T HE 013 o 5 Z & & Yoon &2V LT
WHOT, ZORRIZTTT VAR 2 5T 2R EIX TE 2\, Cismesia, M.
A.; Yoon, T. P. Chem. Sci. 2015, 6, 54265434,
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Figure. 3.3 The result of the reaction with visible light irradiation and shading at

regular time intervals

BV VEET T hN DR
VBT ANFEDFREZ MO DT, #EfiE UV HIE % L7=(Figure 3.4),
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200
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Figure. 3.4 The result of spectroelectrochemistry

T UV Tlx, WRICEBI L 20T 2035 UVIIETE 5720, BRI TH-
AEFRENE L TWDENE I MERFARND T ENTE S, Figure3.4 2B W T, 1.3
V CIER OGN 572420 nm LD E—27 23, 1.4V, 1.5V EELEE ETF 5125
NTRELZSTWDEZERTND, ZIUXEIER TH AL FRENAE L T
L2 LHRELTEY, 1LAVLRL ZOMFRENECHDLZ 0, U UiR
T=A 1S VR B TBILSNTAELD Y VEBET VA NVHKOE—7 TH
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LEFEZDBND,
VL b SOSHSHERR IR R 2 & 2 72, ARESUGHME 2 Scheme 3.13 127”7,
Scheme 3.13 Proposed reaction mechanism
visible

light +1.68V © base-H* BDE(C-H)
" Ro/P\ bas 95 kcal/mol

/

Photo-redox SET HAT catalysis | 'HAT

Ir” catalysis i
-0. 69 \%
r/ SET \ ICI)

*Ir
+1.50V

RO’F\OO
Ts™ . BDE (O-H)
-0.50V Ts 102.4 kcal/mol
"L
CN =
N Ts-CN
Boc 5a 4a

F9°, AHDEIC X o THIE Sz A U 2w Al 1% (*Ir'"/Ir'' =+1.68 V vs. SCE)
WY BT =74 2a-(2a®2a:+1.50 Vvs. SCE) & — & lsfb4 5, EU7=Y ik

Z V%)V 2a” (BDE(O-H) = 102.4 kcal/mol)73 52 3a(BDE(C-H) = 95 kcal/mol) ™
C-HREANOKBRAZEHE, TAXAVTUINAN3a £ LD, HKEIZT IV
XNTVAND RNV TT =R 4a lIZXD 707 AU D0 A"/ =
—0.69 V vs. SCEMZ &% b3 /LT H/L 4a” (Ts®/Ts” = —0.50 V vs. SCE)DIETTIC
X o THREY 1 7 V3 5EfEd 5
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§3.5 FEvE

U WEZ 70 h HAT fillit & U CRERET 2 2 & & R LU efiligt- U > g HAT
fRBEDFHLANA 7V RAERDOBRFICHEP LTz, Rong 7 U v RAER 2 H
W5 ET, AR - I & W D BRI R TIC Cisp’)-H v 7 b &R ERT S
ZEMTEE, VUEET Y AL BDE 1% 102.4 keal/mol TH ¥ . BEAED HAT fi
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Experimental Section

S82.1. General Information

General. All reactions were carried out in a dry solvent under an argon atmosphere.
Starting materials 1a-1r, 2a, 4a-4z, 4A-4F were purchased. Aryl bromide 5 was prepared
according to the reported method.®> Compounds 3a-3z, 3A-3C, and 3E-3M were known
and identified by comparison with the reported *H and 3C NMR spectra. Column
chromatography was performed with silica gel (230-400 mesh ASTM). NMR spectra
were recorded on JEOL JNM-ECX500 (500 MHz for *H NMR and 125 MHz for 3C
NMR). Proton and carbon chemical shifts are reported relative to the solvent used as an
internal reference. Infrared (IR) spectra were recorded on a JASCO FT/IR 410 Fourier
transform infrared spectrophotometer. ESI-MS spectra were measured on a JEOL JMS-
T100LC AccuTOF spectrometer for HRMS.

S82.2. General procedure for the synthesis of N-alkylpicolinamide ligands

A mixture of 2-picolinic acid (1.0 equiv), alkyl amine (1.1 equiv), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide ~ hydrochloride  (WSCI, 1.5 equiv), 1-
hydroxybenzotriazole (HOBt, 1.5 equiv), triethylamine (2.0 equiv) in DMF (0.25 M) was
stirred at ambient temperature overnight. Ethyl acetate was added and the mixture was
washed with sat. ag. NaHCOs3, ag. NaOH (10%), and brine. The organic layer was dried
over anhydrous Na>SOs4, and concentrated in vacuo. The resulting residue was purified
by column chromatography on silica gel to give N-alkylpicolinamide.

S82.3. Typical procedure for the reaction

Typical procedure for the reaction between benzaldehyde (1a) and 1-bromo-4-
methoxybenzene (4a). A mixture of Pd(OAc). (2.25 mg, 0.0100 mmol), N-
cyclohexylpicolinamide (L2, 2.45 mg, 0.0120 mmol), potassium hydrogen carbonate
(50.1 mg, 0.500 mmol), benzaldehyde (1a, 21.2 mg, 0.200 mmol), and 1-bromo-4-
methoxybenzene (4a, 112 mg, 0.600 mmol) in tert-amyl alcohol (1.0 mL) was stirred at
150 °C for 24 h. After completion of the reaction, the crude product was purified by
preparative thin-layer chromatography on silica gel (hexane/EtOAc = 9:1) to give 3a as
a white solid (41.6 mg, 98%).

62 Chu, L.; Lipshultz, J. M.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2015, 54, 7929.
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(4-Methoxyphenyl)(phenyl)methanone (3a).5% *H NMR (500

(0]
MHz, CDCls) § 7.84-7.82 (m, 2H), 7.76-7.75 (m, 2H), 7.58-7.54 ‘)J\‘
(m, 1H), 7.48 -7.45 (m, 2H), 6.96 (d, J = 9.2 Hz, 2H), 3.88 (s, O O
3H); 3C NMR (125 MHz, CDCls) § 195.5, 163.2, 138.2, 132.5, OMe
131.8, 130.1, 129.7, 128.1, 113.5, 55.4.

(4-(Dimethylamino)phenyl)(phenyl)methanone (3b). % IH

NMR (500 MHz, CDCl3) 6 7.81-7.79 (d, J = 9.5 Hz, 2H), 7.73- i
7.71(d, J = 6.9 Hz, 2H), 7.53-7.50 (m, 1H), 7.46-7.43 (m, 2H),
6.67 (d, J = 9.5 Hz, 2H), 3.06 (s, 6H); 13C NMR (125 MHz, NMe,
CDClIs) 6 195.1, 153.3, 139.3, 132.7, 131.1, 129.4, 128.0, 124.7, 110.5, 40.0.
Phenyl(p-tolyl)methanone (3¢).6* *H NMR (500 MHz, CDCls) § o

7.79-7.77 (m, 2H), 7.72 (d, J = 8.0 Hz, 2H), 7.59-7.56 (m, 1H),

7.47 (dd, J = 8.0, 7.4 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 2.44 (s,
3H); 13C NMR (125 MHz, CDCls) § 196.5, 143.2, 137.9, 134.9, Me
132.2,130.3,129.9, 129.0, 128.2, 21.7.

Benzophenone (3d).5 'H NMR (500 MHz, CDCls) § 7.81-7.80 (m,

4H), 7.60-7.57 (m, 2H), 7.50-7.47 (m, 4H); *C NMR (125 MHz,
CDCls) 6 196.7, 137.5, 132.4, 130.0, 128.2.

(4-Nitrophenyl)(phenyl)methanone (3e).  'H NMR (500

MHz, CDCls) § 8.35 (d, J = 9.2 Hz, 2H), 7.94 (d, J = 9.2 Hz, 2H), ’)‘\‘
7.81(0,3=8.1 Hz, 2H), 7.66 (, 3= 6.9 Hz, 1H), 7.53 (0, 3=8.1, O

6.9 Hz, 2H): ®C NMR (125 MHz, CDCl3) 5 194.8, 149.8, 142.8,

136.2, 133.4, 130.6, 130.1, 128.6, 123.5.

O
0]

8 Li,M,; Wang, C.; Ge, H. Org. Lett. 2011, 13, 2062.
6 Yucel, B.; Walsh, P. J. Adv. Synth. Catal. 2014, 356, 3659.
6 Karthileyan, J.; Parthasarathy, K.; Cheng, C.-H. Chem. Commun. 2011, 47, 10461.
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Phenyl(4-(trifluoromethyl)phenyl)methanone (3f).51 tH NMR 0

(500 MHz, CDCls) § 7.90 (d, J = 8.3 Hz, 2H), 7.80 (d, J = 7.5 Hz,

2H), 7.75 (d, J = 7.5 Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.51 (dd,
J=8.3, 7.5 Hz, 2H); 3C NMR (125 MHz, CDCls) § 195.5, 140.7, CFs

136.7, 133.7 (q, J = 32.4 Hz), 133.1, 130.11, 130.07, 128.5, 125.3 (q, J = 3.6 Hz), 123.6
(g, J = 274 Hz).

(3,5-Bis(trifluoromethyl)phenyl)(phenyl)methanone (3g).

IH NMR (500 MHz, CDCl3) 5 8.24 (s, 2H), 8.10 (s, 1H), 7.80 (d, CF

J=75Hz, 2H), 7.69 (t, J = 7.5 Hz, 1H), 7.60 (dd, J = 7.5, 7.5 ‘ O
Hz, 2H); ¥C NMR (125 MHz, CDCls) 5 193.6, 139.4, 135.9,

133.6, 132.0 (q, J = 33.6 Hz), 130.0, 129.8 (q, J = 3.6 Hz), 128.9,

125.6 (g, J = 3.6 Hz), 122.9 (q, J = 272 Hz).

(4-Fluorophenyl)(phenyl)methanone (3h).6! *H NMR (500 MHz,
CDCl3) 6 7.86-7.83 (m, 2H), 7.79-7.76 (m, 2H), 7.60 (t, J = 8.1 Hz,
1H), 7.49 (dd, J = 7.5 Hz, 7.5 Hz, 2H), 7.18-7.14 (m, 2H); *C NMR O
(125 MHz, CDCls) ¢ 195.3, 166.4, 137.5, 133.8, 132.6 (d, J = 9.6
Hz), 132.5, 130.0, 129.1 (d, J = 192 Hz), 115.4 (d, J = 21.6 Hz).

C

(4-Chlorophenyl)(phenyl)methanone (3i).5 *H NMR (500 MHz,

O
OO
CF;
O
L,
(0]
CDCls) § 7.78-7.75 (m, 4H), 7.60 (t, J = 7.5 Hz, 1H), 7.50-7.45 (m,
4H); 3C NMR (125 MHz, CDCls) & 195.5, 138.8, 137.2, 135.8, cl
132.6, 131.4, 129.9, 128.6, 128.4.
(0]
|
Cl

(3,5-Dichlorophenyl)(phenyl)methanone (3j).%” *H NMR (500
MHz, CDClz) 6 7.78 (d, J = 6.9 Hz, 2H), 7.65-7.63 (m, 3H), 7.58
(t, J = 2.3 Hz, 1H), 7.52 (dd, J = 8.1, 6.9 Hz, 2H); *C NMR (125
MHz, CDClz) ¢ 193.8, 140.2, 136.3, 135.2, 133.2, 132.1, 130.0,
128.6, 128.2.

6 Chu, L.; Lipshultz, J. M.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2015, 54, 7929.
67 Jin, M.-Y.; Yoshikai, N. J. Org. Chem. 2011, 76, 1972.
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tert-Butyl 4-benzoylbenzoate (3k).® 'H NMR (500 MHz,
CDCls) § 8.11-8.09 (m, 2H), 7.83-7.79 (m, 4H), 7.61-7.59 (m,
1H), 7.51-7.49 (m, 2H), 1.63 (s, 9H); 3C NMR (125 MHz,
CDCls) § 196.1, 164.9, 140.8, 137.0, 136.1, 132.8, 130.1, CO,'Bu
129.6, 129.3, 128.4, 81.7, 28.1.

}o

Phenyl(o-tolyl)methanone (31).61 *H NMR (500 MHz, CDCls) § 7.81- 0 Me
7.79 (m, 2H), 7.60-7.56 (M, 1H), 7.49-7.44 (m, 2H), 7.41-7.38 (m, 1H),

7.32-7.29 (m, 2H), 7.26-7.23 (m, 1H), 2.33 (s, 3H); 13C NMR (125
MHz, CDCIs) 6 198.6, 138.6, 137.7, 136.7, 133.1, 132.4, 131.0, 130.1,

128.5, 128.4, 125.2, 20.0.

Naphthalen-2-yl(phenyl)methanone (3m).#* 'H NMR (500 o

MHz, CDCls) & 8.27 (s, 1H), 7.97-7.91 (m, 4H), 7.87-7.85 (m,

2H), 7.63 -7.60 (m, 2H), 7.57-7.50 (m, 3H); *C NMR (125 MHz,
CDCls) 6 196.8, 139.1, 137.9, 135.3, 134.8, 132.4, 132.2, 131.9,

130.1, 129.4, 128.34, 128.30, 127.8, 126.8, 125.8.

Anthracen-9-yl(phenyl)methanone (3n).%¢ *H NMR (500 MHz,
CDCls) § 8.50 (s, 1H), 7.99 (d, J = 8.6 Hz, 2H), 7.75 (d, J = 7.4 ‘
Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 7.51 (dd, J = 7.4, 7.4 Hz, 1H), O O
7.40 (dd, J = 8.0, 6.9 Hz, 2H), 7.35-7.30 (m, 4H); 3C NMR (125 O
MHz, CDCls) 6 200.2, 138.1, 134.1, 134.0, 131.0, 130.1, 128.9,
128.64, 128.61, 128.4, 126.5, 125.5, 125.3.
(8,10-Dihydropyren-1-yl)(phenyl)methanone ~ (30).
Yellow solid; *H NMR (500 MHz, CDCls) § 8.35 (d, J = 9.2
Hz, 1H), 8.27-8.18 (m, 4H), 8.13-8.06 (m, 4H), 7.91-7.89 (m,
2H), 7.63-7.60 (m, 1H), 7.49-7.46 (m, 2H): *C NMR (125
MHz, CDCIs) 6 198.4, 138.7, 133.1, 133.05, 133.03, 131.1, 130.62, 130.57, 129.7, 129.1,
128.8, 128.4, 127.1, 126.9, 126.3, 126.0, 125.9, 124.76, 124.69, 124.3, 123.7.

68 Tran, P. H.; Hensen, P. E.; Pharm, T. T.; Huynh, V. T.; Huynh, V. H.; Tran, T. D. T.; Huynh, T.
V.; Le, T. N. Synth. Commun. 2014, 44, 2921.

8 Zhao, Z.; Chen, S.; Lam, J. W. Y.; Wang, Z.; Lu, P.; Mahtab, F.; Sung, H. H. Y.; Williams, L.
D.; Ma, Y.; Kwok, H. S.; Tang, B. Z. J. Mater. Chem. 2011, 21, 7210.
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Cyclohexyl(phenyl)methanone (3p).”® White solid; *H NMR (500
MHz, CDCls) & 7.94 (d, J = 7.8 Hz, 2H), 7.55 (t, J = 7.2 Hz, 1H), 7.46
(dd, J=7.8, 7.2 Hz, 2H), 3.26 (m, 1H), 1.91-1.25 (m, 10H); *C NMR
(125 MHz, CDCIs) 6 203.9, 136.3, 132.7, 128.6, 128.2, 45.6, 29.4,
25.9, 25.8.

%

2,2-Dimethyl-1-phenylpropan-1-one (3q).”* Orange solid; 'H NMR
(500 MHz, CDCls) § 7.68 (d, J = 8.1 Hz, 2H), 7.46 (t, J = 7.5 Hz, 1H),
7.40 (dd, J = 8.1, 7.5 Hz, 2H), 1.35 (s, 9H); 3C NMR (125 MHz, CDCls)
6 209.3, 138.6, 130.8, 128.0, 127.8, 44.2, 28.0.

Phenyl(3,4,5-trimethoxyphenyl)methanone (3r). 2 Yellow

oil; *H NMR (500 MHz, CDCls) § 7.80 (d, J = 8.0 Hz, 2H), 7.60 \e0
(t, J=7.5Hz, 1H), 7.50 (dd, J = 8.0, 7.5 Hz, 2H), 7.07 (s, 2H),

3.95 (s, 3H), 3.88 (s, 6H); 3C NMR (125 MHz, CDCl3) § 195.7, MeO
152.8, 141.9, 137.7, 132.5, 132.2, 129.8, 128.2, 107.6, 60.9,

56.2.

E

OMe

(4-(tert-Butyl)phenyl)(phenyl)methanone (3s).62 Yellow oil; *H
NMR (500 MHz, CDCls) § 7.80 (d, J = 7.5 Hz, 2H), 7.76 (d, J =
8.6 Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.50-7.46 (m, 4H), 1.37 (s,
9H); 3C NMR (125 MHz, CDCl3) & 196.4, 156.1, 137.9, 134.8,
132.1, 130.1, 129.9, 128.2, 125.2, 35.1, 31.1.

. L
o
W
c

Phenyl(4-(trifluoromethoxy)phenyl)methanone ~ (3t). "
White solid; *H NMR (500 MHz, CDCls) 5 7.87 (d, J = 8.4 Hz,

2H), 7.79 (d, J = 7.5 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.50 (dd,
J=8.4,75Hz, 2H), 7.32 (d, J = 7.5 Hz, 2H); *C NMR (125 OCFs

MHz, CDCls) § 195.2, 152.1, 137.1, 135.8, 132.7, 132.0, 129.9, 128.4, 120.3 (g, J = 258
Hz), 120.2.

70 Rao, M. L. N.; Venkatesh, V.; Banerjee, D. Tetrahedron 2007, 63, 12917.

71 Shibuya, M.; Tomizawa, M.; Sasano, Y.; lwabuchi, Y. J. Org. Chem. 2009, 74, 4619.
2 Wu, H.; Li, Y.; Cui, M.; Jian, J.; Zeng, Z. Adv. Synth. Catal. 2016, 358, 3876.

" Liu, J.-B.; Chen, C.; Chu, L.; Chen, Z.-H.; Xu, X.-H.; Qing, F.-L. Angew. Chem. Int. Ed.
2015, 54, 11839.
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[1,1'-Biphenyl]-4-yl(phenyl)methanone (3u).%® White solid; *H o

NMR (500 MHz, CDCls) & 7.89 (d, J = 8.1 Hz, 2H), 7.83 (d, J =

7.5 Hz, 2H), 7.69 (d, J = 8.6 Hz, 2H), 7.64 (d, J = 7.5 Hz, 2H),
7.59 (t, J = 7.5 Hz, 1H), 7.51-7.46 (m, 4H), 7.40 (t, J = 7.5 Hz, Ph

1H); 13C NMR (125 MHz, CDCls) 5 196.3, 145.2, 139.9, 137.7, 136.2, 132.3, 130.7, 129.9,
128.9, 128.3, 128.1, 127.1, 126.9.

(4-Bromophenyl)(phenyl)methanone (3v).5* 'H NMR (500 MHz, o)

CDCls) & 7.78-7.76 (m, 2H), 7.69-7.59 (m, 5H), 7.49 (dd, J = 7.4,

8.0 Hz, 2H); 3C NMR (125 MHz, CDCls) & 195.6, 137.1, 136.3, O O .
132.7, 131.61, 131.56, 129.9, 128.4, 127.5.

r

1,4-Phenylenebis(phenylmethanone) (3w).68 White solid;

IH NMR (500 MHz, CDCl3) & 7.90 (s, 4H), 7.84 (d, J = 7.4 “

Hz, 4H), 7.63 (dd, J = 7.4, 6.9 Hz, 2H), 7.52 (dd, J = 8.0, 7.4 O

Hz, 4H); 1°C NMR (125 MHz, CDClz) 5 196.0, 140.6, 136.9, P
133.0, 130.1, 129.7, 128.5.

(0]
Methyl 4-benzoylbenzoate (3x).%® White solid; *H NMR o
(500 MHz, CDCls) 8 8.15 (d, J = 8.1 Hz, 2H), 7.84 (d, J = 8.1
Hz, 2H), 7.80 (d, J = 7.5 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H),
7.50 (dd, J = 7.5, 7.5 Hz, 2H), 3.97 (s, 3H); 3C NMR (125 COzMe
MHz, CDCls) 5 196.0, 166.3, 141.3, 136.9, 133.2, 132.9, 130.1, 129.8, 129.5, 128.4, 52.5.

4-Benzoyl-N,N-dimethylbenzamide (3y). White solid; *H o

NMR (500 MHz, CDCls) 5 7.83 (d, J = 8.1 Hz, 2H), 7.80 (d, “
J=7.2Hz, 2H), 7.61 (t, J = 7.2 Hz, 1H), 7.53 (d, J = 8.1 Hz, O O

2H), 7.49 (dd, J = 7.2, 7.2 Hz, 2H), 3.14 (s, 3H), 3.00 (s, 3H); CONMe;
13C NMR (125 MHz, CDCls) § 196.0, 170.5, 140.0, 138.3, 137.0, 132.7, 130.0 (4C), 128.3,

126.8, 39.4, 35.2; IR (KBr, cm'?) 2927, 1657, 1635; HRMS (ESI*) calcd for C1sHisNNaO
([M+Na]™): 276.1000; found: 276.0992.
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Phenyl(4-(trimethylsilyl)phenyl)methanone (3z).”* White o

solid; 'H NMR (500 MHz, CDCls) § 7.81 (d, J = 6.9 Hz, 2H),

7.76 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 7.58 (t, J =

7.4 Hz, 1H), 7.48 (dd, J = 7.4, 6.9 Hz, 2H), 0.31(s, 9H); 1°C SiMes

NMR (125 MHz, CDCls) 6 196.9, 146.3, 137.7, 137.6, 133.1, 132.4, 130.0, 129.0, 128.2,
-1.31.

(4-(Methylthio)phenyl)(phenyl)methanone (3A).6  White o

solid; *H NMR (500 MHz, CDCls) & 7.77-7.74 (m, 4H), 7.59-

7.56 (m, 1H), 7.47 (dd, J = 8.0, 7.4 Hz, 2H), 7.29 (d, J = 8.0 Hz, O O

2H), 2.53(s, 3H): 3C NMR (125 MHz, CDCl3) § 195.8, 145.3, SMe
137.8, 133.6, 132.2, 130.6, 129.8, 128.3, 124.8, 14.8.

(4-(Benzyloxy)phenyl)(phenyl)methanone (3B). ™ White 0

solid; 'H NMR (500 MHz, CDCls) & 7.82 (d, J = 6.9 Hz, 2H),

7.74 (d, J = 7.0 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.47-7.38 (m,
6H), 7.34 (t, J = 6.9 Hz, 1H), 7.02 (d, J = 9.2 Hz, 2H), 5.13 (s, OBn
2H); 3C NMR (125 MHz, CDCls) 6 195.5, 162.3, 138.2, 136.1, 132.5, 131.9, 130.3, 129.7,
128.6, 128.2, 128.1, 127.4, 114.3, 70.1.

Benzo[d][1,3]dioxol-5-yl(phenyl)methanone (3C).”° Yellow oil; o

'H NMR (500 MHz, CDCls) & 7.74 (d, J = 8.1 Hz, 2H), 7.57 (t, J o
= 7.2 Hz, 1H), 7.47 (dd, J = 8.1, 7.2 Hz, 2H), 7.39-7.37 (m, 2H), )
6.86 (d, J=8.0 Hz, 1H), 6.06 (s, 2H); *C NMR (125 MHz, CDCls) ©
0 195.1, 151.5, 147.9, 138.1, 132.0, 131.8, 129.7, 128.2, 126.8, 109.9, 107.6, 101.8.
Naphthalen-1-yl(phenyl)methanone (3D).®* Yellow oil; *H NMR o

(500 MHz, CDCls) § 8.09 (d, J = 8.6 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H),
7.91(d, J = 7.5 Hz, 1H), 7.86 (J = 6.9 Hz, 2H), 7.58-7.43 (m, 7H); °C O O
NMR (125 MHz, CDCl3) & 198.0, 138.2, 136.3, 133.7, 133.2, 131.2, O

130.9, 130.6, 128.4, 128.4, 127.7, 127.2, 126.4, 125.6, 124.3.

™ McNeill, E.; Barder, T. E.; Buchwald, S. L. Org. Lett. 2007, 9, 3785.
® Chen, Z.; Duan, H.; Jiang, X.; Wang, J.; Zhu, Y.; Yang, S. Synlett 2014, 25, 1425.
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(1-Methyl-1H-pyrazol-4-yl)(phenyl)methanone (3E). 7 White
solid; *H NMR (500 MHz, CDCls) & 7.94 (s, 1H), 7.93 (s, 1H), 7.84
(d,J=7.2Hz,2H), 7.58 (t, J=7.7 Hz, 1H), 7.49 (dd, J = 7.7, 7.2 Hz,
2H), 3.98 (s, 3H): 13C NMR (125 MHz, CDCls) & 188.8, 141.8, 139.0, Me
134.2,132.2, 128.7, 128.5, 122.8, 39.3; IR (KBr, cm™) 3435, 3125, 1635; HRMS (ESI*)
calcd for C11H10N2NaO ([M+Na]*): 209.0691; found: 209.0687.

N

/

o
Z

Phenyl(thiophen-2-yl)methanone (3F).53 White solid; *H NMR (500
MHz, CDCls) & 7.88-7.86 (m, 2H), 7.74-7.73 (m, 1H), 7.66-7.65 (m,
1H), 7.61-7.58 (m, 1H), 7.52-7.49 (m, 2H), 7.18-7.16 (m, 1H); *C
NMR (125 MHz, CDCls) 6 188.3, 143.6, 138.1, 134.8, 134.2, 132.3,
129.2, 128.4, 127.9.

o)
=
W
Phenyl(pyridin-3-yl)methanone (3G). 7" 22.7 mg, 62% vyield,

colorless oil, 'H NMR (500 MHz, CDCls): § 9.00 (d, J = 1.7 Hz, 1H), 0

8.82 (dd, J = 4.6 Hz, 1.7 Hz, 1H), 8.13 (ddd, J = 8.0 Hz, 1.7 Hz, 1.7 ©)\©
Hz, 1H), 7.83-7.81 (m, 2H), 7.66-7.63 (m, 1H), 7.54-7.51 (m, 2H), N

7.48-7.45 (m, 1H); 13C NMR (125 MHz, CDCly): & 194.8, 152.8, 150.9, 137.1, 136.6,
133.13, 133.11, 130.0, 128.6, 123.3.

Phenyl(quinolin-3-yl)methanone (3H).”® 33.6 mg, 85% vyield, o

white solid, *H NMR (500 MHz, CDCls): § 9.33 (d, J = 2.5 Hz, N

1H), 8.57 (d, J = 2.0 Hz, 1H), 8.20 (d, J = 8.6 Hz, 1H), 7.93 (d, J O | /
N

= 8.0 Hz, 1H), 7.88-7.85 (m, 3H), 7.68-7.64 (m, 2H), 7.57-7.54
(m, 2H); 3C NMR (125 MHz, CDCls): § 194.9, 150.4, 149.5, 138.8, 137.0, 133.1, 131.9,
130.1, 130.0, 129.5, 129.2, 128.7, 127.6, 126.6.

Isoquinolin-4-yl(phenyl)methanone (31).”° 30.3 mg, 65% yield,
brown oil, *H NMR (500 MHz, CDCls): § 9.39 (s, 1H), 8.65 (s, 1H),
8.18 (d, J=8.6 Hz, 1H), 8.09 (d, J = 8.6 Hz, 1H), 7.91-7.89 (m, 2H),

6 Wire, N. A.; Baker, E. L.; Gard, N. K. Nature Chem. 2016, 8, 75.

" Karthkeya, J.; Parthasarathy, K.; Cheng, C.-H. Chem. Commun. 2011, 47, 10461.

8 Khedkar, M. V.; Tambade, P. J.; Qureshi, Z. S.; Bhanage, B. M. Eur. J. Org. Chem. 2010,
6981.

® Gibson, H. W.; Brumfield, K. K_; Grisle, R. A.; Hermann, C. K. F. J. Polym. Sci. Part A:
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7.79-7.64 (m, 3H), 7.52-7.49 (m, 2H); *C NMR (125 MHz, CDCls): § 196.1, 155.3, 144.4,
137.9, 133.7, 133.6, 131.9, 130.4, 129.3, 128.6, 128.5, 128.2, 128.0, 124.8.

Phenyl(quinoxalin-6-yl)methanone (3J).8° 38.1 mg, 81% yield, o

white solid, *H NMR (500 MHz, CDCls): & 8.95 (dd, J = 4.6 Hz, Ny
1.7 Hz, 2H), 8.49 (bs, 1H), 8.27-8.23 (m, 2H), 7.90-7.88 (m, 2H), ‘ ‘ /j
7.67-7.64 (m, 1H), 7.55-7.52 (m, 2H); C NMR (125 MHz, N

CDCls): & 195.5, 146.5, 146.0, 144.6, 142.1, 138.5, 136.8, 133.0, 132.5, 130.1, 130.0,
129.9, 128.5.

Phenyl(1-tosylindolin-5-yl)methanone (3K). 40.0 mg, 53% O

yield, pale orange solid, *H NMR (500 MHz, CDCls): § 7.74-7.72 ‘)J\‘\/>
(m, 4H), 7.68 (bs, 2H), 7.61 (bs, 1H), 7.59-7.55 (m, 1H), 7.49- O O N
7.45 (m, 2H), 7.27(d, J = 8.6 Hz, 2H), 3.9 (t, J = 8.6 Hz, 2H), Ts

3.02 (t, J = 8.6 Hz, 2H), 2.39 (s, 3H); 13C NMR (125 MHz, CDCl3): & 195.5, 145.9, 144.6,
137.9, 133.7, 132.7, 132.1, 131.7, 131.4, 129.8, 129.7, 128.2, 127.2, 127.1, 113.2, 50.2,
27.3, 21.5; IR (CH2Cly, v/cm™): 2582, 2362, 1651, 1482, 1360, 1322, 1280, 1165, 1096,
976, 814, 739, 704, 665; HRMS (ESI*): m/z calcd for C2H1gNNaOsS™ [M+Na']:
400.0984. Found: 400.0987.

Phenyl(9-phenyl-9H-carbazol-3-yl)methanone (3L). 37.2 O

mg, 54% vyield, white solid, *H NMR (500 MHz, CDCls): & O
8.66 (d, J = 1.1 Hz, 1H), 8.15 (d, J = 7.4 Hz, 1H), 7.95 (dd, J O O N

= 8.6 Hz, 1.7 Hz, 1H), 7.86-7.85 (m, 2H), 7.65-7.50 (m, 8H), Ph
7.46-7.40 (m, 3H), 7.34-7.31 (m, 1H); 13C NMR (125 MHz, CDCl3): 6 196.5, 143.4,141.7,
138.8, 136.9, 131.8, 130.0, 129.9, 129.5, 128.6, 128.2, 128.1, 127.1, 126.7, 123.9, 123.4,
123.0, 120.9, 120.6, 110.2, 109.4; IR (CH2Cl, v/cm™): 3854, 3735, 3649, 2452, 2362,
1992, 1685, 1559, 1541, 1508, 1229, 669; HRMS (ESI*): m/z calcd for CosH17NNaO*

[M+Na*]: 370.1208. Found: 370.1208.

Polym. Chem. 2010, 48, 3856.
8 Neumann, H.; Brennfuhrer, A.; Beller, M. Chem. Eur. J. 2008, 14, 3645-3652.
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Di(pyridin-3-yl)methanone (3M).8* 21.8 mg, 59% yield, white solid, o
IH NMR (500 MHz, CDCls): § 9.02 (d, J = 2.3 Hz, 2H), 8.87 (dd, J =
5.2 Hz, 1.7 Hz, 2H), 8.15 (ddd, J = 8.0 Hz, 2.2 Hz, 1.7 Hz, 2H), 751 | | (| _
(dd, J = 8.0 Hz, 4.9 Hz, 2H); *C NMR (125 MHz, CDCls): § 193.2,
153.5, 150.9, 137.1, 132.3, 123.6.

Pyridin-3-yl(quinolin-3-yl)methanone (3N). 34.8 mg, 74% 0
yield, white solid, *tH NMR (500 MHz, CDCls): § 9.35 (d, J = 2.3 _ N
Hz, 1H), 9.08 (d, J = 2.3 Hz, 1H), 8.89 (dd, J = 4.6 Hz, 1.7 Hz, [ || [ _

1H), 8.57 (d, J = 1.7 Hz, 1H), 8.23-8.20 (m, 2H), 7.95 (d, J=8.0 " N

Hz, 1H), 7.91-7.88 (m, 1H), 7.69-7.66 (m, 1H), 7.55-7.53 (m, 1H): 23C NMR (125 MHz,
CDCl3): 5 193.1, 153.4, 150.8, 149.9, 149.7, 139.0, 137.2, 132.6, 132.3, 129.5, 129.2,
129.1, 127.9, 126.4, 123.7; IR (CH.Cly, viem™): 3735, 2413, 2231, 1655, 1584, 1493,
1417, 1291, 1250, 912, 789, 759; HRMS (ESI*): m/z calcd for CisH1iN20* [M+H"]:
235.0866. Found: 235.0837.

Pyridin-3-yl(quinoxalin-6-yl)methanone (30). 35.2 mg, 75% o

yield, white solid, *H NMR (500 MHz, CDCls): §9.10 (d, J = 1.1 (j)\@N\
Hz, 1H), 8.97 (dd, J = 7.4 Hz, 1.7 Hz, 2H), 8.88 (dd, J = 5.2 Hz, | | /]
1.7 Hz, 1H), 8.50 (s, 1H), 8.28 (bs, 2H), 8.22 (ddd, J = 8.0 Hz, 2.2 N
Hz, 1.7 Hz, 1H), 7.53-7.51 (m, 1H); 3C NMR (125 MHz, CDCl5): § 193.8, 153.3, 150.9,
146.9, 146.2, 144.9, 142.1, 137.5, 137.2, 132.8, 132.6, 130.5, 129.5, 123.5; IR (CH.Cl>,

v/em™): 3735, 3649, 2360, 1845, 1655, 1540, 1418, 873, 740; HRMS (ESI*): m/z calcd
for C14H9N3NaO* [M+Na*]: 258.0644. Found: 253.0687.

Fenofibrate (6).5* White solid; *H NMR (500 o)

MHz, CDCls) § 7.74 (d, J = 8.6 Hz, 2H), 7.70 (d,
J=8.6Hz,2H), 744 (d, J =86 Hz, 2H), 6.86 (d, 0><ffo\(
J=9.2 Hz, 2H), 5.09 (hept, J = 6.3 Hz, 1H), 1.67 5

(s, 6H), 1.21 (d, J = 6.3 Hz, 6H); 3C NMR (125

MHz, CDCls3) 6 194.3, 173.1, 159.7, 138.3, 136.4, 132.0, 131.2, 130.2, 128.5, 117.2,
79.4,69.3, 254, 21.5.

8. Chen, X. D.; Mak, T. C. W. J. Mol. Struct. 2005, 743, 1.
7



N-Cyclohexylpicolinamide (L2).82 'H NMR (500 MHz, CDCls) § N

8.54 (d, J = 4.6 Hz, 1H), 8.20 (d, J = 8.6 Hz, 1H), 7.96 (bs, 1H), 7.85- | _|_ 4
7.82 (m, 1H), 7.42-7.40 (m, 1H), 3.98-3.97 (m, 1H), 2.03-1.23 (m, o

10H): 3C NMR (125 MHz, CDCls) § 163.2, 150.3, 147.9, 137.3, 126.0, \O
122.2,48.1, 33.1, 25.6, 24.9.

S82.4. Preparation of L50.
Preparation of 2-chloro-5-nitropyridin-4-amine (S2).

Cl NH,
N
ON_ ~ | NHyMeOH 92N~ |
\N c| 25 °C, overnight \N cl

To 2,4-dichloro-5-nitropyridine (2.40 g, 12.6 mmol) was added ammonia/methanol
solution (7.0 M, 7.2 mL, 50.4 mmol). The solution was stirred at 25 °C overnight. After
evaporation, the crude mixture was used in the next step without further purification.

Preparation of 6-chloropyridine-3,4-diamine (S3).

NH, Fe powder (3 equiv) NH»>
OzN _ NH4C| (6 GQUIV) H2N _
~ | EtOH/H,0, reflux ~ |
N Cl overnight N Cl

To the above crude mixture in EtOH (30 mL) were added NH4CI (4.00 g, 75.6 mmol), Fe
powder (2.10 g, 37.8 mmol), and water (60 mL). The mixture was stirred at 100 °C
overnight. The reaction mixture was filtered through celite. After evaporation of the
solvent, the mixture was extracted with AcOEt (3 x 50 mL), and dried over Na>SOa. After
filtration and evaporation, the residue was used in the next step without further
purification.

8 Nack, W. A.; He, G.; Zhang, S.-Y.; Lu, C.; Chen, G. Org. Lett. 2013, 15, 3440.
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Preparation of 7-chloropyrido[3,4-b]pyrazine (S4).

@) 0]
NH; H H N
HoN _ (3.5 equiv) N _
| EtOH, reflux | |
Cl overnight N Cl

To the above crude mixture in EtOH (30 mL) was added glyoxal solution (39% in water,
ca. 8.8 mol/L, 5.0 mL). The reaction was stirred at 100 °C overnight. After evaporation
of the reaction mixture, the residue was purified by column chromatography on silica gel
(hexane/AcOEt = 4/1) to give product S4 as a pale yellow solid (1.30 g, 65%).

'H NMR (500 MHz, CDCla): 6 9.39 (s, 1H), 9.04 (d, J = 1.7 Hz, 1H), 8.96 (d, J = 1.7 Hz,
1H), 8.04 (s, 1H); *°C NMR (125 MHz, CDCls): § 154.6, 150.0, 149.8, 146.8, 146.7,
137.0, 121.4; IR (CH2Cl,, v/em™): 3852, 3749, 3675, 3649, 1716, 1066; HRMS (ESI*):
m/z calcd for C7H4CIN3Na* [M+Na*]: 187.9992. Found: 187.9935.

Preparation of pyrido[3,4-b]pyrazine-7-carbonitrile (S5).

ﬁN Pd(PPhs), (20 mol%) ﬁN
N ZnCN (1.1 equiv) N

| DMF, 120°C. 3h |

NS

N~ Cl N~ CN

To a dried 100 mL flask were added 7-chloropyrido[3,4-b]pyrazine (S4, 664 mg, 4.00
mmol), Pd(PPh3)4 (925 mg, 0.800 mmol), ZnCN (517 mg, 4.40 mmol), and DMF (20 mL).
The mixture was stirred at 120 °C for 3 h. The reaction reaction was quenched with sat.
aq NaHCOs and AcOEt. After filtration, the solution was extracted with AcOEt three
times. The combined organic layer was washed with brine and dried over Na,SO4. After
filtration and evaporation, the residue was purified by column chromatography on silica
gel to give S4 in 58% vyield as a white solid.

'H NMR (500 MHz, CDCls): 8 9.61 (s, 1H), 9.20 (d, J = 1.7 Hz, 1H), 9.15 (d, J = 1.7 Hz,
1H), 8.47 (s, 1H); **C NMR (125 MHz, CDCls): & 156.2, 150.6, 148.8, 144.9, 139.1,
131.1, 128.7, 116.8; IR (CH2Cly, v/em™): 3735, 3649, 2361, 1869, 1508, 916; HRMS
(ESI*): m/z calcd for CgHaN4Na* [M+Na*]: 179.0334. Found: 179.0377.

NS
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Preparation of 1,2,3,4-tetrahydropyrido[3,4-b]pyrazine-7-carbonitrile (S6) .
ﬁN " ONH
N~

NaBH, (3.5 equiv
4( q 2 HN._
o EtOH, 25 °C o

N CN overnight N CN

To an ice-cold solution of pyrido[3,4-b]pyrazine-7-carbonitrile (S5, 281 mg, 1.80 mmol)
in EtOH (10 mL) was added NaBH4 (238 mg, 6.30 mmol) in portions. After the starting
material completely disappeared by TLC, the reaction was quenched with sat. ag. NH4CI.
After the addition of NaHCOs to adjust pH >7, the mixture was extracted with 1,2-
dichloromethane three times. The combined organic layer was dried over Na>SO4. After
filtration and evaporation, the residue was used in the next step without further
purification.

Preparation of 1,4-dimethyl-1,2,3,4-tetrahydropyrido[3,4-b]pyrazine-7-carbonitrile
(S7).

" NH NaH (2.0 equiv) (\N'Me

Mel (3.0 equiv)
HN >~ | Me/N >~ |
~ DMF, 0 °C to 25 °C ~
N CN overnight N CN

To an ice cooled solution of NaH (60% dispersion in mineral oil, 216 mg, 5.40 mmol) in
DMF (10 mL) was added the above crude mixture in portions. The resulting mixture was
stirred at 0 °C for 20 min, before Mel (224 pL, 3.60 mmol) was added. The resulting
mixture was stirred at 0 °C to 25 °C overnight. The reaction mixture was quenched with
water and extracted with AcOEt (3 x 10 mL). The combined organic layer was dried over
Na>SOs. After filtration and evaporation, the residue was used in the next step without
further purification.
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Preparation of 1,4-dimethyl-1,2,3,4-tetrahydropyrido[3,4-b]pyrazine-7-carboxylic
acid (S8).

ﬁN/Me aq. HCI ﬁN’Me
=

_N —_— _N
Me \ﬁl reflux, Me = |
i o
\N CN overnight N
OH
To a flask were added the above crude mixture and aq. HCI (6.0 M, 10 mL). The solution
was stirred at 100 °C overnight. After evaporation, the residue was used in the next step

without further purification.

Preparation of N-cyclohexyl-1,4-dimethyl-1,2,3,4-tetrahydropyrido[3,4-b]pyrazine-
7-carboxamide (L50).
1) HOB (2 equiv)
WSCIeHCI (2 equiv)
DIPEA (6 equiv)

°CeH13NH, (2 equiv) ﬁN*Me
-Me CH,CICH,CI/DMF, 25°C N “HCI
N overnight e |
Me” > X, 0)
« Il o 2HcumeoH, 25°c, 1h N

N HN
o )

To a solution of the above crude mixture in 1,2-dichloromethane and DMF were added
1-hydroxybenzotriazole monohydrate (486 mg, 3.60 mmol), N-ethyldiisopropylamine
(1.86 mL, 10.8 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(690 mg, 3.60 mmol), and cyclohexyl amine (410 uL, 3.60 mmol). The solution was
stirred at 25 °C overnight. After evaporation, the residue was extracted with AcOEt (3 X
20 mL). The combined organic layer was washed with ag. HCI (1.0 M), before the pH of
the solution was adjusted to pH>7 by the addition of NaHCOz. The solution was extracted
with AcOEt three times and the combined organic layer was dried over Na>SOa. After
filtration and evaporation, HCI (5-10% MeOH solution, 5 mL) was added to the residue
and the solution was stirred at 25 °C for 1 h. After evaporation and sufficient drying, a
product (L50, an ocher solid) was obtained in 65% yield.

'H NMR (500 MHz, CDCls): 6 9.34 (s, 1H), 7.44 (bs, 1H), 7.33 (d, J = 6.3 Hz, 1H), 3.97-
3.89 (m, 1H), 3.70 (t, J = 4.6 Hz, 2H), 3.65 (t, J = 4.6 Hz, 2H), 3.25 (s, 3H), 2.96 (s, 3H),
2.09-1.26 (m, 10H); C NMR (125 MHz, CDCls): § 157.8, 146.0, 135.8, 133.2, 116.8,
104.0, 50.4, 49.3, 46.3, 39.2, 38.9, 32.2, 25.3, 25.1; IR (CHzCl, v/cm™): 3735, 3649,
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1943, 1654, 1353, 1251; HRMS (ESI*): m/z calcd for C16H24NsNaO* [M+Na*]: 311.1848.
Found: 311.1894.

S82.5. Gram-scale Reaction of benzaldehyde (1a) with 2-bromonaphthalene (4u). A
mixture of Pd(OAc)2 (72.6 mg, 0.324 mmol), N-cyclohexylpicolinamide (L2, 79.3 mg,
0.388 mmol), potassium hydrogen carbonate (1.62 g, 16.2 mmol), benzaldehyde (1a, 686
mg, 6.47 mmol), and 2-bromonaphthalene (4u, 4.02 g, 19.4 mmol) in tert-amyl alcohol
(13 mL) was stirred at 150 °C for 24 h. Upon completion of the reaction, the crude product
was purified by column chromatography on silica gel to give 3K (1.33 g, 88%).

S82.6. Synthesis of Fenofibrate. A mixture of Pd(OAc)2 (2.25 mg, 0.0100 mmol), N-
cyclohexylpicolinamide (L2, 2.45 mg, 0.0120 mmol), potassium hydrogen carbonate
(50.1 mg, 0.500 mmol), 4-chlorobenzaldehyde (1j, 28.1 mg, 0.200 mmol), and isopropyl
2-(4-bromophenoxy)-2-methylpropanoate (5, 181 mg, 0.600 mmol) in tert-amyl alcohol
(1.0 mL) was stirred at 150 °C for 24 h. Upon completion of the reaction, the crude
product was purified by silica gel preparative thin-layer chromatography to afford 6 as a
white solid (54.3 mg, 75%).

S82.7. DFT calculations to clarify the reaction mechanism.

To clarify the reaction mechanism of the palladium-catalyzed reactions, density
functional theory (DFT) calculations using the M06-2X hybrid functional were carried
out with jaguar v9.1. The basis set for Pd atom was LACVP**++ and for the other atoms
was 6-31G**++. Analytical frequencies were also calculated to ensure that only one
imaginary values for transition states and no imaginary values for minima were found.
Both of aryl groups in arylaldehydes and aryl bromides were modeled by phenyl groups
as shown in Scheme S1. Figure S1 shows the predicted relative energy diagram (kcal/mol)
for the pathways via insertion and C-H activation pathways. Values in parentheses are
relative Gibbs free energies at 298.15 K in the gas phase.

For the insertion mechanism (pathway i, red line in Figure S1), the first transition state
(TS-12) involves a four-membered intermediate (consists of Pd1, C45 (phenyl group), and
C-O bond of an aldehyde (C23 and O18)) by approaching an aldehyde to an aryl-
palladium intermediate. The activation barrier for this step is estimated to be 51.3
kcal/mol. TS-12 is successively converted to 1S-13 (diphenylmethoxy-palladium
intermediate). Then, benzophenone is generated by B-hydride elimination (migration of
H24 onto Pd1 via TS-14) and the activation barrier for this step is predicted to be 16.6
kcal/mol. This pathway is totally found to be endergonic based on these calculations.
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On the other hand, three possible pathways ii (black line), iii (blue line) and iv (green
line) are considered for the C-H activation mechanism. In pathway ii (black line), the
abstraction of a hydrogen atom (H24) occurs in the octahedral complex (IS-O2, TS-03
and 1S-O4) formed by the coordination of the carbonyl group of an aldehyde to Pd1. The
activation barrier for this step is estimated to be 2.8 kcal/mol. These three states have
similar 3D structures. The distances of C23-H24/022-H24 are 1.10/1.80 A (for 1S-02),
1.36/1.22 A (for TS-03) and 1.76/1.02 A (for 1S-04), respectively as shown in Figure S3.
The distances clearly showed that H24 is transferred from the aldehyde to the carbonate
group. 1S-O4 is continuously converted to aryl palladium (1V), IS-06, via TS-O5 by the
release of HCO3- and the formation of Pd1-C23 bond. This step is a highly exothermic
process and the activation barrier for this step is calculated to be 3.4 kcal/mol.

In pathway iii (blue line), the similar proton transfer from the aldehyde to the
carbonate group is shown in the square planar complex (I1S-P1, TS-P2 and IS-P3). The
distances of C23-H24/022-H24 are 1.11/1.92 (for IS-P1), 1.43/1.18 (for TS-P2) and
1.74/1.04 (for 1S-P3), respectively as shown in Figure S4. 1S-P3 including a carbanion is
transformed into acyl palladium(I1), IS-P5, through TS-P4 with the formation of Pd1-C23
bond. The activation barrier of this step is calculated to be 15.5 kcal/mol. The next step
is the generation of aryl palladium(IV), IS-P7, via oxidative addition of aryl bromide to
acyl palladium(Il) with the activation barrier of 34.1 kcal/mol. Finally, Pd1-C23 bond
formation (TS-P8) occurs via successive reductive elimination (C23-C45 bond
formation) to give benzophenone (P-P9). This process is also highly exothermic and
requires small activation energy (10.3 kcal/mol).

Pathway iv (green line) is for the generation of ketones (P-P11) from the reaction of
palladium(I1) species 1S-P3 and aryl bromides after the proton transfer from the aldehyde
to the carbonate group in the square planar complex of Pd(Il). This step requires large
activation energy of 29.0 kcal/mol.

According to the energy diagram shown in Figure S1, the transition state TS-P4 with
the highest energy in pathway iii is lower than the TS-12 in pathway i for the insertion
mechanism, TS-O5 in pathway ii and TS-P10 in pathway iv for the other C-H activation
mechanisms. Therefore, the results of theoretical calculations show that the C-H
activation mechanism in pathway iii is more preferable to the others.

o Pd(OAC), (5.0 mol%) o e
Ligand (6.0 mol%) 1
y B KHCO; (2.5 equiv) ' N
P - 0 -,
v hex
' Ligand
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Scheme S1. Modeled reaction conditions
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Figure S1. Energy diagrams of insertion (pathway i, red) and C-H activation (pathways

i, iii, and iv, black, blue, and green) pathways for the reaction between 1a and 4b. All

P-P11

data were computed using the M06-2X functional. The basis set for Pd atom was

LACVP**++ and for the other atoms was 6-31G**++.
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Scheme S2. Proposed Mechanism-1: Insertion Pathway (red line in Figure S1)
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Scheme S3. Proposed Mechanism-2: C-H Activation Pathway (black line in Figure S1)
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Scheme S4. Proposed Mechanism-3: C-H Activation Pathway (blue line in Figure S1)
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Scheme S5. Proposed Mechanism-4: C-H Activation Pathway (green line in Figure S1)
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Br2

Figure S2. Representative examples of atom name
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Figure S3
Optimized structures of 1S-02, TS-03 and 1S-O4. The distances of C23-H24 and 022-

H24 are indicated in green and red, respectively. Bond lengths are in angstroms.

Figure S4
Optimized structures of 1S-P1, TS-P2 and IS-P3. The distances of C23-H24 and O22-

H24 are indicated in green and red, respectively. Bond lengths are in angstroms.
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Figure S5. Structures of intermediates and transition states
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S§3.1. General Information

Nuclear magnetic resonance (NMR) spectra were recorded on JEOL JNM-ECX500
(500 MHz for *H NMR, 125 MHz for 3C NMR) and JEOL ECS400 (368 MHz for °F
NMR) spectrometer. Chemical shifts are reported relative to the solvent used as an
internal reference for 'H NMR or *C NMR, and C¢Fs (-164.90 ppm) as the external
reference for '°’F NMR Infrared (IR) spectra were recorded on a JASCO FT/IR 410
Fourier transform infrared spectrophotometer. Electrospray ionization mass spectra (ESI-
MS) were measured on a JEOL JMS-T100LC AccuTOF spectrometer. Gel permeation
chromatography (GPC) was performed on a recycling preparative HPLC LC9210 NEXT
system, Japan Analytical Industry Co., Ltd. All solvents and chemicals were purchased
from commercial suppliers, Kanto Chemical Co., Inc., Sigma-Aldrich, Inc., Tokyo
Chemical Industry Co., Ltd., Wako Pure Chemical Industries, Ltd., and Watanabe
Chemical Industries, Ltd., and were used without further purification. All reactions were
carried out in a dry solvent under an argon atmosphere unless otherwise indicated.
Column chromatographies were performed with Biotage® Isolera™ One 3.0 with pre-
packed column of Biotage® SNAP Ultra, or Yamazen Smart Flash with pre-packed
Universal Column Premium. NMR vyields were calculated from integrals of *H NMR
peaks of crude product using an internal standard (1,1,2,2-tetrachloroethane or
nitromethane).

S§3.2. Preparation of the Reagents and Substrates

The photocatalyst 1 was prepared according to the reported method.?® 2a, 3a, 3d-
3f, 3m-30, 3q, 3r and 4a were commercially available and used as purchased. Other
starting materials (3b, 3c, 3g-3l, 3p, 3s, 3t) were prepared according to procedure
described below.

N-Boc amines (3g, 3i-3l, 3s): To a CH2Cl (0.4 M) solution of an amine (1.0 equiv)
were added Boc.O (1.1 equiv), EtsN (4.0 equiv), and DMAP (0.01 equiv) at 0 °C. The
mixture was stirred overnight (0 °C to room temperature), and then the reaction was
quenched with H>O. The mixture was extracted with CH2Cl (three times), and the
combined organic layers were washed with satd. NaHCO3s aq and brine, dried over
Na>SO4, and concentrated in vacuo. The residue was purified with flash column
chromatography to give the corresponding N-Boc amine.

N-Cbz amines (3b, 3p): To a CH2Cl> (0.67 M) solution of an amine (1.0 equiv)
were added CbzCl (1.05 equiv) and Na>COs solution (1.5 equiv, 1.0 M in water) at 0 °C.
The mixture was stirred overnight (0 °C to room temeperature), and then to the reaction
was added H20. The mixture was extracted with CH>ClI> (three times), and the combined
organic layers were washed with satd. NaHCO3 aqg and brine, dried over Na>SOs, and

8 @G.J. Choi, Q. Zhu, D. C. Miller, C. J. Gu, R. R. Knowles, Nature 2016, 539, 268.
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concentrated in vacuo. The residue was purified with flash column chromatography to
give the corresponding N-Cbz amine.

N-Fmoc pyrrolidine (3c): To a water (0.67 M) suspension of FmocClI (1.0 equiv)
was added pyrrolidine (1.2 equiv) at 0 °C. The mixture was stirred overnight. The reaction
product was filtered and washed with water. The residue was purified with flash
chromatography to give 3c.

tert-Butyl  methyl(3-phenylpropyl)carbamate  (3h) 8 : tert-Butyl (3-
phenylpropyl)carbamate was prepared from 3-phenylpropan-1-amine by the method
described above. To a mixture of tert-butyl (3-phenylpropyl)carbamate (1.0 equiv) and
NaH (2.0 equiv, 60% in mineral oil) in DMF (0.2 M) was added Mel (2.0 equiv). After
stirring overnight at room temperature under argon atomosphere, the reaction was
quenched with water and the resulting mixture extracted with EtOAc (three times). The
combined organic extracts were dried over Na;SOg, filtered and concentrated under
reduced pressure. The residue was purified with flash column chromatography to give 3h.

N-Cbz-_Phe-_LMet-OMe (3t): To a DMF (0.2 M) solution of N-Cbz- Phe-OH was
added H-LMet-OMe hydrochloride (1 equiv), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (1.2 equiv) and EtsN (3 equiv) at room
temperature. The mixture was sttired for 15 h, and then the reaction was quenched with
HCI ag (1 M). The mixture was extracted with EtOAc (three times), and the combined
organic layers were washed with satd. NaHCO3z aq and brine, dried over Na>SQyg, filtered
and concentrated under reduced pressure. The residue was purified with flash column
chromatography to give 3t.

8 C. G. McPherson, N. Caldwell, C. Jamieson, I. Simpson, A. J. B. Watson, Org. Biomol.
Chem., 2017, 15, 3507.
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S§3.3. General Procedure for C-H Cyanations
1 (1.0 mol%)

O 2a (5.0 mol%) O\
K2CO3 (20 GQUiV) CN

N~ + TsCN - N

Boc CH,Cl, (0.1 M), rt, 4 h Boc
blue LED (430 nm)

3a 4a 5a

(1.5 equiv)

General procedure represented by the synthesis of 5a: Photoredox catalyst 1 (2.3 mg,
2.0 umol, 1 mol%), phosphoric acid 2a (3.5 mg, 0.010 mmol, 5 mol%), K-COs3 (55.3 mg,
0.40 mmol, 2.0 equiv), and TsCN 4a (54.4 mg, 0.30 mmol, 1.5 equiv) were added to a
dried screw-cap vial. CH2Cl, (degassed by 10 min
argon bubbling, 2.0 mL, 0.1 M to 3a) and N-Boc
pyrrolidine 3a (34.2 mg, 0.20 mmol, 1.0 equiv) were
added to the vial under argon atomosphere. The vial
was sealed with the screw cap. The resulting mixture
was then placed nearby the light source® and irradiated
with blue LED lights with stirring at ambient
temperature for 4 h. The reaction mixture was filtered
through a short pad of silica gel (eluted with CH.Cl,).
After evaporation, the residue was purified by flash
column chromatography to afford the 5a as colorless
oil (37.3 mg, 95%).

§ A Valore VBP-L24-C2 with 38W LED lamp (VBL-SE150-BBB(430)) was used as the
430 nm light source (see the photograph). With a strong fan, we controled the temperature
25-33 °C.

tert-Butyl 2-cyanopyrrolidine-1-carboxylate (5a).

Prepared according to the general procedure, then the crude material was O\CN
purified by flash column chromatography (AcOEt / hexane = 5% to 100%) ’}l
to afford 5a as colorless oil (37.3 mg, 95%). All the spectroscopic data ~ BOC
matches with the previously reported data.®®

'H NMR (500 MHz, CDCls3), mixture of inseparable rotamers: & 4.57 (m, 0.4H), 4.45 (m,
0.6H), 3.56-3.48 (m, 1H), 3.40-3.32 (m, 1H), 2.25-2.02 (m, 4H), 1.52 (s, 5.6H), 1.48 (s,

3.4H).

& T. Hoshikawa, S. Yoshioka, S. Kamijo, M. Inoue, Synthesis 2013, 45, 874.
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Benzyl 2-cyanopyrrolidine-1-carboxylate (5b). O\
Prepared according to the general procedure, then the crude material was N CN
purified by flash column chromatography (AcOEt / hexane = 5% to 100%) (I:bZ

to afford 5b as colorless oil (37.8 mg, 82%). All the spectroscopic data

matches with the previously reported data.®

'H NMR (500 MHz, CDCls3), mixture of inseparable rotamers: § 7.35-7.25 (m, 5H), 5.16-
5.07 (m, 2H), 4.56-4.54 (m, 0.5H), 4.49-4.48 (m, 0.5H), 3.55-3.49 (m, 1H), 3.38-3.34 (m,

1H), 2.20-1.97 (m, 4H).

(9H-Fluoren-9-yl)methyl 2-cyanopyrrolidine-1-carboxylate (5c).
Prepared according to the general procedure using 4a (108.7 mg, 0.60 Q\CN
mmol, 3 equiv) for 20 h, then the crude material was purified by flash
column chromatography (AcOEt / hexane = 8% to 66%) to afford 5c as
colorless oil (60.4 mg, 95%). All the spectroscopic data matches with the previously

|
Fmoc

reported data.®’

'H NMR (500 MHz, CDClIs), mixture of rotamers (1 : 1 ratio): *H NMR (500 MHz,
CDCls): 5 7.77 (d, J = 7.4 Hz, 2H), 7.66 (dd, J = 8.0, 8.0 Hz, 1H), 7.59 (dd, J = 7.4, 7.4
Hz, 1H), 7.41 (dd, J = 6.9, 6.9 Hz, 2H), 7.36-7.31 (m, 2H), 4.62-4.58 (m, 1H), 451-4.38
(m, 2H), 4.30 (t, J = 6.9 Hz, 0.5H), 4.25 (t, J = 6.9 Hz, 0.5H), 3.62-3.55 (m, 1H), 3.46-
3.35 (m, 1H), 2.30-2.07 (m, 4H).

1-Acetylpyrrolidine-2-carbonitrile (5d).

Prepared according to the general procedure using 4a (108.7 mg, 0.60

mmol, 3 equiv) for 20 h, then the crude material was purified by flash '}‘

column chromatography (AcOEt / hexane = 25% to 100%) to afford 5d as Ac
yellow oil (22.0 mg, 80%).

'H NMR (500 MHz, CDCls), mixture of inseparable rotamers (1 : 0.2 ratio). Major
rotamer: & 4.75 (d, J = 5.2 Hz, 1H), 3.64 (ddd, J = 7.4, 7.4, 2.3 Hz, 1H), 3.49-3.43 (m,
1H), 2.32-2.24 (m, 2H), 2.20-2.14 (m, 2H), 2.10 (s, 3H); Minor rotamer: $ 4.55 (dd, J =
8.0, 2.3 Hz,1H), 3.67-3.62 (m, 1H), 3.47-3.43 (m, 1H), 2.37-2.24 (m, 2H), 2.22 (s, 3H),
2.20-2.14 (m, 2H); BC NMR (125 MHz, CDCls). Major rotamer: & 169.5, 118.6, 47.2,
46.3, 30.4, 25.3, 22.4; Minor rotamer: 6 169.2, 118.4, 48.2, 46.0, 32.5, 23.4, 22.7; IR (neat,
v/emY): 2958, 2878, 2242, 1658, 1412, 1357, 1195; HRMS (ESI*): m/z calcd for

CN

8 F. L. Vaillant, M. D. Wodrich, J. Waser, Chem. Sci. 2017, 8, 1790.
8 S.S. Libendi, Y. Demizu, O. Onomura, Org. Biomol. Chem. 2009, 7, 351.
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C7H10N2NaO* [M+Na*]: 161.0685. Found: 161.0685.

tert-Butyl 2-cyanopiperidine-1-carboxylate (5e).

Prepared according to the general procedure, then the crude material was Q
purified by flash column chromatography (AcOEt / hexane = 5% to 100%) N~ “CN
to afford 5e as pale yellow oil (32.4 mg, 77%). All the spectroscopic data éoc
matches with the previously reported data.®?

'H NMR (500 MHz, CDCls), mixture of inseparable rotamers: & 5.26 (br m, 1H), 4.04 (br
m, 1H), 2.94 (br m, 1H), 1.94-1.60 (m, 6H), 1.48 (s, 9H).

tert-Butyl 2-cyanoazepane-1-carboxylate (5f).

Prepared according to the general procedure, then the crude material was Q
purified by flash column chromatography (AcOEt / hexane = 5% to 100%) N" N
to afford 5f as pale yellow oil (38.1 mg, 85%). All the spectroscopic data éoc
matches with the previously reported data.®’

'H NMR (500 MHz, CDCls), mixture of inseparable rotamers: & 5.12 (dd, J = 6.9, 10.3
Hz, 0.6H), 4.77 (dd, J= 6.0, 11.5 Hz, 0.4H), 3.90 (br d, J = 14.3 Hz, 0.4H), 3.80 (br d, J
= 14.3 Hz, 0.6H), 3.06-2.98 (m, 1H), 2.32-2.22 (m, 1H), 1.93-1.83 (m, 2H), 1.75 (br m,

2H), 1.58-1.56 (m, 1H), 1.51 (s, 3.6H), 1.48 (s, 5.4H), 1.41-1.33 (m, 2H).

tert-Butyl 2-cyanopyrrolidine-1-carboxylate (59). CN
Prepared according to the general procedure, then the )\ﬂ
crude material was purified by flash column Me/\/\lﬂ Me
chromatography (AcOEt / hexane = 5% to 100%) to Boc

afford 5g as colorless oil (29.0 mg, 57%). All the spectroscopic data matches with the
previously reported data.®’

'H NMR (500 MHz, CDCls), mixture of inseparable rotamers: § 5.02 (br m, 1H), 3.22-
3.19 (m, 2H), 1.89-1.82 (m, 1H), 1.61-1.37 (m, 5H), 1.48 (s, 9H), 1.32 (q, J = 7.5 Hz, 2H),
0.98 (t, J=17.5 Hz, 3H), 0.94 (q, /= 7.5 Hz, 3H).

tert-Butyl  (cyanomethyl)(3-phenylpropyl)carbamate N> CN
(5h). ©/\/\ éoc

Prepared according to the general procedureh, then the

crude material was purified by flash column chromatography (AcOEt / hexane = 5% to
100%) to afford 5h as colorless oil (32.9 mg, 60%).

'H NMR (500 MHz, CDCls), inseparable mixture of rotamers: § 7.35-7.22 (m, SH), 4.20
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(brs, 1.04H), 4.07 (br s, 0.96H), 3.40 (br s, 2H), 2.68 (t, J = 7.5 Hz, 2H), 1.99-1.93 (m,
2H), 1.51 (s, 9H); 13C NMR (125 MHz, CDCls): § 141.0, 128.5. 128.3, 126.1, 116.1, 81.6,
47.5,32.9,29.4,28.2; IR (neat, v/cm™): 2978, 2361, 1700, 1484, 1406, 1367, 1251, 1160,
877, 750, 700; HRMS (ESI¥): m/z calcd for C16H22N2NaO." [M+Na*]: 297.1579. Found:
297.1552.

tert-Butyl 3-cyanomorpholine-4-carboxylate (5i). 0
Prepared according to the general procedure using 4a (108.7 mg, 0.60 [ j\
mmol, 3 equiv) for 20 h, then the crude material was purified by flash >N >ScN
column chromatography (AcOEt / toluene = 2% to 18%) then second flash éoc
column chromatography (AcOEt / hexane = 5% to 40%) to afford 5i as a white solid (30.1
mg, 71%). All the spectroscopic data matches with the previously reported data.®’

'H NMR (500 MHz, CDCly): & 4.92 (br m, 1H), 4,06 (d, J = 12.0 Hz, 1H), 3.97 (brd, J =
8.0 Hz, 1H), 3.82 (br s, 1H), 3.62 (dd, J = 12.0, 2.9 Hz, 1H), 3.49 (ddd, J = 11.7, 11.7,
2.3 Hz, 1H), 3.25 (br s, 1H), 1.49 (s, 9H)

Di-tert-butyl 2-cyanopiperazine-1,4-dicarboxylate (5j). Boc
Prepared according to the general procedure using 4a (41.1 mg, 0.60 mmol, N

3 equiv) for 20 h, then the crude material was purified by flash column [ j\
chromatography (AcOEt / toluene = 2% to 18%) then second flash column l}l CN
chromatography (AcOEt / hexane = 4% to 34%) to afford 5j as a white Boc
solid (41.1 mg, 66%).

'H NMR (500 MHz, CDCls), mixture of inseparable rotamers: & 5.08 (br m, 1H), 4.31 (br
m, 1H), 4.21 (br m, 1H), 3.92 (br m, 1H), 3.08 (br m, 2H), 2.77 (br m, 1H), 1.49 (m, 18H);
13C NMR (125 MHz, CDCls), mixture of inseparable rotamers: § 154.1 (br, overlapped
carbonyls), 116.3, 82.5, 81.3, 77.4, 46.2, 43.6, 42.4, 28.3, 28.3; IR (neat, v/cm™): 2979,
2932, 2870, 2241, 1697, 1456, 1394, 1343, 1315, 1289, 1254, 1227, 1166, 1112, 1028,
965, 866, 770; HRMS (ESI*): m/z calcd for C1sH2sN3NaO4* [M+Na*]: 334.1737. Found:
334.1746.

tert-Butyl 2-cyano-3,4-dihydroquinoline-1(2H)-carboxylate (5k).

Prepared according to the general procedureh, then the crude ©\/j\
material was purified by flash column chromatography (AcOEt / N" "CN
hexane = 4% to 34%) to afford 5k as a white solid (27.6 mg, 53%). Boc

IH NMR (500 MHz, CDCls): § 7.65 (d, J = 8.6 Hz, 1H), 7.20 (ddd, J = 7.7, 7.7, 1.7 Hz,
1H), 7.13 (d, J = 6.3 Hz, 1H), 7.07 (ddd, J = 7.5, 7.5, 1.1 Hz, 1H), 5.39 (dd, J = 5.8, 5.8
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Hz, 1H), 3.01-2.95 (m, 1H), 2.78 (ddd, J = 16.6, 5.8, 5.8 Hz, 1H), 2.35-2.30 (m, 1H),
2.20-2.14 (m, 1H), 1.55 (s, 9H); 13C NMR (125 MHz, CDCls): & 152.6, 135.6, 128.8,
128.5, 126.8, 124.7, 124.7, 118.5, 83.2, 44.9, 28.3, 27.9, 25.0; IR (neat, v/em™): 2978,
2935, 2238, 1702, 1583, 1492, 1457, 1368, 1326, 1256, 1159, 1120, 1048, 1015, 896, 848,
761; HRMS (ESI*): m/z calcd for C1sH1sN2NaO,* [M+Na*]: 281.1260. Found: 281.1253.

tert-Butyl 1-cyano-3,4-dihydroisoquinoline-2(1H)-carboxylate (5I).

Prepared according to the general procedureh, then the crude

material was purified by flash column chromatography (AcOEt / N
hexane = 2% to 20%) then GPC to afford 5l as a colorless oil (17.4 "Boc
mg, 34%). All the spectroscopic data matches with the previously CN
reported data.®

'H NMR (500 MHz, CDClIs) , mixture of inseparable rotamers: § 7.33-7.27 (m, 3H), 7.21-
7.20 (m, 1H), 6.10-5.86 (m, 1H), 4.27-4.10 (m, 1H), 3.42-3.29 (m, 1H), 2.99-2.93 (m,
1H), 2.85 (ddd, J = 16.6, 3.4, 3.4 Hz, 1H), 1.53 (s, 9H)

Isochromane-1-carbonitrile (5m).

Prepared according to the general procedureh, then the crude material was

purified by flash column chromatography (AcOEt / hexane = 2% to 20%)

then GPC to afford 5m as a colorless oil (10.1 mg, 32%). All the CN
spectroscopic data matches with the previously reported data.®®

'H NMR (500 MHz, CDCls): & 7.32-7.27 (m, 2H), 7.22-7.18 (m, 2H), 5.65 (s, 1H), 4.20-
4.11 (m, 2H), 3.08-3.02 (m, 1H), 2.77 (ddd, J = 16.6, 3.4, 3.4 Hz, 1H).

O

Tetrahydrothiophene-2-carbonitrile (5n).

Prepared according to the general procedureh, then the crude material was
purified by flash column chromatography (AcOEt / hexane = 5% to 100%)
to afford 5n as pale yellow oil (18.1 mg, 80%). All the spectroscopic data

CN

matches with the previously reported data.®®
IH NMR (500 MHz, CDCls): & 3.99-3.97 (m, 1H), 3.14-3.11 (m, 1H), 2.98-2.93 (m, 1H),
2.39-2.35 (m, 1H), 2.23-2.15 (m, 3H).

8 S. Kong, L. Zhang, X. Dai, L. Tao, C. Xie, L. Shi, M. Wang, Adv. Synth. Catal. 2015, 357,
2453.

8 K. Naksomboon, C. Valderas, M. G.-Martinez, Y. A.-Casao, A. F.- M. Ibafez, ACS Catal.,
2017, 7, 6342.
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Prepared according to the general procedureh, then the crude material was
purified by flash column chromatography (AcOEt / hexane = 5% to 100%)
to afford 50 as pale yellow oil (20.4 mg, 80%). All the spectroscopic data matches with

Tetrahydro-2H-thiopyran-2-carbonitrile (50). Q

S® CN

the previously reported data.*
1H NMR (500 MHz, CDCls): & 3.64-3.62 (m, 1H), 3.06-3.01 (m, 1H), 2.64-2.60 (m, 1H),
2.19-2.14 (m, 1H), 2.02-1.96 (m, 2H), 1.83-1.73 (m, 3H).

Methyl N-((benzyloxy)carbonyl)-S-(cyanomethyl)-L-homocysteinate (5p) and
methyl (2S)-2-(((benzyloxy)carbonyl)amino)-4-cyano-4-(methylthio)butanoate (5p°).
Prepared according to the general procedure, then the crude material was purified by flash
column chromatography (AcOEt / hexane = 5% to 100%) to afford 5p and 5p’ (5p:
colorless oil, 41.6 mg, 65%, 5p’: colorless oil, 20.8 mg, 32 %).

5p: *H NMR (500 MHz, CDCl3): & 7.30-7.27 (m, 5H), o

5.37 (bs, 1H), 5.05 (bs, 2H), 4.49-4.45 (m, 1H), 3.70 (s, NC.__S OMe
3H), 3.29-3.20 (m, 2H), 2.74-2.71 (m, 2H), 2.17-2.10 (m,

1H), 1.99-1.93 (m, 1H) ); **C NMR (125 MHz, CDCl3): NHCbz

3 171.9, 155.9, 136.0, 128.6, 128.3, 128.2, 116.2, 67.2, 52.8, 52.6, 31.7, 28.2, 16.9.; IR
(CH2Cl,, v/iem™): 3345, 2956, 2922, 2244, 1718, 1528, 1439, 1288, 1217, 1049, 777, 756,
735; HRMS (ESI*): m/z calcd for C1sH1sN2NaOS*™ [M+Na*]: 345.0879. Found: 345.0882.
5p' (inseparable diastereomixtures, 1:1 ratio): *H NMR (500

o)
MHz, CDCls): § 7.36 (br m, SH), 5.55 (bs, 1H), 5.12 (bs, 2H), ¢
4.65-4.57 (m, 1H), 3.78 (s, 3H), 3.65-3.61 (m, 1H), 2.79 (s, 3H), OMe
2.50-2.21 (br m, 2H); 3C NMR (125 MHz, CDCl3): § 171.0, CN  NHCbz

155.8, 135.8, 128.6, 128.4, 128.2, 117.9, 67.4, 53.0, 51.8, 51.6, 34.8, 30.4, 30.2, 13.8,
13.7.; IR (CH2Cly, v/em™): 3365, 2952, 2918, 2240, 1718, 1523, 1438, 1220, 1058, 1026,
699, 646; LRMS(ESI"): m/z = xxx [M+Na]"; HRMS (ESI*): m/z calcd for
C15H1sN2NaO4S* [M+Na*]: 345.0879. Found: 345.0887.

1-(2-Chloroacetyl)pyrrolidine-2-carbonitrile (5r).

Prepared according to the general procedureh, then the crude material O\CN
was purified by flash column chromatography (AcOEt / hexane = 5% N
to 100%) to afford 5r as colorless oil (18.3 mg, 53%). All the Cl o)

%0 Y. Okasaki, T. Asai, F. Ando, J. Koketsu, Chem. Lett., 2006, 35, 98.
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spectroscopic data matches with the previously reported data.®!
'H NMR (500 MHz, CDCls), inseparable mixture of rotamers: & 4.85 (br m, 0.1H), 4.75
(brm, 0.9H), 4.23-4.03 (m, 2H), 3.74-3.70 (m, 1H), 3.62-3.59 (m, 1H), 2.41-2.13 (m, 4H).

tert-Butyl (cyanomethyl)(3-phenyl-3-(4- F3;C
(trifluoromethyl)phenoxy)propyl)carbamate \©\
(5s). o

Prepared according to the general procedureh, then N> CN
the crude material was purified by flash column
chromatography (AcOEt / hexane = 5% to 100%) to
afford 5s as colorless oil (33.0 mg, 38%).

'H NMR (500 MHz, CDCl3), inseparable mixture of rotamers: § 7.43 (d, J = 8.6 Hz, 2H),
7.36-7.27 (m, 5H), 6.89 (d, J = 8.6 Hz, 2H), 5.20 (br d, J = 5.2 Hz, 1H), 4.23-4.10 (br m,
2H), 3.64-3.51 (br m, 2H), 2.28-2.13 (m, 2H), 1.32 (br s, 9H) ; 3C NMR (125 MHz,
CDCls), inseparable mixture of rotamers: 6 160.2, 154.8, 154.0, 140.3, 129.1, 128.3,
127.0, 125.7, 124.4 (q, J = 269.5 Hz), 123.2 (q, J = 32.6 Hz), 116.3, 115.8, 82.0, 78.0,
45.2,45.0,37.1, 36.4, 35.7, 28.2 ; *°F NMR (368 MHz, CDCl3): 8 -61.1 (s, 3F) ; IR (neat,
v/iem): 2974, 2932, 2239, 1703, 1614, 1517, 1455, 1405, 1368, 1327, 1249, 1162, 1111,
1068, 1043, 836, 759, 702; HRMS (ESI™): m/z calcd for C2zHasF3N2NaO4S*™ [M+Na']:
457.1709. Found: 457.1696.

Boc

Methyl N-(((benzyloxy)carbonyl)-L-phenylalanyl)-S-(cyanomethyl)-L-
homocysteinate (5t) and methyl (2S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-
phenylpropanamido)-4-cyano-4-(methylthio)butanoate (5t°).

Prepared according to the general procedureh, then the crude material was purified by
flash column chromatography (AcOEt / hexane
=5% to 30% to elute 5t and 30% to 50% to elute
5t) then GPC to afford 5t and 5t (5t: white solid,
34.1 mg, 36%; 5t: colorless oil, 44.1 mg, 47%).
5t: 'H NMR (500 MHz, CDCls): § 7.37-7.28 (m,
7H), 7.25-7.17 (m, 3H), 6.49 (d, J = 7.4 Hz, 1H),
5.28 (d, J = 6.9 Hz, 1H), 5.11 (d, J = 12.0 Hz,
1H),5.08 (d, J = 12.0 Hz, 1H), 4.69-4.65 (m, 1H),
4.45-4.41 (m, 1H), 3.73 (s, 3H), 3.31 (d, J = 17.2 Hz, 1H), 3.23 (d, J = 17.2 Hz, 1H), 3.14-

% S. K. Singh, N. Manne, M. Pal, Beilstein J. Org. Chem., 2008, 4, 20.
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3.05 (m, 2H), 2.68-2.61 (m, 2H), 2.18-2.12 (m, 1H), 2.00-1.93 (m, 1H) ; **C NMR (125
MHz, CDCl3): & 171.5, 171.0, 156.1, 136.2, 136.2, 129.4, 128.9, 128.7, 128.4, 128.2,
127.3,116.4, 67.3,56.4,52.9, 51.2,38.2,31.3, 28.2, 17.0.; IR (neat, v/cm™): 3314, 2953,
2926, 2251, 1735, 1713, 1655, 1541, 1438, 1260, 1027, 749, 698, 669; HRMS (ESI*):
m/z calcd for C24H27N3NaOsS™ [M+Na']: 492.1564. Found: 492.1547.

5t' (inseparable diastereomixtures, 1:1 ratio):*H
NMR (500 MHz, CDCly): § 7.38-7.28 (m, 7H),
7.25-7.16 (m, 3H), 6.66-6.61 (m, 1H), 5.29 (dd,
J=16.9,6.9 Hz, 1H), 5.09 (s, 1H), 5.08 (s, 1H),
4.76-4.64 (m, 1H), 4.45-4.43 (m, 1H), 3.74 (s,
1.5H), 3.73 (s, 1.5H), 3.48-3.42 (m, 1H), 3.14-
3.05 (m, 2H), 2.48-2.31 (m, 1H), 2.27-2.14 (m,
4H) ; ®C NMR (125 MHz, CDCl3): § 171.4, 171.2, 170.2, 156.2, 136.1, 136.1, 129.4,
129.0, 128.7, 128.6, 128.4, 128.3, 128.2, 127.4,118.3, 118.2, 67.4, 56.4, 53.1, 53.1, 50.4,
50.2, 38.1, 34.4, 34.2, 30.4, 30.1, 13.9, 13.8; IR (neat, v/em™): 3399, 2957, 2913, 2241,
1743, 1663, 1533, 1438, 1220, 1027, 778, 699; HRMS (ESI): m/z calcd for
C24H27N3NaOsS* [M+Na+]: 492.1564. Found: 492.1543.

S§3.4. Mechanistic Studies

General procedures

All mechanistic investigations were conducted at ambient temperature, 20 °C, under an
argon atmosphere. The nanosecond flash photolysis experiments were carried out using a
UNISOKU TSP-1000NL-01R nanosecond laser flash photolysis system. Sample
solutions were excited with the third harmonic of a LS-2134UTF Nd:YAG laser (7-8 ns
pulses, 10 Hz, 355 nm). The luminescence time profiles were recorded at 600 nm using
an UNISOKU MD200 spectrometer. The YAG lamp energy was 25 J. Square wave
voltammograms were measured on a BAS ALS Model 650DKMP electrochemical
analyzer in acetonitrile (sample = 0.5 mM; 0.1 M tetra-n-butylammonium perchlorate
(TBAP)). A glassy carbon disk, platinum wire, and Ag/Ag" electrode (Ag / 0.01 M
AgNO3) were used as the working, auxiliary, and reference electrodes, respectively. The
redox potentials of samples were calibrated against the redox potential of the
ferrocene/ferrocenium (Fc/Fc™) couple, where the Fe/Fc' couple was observed at 0.39 V
vs. SCE in acetonitrile. Initial fluorescence quenching measurement was performed using
a Promega GloMax® Explorer System GM3510 with a 96 well plate.
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Luminescence quenching experiments

Luminescence time profiles of 1 (50 uM) were recorded in the presence of various
concentrations of the deprotonated species of 2a (2a~, 0 — 5.00 mM) (Figure. S1a), and
the luminescence lifetimes (t) were determined. In the absence of 2a", the luminescence
lifetime of 1 (10) was determined as 82 ns. The excitation lifetimes were gradually
decreased as increasing the concentration of 2a". The result indicates that the excited state
of 1 is quenched by 2a~, and the quenching rate constant was estimated to be 1.2 x 10°
M s7! from the slope of the Stern-Volmer plot shown in Figure. S1b. The value of the
quenching rate constant is close to diffusion limit.

a) 1.60 b)
—1 2.00
— 1+2a (1.25mM)
£ 1.20- 1+ 2a (2.50 mM)
c 1+ 2a" (3.75 mM)
o
S — 1+ 2a- (5.00 mM) 1.50
4{.6 [
3 0.80- ~
5 [
o)
£ 1.00
0.40]
0.50 T T T T
0.00 00 10 20 30 40 50
T T T T _
0.0 0.1 0.2 0.3 0.4 [2a']/ mM
Time / ps

Figure. S1 (a) Luminescence time profiles of 1 (50 uM) with various concentrations of
2a” (0 — 5.00 mM) in acetonitrile. (b) A Stern-Volmer plot of 1. 2a” was generated by
adding excess amount of K>COs to a solution of 2a in acetonitrile.
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Electrochemical measurements

Square wave voltammograms of 2a were recorded with and without K>»COs (5 equiv). In
the absence of K»COs3, an oxidation peak of 2a was observed at 1.72 V vs. SCE (Figure
S2, black line). Upon addition of KoCOs (5 equiv), a new peak, which corresponds to the
oxidation of 2a", appeared at 1.50 V vs. SCE (Figure S2, red line).

- 2a
- 2a + Base

I10pA

T T
1.0 1.2 14 1.6 1.8
Potential [V vs SCE]

Figure. S2 Square wave voltammograms of 2a (0.5 mM) with and without K>.CO3 (5
equiv).

The driving forces of possible electron transfer reactions, (a) reaction between 1* and 2a
and (b) reaction between 1* and 2a~, were estimated using the obtained potentials (2a™ /
2a=+1.72 Vvs SCE and 2a' / 2a = +1.50 V vs. SCE) and the reported redox potential
of 1* (Ir'"™* / Ir'" = +1.68 V vs. SCE).! The driving forces for reactions (a) and (b) were
determined to be + 3.9 kJ/mol and —17.4 kJ/mol, respectively. The result clearly indicates
that the reaction (b) is thermodynamically favorable, whereas the reaction (a) is
unfavorable. Based on the aforementioned results, we concluded that the catalysis is
initiated by the photoinduced electron transfer reaction between 1* and 2a™ to generate
2a’ as described in the following scheme.

h SET
IM+2a- ——— 423~ ——p |+ 2a
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Experiment with alternating visible light irradiation and shading at regular time
intervals

The reaction was conducted with alternating visible light irradiation and shading at
regular time intervals (Figure. S3). The reaction proceeded only during the time of
irradiation, and the reaction did not proceed during the time of light shielding. This result
indicates that the reaction is not proceeding via a radical chain mechanism, as far as the
lifetime of the radical intermediate is not too long.
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Figure. S3 The result of the reaction with visible light irradiation and shading at regular
time intervals

105



S§3. 5. DFT calculations®

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) in the gas phase.

BDE = AfH() Radical + AfHo H- AfHO Molecule
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