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Abbreviations

[a] specific rotation
Ac acetyl
acac acetylacetonate

AIBN azobis(isobutyronitrile)

Am amyl = 3-methylbutyl

APCI atmospheric pressure chemical ionization
aq. aqueous

Ar argon or aromatic ring

atm standard atmosphere

a.u. arbitrary unit

BARF tetrakis[bis(3,5-trifluoromethyl) phenyl]borate
BINAP  2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
BIPHEP 2,2'-bis(diphenylphosphino)-1,1'-biphenyl

Bn benzyl

br broad

Bu butyl

c centi, amount concentration

°C degrees Celcius

ca. circa

calcd calculated

CAN ammonium hexanitratocerate(IV)
Ca linear alkyl moiety (n = number of carbon)
cod 1,5-cyclooctadiene

conc. concentration

COSY  correlation spectroscopy
CSA 10-camphorsulfonic acid
Cp cyclopentadienyl

CPP cycloparaphenylene

Cy cyclohexyl

d day(s) or doublet

0 chemical shift in parts per million
dimension

A heat

dba dibenzylideneacetone

DBP dibenzopentalenophane
DDQ 2,3-dichloro-5,6-dicyano- p-benzoquinone



DFT density functional theory

DIEA N, N-diisopropylethylamine

dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(diphenylphosphino)ethane
dppf 1,1’-bis(diphenylphosphino)ferrocene
dppp 1,3-bis(diphenylphosphino)propane
DTBM  3,5-di- tert-bytyl-4-methoxyphenyl
DMF N, N-dimethylformamide

DMSO  dimethyl sulfoxide

E any substituents, especially electron withdrawing group
e molar extinction coefficient
ECD electronic circular dichroism

EDG electron-donating group

ee enantiomeric excess
equiv equivalent

ESI electrospray ionization
Et ethyl

EWG electron-withdrawing group

Dr fluorescence quantum yield

g gram(s)

GPC gel permeation chromatography

h hour(s)

HMBC  heteronuclear multiple-bond correlation spectroscopy
HOMO highest occupied molecular orbital

HPLC  high performance liquid chromatography

HRMS  high resolution mass spectrometry

HSQC  heteronuclear single-quantum correlation spectroscopy
Hz hertz

1- 1s0

IEFPCM integral equation formalism variant polarizable continuum model

J coupling constant
k kilo

K kelvin

L liter(s) or ligand

LUMO lowest unoccupied molecular orbital
M metal or moles per liter
m meter(s), milli, or multiplet

m- meta



mCPBA

Mes
MHz
min
mol
Mp
MS

nbd
NBS
NMR
NOESY
NHPI

I.S.

rt

micro

m-chloroperoxybenzoic acid

methyl

mesityl = 2,4,6-trimethylphenyl
megahertz

minute(s)

mole(s)

melting point

mass spectrometry or molecular sieves
nano-

normal

2,5-norbornadiene
N-bromosuccinimide

nuclear magnetic resonance

nuclear Overhauser effect spectroscopy
N-hydroxyphthalimide

ortho-

oak ridge thermal-ellipsoid plot program
para

polycyclic aromatic hydrocarbons
perylene bisimide

pyridinium chlorochromate
pyridinium dichromate

polyethylene glycol

percent

phenyl

pinacol

photoluminescence

parts per million

pyridinium p-toluenesulfonate

propyl

quartet

quintet

any substituents, especially alkyl group
wavelength

regioselectivity

room temperature

singlet



s sec- = secondary

sept septet

S7 silyl group

t triplet

t tert- = tertiary
T temperature

TBAF  tetra- n-butylammonium fluoride
TBDPS  tert-butyldiphenylsilyl

TD-DFT time-dependent density functional theory

temp. temperature
Tf trifluoromethanesulfonyl
Ts p-toluenesulfonyl

THF tetrahydrofuran

THP 2-tetrahydropyranyl

TIPS triisopropylsilyl

TLC thin layer chromatography
T™S trimethylsilyl

tol tolyl = 4-methylphenyl

uv ultra violet

Vis visible

xyl xylyl = 3,5-dimethylphenyl

X leaving group or any substituents

Y any substituents
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1-1. #E
AHEARSOCETT 2 BT b RERIEMAL T 1L — 2 B 25 Bl 2 ALl B &
W9, ZOERBENRISONE, b5 B XONLERBIRIEOIRERRE L 70D Z & NE < — i
(CHDE B 31T D FOSTE MR OGS RS D8 & 70 5, £ 2T, HEEMIZ BT 51%
PR F—Z R T ESHEDLN, INE TS LS ERFENHR SN TE 7, KT T,
S OEAR RIS AR 2R+ 25 2 Lok b ElEBEROEE LT RV
F—ZETIELT T —FRRESNTND, LT O DBEIZHOW T, REiILIE TR~ 5,

1-2. AIREEBBAERERRISDOME
1-2-1. BRERREADBRIKREIZDONT

B3 ENGE 11 BRI T BB R LR ITARENL TSR D 2 L TR S
DR | —RICER GBS LS, BRSBTS D & b e B oA BN
DOMEIZL > T.O &EH.00ER (MC, metal-centered), @ BN 7% H.0 & 3 53EH (LC,
Ligand-centered), @ <)@ 00 HEMNL - ~DEMBE) (MLCT, metal to ligand charge transfer)
@ BN AR O~OEMBE) (LMCT, ligand to metal charge transfer) 72 & OFREE Thif
ERREZ T B, 2 b LA OERE & LT, BN RIEMBE (LLCT, ligand to ligand
charge transfer) > MLCT & LLCT 23E#A L7 (MMLLCT) REBE L TN 5D,

ERESEERIIER T CHIBEBERILEL O E0 D, A HUEMHAEIERIC
—HIENEIREE (S1) 2 HECONTHBIA ZAENEIT L, ZHEREREE (T) %ﬂ%ﬁm‘é
FEECIREE (So) & —HEIERBIEDIRAE (T)) Tdh 5 MLCT IREER L O SMC REED = R /L — Eﬁa
MOBELRYEIZLL T @ Figure 1.2.1 O X 51272 5B, =B FHE IR AE D = R L F — AL
SMLCT JRHE > *MC REEDOH G, L E 72 —HEFNEIRIEIX MC KRB L 700 | SR HOIT
7 UHNIME 2R3 (Figure 1.2.1a), ZAUZ d #uBM O 1L X —HEG 2 B F550
) OIS -BBERILEERT OSBRI AONAERH D, ED—FH T, difl
BRI O RV —HEN AP RE L, FhEREO =R X —) llé{jz’)‘i SMLCT JRfE < 3MC kg
E R DEAE, BRETE 7 Z EERNEDIRAEA SMLCT IRREE 72D, Z @ SMLCT KiEIX, &F
UL DENL - ~EWBE L2 IRETH 0 | Sl ERRE & i L CE A2

(272 % (Figure 1.2.1b), Z @D KL 5 RIEBERISAORIEIREIZ, F.O&BCES, IFHT S
BB T Z L IR B 720, EREBRIEROMIELIREDE T HER L O FEm & filEd <
EEMRALZE, LT 7 —FI L 0 S I ERFEIMTOR TN D,
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(@) 3MLCT>3MC (b) 3MLCT < 3MC

SMLCT 3MLCT
C / \ / 3MC
Sy
N )\ < e \_ )\

"/ |/

EEIREE (So) EIERIREE (Sp)

Figure 1.2.1. Potential energy surfaces of photoexcited state.

ZOXHIZ, BRSRBEIOCRI TS L, @HEOFKS T TR TE RVEHEMm
’Dm{%ﬁiﬁbﬁbtb{ Ea @RI ESELZENTED, & @%@(ﬁ)ﬁ%ﬁi@ﬁbtﬁﬁﬁ
ZPOSTEMERLE L CTHW S RIS < BFFE SN TE T,

1-2-2. ERERBREAZAVSAIHRARSEERERRE

BB 2 W 2 A ROESORIE, RO T 2L —I2 1 5 JUSHREE TILES
TERWET R0 FEBRP R E HIfF S, 2R E TSI EIERFENITOILTE 72, FFIC
350 nm &V EHEEOEINEE RO EISITE < B BNL 0, " RAX— ORI
ZRRHT D Z SITERETFMEEOBANDIE LI RV, 2T L DV E L F
— DAL (400 nm~800 nm) % 5 RUGERFH 3G H SL, TERD IR & Helgg L CThiRdb
THRAMRICRIF TSI LI ERGFEBNEB I N TN D, 2O L) RfRED T, 405
o C R CERENVR SUS DBRFE A3 Tt T b,

BRI 2 W 2 YRS TR, —RIC (a) —&E B8 (single electron transfer :
SET), (b) =F/L¥ —F#)) (energy transfer : EnT), F£721% (c¢) JR F-FHE) (atom transfer : AT)
DWT N DRI TRICHEITT 2 Z &R F B D (Figure 1.2.2)1H,



S

(a) Single electron transfer (SET) .

hv *
T™" > TM"
®, . .@°

(b) Energy transfer (EnT)

hv ¢ .

™" — TM" >  TM" + ‘

(c) Atom transfer (AT)

/\\ ~
hv « @@ . ® =hydrogen: HAT
no— n —— T™M—@ + @
UL UL @ = halogen: XAT

Figure 1.2.2. Photoreaction pathway through excited state of transition metal catalyst.

ERERSEAE O HRIGIE, B EZOWT O TES 2R T 5 2
ETCHATT D, T72b b, KISICHWDHES T OB %, BEBSRIERORE M
FOBIERRE D = 3 L F —YENL SO OR BRGS0 L CEERGEL 25,

WIZ, (@ —EFBHE (SET). OGb)=RAFXF—FH) (EnT)., 720X ()R TFBEH) (AT) (2
WC, REARRISH B SN T DN E F L DD,

(a) —HEFBEIZE LT DS
KB D BB SR ILEN O MR O R WVERRELZ G T A F~—ETBEIT 5%
Wl BRIGHED T ¥ N A% KRR T CRIZNERAICAR S 5 KGR DN AlHE Th 5
(Figure 1.2.3)5),
T™(n)*  TM(n=1)*
R—® ¥> R®  + o° @ = Br, |, OTf, etc

Figure 1.2.3. Reaction mechanism of single electron transfer-mediated photoreaction

ZHIE T, Co, Cu, Fe, Pd, Ni, Ir 25 Dfk & 72 BB 4 J@ ikl 2 N 7= — 3B B8 o Y RO
DES S WE SN TE T, TOHT, RN S S s STV 5 Cu fillft & Pd fil
2 RN T2 BOG I 2251 5

2012 4E(C Peters & Fu H1E.  (ArsP)Cu- /L3 — )UK £ 7213 Cul $5AIC L B a7
AT V= E NN =D CN By T TR E#RE L7 (Scheme 1.2.1) 19
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| O Cu catalyst O L ArgP
e O e
rt, MeCN, 10 h b AP’
O hv (100W Hg lump) O ;

Scheme 1.2.1. Cu-catalyzed C-N cross-coupling via SET.

L

FEAM 72 SO SARIEREAT 20 S | BHEDIREED Cu()* B Na AT Y — L ~—E BT 5
ZET, m T AT ) = VOB EEIAMEE SN TWDS Z E A LN LTS, Cu-
TNV — VR DOBRALR TCEN DI 2.6 V TH D Z EDEND B, 2O Cu ki e
FALT V=N EFFEILARETH D Z ENREIN TS, S5, EPR HITEN D Cu(ll)
AZO T UHVICHRT D5 7 FARBH STV D, 2RISR FIZHENT, Cul) 22
ODRE~—BEFBEHL TAELD Cull) FATEEE L THFEET D Z 2R L TnD, T
b, ARSI R T CERT S Cu()* o a LT UV —A~ETBET S 2
T, BRI Z RS 5 JOGEEHTh B,

2016 12 Gevorgyan & 1d, Pd &K% W TRINIBE T 54T, vV vm—T L~D
— &%) (SET) BLOKFRFBE (HAT) 2L 452 VL)) —Lo—T LDER)
RIIA RO &2 #5 L7z (Scheme 1.2.2)7,

! Pd(OAC), (10 mol%) " 5 <
SiEt, Lingad (20 mol%) . SiEt, i
o . [e) :
DO LS G S
f Lo tend
28 examples
up to 97%

Scheme 1.2.2. Pd catalyzed silylenolether synthesis via 1,5-HAT reaction.

RIS TIE BRI 72 ROSHERAT M T TR 0 | 7 2 0 VR IC X 2B kAN X
OIKFEFR BB X D S ER TR STV D, 2,2,6,6-7 E T AFLENY V0 -
A% L (TEMPO) ZH\\ % T ¥ VAR EBR TIEBUGS B EITE T RS DR LRI 0
IXPd 7V ANERRT HECHEITT 2 2 EDRBINTND, S OIZRIN IR
KO radical clock EERNG ., ARJGSEFED C-H fEAIETEALRISIX Pd T 2 Wiz LB K
FERFBHUTHDL Lo TWD, T D DOUSHHERNT2 D PA0) 23 17 Ak
TV =W —EFRBENTHZLICL 0T V=T P HI-PdT) T VKN E T DT
HETTHEBEZHNATND,
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Et Et R3

HN\
! R4
Sl\o_‘/z’
R1
LPd(0) ——— | Bt Et s
B-H LPd(0)* \Si/ ‘(R“
elimination ~o
H \ Et R3 H -

Et
/ .
i s|\o7€4R /
SET
Pd(ll) R! /
\ HE B R Pd() EY Ft g
recombination \Si/ R4 S R4
N N
(0 e ©/ o
1,5-HAT H R?

Pd(l) R!

Figure 1.2.4. Proposed reaction mechanism.

ZOXHIT, BREBEDLNEINLTEL S, MC BIEIREEDOEZ P2 TER L
727 VIV L DN UGER RIS < E SN TV D, — 5T, i IRIEDER 4 8 i
KNS AHEEDF~T XX =B85 2 & T, MEEZEE T AR b ME S TW5,

(b) =R BB A LT B I
= EEHRREO BB &R SO I F—BIAELE T 5RKSE LT, O
(242] BHLRIE @ WA 0 RIELRIE © #AMEL AT 5 KI5 51 5 (Figure

1.2.5)81
[2+2] cyclization ./Q/.
] . e ;
NS —_ ]
o Y e — = ¢ e

isomerization ./i.
e

N3 N E
e TN Tl 0 —— 0 . @
N E

Bond disociation

Figure 1.2.5. Reaction mechanism of energy transfer-mediated photoreactions.

FHCARS S 28 T 2LFRICK L Cmr VX —BE# T 5 2 L TET U NVEE K
L. SHERINEVERE S L THW D RUGKRFIDBEZ < HfE SN TWD, —FH., 7 bEWw
DRV EATHEAWICK L TR AX—BE L. SUGSMEDT A b Lo ke
7V —=F U hNnEgEREIRE LTHWD RIS b ZEME SN TV D, EFIOZ 0 [2+2]
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BRALSUG & A b L RRIRO AR E 8 & D RIS W TR T D,
T LR —RBE A WD SEERA A GO & LT, 2012 4EIZ Yoon HlE. Ir $5AZ AW S
[24+2] BRALEOG 2 #45 L7z (Scheme 1.2.3) ),

R3 e
R3 R4 Ir(dF (CF3)ppy)z(dtbpy)* NS 5
(1 mol%) 1 5 !
| \I > R Re |
R X R2 DMSO, 25 °C
23 W CFL
15examples ' Ir
up to 99% : Z N/ \N’
' @ e ‘
. I
R' X R?
. Ir(dF(CFs)ppy o(dtbpy)”

Scheme 1.2.3. Energy transfer mediated [2+2] cycloaddition.

R OFE R, EE XV ZHIET RLX—0O/NE 72 Rulbpy)s? TIERISHEFT L2
ZEMH ARISFE RN X —BE ORISR CEITT 5 B2 0N TWD, FARIST
TETEERBIOETARRERAT LV AACBW TR RINETCRIGCHEITT 55— T, 7L
TR L TWRNWT AT TIERISPEIT LW Z LA REShTWD

A D% 2014 12, [Ru(dtbpy)s]*" & JEHiiEAl & L CHW= 0 FINBRLRG & 3 L
TU% (Scheme 1.2.4) %)

\ CO,Me Ru(dtbpy)s(PFg), (1 mol%) ﬂ\
MGW 2 — Mo P~coue
N, CHCl3, 25 °C N
blue LEDs

N2

Scheme 1.2.4. Nitrene intermediate mediated cyclization via energy transfer.

KRG TIE Ru SEROIEREN S E =L T ¥ R XX —BEIT5 2 L TEHEN
AT, EFNERIFHCERT 274 LU EZSEE LT FRBRIERISDEIT T2 &5
ZHIVTNWD, HHEAIDO A 7 ) —= 0 THERN G | ZEHHT 3L F — & UGS OYERITHH B
NRONTEY, ARINMIEHEEHIN L EE~D RV X —BE 28 s L CHETLTWD
EEBEZHNTND,

ZD X OIT, BRAEREANRIMNOEWT )L YN O = EHIE R IREED 5 T
w%~@@¢é;kf\%%ﬁ&7vﬁwg%éﬁfétﬁmaﬁ@ﬁ§<ﬁ%éﬂfw
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Do UL EDNRISIE, B ETLARE SN TEL DREIRENOETFB IO R LF—
BEL, ASF2imEbd o 2 L TRISEREL TS, £O—5 T, EiREO ez
D3, A BIETSE O ROSICEEE G 2 RIS b M b TV 5,

(c) JRFRBEI L 2 8 & 3 2 Kt
BEREABSEAN L L, MC BhIRRED X 5 2R IRIEZ Ak L= A, &R .0
IO HNMMEERD, ZOAZaTUHANEED C-H fEiA CX #EA (X = halide)
EYERASEDL LT RKBELEFINR T U EFEHLS ZENTE, ZRUHEVWEL DT
NFXIIT V=T DN ERSIESREE LT, ROBEREEKISENEITT 5 (Figure
1.2.6) 101,
mw — R + TM—@ ®=H,Cl,Br

Figure 1.2.6. Reaction mechanism of HAT mediated photoreaction.

2004 F£Z Tung HIE, 7B U D UBNL T EA T D HEeAD) $5RE W, AL
Z & T, Hantzsch = AT /)LVOKFIRFBE) (HAT) SSIZ L D Bk FE G & #w5 Lz

(Scheme 1.2.5) 11,
H H

EtOZCfICOZEt 0.001 mol% Pt(Il) complex ~ EtO,C_J\,_~CO2Et

I I > I + Hy
MeCN, rt, 12 h X

Me E Me hv (> 450 nm) Me N Me

Pt(Il) complex
(Rq = 4-OMeCgH,)

______________________________________________

Scheme 1.2.5. Pt-catalyzed dehydrogenation of Hantzsch esters via MLCT state.

Pt(Il) $&5IRICISIT 240 L RESED S, 400 nm 2> 5 520 nm (2 dn (Pt) — =* (Ligand) (2%}
g 2 BABE) (MLCT) B SBLI STV D, AREORIE Pt LB 2 DORKTE T %
BTHET7 U NFEEMBTESREE L CEITT2LZ 206N TERY, EFIEREONIER
RS PtHLA ANLTIER S ILOKFEEGI SRS ZETEI VAT VL2 EL DK
JEHERE CIEITT 5 EE STV D (Figure 1.2.7),
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Figure 1.2.7. Proposed reaction mechanism.

ZO LS, BBAEREERE RO DIGIE, BRISEEERE T H 5B AR SR O il
FLRRE A %sdweéﬁ CAERTE D, ZOREIREOBLIETEN o IX S HEAT R LX I
KIF LT, () ETBE (b) =X LX—BEHE1T (o) BTFBERKEOWTINOREE TH
B FNEHAL SN D, BRHCATHE= R X —Z2FH L, 0 FDRIRIREE 2 Ak T & 5 il
BRI D TR 72 SO Stk TR D4y A B 2 EBLCE 5720 F AR EV, £ 2T,
SR % K0 MR IRy F A~ - <L D 2 @ RERAIC RN L | KA 7 = E
FLIRRE 2 TR C & 2 A 3 B3 STz,
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1-2-3. ZnfitiE RE AV SRR ARE R AR E BRRIG

AN BOS RN IB N T RO E 2 M ZRa R L, KFFm e —HEREIRE A E
AT E DAl & U TS S To, DGR O RhE IR RRIX, —RFRYIZ SR ) 2 (bl & 72 1308 oo
FlE U THIET 2720, YEOB{LAIL LONEICAIZ LE L LARWETRERICEN D K&
ZAHOCRST 5 2 L THRETE 5, T/hbb, WMEAIZ BB RAE L 0T 52 & T,
8O ERS S RS RO IR 2RI 7o e i FAM A FBLTE 5, JEHEH & L
THRLBEZHNLNL DL LT, LT=U A Ru) A VUL (In) $EENM LT
% (Figure 1.2.8) 2],

A D

/ _— *Ru(bpy)s2* \\

A*© Ep"M=-081V Eq = +0.77 V p*®
2+
N
|\ N I\
| e
\"4

Reductive Energy Oxidative
Ru(bpy);®* quenching h

“RU transfer quenching o, 5.+
2N\l | N cycle cycle (bpy)s
U N N l

| EA*

P N\ /
—_— 4\

A
D E1l2III/II =+1.29V E112|l" =-1.33V
\ Ru(bpy)s** A//
XS]
b-® A

Figure 1.2.8.

ZDOMOFHIEA & LTI EM R b OZLITICE L ® 5 (Figure 1.2.9) 13,

10
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Metal photoredox catalyst

_I +
Ir(ppy)(dtopy)* Ir(ppy)s I( dF (CF3) ppy) (dtbpy)*
EqoV/ M = _0.96 EqWM=-173V EqnVM = _0.89
Eqp M = +0.96 Eqp M= +0.31V Eqp M = +1.21
Et = 49.2 kcal/mol Er = 57.8 kcal/mol Er = 60.8 kcal/mol
Amax= 375 nm Amax= 389 nm

Organo photoredox catalyst
Me

® e 0
COOH

Cr$
2z B v
HO o o e Gp@’%isb

Me
Br Br
EosinY Mes-Acr-Me-BF,4 4CzIPN
E1/2EY *EY = ~1.61 E1/2Acr Acr :'_0_57 E1/24CZIPN PiczIPN — ~1.04
E1/2‘EY/EY =+1.18 E1/2*Acr/Acr =’+2.08 E1/2*4CZIPN/4CZIPN =';1 35
Amax= 539 nm Amax= 425 nm Amax= 435 nm

Figure 1.2.9. Summary of redox potential and triplet energy of photosensitizers.

Z D XD IR & B A R S IR AL 2 F N B T onAlIE R 1T XV BRED X A SRR IR
2006 FICHEELIC Lo THID THRE SNz, RILT V= EREGT VF % FIV 5 B
v 7Y TR P S [Rubpy)a]*" & FV Y, AIHEEHRET - 2 ROGRRRHT L 0 Sl %
WEE L PEIBTETT S 2 LTS (Scheme 1.2.6) [,

Pd(CH3CN),Cl, (4 mol%)

P(/Bu); (4 mol%)
Br Ru(bpy)s2* (8 mol%)
~ I\ —
Visible light =
H—==—R'  DMF(4 ml), Et;N (1 ml)

26W CFL, rt 9 examples
up to 99%

(1.2 equiv)

Scheme 1.2.6. Cupper-free sonogashira cross-coupling reaction with dual catalytic system.

AP SRIIIER O BERA » 7Y > 7 RIS OPER TR Z R 4-7 nn 7 x
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K7z o~biHTE, KARISSEHEICB W TERINERRN S v 7Y o THESRYNE S
D ENON-TNWD, T b, iEIREDEREREAN T RZALT U —u2y Pd Hb~ER{LRY
N 5B AR E L TWAH EEZ LN TWD,

RO L HITONE, EIZ (a) —EFBE) (SET). (b)) =x/LF—BH) (EnT). £7=
1T (c) JRF-#E(atom transfer: AT) OWT IO CHEITT 5, JeHEA A2 H VD RS
IZBWTHFERETH Y . ZRENIT DN TREI RS2 1B~ 2

(a) —FEFBHE) (SET) LT DRGSR EFHIDOWT

— T RBENC NI U 72 Se BRI Ze iSOG ER T & LT 2014 A2Z MacMillan &%, Ni il
ENBEREANE R ND T X JEE 0 AT Y — W K B BUREERL C-C G TR IG &
% L7 (Scheme 1.2.7) 1), C-CHREBGEZKT D7 n A v 7V I ISIE, < MBS
NWTWD, AR U FREY, AHIEN. A A X< Grignard HESE O KEZH 2 N 2 fil
RS NEE A ETH D, —F5. Macmillan 513, BB LR AREE & EHIER 2 W5 Z
ETEBBICHEET A RCOHRXRHNOAELDRET VN EREMETHCC Iy
U RGN EBLL TWD,

Ir(dF(CF3)ppy)a(bpy) (PFe) (1 mol%)

O\ X NiClysglyme (10 mol%)
N~ ~COH + N @
) dtbpy (10 mol%), Cs,CO3 Boc

Y

Boc DMF, visible light, 23 °C

27 examples
e bbbttt ettt idateel up to 93%

. +

o cr T

S Bu '

N7 :

5 | N~ :

_N F ol ;

I '

N S :

Bu !

F F I

Ni(ll)-dtbpy Ir(dF(CF3)ppy)2(bpy) (PFe)

Scheme 1.2.7. Decarboxylative C—C cross-coupling reaction with dual catalytic system.

ARBOGE, BHEIREED Tr(I)* FEA a-7 2 /% B BT 25 2 & TRURBENET L.
ZIUHENEL D 0T X TV I NFREIRERE & Lfﬁﬂﬁ“éﬁiﬁﬁ‘;)ﬁﬁ&ﬁﬁf‘%éo zZ
THEUZa-7 2/ TV AVEER, LNi(An)(X) F (2600 LT Ni(ll) F.0z2k L, Eon
s 2 2 & THRMR G LN D, AROSKFTTIEL, a7 X/ BRICINA, Hffie A TF LT
=V % a7 X TV INRELTHWS C-C Z7aAX By 7Y VRIS b Al hg
HDHZENRIFLTND (Figure 1.2.10),
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S

Q\COZH ® —002 C

Boc \ SE
*Ir(llN) \ Boc
Photoredoc  Ir(ll) 5, @
catalytic
OC
visible light cycle / ’N' “Ni—X
Ir(lll) —— seT : 'N
/ Bu Ni(l)
tB tBU
NS Nickel X[
r N'l"'Ni catalytic 7N ,L,\“‘
= N/ cycle = .N/ Ar
1 ~

~
Bu )
X Bu I

= |N
~
Bu N
Boc

Ni+

Bu
~
— N,,". ““X

{ 7

Figure 1.2.10. Proposed reaction mechanism.

AT, B RAE & R 2 0P 35 iR O R A R T b0 L0 |
AR )0 e R X B AT BREN R RS IS S S v, FEx oosm Ak
TU—=nEHND C-H 7 U=t | TAF RN ED C-C fEEERRIGIZINZ, C-
X (X=N, 0, S, P) FEDRKF-~T v LB AL ~bEH I T\ D,

(b) =X —F&E) (EnT) 28T D itHI OV T
TRV F =B BN S U 72 SE B 72 BOGERFH & LT, 2015 RIS/ MR B I, dafiiit & oy
A& V% Ullmann %! C-N I~ 7'V > FRUGZ#H4E L7z (Scheme 1.2.8) [16])

cul (10 mol%) RN
> N
LiO'Bu (1.5 equiv), DMSO
blue LEDs, rt, 18 h 18 examples
(1.5 equiv) up to 93%

Scheme 1.2.8. Cu-catalyzed C—N coupling reaction via energy transfer.

AREOSTIIOEIEAI & LT I(ppy)s ZHWD56 04, BIEFRINETH v 7Y 7K
WE 52 % H D0, Ir(dF(CF3)ppy)a(dtbpy)” X° Ru(dtbbpy)s(PFe), TIFUNEN KX <K TT 5,
F72. Ir(ppy)s & i LTI D E VY Ru(bpz)s(PFe), & H WA TS HEST L7220
ZEBHENDHINTWD, T7b5 | FHEREIZIS T 2 A DRl /) & BOSIERIZFHE
DAL T, RRINET RV =B 820 L2 JOGHRE CHEITT 2 LEShTWD, /-,
JIEDIRRETH D Ir(ppy)s 133 V(LT U — M Ko TSN T, SEEEANEIT V—n T
TNV DARLEBFE R L TN I & B iEND DIV TS, BLE X0 ARSI, hdikre
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S

SHEEHIDS Cu(l)-H LR — LRI =L X — B84 % 2 & T HEARRED Cu(l)*
EIAL L, ZAVEROSIEVERE & U CRRLIITINAS 7 & B VB CHEIT 35 L fRE S LT
% (Figure 1.2.11),

® O 'r("{/_vis\ible Iiiht

ﬂ LiO'Bu Li
CuN — *Ir(Ill)

U

5) O Q) O

Figure 1.2.11. Proposed reaction mechanism.

2016 4EIZ Molander & 1%, JEHEA S Ni(ll) $EAR~DO TR LX—BEh 28 L 925 C-
H 67 UV — A bRIS & #E LT b (Scheme 1.2.9) 17,

Ir(dF(CF3)ppy)2(bpy) (PFe) (2 mol%)
Ni(NO3),*6H,0 (5 mol%)

o X dtbpy (10 mol%) Y
e ac
DMBP (25 mol%)

Y

K2HPO4 (2 equiv) 21 examples
X =0, NBoc, S 26W CFL, rt up to 89%
PFs
e cFs |

E ., | N~ o) E
! F | :
' I N
heghie ’
' I '
; N S MeO OMe
; F

: CF3

Ir(dF(CF3)ppy)2(bpy) (PFs) DMBP (HAT catalyst)

Scheme 1.2.9. C—H arylation via oxidative coupling reaction with dual catalytic system.
ABROS T, Fx OBRIRI LOFEBRIR T L VEOREFR, £35R B L UOWE D o i2 C-H %

BEBEIRHNZT V=L TE AN, Y7 uanth ook ir~Talfitazs b=\ vl
HEATE T E R, E RS HEREfRT & L C Ni(An)(Br) $5KE WD C-C FEBTERL
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FORDH EERZRF L T\ D, ZOREER, FOSINERITCHEA O biEeEA Tlde <,
SHEIET X —ENICRE RFT D2 L EZHLMT LTS (Figure 1.2.12), fcili s
IZTHWE AR (B, = +1.21 V) K0 E{ETIDE [Ru(bpz)s][PFs] (Bin ™M = +1.45
V) R, [9-MesAcr][ClO4] (Eip " AAT =42 06V) & FHWTZI5A CIERIGAEIT LR Z & VR
SNTND, EFEONHEAI ORI R lE. TAVZEIL Amax =470 nm (Ir(dF(CF3)ppy)2(dtbpy)*).
591 nm ([Ru(bpz)s][PFs]). 590 nm ([9-MesAcr][ClO4]) TH D Z LN B, —HET RLY
—HENT L Ir(dF(CF3)ppy)(dtbpy)” b EW 2 ERNHIBHILD,

Bu

| /N,,,,.N_ anX THF o

[N >

= IN/ 26W CFL @

N
Bu

+
_I N _I * Me

Bu : D

! |
I ' N®
Bu NQ)\EN\ %,N Me/ CIO4@
F F P

N
. _ « _ E A = +2.06
E1/2 i = +1.21 E1/2 i = +1.45 1/2 _
Em A = 470 nm Em A = 591 nm Em A = 590 nm
PD formed n.r. n.r.

Figure 1.2.12. Stoichiometric investigation for C—C coupling reaction.

BOSHEREMRAT 27D Ni(ID)-7" U —/v (Ar) S50, JCHEEHI D O =L —BEHIZ LY
—HIENEIREE TH 5 Ni(IDBr)AN*Z LT D L BZ 2 6TV D, 2D Ni(l)(Br)(Ar)* i
® Ni-Br fiAMNHERZ L TAET D Br 7 VW0, C-H A EiHMAL T 5 ROSRE AR
ESN T2 (Figure 1.2.13),

X
cp
|/N,,"
~Ni
Z~NT \
\I
Bu Bu

tBU B X =
! /N,,l' o /NI""Ni""‘\X
NI 7'\
Nl Nar : N Ar
S . It
Bu . ] s P
Bu Z> Ir(Ill)
HB | N X /EnT
r = T,
'Nl"\ ( \)
= N/ 'Ar visible light
S iy o
H Bu
X triplet state

Figure 1.2.13. Proposed reaction mechanism.
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DX 5, EBeRIERALE L OEEERA 2 P 0 2 LT EBERIER ORI RRE
%%@@%;ﬁﬁﬁé%ﬁimﬁﬁﬁﬂ%&ﬁbxmﬁﬁﬁm%# (ZTEZL OFEEES Ky

FRMMNFEF SN TSIz, T OMBERISEREHTIE, 2 5L AT 5 2 MEHOMIEZ
VELTHE, BIOENOLDOM TEFELIIT RN — 2R T HEBENT D720, 4

FEMNRPE T 2 mBRETH -7, — T, B OB &R /D2 e L,
fot < fili & BRSO B RESM L Oy T b R T & 2 BESUSEEH T, 2R B E & mun
oy F AR T & B,

Z 2T, AW T E 2N 736 L OEB e RIEADPEE SN, B8R
BERARIEC K DESURHE ST O TV D, 2 S DOMUGERE TIRER BRI, /-
TR L LTAL 2 BB R IEEEA RN EE DL 2 L, i REZ KT
E DTN 2 B & Lauy,

1-2-4. B—EBERMELXAVSAIRARSEEHE R

2019 A2 Baslé 5 1%, NHC BN 129 5 Rh(l) il X 25 n[EDOEERENR C(sp?)/C(sp’)—
H #5EHR U FEZ2 M LTV (Scheme 1.2.10), AFJSTIZE Y Lo N
FOSTEPEIC R & IRTE L, A FAEEZZEA LGB ICEIE CRISHETT 5, — 5T, R
=H X° CF; TIERISDIENRESEKTT L2 &80T d,

R | X R | X
-.N Rh catalyst N
+ Bopin, > .
H THF, 25 °C Bpin
@ blue LEDs, 16 h @
2 equi
(2 equiv) 18 examples
upto>98% T TTTTTTTTTTTTTT T

— MLCT state - :__________________________J:
Scheme 1.2.10. Visible light-induced C(sp?)-H borylation with NHC carboxylate-Rh catalyst via
MLCT state.

FHEOIF, ARSOFEERE L E SIS C-H FEATEHELRISIZ OV T Y &S DR
#5175 T % (Scheme 1.2.11), ZDfESR., HELHK T HRICEMHTDOAH C-H fEATENE
B3 ST L, Rh-H 851K % 5.2 5 Z E R o> T D, AL, NHC-Rh—E Y o U Ffr gk
KDFH B2 WL, m1¢uw%ﬁﬁmuﬁ%ﬁﬁé & T MLCT REEAART 2 Z &
THETT2LEB26NTND, Thbb, hEREBIZBWTEFAZ% Rh FLATERK S
. ﬁ%&ﬁT%écn{%Aéémﬁﬁﬁ%Lénéﬁww%ﬁﬁwénfwé
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MeN/—\N By Me N y M?\l/_\N iBu
Me—Cﬁ e—<ﬁ
Me 1 LN blue LEDs, 25 °C 'V'eT \S

I \\\O

0 Me =~
| o) + > N NI,, 1l
Y—Rh" H THF-dg, 16 h ‘Rh
\o
& L O
v H

Scheme 1.2.11. Proposed catalytic active species.

2019 42 Rovis HIE, Co iz WD 1,6-4 > &K 7 L% v & o At BRE) Y
[2+2+2] B & A LCuv% (Scheme 1.2.12) 201
CoBry(PCys3), (5 mol%)
R — DIPEA (0.3 equiv)
+ Ph——H
R :: DCE (0.1M), 35 °C R ™
. . blue LEDs, 3h R
R = CO,Me, CO,Et, COPh (2 equiv) 13 examples
up to 94%

‘ [ P ¥
.
x_ 1 :co
L=
X LMCT state

Scheme 1.2.12. Photoinduced [2+2+2] cycloaddition with Co catalyst.

Py

|

FEFOIX, Co il & KiGT NF N HAERKT D Co-T /L = /LSRN AIFEE A RN L |
KRB A TERL T 5 Z L 2 HEIC L VI GMNZ LTS, T7hbb, HFEILHE T TF
U7 U — D Co HULMZEMBE L, LMCT (Ligand to metal charge transfer) {RHE % 2Rk
THEBZLN TS, KIEVERIZBWTETFEER Co FONBRIIN, 1,6-V 1 D
{EAIBRALBOS DM S 4L 5 SOSHEIE SR S LT D,

[FIFIC He &1, JEHEES (BODIPY) &4 957 =7 bu ) VRNCF-247 % Pd fil
WA PR L. DBV, 2 A% » 7 ) o J RIS EWE LTS (Scheme 1.2.13) P,
ABIE T, 0.5 mol% DRERMECIREN S UALT U =L 7 = =AT £ F LA L
TR RISAENTT 5 2 & 2B BHIC LT 5.
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| Pd catalyst
E—= - G - =@
DMF, 25 °C, EtsN, PhsP
blue LEDs 18 examples
1.2 equiv up to 92%

A

£ _
nergy N~Pd Energy

~... E Cl s \Cl i
4 S Pd catalyst _______...... ;

Scheme 1.2.13. Photoinduced sonogashira cross-coupling reaction with Pd catalyst.

ZO Pd $EEDTA 7V v 7R A N —JIEDS, KEREH T &R T TR LRI
BALIZHE R BT A LN TR, T7205, K Pd SERITERIT 5 &RV T,
JEER2N D PA(ID) HLMZEMABE LW 2 EARIB S 7o, sEM7e SRS MRAT X1 T T
WRWDS . ARRIGIE C—C A O e LEE DB R 2 3 CTEINL 1 D YEHEGE 2> 5 Pd HDs
NTFRVX—BET 52 LT, C-C Wy 7V ITRIEHETT 5 EEESN TN D,
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S

2020 21T Chang HlE, Mes-Acr” EZ R E L TEALY 7 m_r 2 Vo =)Ll
NAZBFE LTm, SHIC, KB E2A 5 Rh(I) il z A5 2 U ot
BREN! C-H #5587 U — B LT A ALRIGE#HAE LT % (Scheme 1.2.14) 22,

condition (A)

A Rh catalyst (5 mol%)
‘ P 'BUOK (10 mol%)
O N Cu(OTf»(CeHg)z (10 Mol%)
H (BuO), (2.0 equiv)
blue LEDs

+

condition (B)
Rh catalyst (5 mol%)
R~ 0 BUOK (10 mol%)
Cu(OAc); (10 mol%)

w-0O

R = p-tolyl (condition A): 52%

=D- Me condition B): 81%
R = p-tolyl ('BuO), (2.0 equiv) ( )-81%
Me blue LEDs

(2 equiv) ittt et '

: . :

— S . : N

e ; Ql = &) :

' = : Al JZ :

SRS N N i AN :

, &y : 07 cr, :

rhlV :

N~ : :

O ’ . Rh catalyst

MLCT state e e e e e H

Scheme 1.2.14. Photoinduced C—H arylation with Cp-Rh catalyst.

ARG TIX, 0 EHIESE O FEER TR L OHERR RIS X 2 36/ 72 SOSHSRERRAT 23 T
TS, HHERARLY 4290m 127 27 U P UMD nn* BREIZKHET DRI RS
. BT FIZH1 5 EPR JIENLHKT U HNVB I OEET U VIR T 5> 7 Ui
BISHTWD, BEREHRIZ K D ROSHHEMEAT DR A, HERREIZI VT HOMO B LT
LUMO [ZZ L £4 Rh Fl 727 VP DFLHEDOREBRPUETH D Z L BREIN TV D,
F 7o, ZHEARHEIREE Tl HSOMO XY LSOMO 27 7 U ¥> & Rh FLbOFHOKE
REYUETH D Z ENTRRENT WD, PLEDFERE L OB ERIC L 5 RUSHEE T O fk
F. Rh(I)-Ar $EARNFEIEZRINT 2 Z & TR I Siv, B 0o ik g
EIEKT D, D%, HEIRZIZE D Rh F0h b B IC B AE) L7z MLCT JREE L
720 BT R RhIV) FLAER SN S0, C-C fEAOBETHIBEEMEE Sh b &
BEZHILTWD,

UEoXHic, B—EBBe RS Z F 2 rIEDEBREN BRI RS IE, TR~ 2l S
UILH TS, —F T, Baslé HX° Rovis H2NRE U7 SR TIE, RTINS 5
BICRE SRS D720, BEBPENZ Ly, £72. Chang 523 L 7GR Tk
TR FEE IR L RN DD, B ~EF AR RN A EA L2 &IC kK&
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JERRBIZI W TS Rh 22 BIGHRE~ErBICEM B #2729 MLCT M2 #O, &
DITEFARARERFRE L 2D, Lznd> T, BB SRR 2 2 T HORER
B SOSIZ WD TR B IR AFE T, BEIRER KO RBIC B T 2B FHE L
TR AA v F 7 TE HMPESRITHE S TW o T,
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1-3. IEHBHEEMEEEROBE
1-3-1. SERFEHEMME/ERIZDONT

FEILEFEEFAAERIL, T ORRSCELN O HIHE 2 FTHE & 92 431 F 7131 Il <
WM AEEHTH D, ik, FITHEET) (electrostatic force), L /) (induced force), 47
/7 (dispersion force), 33 &L OVEEMAZENFH AAEM (Charge-transfer interaction)® 4 D %F 5T
M &N D (Figure 1.3.1) 23,

FHENTEMEA T DR FORIZE I EIT/FRNTHY . KFHEEGA A
Im FHEAERZRT 5 ETCRELSTFETHZ ENMLN5, FHIKERKETX, O-H<° N-H
DX RBHEOmWNT v h OKFERG P —) LEXEETE OKFEHET 7874
—) EOMICAE UL ZEHEEHTHY . Z DM ALEH = RV X —1% 3-7 kcal/mol FEE T
HLHZERMBNLH, KT, A Fvm MEAEREA T A mAEER L 7 =4 i #
HAERIZ T bhb, ZXUIT v b U &gA 4 (Li',Na',K") BIOEIHRT =17 A
WED DT A0, ~NaZAtA 4> (CIL,Br, 1) %07 =4 & n i L OMAEIER
ThHOP, ETHNVRNVEREEOIEFE T (lonepair) &7 =4 LEEROEAT, =«
Wi EAHAEHTE 2 2 Enmb it H,

TEFORSY ELEHRESEHEEER

R

U

N Ay i
H

i : :

cation-1r anion-1r Lone pare-r m-stacking CH-1

Figure 1.3.1. Non-covalent interactions.

FEIIOFGDREN LEROMALERIZH L, FENB IO ORERMBEHEEH L
L THIZ n-stacking & CH/n tHAAER R DD, Fhk JJITARME 1503 F 3 2 K A1
ELENICE > THREINTMB L ORIZAE L D2MHAEEATHY . —F THBIIIE—F
IZAET D BHRT- & AU THE SR & OMICACL2MHAEEHTH 5,

n—stacking | L XA - FHAEAER & FRIEIL, o BALEWRICE < HEFEATH 5, o
n FHAA/ERIE. FIZ Parallel stacked (PS). Parallel displace (PD), Edge-to—face, T-shaped D
KMFE L, £ DKEZ XX PD = Edge-to-—face = T-shaped >PS T & % (Figure 1.3.2) 1?7,

Parallel Parallel
stacked (PS) displace (PD)

o O U

less favorable More favorable

Edge—to—face T—-shaped

Figure 1.3.2. Molecular arrangement of n—stacking.
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EFE 4 SOREDOH T, PD 1T, EATBEME AN J L OEE ) 2 R b AFNE) <
BLERETHDL Z ENmbND, — 5T, PSHETIEn BFMICHOEANECDE LD,
RERFNMH Z EITRR L, REEE DT D,

CH/n tHEAMERIE C-H Fi6 & HFERLEMIE TS o Tl & OMICAE T M ELEHT
H5, TOMANEHT LT —I1E—MITH 1 keal/mol (0.5~2.5 kcal/mol) & F1 5L, HH I
A RES M BEAERIAE ST bR, —F T, CH AL no FliE, o FWicE%
T DD, BRT D ERERBEEMMEEA 72D, 20O CHr FRE/ERIZ OV TR
RENZ CREMIZRLIR 3 2,

1-3-2. CHm B E4ERIZDLT

CH/m fHEAERIZ. 1952 4EIT Tamres HIZ L > TR B U&7 nafR/L APICRESE 5
LIRS HEENER SN L&k E oM & LTRSSz, 1956 4512 Huggins 1%
IR 72 SEBRAOBLIN A Eh L | A/ﬁ/&?ﬁuf»A&@W»*f@Akﬂﬂﬁ®ﬁE
ERNFET 2 Z L2 IR EEICE VB L7, Z Dk, 1990 #RI2 CH/n M EA/EH T
NG SIHIITAIFSE S v, CD JITERS X OB i G T 55 o FLBRAVMNT Fikd K OB A 2
WCTHAANER D A J1 = X DNERFEICHNT STz, 2D OREReF9E 2 Kl & LT,
L0y Tk, WS AW HF A AL EOIEF ITRIAW DB TIEH SN T 5,

ZDO X D7 CH/n MHAEMERIL., HEMAIEM L SBONGERT 2 ZEMMHEERTH D
ZENDLroTND, FRHIRUBY 7 TAZ—D L) Bl B & A X o OfIIZAE
U % CH/m FHEAE TII0II0OFG N RKRE N R HIS (Figure 1.3.3) P8,

+ +
o—
Dispersion interaction Electronicstatistic

interaction

Figure 1.3.3. Mechanism of CH/x interaction.

CH/m MHAEROAER|Z2EEX, C-H fAOBMMIEEICKTET S, T7habb, BRIENRS
W LR RO C-H fiae, Z7nuk/LAad C-H e L n#liE s OMAEEL. TS
FOEEN I b AEA TRV X—=RNRKREWZ EB3MbND, — T, A X DL gk
FEo/NSTe C-H ffie &8 & OB T, #linfE 0 ik & 72 DEESFRLEE &
725 (Figure 1.3.4),
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intermolecular intramolecular

H
] R R

R H-C : R
4:"H H

— H N -
R — H ||||||||||| || :: = \‘ H R
</ \> = v
H —
T-shape

Figure 1.3.4. Molecular arrangement of CH/x interactions.

CH/m MHEAERNE, BN 0O%E &b RE < AR OAEERFENIEFR TSN
EDFFMTH D (Figure 1.3.5)128 K5y 7B < KBRS Tk o= 180° Zf/h& L, o A
180° 75 EHR-FITHAT 5 oN CRABICH EER = 2L ¥ —NE(Lt+ 5, ZD—F T,
NB A Z OB =R AT =13, ¢ 25 30° FREFR L CTHHAEHNT 2 LF
—®DZAbIE 0.05keal/mol FEEETH Y | MAEERIFIEDR D TSV, —HFTRUEBL-TETF
LMo CH/ FHEAERNZET 5 AEEREEIIKFE/EABRREL 2000, RUE -2
AUMOLEDOX D RENZERIMOND, ZOZENLHETIINE 0RO
MRV C-H #5E & n Wi & OFAAERITABEIKRGEDIEF IS N Enbhrd,

o
®

A —e—H20-H20 H H
06 —o— C6H6-H20 YA /o
_ I —5—C6H6-C2H2 : R
‘_E’ o4l —a—C6H6-CH4 lo _.>'._"<_
§ L HH
&= 0.2 ; )] H
o ’
! £ HH
0 - I ,C 'C —H
_ H)o H) o
2L Lt b

-0. 1 " L L L N 1 L " e, ! ot )

150 160 170 180 190 200 210 iU, e HRL

angle (0) T— T—

Figure 1.3.5. Orientation dependence of interaction energies for the CH/z interaction and hydrogen

bond.

T LT, KFME LITRRLMWEZRT CH/r AR, BRISICRIT YT
AT VA B IO T o FARRPEDOHIENI G L, EEITHNTH L Z ENMbN D, KT
FTIE CH/n FAEEN 215 2 BB & RIS R M E Svhhed, il & S8 L O
DAHENER DS DNAR TS X ORLERIREOHIEN AN TH D Z L Do TWD,

1-3-3. CH/m i EE RZFIA ¥ Al RIS %5t

1997 FEIZHHE I, T AT I ) T a— A MEN 754635 Ru fillliic ka7 —1
r NT VT e RO T U F A RIRABE SRS & #H A LT 5 (Scheme 1.3.1) 2%,
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A R_R |
R Ru catalyst (0.5 mol%) R R@—R :
, , > o R !

R™ |
0 'PrOK (1 equiv), 'PrOH OH Ru
rtto 45 °C : 07 | >x
: N
— —_ ' ~
R R v Ph \ H
R R : H

DR, : Ph :
R Rlu R @ ; Ru catalyst
o~ | \H\ . ! (R=HorMe)
7R
"0

Scheme 1.3.1. Asymmetric hydrogenation of aryl ketones.

SFEIERBEBBRIELEGT DUV AR =LA LT, mOIERE K USTIRSR IR T
XINTNa—NEEZDHZERDNo TS, 2001 FIZEFRFRIC X 5 SOCHEEAET 23
Tk, -7 L—rEN - EREOT UV — VORI O CH/R #HAERIZLY, R KOT L

a—)VE 52 DB BRENTRENLIND Z L AR STV 5P

FHEHEAREOMBE LT, BTEERT U —VEEHTLHEE CRISEREN D &2
IRENTEY, ERREmEOE L FE LR, £727 V)V —NVEOARTLZTT 2 HEB X
A F%/%%ﬁ?‘é#ﬁﬁ/?)wﬂ/f ko E WS FNBEREBRORE R, R (K& S
K23 67:33 CTAKT 5, Zhix, BFEERT U —IVEN -7 L— BN LD C-H #%
A EMAEHTE 2EBIREE TS-Si 3, TS-Re LVEETH D Z EITKINT D, LLEDOH
RS L OVEBRAY A FL A D ARG ONLAREBIRMEY . CH/m M AAERIC L D Hlf Sh T d
EEZHNTW5 (Figure 1.3.6),

NC OMe NC OMe NC OMe
R o
> +

BUOK (4 pmol)
PrOH, 20 °C

(R)/67% (S)/33%
(via TS-Si) (via TS-Re)

i TS-Si TS-Re
(favored) Ph (unfavored)

Figure 1.3.6. Intramolecular competition experiment.

2008 A Yu HiE, P flfiE L 7 X WS EAR A ENAL - & L CTHWD =) T AR
# C(sp?)/C(sp)-H FE B BERERALI S 2 A LTV 5HB% 2012 4RI Z ARSI R G 7 2 VT,
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FERRFHT £ 0 UGS OALERIRVE 2§55 Z & T, A X AR C-H /A BRERIG %
BA%& L 7= (Scheme 1.3.2) 3%,

i S I X ; COOH
_N Pd(OAC); (10 mol%) _N : Y\l/
OH Ligand (20 mol%) R HN
/

+ R—B : 5 Y
@ @ o Ag20 (1 equiv) ;

Benzoquinone (0.5 equiv)
THF, 50-80 °C

\j

[©]
/
T
=
@
2
=

9 exampes
up to 91%, 87% ee

Scheme 1.3.2. Pd catalyzed enantioselective C—H functionalization.

2014 12 Musaev DI, AARECRICKT U CElEmFHE &2 O 72 SOGHSRERNT 21T > T 0 |
9VHAMEH S C-H K ATEM LIS OEBIREZ ZEHML TWVWDH I L2 HELTND
(Figure 1.3.7) Bl K C-H #EIGMHELRGIE, A E#MEIZ L 5 CMD (concerted
metalation-deprotonation) THETTT 5 Z & D RIB I AL TV D, Z OFEEFEDERIRAE CIINEE
AF L EREOE Y DNVENT = vn HEERT 5 Z & TRERShD EF LTS,

Lingad = a-Valine derivertives

Figure 1.3.7. Proposed reaction mechanism of C—H activation.

—J7. Yu LXMWz a-Valine BUZ{CZ, p-Valine BUEL 1% VD SUSHFR BT %
HERFR 1T T b, p-Valine BIENL 1% AV 2 iR I3V T IR O£ R BRI
BT 0 b ACEREOTEMEL= R V¥ — (AGYH) BDRIBICE T+ 2 & 3RB S
(Figure 1.3.8), ZiUiZ p-Valine B+ DT L FLE#HIE L EOT U —/L £ CH/n
HAEHT 2 Z EICEBRTHDLENTH D EEZHNTND,

Lingad = B-Valine derivertives

deprotonation O

Figure 1.3.8. Proposed reaction mechanism for C-H arylation.

2018 A-Z Zhang H 1L, Rh-B AR AT 4 VEML T2 WD a- A F VAT LD TS
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FARIRA b R dL I ERR &5 LTV % (Scheme 1.3.3) 3%,

Rh(acac)(CO), (2 mol%)
Ligand (4 mol%) {__CHO
@ CO/H; =10/10 bar @

toluene, 100 °C, 20 h 25 examples
up to 95%, 90% ee

Y

A

OO PAr, O :
: ,O :
i N-R i
radiind ol

Ligand
Ar = 3,5-BuCgH;

Scheme 1.3.3. CH/r interaction-mediated asymmetric hydroformylation of a-methylstyrenes with Rh-

chiral bisphosphine catalyst.

2020 A2 Sunoj i, ARISIZxE U CEERFRIC X 2 572 SUSHSRERRIT 217\ AKX
Jin® linear/branch ERMEIL, B AR AT ¢ VENIF & EE OB O CH/n FAHEAERIZEIKN
HIEHRRE L TNWABM g Z2ERBBIREICRBWTC, RAT 4 2 ED 35-B R fert-
TFNT 2= VEEEATF L UHROT Y — VL E DOIZ CH/r FHE/ERNEL S Z & 07R
XN TWND, ETEREBIRRETIE, ZOMOEE L ik L, CH/a HAEHOHNR S
<. RERBEMMEERPEL DT DIGRIERHIE S TV D EBE XL TWD

2021 4EIZ Chang 1%, Cp*Ir fillfta IV 725y FNBRLSUEIC £ 5 % 7 0 A ' m ful o f
SRS % #A L= (Scheme 1.3.4) B2,

Ir catalyst (5 mol%)

NaBAr, (5 mol%) O NH
(r°

\J

HFIP

60°C,12h 18 examples
up to 99%, 98:2 er

Scheme 1.3.4. CH/n interaction-mediated chiral Cp*-Ir catalyst.
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ARBOSE It FOCEE DO DA X — VAL BN U, BiREES 2 2 & THEKT 5 Ir-
FA N LR SRR & T ABME CHEAIT T S EAE SN TV D, FHH IR, AT
A B BRALISIZ 3T 2 BBIREEIZ AT L NCIplot 24TV, SEARERIRMEOEJRIZ OV TR
HNCIENT 24T > TV D, ZOREE, Ir filiEicks T 5 Cp* BN EDAF VL E DT~
FHED CH/r AT 2 Z LIk BRIRENLEL SN TWD Z PRI T,
EHICTF 7LV UERICRZ, BEEOEEEZ AWESE Tl FARREN K E K
TT22LbbhroTEY, ZNTEFHEMRZ IR T 2/-RATHL LB BND,

2022 #EIZ Corié BiF,. T 7 Z L UVBERE A LR X T — NN F A2 HT5 Pd 65
RARIEIZ L 5 PLEIRI C-H #5677 U — LG Z#H5 LT % (Scheme 1.3.5)B331) A&
FOGHR T, p-7 7 bBRs LD AT LU RFOBED Csph)-H A DEIRIZT U —1k
b,

O o |
©:‘</o Pd catalyst (10-20 mol%) O 5 F33<CF3
i _ o, O
Ligand (5-10 mol%) : MeCN o’ “CF;
- i ~Np a7
+ ; ~Pd_
@ 1,4-dioxane : MeCN (o) CF3
Ar/I\Ar 26-50 °C, 24-72 h @ CFs
; Pd catalyst Fs
~OC(CF '
.( 3ls 51 examples
(1-1.4 equiv) up to 82%

Scheme 1.3.5. CH/n interaction-mediated regioselective C—H arylation.

HERFTRIC X D RO IC L0 © EEHDOATF LV U RFE L BNLF DIV R= VL
DD CH/O FHEAEH, @QEE DT U —/VEML & BN F D A FIVEDOM O CH/n AHAAE
M © EEEMED Ar O D n-stacking (2K V| SO EZFIRERHIEI SN SE Z &
DRIBEE TN D,

AR, Y FaAf T o7 F 7 b 72 Lo BRO XS o A7 VN % b
T WEE T EIERES R E BT 28R H 25, £z, 7 h 7 FrF 77X L0
RV T N FaRE 2 DL OREICBWTIERITFREL D00, @mUVLEEE
PFYETRIGRETT 2 Z L B0 >TWD, L EDOE TH LN G, E~E K
FIREZBAL, N VMBI T U= B CH FEA MmO B IEE 2R A I E
PRERM ET D EE2RLTWD, ZOMEMAIIX, CH/O fHAEHAIB LY CH/A MAERANE
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Al < e & —FH LT D,

[FAEIZAAK B IE, Cp*Co(Ill) fillit & 8E C, R F TN TNV R L ZflAEDETZ C-
H 7 3 MMuJs | BRS80S L7z (Scheme 1.3.6) B4, AE&E, Co #A-F 71
RN WD 2 LT C-H MG T X MBS EIT L, BEiET 110 ‘COMESIET
TOMEA RN L0 A TH 5 Benzothiadiazine-1-oxides 234K T 5,

\\// (1) Cp*Co(CO)Il5 (10-20 mol%)
CCA (10 mol%)
MS5A, tAmOH 0.
(1.2 equw) temp. 20 h _ (jE\SS(ﬁ)
O (2) AcOH, toluene N/)\Ph
OJLO 110°C,24h 26 examples
‘N=( up to 79%. 96:4 er
Ph '

A

Scheme 1.3.6. CH/r interaction mediated C—H amidation and cyclization with Co catalyst.

KIE FEFR ) D ARBUS ORI C-H MG TEMHLEME TH 5 2 &3 b b | Al
FUFFREEETHEZ EEHALMIL TS, E5IC, KEIGD C-H FEATEME(L B
IZBWT, FTNAANVRBONREZR O ICT XL ISHERNT 21T > T b, FrEO
SAREET D ERDE S 2 HBBIREEICB W T, C-H AR bEZ 2 nT ) — ik L
BN F D7V A w7 x =i E ORI CH/a fHEEHBAEL LD Z ENRBInTnd, —
KT S KEEZD C-H fETEMALEUG DERBIRBICISWTIL, 20 X 9 RZEF AR
FITFELRNZ &0 RISOSRIEIRMEIL T F VAR gL JEE & DD CH/n
FHHEERIC L THIEEND LEZ BN TND,

2023 A2 Ackerman 5L, Pd filililf & EXLFHTEEZHWDE w7 L HOA
ESIRAY C(sp?)-H A BRI LG Z #HE LT % (Scheme 1.3.7) B3, 2&%&%&5&4@%
=Rl I hb STANEN E@%&E%%ﬁ?é%ﬁ@? L—HEEHOWAGAIS, BV AL ME
BINE T C-C ARSI EITT 5 Z ERbho T 5,
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I
GFi h Pt
Pd(OAc), (10 mol%) )
H Llngad (20 mol%) Xx-CO,'Bu
+ 2> C0,Bu >

AcOH:HFIP, NaOAc, BQ
] CCE @ 1.0 mA, 60 °C
(1.5 equiv) devided cell

33 examples
up to 78%

Scheme 1.3.7. Electrocatalyzed regioselective C—H olefination with Pd catalyst

EH O ITERRE I LD RCHEMRIT 21T > TRV, ETOT X AIREITA ¥
HD C-H #it LA F EO7 = = VEDOMIZ CH/A #HAEHNFET D2 LT, Av
MRS SUSPHEITT D Z LR ST, T7rbbh, BED o (o VANED
e OE C-H e s, BT

72 SPh k& ORI LZEMAENERNEL D720, AL
ERFENHIH STV D EEZ DN TN D,

2023 FIZYBIFFEEDOMERIL, BT A M Rh(I) itz W= F 7 % LU 3UE 1,6-0 1
EVT VAT XL D [24242] IBRILEOE %375 L7= (Scheme 1.3.8) 6],

Rh(cod),BF 4/
Hg—BINAP (5 mol%)

Ar
. R
+ (CH,Cl),, rt, 18 h ' O R
R—=—R

(1.1 equiv)

28 examples
up to >99%

|

I l PPh,

Hg-BINAP

Scheme 1.3.8. Non-covalent interaction-mediated [2+2+2] cycloaddition with cationic Rh-
bisphosphine catalyst.
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BN FT 2 BB I, 1,6-V 4 > 2% Rh HLA~BLBR(E T 28R TH D Z &0
HERFEIC L D R ST D (Scheme 1.3.9), 1,6-34 > A% Rh HUL~ERLAIBR LT 5 B
\Z, BARRAT 4 VBT ED Ph FEHEDOT Y —I L D nstacking A THELD
e, BERENLZELINTWVWDHEEZX LN TS, £/, T/4F A Rh HOIZELIH
AT ZiEfE ik, kiD n-stacking (21X T, BEAKRAT ¢ VEMLFIZBITS Ph D C-H
WAL 1L,6-PA v ORMET U — Vi OIS CH/r FEERANEL, EBRENZELS
NTNDHZEHREBINLTND,

Scheme 1.3.9. Proposed reaction mechanism of oxidative cyclization of 1,6-diynes.

Zo LS, ARG EEROF TRV AEEMTH S CH/n AR ZF]
T2 BA RGN, TERZ ICRE ST LO TN D, T, n %5510 C(sp?)-
H BREMMEIEE L OBRLS e ETh oo, —J7, n ERICB T D CHr MAERE
AN E LT on IERICHEET S Cspd)-H BHREEILIGOMRE L WSS, L,
ZD X RAMARSIS T I N E THEIR TV AR o7,

1-4 KX DEMELUHBE

1-2 g KO -3 HiCL AMA USRI DIEH bRV X — 2K T &5 2 20T 7
2 —FIZDONWTENENIRATZ, 12 BIOSR T, KR E U CER AR AR & R
ZOFAT 2 CeIERIC X A RUSRRF NI E A ETH L, BB ARMBLIC X D OG
B LT, EEREEE = R X —DOERF AN E CE AN TH S Z & 2k
Nz, o 13 #HiCIEIEEERE SR EERN O 5 bZECHEE-H Of b /N &7 CH/ =
AVERZFA UGB SAUZ L O TV D 28 o % RICKIT S CH/r MEER %
AN & LT o HESRICEET S C(spd)-H BRERALIIE A MRHET 5 SO THE ST
W\ T L Bk,

INHLOHEFO L L AT, OFHDEE ERZRAITRIN T & 2 1EB SRR O]
B L B2 B AR A ROE OB B2 % - 3 &), @ CH/x FHAEMEMRZFIHL

% Cspd)H RAERERIGOMSE (4 %), 2K Lz, UTICZAboME2
it~ 5,
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O FHEIEE ERFEAICRIN T 2 BB ESA ORI & B EDERS OBHFE

F2ETIE 4RAT 4 )T 7 VO UENTE2HT 25 Pd iz b7 AbT Y
— L& HIVIR CERIC X A FHEEEREN -0 7 u Ak v Y v IR 21T o7, B
et & U R & LTHIA AV S, A eRIEICEN S T 7 U OB
EHH LTz, $EROZENRB L LEROETFEEEZZBE L, 77V VUEKD 4 fLIZE
FHEEVEDHR AT 4 ) HAEAMA LT 4R A7 4 )77 U P VB FORFB I OERKIC X
DWEF LI, ZORNF2H7T 2BBREERL, RERETIIETFEEREBTLEIERK
T&E5, ZO—FHT, HEKERNL, @RPLNGT 7Y Y VB ~EBmMBEIT 52 &
T MLCT JREEZERTE, ZOREREBICBOWTEBTLNBEFREERD EE T
(Figure 1.4.1),

N N hv
P o0 z (visible light)
N T

» N
I accelerated I Excitation
[M]—PR, .—[T]—PRz
ground state MLCT state
v electron-rich metal center v electron-deficient metal center

Figure 1.4.1. Design and concept of 4-phosphinoacridine ligand.

INHOMWEZMWT, BB EREEE ChH o a s AT U — L & VR
W& 7vRxHy 7V T RICRFEBAREE B 2T, ~a b AbT U — b VR R
Kb vaxdy 7Y o TROGE, BEFOMBERTIL100 C L EOEIRSEEEVNE LT 55
O TAM Th D, ITH. Ni i & LA 2 O0F 3 2 ZoofilRIC K 5 RS R D3
HENTWDN, ESNED B ~O IR S 4v, B2 A I K & 72 filRAFE L,
ikt U BRI FH G, 2 a A v 7Y VI ROBIZE T D ERALAOATIN & BT
DA A(EE TE D720, REHEAHHZ KRE IELRTE LD TIERWhEIFF LI, £
IC,EBEREMELLE LT Pd ZEBIRL, 4K RAT 4 )T 7 YV UVENL T E E DIV L
A, BOAa 7 ALT U= & VR CFRIZ X D REEEREV C-O s Ay Y v
TROSHEITT 5 Z & & L UTe, BOSEMHRET 21TV (R OAREER T H TE 20
67V —ZE&teflae ooa AL T U —ioxt LC, MBSO 21772, 0
HE, BERALTRE S X OEGRFH R Z AW CRICHEERT 2179 2 & T 4-FKRAT7 4 T 7
U B A DRSO W TN 24T o T2, ZORER, 4R AT 4 ) T 7 U P VB
TE#AFT D PAIL) $EENHFONEZRINT 5 Z & TRIIREEZ R L, B2 PdID)
DR END ZETARIZ AN v 7 ) U RSB SN D Z & 252 LTz,

%5 3 EClX. [Spiro-fluorene-indenoindenyl (SFI) BfZ - %43 5 Rh(I) fildtz Hv 5 1,7-
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DA LN T VR L O FARSEERENE [2+242] AHIBALROGDOBRTE ] BAT o7, 4AFIEE
TR &N 7= SFI-Rh(cod) $EiKIZ, Y7 ==ATEF L OAT [2+2+2] MIIBRILRISIC
L, HONRRE T CEWMELEIEZ R E AR STz, UL, SFI-Rh(cod) &
%1971:w7t%VV’ﬁw%ﬁ%@%f¢%®® TV EICEREE OV T
U—=nNTEF Lo 2HOTHEEICE L METEENMET T2 2 03 broTine, 20X
oﬁﬁfm_7)~w%%ﬁ¢émﬂ7w#/®pnﬂ]ﬁ%ﬁkﬁﬁi AR & LT
ANXYT VAR BE | AT v AN THE DR ARG TH D, Lo, 163k
DR Tl 80 C BREDOMANKETHY | Nz TR IEBRILEETHAFTT U —
NRBUEGEZ DT 2= VG 1,7-A T V= AT BF L DR [2+2+2]
MINBRALEOS T RS S TV, £ 2T, filfft & LT SFI-Rh(cod) $E1AZ HIWGFE 4
fTolo 2 A, HEORBE T, BRICTHEDORZE [242+2] MIBRILRISNEITT 5 2 &
% L L7z (Figure 1.4.2),

o QX
| | SFI-Rh(cod) (5 mol%) ‘O
. >
CH,Cl, (0.2 M), rt, 96 h
@ blue LEDs
R

biphenyl-linked
1,7-diyne

Figure 1.4.2. Visible light-induced [2+2+2] cyclization with SFI-Rh(cod) catalyst.

I BT, EERFHR 2 W CRUGHERRAT 21TV ARG FH IS T CRIE S 53
2 FEHICARA L7z, £ OfES. SFI-Rh(cod) $KIKIC 1,7-2 A L DEML L CA U 2 St ]
ERFEHERINT 5 2 & THIEIRREZ K L. Rh F.ONE AR E 2D [2+42+2] £
BRSO PEES NS Z EZB BT LTz,

© CH/m FHAEAERZFIA Lo Szh 20 5y 12 D B %8

% 4 B ClX, [Spiro-fluorene-indenoindenyl (SFI) BUfZ 1-ZH 4 5 Ir(1) fREEDBHRE & IEIL
BREAVEFEAEA 28 ) &+ 25 C-H AR UHRLREORIE ] 21772, YFE=RICE
WT%%%%RSHRMmD%Wi‘%@%%%TTNVVwTQV%®(ﬁﬁH{ﬁAT
0 FAL ST DR P E 2 R 9 2 L 3 v o Tz, L L, RUSOEITICIZH Gt % &%
E&L\MKTcmpH{%ﬁm&%mﬁm«i@%f%fmﬁ#oto%_f%%i\e
H 56 A U RS m ORI 2 R M O & 5 Ir S5 2 B T AU, AEM
KaL [ ET5 8 L=, =2 T, SFl-r(cod) $EAZ AR L, BT NVEEZ 2-t'n ) ¥ )
B Y Pl LT Csp’)-H fEE A U RIS DRUEMF 21T o7z, ZOREFR. ROk 7
EH U CIRAN 2 ROGSRE T Csp’y-H fEa R U RSP EITT 222 /AL
(Figure 1.4.3), & HIZ, @AWV 2-T U — XU U7 22O C(spP)-H fEAF VRS .
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B BOSSECHEIT T2 2 L 2 A L7e (Figure 1.4.3),

(a)
SFIl-Ir(cod) (5 mol%)

R =N HBpin (3 equiv) =N Bpin
T4 N — N
Q)” 1,4-dioxane (0.2 M), rt, 72h )
(b)
R.y-R R...R .
N SFI-Ir(cod) (5 mol% ) N Bpin

\

HBpin (2 equiv) o
@ @ THF (0.4 M), 1t, 24 h @ @
Figure 1.4.3. Non-covalent mediated C—H borylation with SFI-Ir(cod) catalyst.

KN EIT D SFI-r(cod) $&(AD A B m-T LA L B O BAFTAET L, EBRIK
FOGHEAERRNT 36 X OB R 21T o 7o, T ORER, Ml & HEO o LERICE TS CHA
FEAERZRRND & LT, o MERICHEET 2 Csp’)-H fAH RBEAL RS AMIERE 41T
WAHZ EEHLMNI L,
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2-1-1. C-0 AR Ay T2 T R DEE

BB RIEERAME A WD 7 a2y 7 U T RONE, MR TR RS A B LR THESE
T HAEBALFHEDO BmWFIETH D, TOFRTHRFE-~T LRETFHEEEBRT 57 1A
71y 7Y T RISE, B FRNICBRFERLEREDONT 0 Ji1 %2 S ENICEATE 572Dk
WZH MRS E (Figure 2.1.1),

Cc

N/C
c—@/c

Figure 2.1.1. Cross-coupling reactions for formation of the C-heteroatom bonds.

c—sL-x cross-coupling
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TIFNLT—TIVED C(sp))-O fEEid. Na b ALT Vv & gsisRigAl 2 v 5k
ERAMBEIRZ K> TREGHIHETE L, —H T, TV —AT—T LED C(sp)-O AT
FOBA~RERD FIETEH TE RV, 2D OERERAARIE L LT Cu i % vy 2 Ullman
T 7V v I ROERM Pd il VN % Buchwald-Hartwig 7 0@ A0~ 7 U 7 S AN B
FEINTEEM, Zqud, BHICAFARER N ALT U — & T va— LREEH D
b, EHEMIZ C(sp?)-0 MAEMAERELE T2 FiEE LTHEHTHY . BIEAS HWHT
W5,

Ky vaAD ) TRISE, ~aZ AT U — LB AR P IR e L, T
v ¥ NI K DB RO %R SCHIBE N AT T 5 2 & TG i, il
A I NVEFHT 5 (Figure 2.1.2) 2,

a @

[T™M]
Reductive Oxidative

Elimination Addition
/O\ 7~ X
[TM] R [TM]

w

©
X 0—R

Figure 2.1.2. Catalytic cycle of cross-coupling reactions.
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7 va—/v (ROH) FOBEFRZANL, KFLEFTRELH & e U TOREZMERZ L <,
BONL 2 HLES L ONESTCHIMBE N AR L 705 Z ERNH NG, FRICT U — L =—T )L DIEIT
AL, Buchwald X° Hartwig HIC XK > CEERIIZTRN TR Y, T2 %k REALF23
7 U — VBN ~REEATINT 2 I CTH#E T2 (Figure 2.1.3) B, —fi%l2 C-O #5& DEITHY
B AR B P I 72 0 R0~ < L ZAUTIRF SREZAI ORI L O Y — VRO EFHIHEE
(KT D,

EWG  ¢_0 bond EWG FWG
Lo :@ forming L (J?D g — [Pd]
Pd _— ——
" or " OR
EWG = electron withdrawing group OR

Figure 2.1.3. Proposed reaction mechanism of reductive elimination of aryl ethers.
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BIIREB-ERHES LV REREAET AT =2 O ENHONS, TD-0, [RE-|kHE
FEAEIRT D70 A0 v 7V T RINIBIFHC L AR TH D L E 2 B b8,

C-0 #iE13Z < ORMEEMRER L, BREME D FICE 5D THELME TH D,

FRZT7 V) =V AT VERRIE, 7AEY 23 Lo ET25%< OAMEEMEICEEND
HERBEHTHY ., ZOGRIEORRBITERE (Figure 2.1.4) 5L

e Neaan @Mb

Aspirin Propacetamol Talosalate
CO,Me HO o o OH
G5 w4y o O
(o) O
HO OH
Salsalate

synthetic inhibitor

Figure 2.1.4. Pharmaceuticals containing of aryl ester moieties.
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HHRENZ LW, EoF &2k LTHWD Baeyer-Villiger BR{EIGIZE > THAE
AT & D03, RS OALEBIRVED IE OERALREITART T D720, H— DAk E155 Z &8
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WEECH 501, b OMBEE MRS 2FED 1L LT, BEQEMELHN2 7 12
7N TROSBFTE S L, Z4UE T2 Chan-Lam-Evans 7 7Y > OG0 C-H
HIVIRF AL | TV = ARSI 7 ) — L AT VO S RIENE A B S H
T &7z (Figure 2.1.5),

acid / base
or

(0}
OH o) condensation reagent \n/
¢ - °

(b) Chan-Lam-Evans type coupling

X j)\ Cu catalyst, base 0\"/
+ >
HO™ 'R > 100 °C °

X = RSi(OMe)s, B(OH),, I*(Ar)(OT)

(a) Classical synthetic methods

\

(b)Directing group-assisted C—H activation

o__R
H
. o Pd,Rh,Ru,Co,Cu; g
OH o
/@Y

Figure 2.1.5. Conventional synthetic strategies for aryl esters.
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MWD RISRFHT L0 | RIeHIBEE A (2T 2 FENBE S TE T,

© MBS T BB Al e D BOSREGRT

JeBR e s & L CL BonhIBBEIC 3t L CEWSEYEZ AT 2 Cu filiE 2 7 ikt
7 U — LT AT VDG RO S 472, 2017 F21Z Zhang B 1%, & Cu & =flid
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Rl VERETHLY TV — AT — R AL DT U — VT 2T )L OA G
A LT D (Scheme 2.1.1) 1]

@ Cul (10 mol%) @
o -OTf 1,10—phenanthroline (10 mol%) |

+ -
v o

RJLOH @ MS3A, 1,4—dioxane, 95 °C, 17 h RTI/O @
o

41 examples
up to 97%

Scheme 2.1.1. Cu-catalyzed cross-coupling reaction of carboxylic acids and hypervalent iodines.

FRIETAI 2 7 FZEEE, Cu(l) IZER(EROAHIN L C Cu(lll) FEZFERR L=, BOAL -2 #a %
i GRITTHIBEZ R TT U — b AT VR D SUSEERE MRV STV D (Figure 2.1.6),
—f%IZ,  Cu(lll) $EMARITETCHIMBEZ mWEOGMEZ 7R T25, Cu(l) I EERLAYAHINT % L Cfid
BOEMEDMRNZ &I BN D0, T 70 b | AREUSITELAIINI 3 U s SOsE 87l
AUFEREKICOLWEHTE, ~"a S ATV —ANTEATE RN EEBZ BN D,

&EOMB 4@??&9

cul ~OTf
| Reductive Oxidative
l . Elimination Addition |
" Cupper catalytic @ @
LCu! 1 cycle
| (o} R
i | Jcull
fo) oTf
(o]
TfO~ J\
R™ "OH

Figure 2.1.6. Proposed reaction mechanism.

ZHUCK LT, K0 Zm» OB BNES o Na S AT ) — v EDNVR L ERIZ K B
ANy SV TS, TV — AT AT IO ENRERTFIEE 25, #2C Cu £V
AL HIA I 6T U CiE 7y Pd e 2 WD RORER B e SN C& 7=,

2018 4E|Z Fu Hi%. fifiiE > Pd(OAc), & Xantphos fF1E F. KEEMEOEWT T A LR
ViREAWS I LT V=D a R v T T OGRS LTz (Scheme 2.1.2) 19
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Pd(OAc), (5-10 mol%) Ph
| o Xantphos (5-10 mol%) SI By
Ph K5CO3 (2 equiv) (o) ig ;
“Ph .
+ \Si)LoH > @ \n/ : 0o

Bu” | MS4A (100 mg) o] ' PPh, PPh,

Ph toluene :
60°C,2h 24 exampeles : Xantphos

up to 91% H

Scheme 2.1.2. Pd-catalyzed C—O cross-coupling reaction of aryl iodides and silacarboxylic acids.

AT EF RGOV IVEZH T DRERIRINVAR o 05 2 & T, &I fE
DMEE S LN DGR CTH D, TDTD tert-7 T NVHESRA XD L H i
5 = 2F AR N T A AFARED kS BRI EEAET HEENT LT
U—Zxt L, BRI CTROCEITT 50 RSO ROCHEEITZLLT O X 5 IZHRE ST
W5 (Figure 2.1.7), £3°. Pd(0) (Zxf L a7 b7 U — 3@ bift L T4AET 5 L-
Pd(Ar)(I) FEIZKE L, BVAR CEEDEANLF-AHT 5 Z & T PA(Ar)(OOCR) FEZARKT 5, K
A SR ICHIBEEDNEIT L. 7 U — L= A7 URER T 5 2 & TS 1 7 L&A
T 5,

!_Bu

T 0 @
//’\X’ oy

PhoP—Pd—PPh,
S

Reductive elimination Oxidative addition

thP\ /PPh2
‘ i o
R3S| Ligand exchange PhoP<__-PPh,
Pd
S} o)
! Ph @
I

Figure 2.1.7. Proposed reaction mechanism.
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TEHETDH Pd L b ERED Ag WEHWD Z & T, Bk KOS FHE A NVAR
el a b7 V—nDra Rl 7V RS E#E L7z (Scheme 2.1.3) 11,

F F ,

[Pd(cinnamyl)Cl], (2.5 mol%) 'F F oo

IBnF-HBr (5 mol%) ' F F :

Ag,CO3 (3.0 equiv) ; = :

I j\ MS4A (100 mg) O\IrR iF NN Fi

' + :

‘@ + > POF ) Foo
R™ "OH 1,4-dioxane o : Br :

100°C, 36 h 32 exampeles i IBnF - HBr :

up to 86% e e e R

Scheme 2.1.3. Pd-catalyzed C—O cross-coupling reaction of aryl iodides and carboxylic acids.

HWIEORFTOFER., AgCOs S D IREEHE TIISRENHEIT L7222 E B HER S TRY .,
FOSFZHIHET Db FEmmD Ag QMBS A RE L TWd EE 2 bind, AEM
FA#MEICBE LT, BEFEER A0 AT V= E ERISHENE . AT F LR EDONR
PNz mna b7 U — e, A MR oETHEEEET L3 7TV — I
U CRISMTEICEITT 5, £EO—FH T, 2 AT AR nu ki KGRy EEFTLH3a 0
£7 U =Tk, SISDIEE A EHEIT L7220, IR RO RE A8V T H R,
BTEELOREMERE NS ONRBIRIETH v 7 ) T HEEM % 52 DM H 5,
BRISREEME DS PR C, SARAIIZE E D MesCOH 72 ED T U — /L VR R T, IR
PMMETT 2 Z &HE SN TWS (Figure 2.1.8),

Aryl iodide ! Carboxylic acid

| | | :
: 0
>> : i OH i
H > >
: tBu)LOH Ph)LOH
OMe ;

CO,Me Cl

Figure 2.1.8. Substrate scope for aryl iodides and carboxylic acids.

2019 4£|Z Huang HlF, ETMEEZET D 1,10-7=F > bV UEA1- & Pd filt s
FAN 2 fIBE RO R 2 A5 LT D (Scheme 2.1.4) 121

Pd(TFA), (10 mol%) i ]
(0] :
I Jiy Ligand (20 mol%) o R M OMe .
+ R” “OH —> bl : 7N

AgTFA (2.0 equiv) (o} : \ N/ = ;

R = alkyl and aryl PhCF3, 150 °C 34 exampeles :

up to 95% ! Ligand J

Scheme 2.1.4. Pd catalyzed cross-coupling reaction of aryl iodides and carboxylic acids.
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IEAWVE THME A2 RT3 77 UV — oW T LA ARETH D Z EAREN TV D
TERDAMER & Hofs LT, VR 0 BV R b IR < | SREZMEDZ LW B %
WA TH IR TS 5, FRZ, TATAVEO LS BRI EEH T 2 LEEK
WEFFE Rz W5 AICB N TH, FREDINETT U — L= ATV EH{TND, TD—J
TEALT U —v, LTV — A ~TlEA TE RN ERE ST 5,

AP OFEE SGFEHE & L C, Pd(0)/ Pd(Il), 721 Pd(I)/PA(IV) H A 7 )LDl RO
HNEZ LD, BERaED O WO b AR 2 L 23D o> TS (Figure
2.1.9a), —H4 T, PdI)-Pd(1) O _HZSERVBBUSRF TARK L, TN aTEHFREE T2 Pd() /
PA(IIl) YA 7 VEEB LTS, HEmatEN S, ZORE TSP EITT 23551280 T
Pd(0) / Pd(Il) B X PA(I) / PA(IV) YA 7L &l L TR E < FEM b 2L X —0ME T
D2 ENREBEIINTWD (Figure 2.1.9b), FHFO ORISR & FARIC Ag AL 72044

TIHIEDET LN LD, Ag HHOFET PAIV) F7213% PA(II) @ X 5 72 @R 7
? Pd FENTEPERE & 720 | ECHIEEA (R L WD AREMEZ RE LT D,

MeO
a v (b
(a) ! /N""-pd““s : (b)
O\IrR _ .N/ ~g I i
o) MeO™ = : OMe
' MeO S

Reductive elimination : S

(o} L L :
MeO Oxidative addition ! .
S : FSC_Q(‘)'_\I_.\--‘Pd'" ©
“pd" ' }
S g = TR B O
MeO™ ’N'u..Pd(n)“"‘I ] Y
=N
.

- ' R
Ligand exchange '
MeO H P ; .
(n=1orv) : roposed active species
0 5

AgX J]\

R” ~OAg

Figure 2.1.9. Proposed reaction mechanism.
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2017 A2 MacMillan 5%, Ni-dtbpy il & SEHE A 2 O CRIERER T, B 1k5|
BEATDHEAT V=V EDNRUBRED I O A D v T ) v TR E A L= (Scheme
2.1.5)014,

NiBr,-diglyme (5 mol%)

Ir(ppy)s (1 mol%)
Br o e,
dtbpy (5 mol%)
EWG—@ . )L py( ° EWG_@ \n/ Z
HO™ R ‘BUNH/Pr, DMF

26 W CFL, 40 °C, 18 h

(EWG = CO,Me, CF3, CN) 24 exampeles
up to 95%

Scheme 2.1.5. C-O cross coupling reaction using dual catalytic system.
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Ni(Il)* Za L, ZALETEMERE & U CE o BBER S DS EETT 3 2 SUGHERE 28 STz
(Figure 2.1.10) "1, 1% T, Chen ©IZ X 2 BEGMETHE & F 23l 70 SOSHEERENT 20 . =
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Figure 2.1.10. Proposed reaction mechanism.

ZOWEE ROV I NI filllt, BB Y U EOERRENL T &2 O A G D
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TRATNER RN TN A B AF VO LD REF R EZGT 53 kT U — LB LR
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Bl % I 2 il BSOS T T, BRLAAH IS AFNC 72 2 72 D W E M A #E N E A 72 R
7V — A IRER & 7o T D,

| /Br j)L Ni-dtbpy and photocatalyst o\n’R
R *  HO” R visible light (420 nm or 465 nm) EWG o)

R=COMe, CF3, CN & = kvl and aryl

(for X=Br)
Photocatalyst
2018, Zhang J. et al ['7a] 2019, Lang,J, P. et al ['7*] 2019, Seeberger, P. H. et a/ ['7
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NC  CN o

NJ§N
F>h2N~%/;§—NPh2 )|\ Y
s

N SN
Ph,N  NPh, ANJ'\ /J\ /)\N}‘e
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2020, Xu, L. et al. 2021, Bao, M. et al.l'’® |
ulL.eta ao, M. et a )\ )\ J\ )\
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Ph O Br 3‘\)'\/\' NN -
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—
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Figure 2.1.11. Dual catalytic system for C-O cross-coupling reaction.

2

IRHUAMC Y, RS HEEEAR (COF) WHN Re—R 07 Ni filftoo & v
2 fifm7im) SELUL R TIEE WV DRI s KT D

TIVE THE S e R 0% < 1E Ni ﬁﬂﬁi&y‘ntmﬁﬁﬁuﬂﬁb\émi%‘f&;mi\
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2.1.6) 8],
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MeDalphos-AuCl (5 mol%) 5 "‘N' /C'
benzophenone (1 mol%) !

| i AgSbFg (1 equiv), Na,CO3 (1 equiv) :
" >
HO” R DCE, 30 °C, 18 h, blue LEDs E @>
46 exampeles
up to 97% MeDalphos-AuCl

Scheme 2.1.6. C—O cross-coupling reaction catalyzed by Au(l) and photosensitizer system.

FERATFIER L OB RIS X 2 BUGSHREMRITIC Z 0 . BUT O RUCHERE M RIS S L7z
(Figure 2.2.12), Au(l) LMz = 7ALT U — U RBEAOFIN L, IARF T T — k& OENL T
ZHUZ XD Au(I)Ar)(OCR) $EIRZ TR T 2, HEH THLX Y T =) b
Au(Ill) AR~ LF—BE) L C ZHEEGRED Au(ID* FEEZ4 T, ZIiEEmE L
720 BTN EIT T 2 LAE SN TV D, FH OIXBER R 2 O 7o SO s AT %
ToTHY, ZEEEREZRRT 2RISR CIIARRELRBT 256 L ik L T
KIBITIEMAL =R LT —=RNE T2 2 L bho T D,

Me, Me

o R Ciy ® ‘Bﬂ
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Figure 2.1.12. Proposed reaction mechanism.
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Figure 2.2.1. Photophysical property of the acridine moiety and ligand design for transition metal
catalyst.
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Scheme 2.2.2. Synthesis of 4-fluoro-9-phenylacridine (6).
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Scheme 2.2.3. Synthesis of 4-phosphinoacridine ligands L1-L3.
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Scheme 2.2.4. Synthesis of 9-(3,5-bis(trifluoromethyl)phenyl)-4-fluoroacridine (8).
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Scheme 2.2.5. Synthesis of 4-phosphinoacridine ligands L4 and LS.
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Scheme 2.2.6. Synthesis of 4-fluoro-12-phenylbenzo[b]acridine (13).

Z ORI 13 (2% LT LiPPh, &IV T PPhy JEAE AL, L6 &k L7= (Scheme
2.2.7a), F72. LiPBwBH; # V> L7sBH; 4k L. #i< DABCO % M\ =R T » Otk
FEIZX Y PBu EZE A LT LT D5 ETT> 72 (Scheme 2.2.7b),

PPh,H (1.1 equiv)
"BuLi (1.1 equiv) BN

o - QO
THF, 60 °C, 6 h Nig

33%

PBu,H + BH3 (1.1 equiv) Ph Ph
"BuLi (1.1 equiv)

THF, 80 °C, 6 h N DABCO (15 equiv N
® 13 - LI O e I
N

\

then BH3 * THF (1.0 equiv) N 1,4-dioxane
rt, 10 min PtBUZ 100°C,1.5h PtBuz
70% éH 7%
L7-BH, 3 L7

Scheme 2.2.7. Synthesis of 4-phosphinobenzoacridine ligands L6 and L7.

BBIZT 7 ) PUBN T BLORC YT 7 U U UEN T E OB O, o %R
ERENLTEX 2V VBN OERREIT o7, 4-T7 2 =-8-sunrXx /Uy (14) TR LT
LiPPh, Z I\ T PPhy SE A3 A L 72 L8 &k L72 (Scheme 2.2.8),

Ph Ph
PPh,H (1 equiv)
z "BuLi (1 equiv) =z
N THF,80°C,13h
42%
cl PPh,
14 L8

Scheme 2.2.8. Synthesis of 8-phosphinoquinoline ligand L8.
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2-3. AVETV—ILERILRUEEED C-0 YARAYT) VT RIG
2-3-1 RIS &1t

d-tert-7F I — KRB (15) & 1 YEOERE > 7 A ZHV, 5 mol% DENL &
2.5 mol% @ Pday(dba);-CHCL; fEAE(E . DMA ', SR T#H (@ LED (425 nm) % 12 B[
SRR 5 SR CRUS 2Bt L7z (Table2.3.1), 728, & 2 TIEGHKE THICEFT D
Bt 15a, BLOHMOHOT U —L= 27 )L 16a ORI 1,122-7 ~hTF77vnxH &N
ERIEYEM)EE L 45 '"HNMR OFES IS W TR L7z,

Table 2.3.1 Ligand screening for C-O cross-coupling reaction.
Pd,(dba)s-CHCl3 (2.5 mol%)

| . jj)\ ligand (5 mol%) _ O\Irme
/©/ Me” ~OCs DMA (0.1 M) /@ o
Bu hv (425 nm, ca. 0.2 W/cm?)  Bu
25-35°C, 12 h
15a (1 equiv) 16aa
_
1 I
Y l Bu z | Bu \N
N \ N X , \‘\ @—Pphz
+ i Fe
N v N v / \ 2
| | z N N7 £ @ >—PPh,
X"y Xy N A
dtbpy / 0% dtbpy + Ir(ppy)3 2 / 0% dppf/ 0%
Pph2 PPh, PPh, ;
Sas
PPh2
PhXphos / 0% DPEphos / 0% PPh3®/0% i L1/45%

"H NMR vyields were shown.
a fac-Ir(ppy)s (1 mol%) was added. © Pd(PPh3), (5 mol%) was used instead of Pd,(dba)s- CHCls.

C-O Wy 7V TRIGHEBEICHNOIND 44 —tert-7 F/L-22-EE Y V)L (dibpy) AL
AL f% Pd it L & HICHW =L 2 A, T #IT L) -7, & Z T, MacMillan 5
DRGSR & [FIERIZ, dtbpy Bz & OEHEHAI & LT fac-Ir(ppy)s & Pd filifi & & 12 H
WTRRR 24T o 722, T2 OSITEITE T BRIIE bR o7, £z, R 1 2
7y 7V T RISV B LD dppf X° XPhos BLD KRR 7 ¢ VBT % W56 TIX,
T2 O ROGITEI T, B3 o FLRSN EICHIT Lz, Amdtsen & 065 7o 8 BB
WCHWBIZ, ZJER AT ¢ VBN Td D DPEphos Z W24 6. FERICEE OB =
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UHRABFEICHEAT LI, Zola vRIRINE, BEFEERRAT 4 VEMTFEAT D
Pd(0) N FEIEEWIL L TA U D HhEIRRED PA(0)* fED, I kT U —~—EFE 1
B9 D CHEIT T D LT L TV A, F72, PA(PPhy)s ZHWEEAICBWTH, BEY
WIS bNR0 o7, & 2 TARPFFRICTERK L7z 9 712 Ph 2L, 4 (ZI1Z PPh & BT 5
4-TRATZ 4 )T 7 VI UENA L1 ZHWEEZA BOT UV — VAT V% 45% DUL
RCH/DHIEICEI LT, TZ T 4HRAT 4 /77 ) PUENT L1 2V, HEE R
3252 T Pd fIEHTERR DR ET 21T > 72 (Table 2.3.2),

Table 2.3.2. Screening of Pd catalysts.
o Pd(dba), (x mol%)

l 1 L1 (y mol%) O\H/R
+  Me” “OCs > o)
Bu DMA (0.1 M) Bu

hv (wavelength, intensity)

15 (1 equiv) 25-35°C, 12 h 16
entry Pd catalyst X y yield [%)] @
1 Pd,(dba)s-CHCls 25 5 45 o,
2 Pd(dba), 5 5 63 Ph
3 Pd(dba), 2 2 39
4 Pd(cod)Cl, 10 10 34 Nig
5 [Pd(allyl)Cll, 25 5 24 L4 FPhe
6 [Pd(cinnamyl)Cl]2 2.5 5 % J
7 CpPd(allyl) 5 5 20
8 Pd(OAc), 5 10 41
9 NiCl,-glyme 5 5 0

a@ Determined by "H NMR.

RLEWNERTT ) — LT AT VA& 5 27 L1 Z2HWT, Pd fBERTERA DR 217 -
72 Pd filiit & LT Pdy(dba)s- CHCl; 121G 2, Pd(dba), Z JHW = & Z AU 63 % ([ L
7= (entry 2), MUEERIIEZ Smol% 75 2mol% ~EWD L7izE 2 A, SOOI KX <
R L7z (entry 3), Pd(Il) RiBR{A L LT 2.5mol% @ [Pd(allyl)Cl]; 3 X O [Pd(cinnamyl)Cl],
EHWZEZ A, BRWORERIFK T L, BIAERY & LT 5% BREOHET UV — L34 [k
T5HZ DN o7 (entries 4-6), ZAUIMBERTEEARIZE £ D CI A Pd(An(I) FEIZAHN
L7-#, HOCRE T CEITABEET S 2 TAERLZEBEL TV, C 2b72hn
PA(I) fEERTERARCTdH 2% CpPd(allyl) <° Pd(OAc), filfa W /=341 T, Pd(dba), &
el U CRULDIRNME T 925 Z L 230 o> 7= (entries 7and 8), F 7=, Pd flEIZIt 2. Ni
filt 2 DN TR 2 AT o 7223, OGS < AT Lehr o 72 (entry 9), L EOFEFR L 0 | Pd fil
X LTt Pd(dba), Z 5mol% HWA5M: (entry2) i TH D Z L2300 | IRICHRST
NP R, R X ORISIRE O 21T > 72 (Table 2.3.3),
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Table 2.3.3. Optimization of reaction conditions for wavelength and temperature.

I
+
/©/ Me)j\ OCs
Bu

(0]

Pd(dba), (5 mol%)

L1 (5 mol%)

hv (wavelength, intensity)

DMA (0.1 M)

a

15a (1 equiv) 25-35°C, 12h
entry wavelength [nm] intensity [ca. W/cm?]  temp. [°C] yield [%] @

1 425 0.2 25-35 63

2 470 0.2 25-35 30

3 525 0.2 25-35 0

4 625 0.2 25-35 0

5 425 0.4 25-35 75

6 425 0.4 35 70

7 425 0.4 50 69

D

etermined by 'H NMR.

16aa
Ph
CCC
Z
N
PPh,
L1

DWW E%EZ 470 nm & L7z & ZANERIFIRE WA L (entry 1), F72 525 nm (5%)
X2 625nm (JR) OERESEEZRE Loz Th, RSB ET L722h > 7= (entries 3 and
4), ZIEHDOREND ., AR TIE 425nm OFENE RN T2 &8 ETH L Z L 1D
Doty ELEARISIZEB W TR EOREAZK 2 /5 (0.4 W/ cm?) (235 LD [ E L,
IR 75% [CCHMWZ 5 272 (entry 5), ZHLE TOMRFHIH T, EiR (25-35 C) 1T
BEtaAT > CWeA, ROGREZ 35 C IZHIAH L TRETEZ1T - Tb AR IR T B
T (entry 6), & SICKSIREZE 50 C IC EF S THICRTH LT, MBI X v K
JEEEE VXA B LRy o 72 (entry 7). % 2 C. 35°C THRASHEIRE 25904 W/ cm? &35 544
(entry 6) Z I\, PN JFERIZF DS 24T - 72 (Table 2.3.4),
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2%
Table 2.3.4. Screening of 4-phosphinoacridine ligands.
Pd(dba), (5 mol%)
I j’\ ligand (5 mol%) /@,o\n, Me
+ r o
fBu/©/ Me™ "OCs DMA (0.1 M) By 0
hv (425 nm, ca. 0.4 W/cm?)
15a (1 equiv) 35°C,12h 16aa
Ph Ph Ph AP 5 ArF
CC0 OO0 CCOo Ccoor oo
P P P H P H P>
N N N : N : N
PPh, PArF, PBu, PPh, PBu,
L1/70% L2/70% L3/31% H L4/ 78% E L5/51%
Ph Ph Ph
P P “ F
N N N Ar® =
PPh, PBu, PPh, o
L6/ 22% (425 nm) L7 /6% L8 / 3% (425 nm) ®
56 %(525 nm) 3% (365 nm)
5% (625 nm)

"H NMR yields were shown.

FT4HRRT 4 )T IV ADERAT 4 ) EBLOT V=V EORA T Y —= 7
AT ol BAARRIRBAT 4 ) HAHBAT DL TOE TN A RETE 5 L HIfFL,
Ph JEJ 0 E T RBIPEDE 3,5-(CF3)2CeHs (ArY) 2 %2 & O 1 L2 2 W TRt E21T -
Too Z ORGSR, METEMEIZM BT, L1 ERBREONETH v 7Y TR E 5 2 T2,
ZHUTETFARERARAT ¢ 7 FIZL Y Pd FOOBEMELEMET T 5720, ETHBLEEIE
I D LR, B IS AR o e R CTh D EEXTVDH, — T, BT EE
72 PBuy EA2ATHENT L3 WA LD &l U CRUSDIEER RIBIZIK T L7,
MARBNS B VAR AT ¢ ) BB A L7256, BB REISND Z &R b TV
LB RSB 2R ICIBBEI AR 72 D 2 L b o T, ZHUIARKIGICEIT 58
TCRIBLEEDS . IS Pd P OOBEFHIMEICE > THIEI SN Z L 2R LTS, £IT
PPhy 52T 2 4-RAT 4 /77 VY UELT L1 ISk L, 9 (DT U — L EDFET-HINE
BOERERT Lz, BT RERT V—NIETHD 3,5-(CF)CeHs (ArY) 5% 9 MLIZEAL
BN L WL A, 78% ICE TN E Lz, ZiuxT 27 U VU EKOE
ZRMENE E L, MLCT JRENZEL SIS Z & TEITHBEEDMEE SN TR EE X T
Wb, —HFTT 70U ® 9l 3,5-(CF3)2CeHs (ArY) %5, 4 (712 PBu 542 H 7 HENL T
L5 CIXETHINEE L B LR o mim e 2Rk T & 5 L WIfF L72S, BUSOIEME T3
HZENDoT, TV VD o MEREWIR LT 4R A7 4 /)Xy T 7 ) PR
i L6 M\, 425mm OFENERFTHEMETI/aAD v T v T Efgat Lzl 25
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L1 & Bl U TR A RIEIAR T L7z, ZUS LT, HEELV b EEEETH S 525mm
DA E BRI 5 80T, HFOEEROWEES & ik L CREICIERE m E L, Zh
T BEREILET D2 LT, ARUSRICREECZEHITED 2 LATRBT /R TH
b, FEEHEEY LEEELTH D 625 nm OFRESNEE B LHAICIIRISEOIEME T L
7o m R ER N LX) U VEAL T L8 AV, HEEEITERIE (365nm) & MR
TAHERMETIZZ 0 2T v 7V o P RISHBIRIN R & 72 72,

UEOBENS, 4250m OFENE WD ICHRIFIZENT, 4-RAT7 4 2T 7 )V~
BNL T L4 A b @ OBHTEZ R T2 Edbnot, T2V VUG o R AR
RLTZ 4FRAT 4 )Xy T 7 YV UBMLT L6 WA Z ET, BB EHANTHAY
0 Ay ) T RINERETE D Z ENRPF LN o7, IRICHERLSN OFE A D 77 VR
VBB AR, BERE T U AR ZHERE & A AV D BRI LT RUG SR
TEOE#E L 21T > 7= (Table2.3.5), 7235, B AR OH G £, BLF O&MAMFHIBWT L1
AW Tl b &2 T o 72,

Table 2.3.5. Screening of bases.

Pd(dba), (5 mol%)
o L1 (5 mol%)

I )J\ base (1 equiv) o\n/ Me
+  Me” “OH > o
Bu DMA (0.1 M) Bu

hv (425 nm, ca. 0.4 W/cm?)

15a (1 equiv) 35°C. 12 h 16aa
entry base yield [%] @

1b CsOAc 63
2 Cs,CO, 62 ; Ph
3 K,CO4 27 O A O
4 NayCOs 17 N .
5 Li,COs 0 Ly PPhe
6 K3PO4 39 R LR LR REES
7 DBU 2
8 iProNEt 0

@ Determined by 'H NMR. © Without acetic acid.

1 YEOKRERE VY A EFEZ VDS TR, Bt 22 AW D5E & RRRED
IWERTRISHDHEIT LT (entry 2), LT RIBIEDORETZIT o7& Z A REEA U 7 A (entry 3),
REET N U 7 A (entry 4) | REEY F U A (entry 5) ZHWALA TIHNENRKEZ KT L
Too ZHAVITIRBEME OWMRMER XY OAC DRBEMENASIEDOSREICHEL 52 T\ D
LEZOND, £ ABIELTHLDBUR T EYZ7 0y T ) X PrNEt & H
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7oA 3 7 BSOS EITHEST Lz, S, AR ES Bt 5451 U CTER L,
Na AT V= EIE T LT 2 TAE LT £ B X B D (entries 7 and 8),
WIZEIR (25-35 C) ST TR ORFT 21T > 7 (Table 2.3.6),

Table 2.3.6. Screening of solvents.

Pd(dba), (5 mol%)
L1 (5 mol%)

I j’\ Cs,CO05 (1 equiv) O\H, Me
/©/ + Me OH 0
By solvent (0.1 M) Bu

hv (425 nm, ca. 0.2 W/cm?)

|

15a (1 equiv) 25-35°C, 12 h 16aa

entry solvent yield@

1 DMA 62

20 DMA 32

3 DMF 48 P oh
4 NMP 42 . N

6 MeCN 27 5 PPh, |
7 acetone 2 o L 1
8 MeOH 0

9 THF 4

10 CH,Cl, 5

11 toluene 0

a Determined by "H NMR. ? H,O (10 equiv) was added.

DMA #EIE e L THW S A RO EWINE T a2 v 7Y U I RISERY % 5 2 7
(entry 1), DMA DIAAD 7 2 FRBEHSC, JE7 0 b oAMEBHIAS CIIIENME T 5 Z £ 0vb
2572 (entries 3-5), £72. DMA FIZ H,0 % 10 ¥ &EIFRM L7-HEC, 7o b U HEEEo
MeOH, EMRMESEE 2 W2 35512380 T h BURDINERDZE L <X R L7 (entries 2 and 7—
8). LA LDFERMN G il 22 DMA & L CEDT,

UL EDRSEERHE DS, Pd(dba), & 4-TR AT 4 277 U P UEMET L4 %24 5 mol%
MV B2 L Cs:COs @ DMA HHRICKRT L, HEZ 12 BFHIRE T2 R0/ RETH 5 2
ENDD otz WICKRIGRICH L, a2 b —/LFEEBRETT->7- (Table 2.3.7),
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Table 2.3.7. Control experiment.

Pd(dba), (5 mol%)

[ )OL L1 (5 mol%) /@,o\n,Me
+ >
rBu/©/ Me™ "OCs DMA (0.1 M) By o

hv (425 nm, ca. 0.4 W/cm?2)

/

15a (1 equiv) 35°C,12h 16aa
; Ph
entry  deviation from standard conditions  yield [%] @ : O B O
_ : P
0 70 : N
1 PPh3 + 9-phenylacridine instead of L1 : PPh,
L

2 w/o Pd catalyst
3 w/o L1
4 w/o blue LEDs, 35 °C

a@ Determined by "H NMR.

A b7 U —/L 15a IZH L CHERE > ¥ 2% 1 Y EH WD USSRMEICE VT, L 21t
Z. PPhs & 9-Phenylacridine & W25 Tk, 7 0 A0 v 7 U 7 ROSAERRITS B
Molz (entry 1), ZAUIKRAT 4 23T 7 U D FRMBE—0FINITAFE L, #Y) 72 iRk
BT DHENDH D Z L E2RLTWD, £7- Pd fillllds KON 2 UV 72 0T
BRI LT, 2B IFIARRSDOETICHEARR R TH D Z L3 ) -7 (entries 2 and
3), S HICHEEEEE LS CIIe s e < T, BhikE2m 925 2 L B8AK
IEITORETH H Z LB BN/ o7 (entry 4),

FZTCTHEA2DOEE~EHAT< 0.2mmol 27—t L, Bl kit vA% 12 Y4
BEHWT 24 FFEF ORI T 2R TR 21T o728 2A, 82% OHBHNRTHNY %
B/HZENTE, KEEE2a b7 V=N EINRUEED I 02 H v T Y VT RIGED
RS & L CEDT (Scheme 2.3.1),

Pd(dba), (5 mol%) : F3C CF4
L4 (5 mol%) ; O
o) Cs,CO;3 (1.2 equiv) Me '

| . (0] ,
e PO S
IBU/©/ Me OH DMA (0.1 M) Bu (0] i O \

hv (425 nm, ca. 0.4 W/cm?)
15a (1.2 equiv) 35°C,24h 16aa/ 82%

Scheme 2.3.1. Further optimization of reaction conditions.

L EDORKE bt 25770, I b7 V=NV R UL D70 Ay
U > FROSIZRE L, FEEHEH OMRG 21T - 72,
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2-3-2. HEEASEDKE
2-3-1 Hi S E W, a7 V= EDNVR LD a A7) T

B o0 BB FH P O 217 > 72 (Table 2.3.8),

Table 2.3.8. Substrate scope of aryl iodides.

' F4C CF,
Pd(dba), (5 mo%) :
L4 (5 mol%) :

| 0 Cs,CO3 (1.2 equiv) '
+ ; A
Me)J\OH DMA, 35 °C : O . O
: N

hv (425 nm, ca. 0.4 W / cm?)

\j
&
o=(:

15 (1.2 equiv) 24 h 16 : PPh,
! L4
J@,0\"/Me J@,0\"/Me /@,0\[1/ Me /@,O\n/ Me /@,0\[1/ e
By ° Ph ° MeO ° AcO ° AcHN
16aa/ 82% 16ba/ 83% 16ca/81% 16da / 66% 16ea / 77%
Me
dicaaves
(0]
M
F O /(j €
16fa/ 50(93)% 16ga/ 38% 16ha/91% 16ia/ 77% 16ja/91%

T UL LR & ORUGIZBEI LT, tert-7 F/LHE (16aa) 7 = =/L (16ba) £:%%
DEFEFHIZ RO BEHILSL, A FFTEE (16ca). 7k hd Tk (16da) BLOT I i
(Mm)%®%¥&5%%ﬁ?53WMTU~w:ﬁL TV =)L AT )NV EFHNETEH 2
oo 7oA uEl (16fa) 26T 5B U TSN TIEICHEIT L2, EREIETH S
suuliE T 5IE (16ga) TITNENMET Lz, T 7F/VEE (16ha) oA /L MO E i
& (16ia,16ja) HFFE I, MWNETHIIWMZ 5272, 2O X 5 ITARMIEE CIIE it 5
HaFGTHI VTV =L, BIETIaR 7Y I RISERME 525 2 &
B LNETRS T,

AT VN 2 B3 2 i iPH A #5 L 72 (Table 2.3.9),
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Table 2.3.9. Substrate scope for carboxylic acids.
Pd(dba), (5 mo%) 1 FsC CF3
L4 (5 mol%) 5

| ) Cs,CO0; (1.2 equiv) O_R:
o' K - O~ S
By R DMA, 35 °C By : O O

hv (425 nm, ca. 0.4 W / cm?)

N
15a (1.2 equiv) 24-36 h 16 PPh,
L4
O\H/ Et 0\n/"c11 Ha3 O\n/cy O\H/'BU
/E:r o /@ o /@ o /E:r o
Bu Bu By Bu
16ab / 81% 16ac / 98% 16ad / 81% 16ae / 98%
H OMe
(o]
o8 o8 o )
o /© o
Bu 0 By 0 Bu Bu
16af / 89% 16ag / 76% 16ah / 72%?2 16ai / 68%7

Isolated yields are shown with TH NMR vyields in parenthesis 236 h.

e DT NFXNVEBLIOT Y =LV EELODIVRVBERWNCTIa Ay 7Y v 7k
DOWEIEIT > T2, EEHT VXL H LR B (16ab, 16ac) <°, > 7 n~F I LEL (16ad), tert-
TTFNH (16ae), 7 X~ T VE (16af) b omm < E BB R IR ERICK L, miIL
RCTV—NVTATNVEE 2T, Fle~TaRe AT 2 NVRCBICHLEARETH- 72
(16ag), ZZBFEETHER CTIISUSIEAMET L7223, RS % 36 Bl & 325 2 & TR
W%KTE%%%ﬁzka&mmmo:n&%é%@%ﬁ%ﬁ%%ﬁwwfy@&mﬁb
TN JOREENRZ L2 & tl#é&%x%ﬁé U EoigitnG, BT E8En
DREEDENT VXNV AIVR U E WD Z & T, R BB R MR éhé En
oz,

Z O EPHOMAIE, SATIFEIC I 1T D Ni-dtbpy flE & S ] A N 2 il
ISR EFEMHNCH B, Ni-dtbpy fRBESUG R TIE, B RKBIEEZAHT L3 LT UV — ARk
TV =kt LROGS BEFRINERCHI & 5 2, BTt 5RE2 A3 2 E I3 EIR L
725, TXUIK L TCPA-RAT 4 /7 7 V) UM RIT, BTt EE3 253 vb7
U=kt L, @INE T a2 v 7Y 7 RISDEITT DN A T, ZiUIpeEko
Ni il R 2 il iR & brie U CRB BRI 1T U TR 23 B L Tn b 2 &
ERLTEBY, BFEGHEORWEAT ¢ /2 HT 25 Pd IEOENETHDL EBEZDH
nb, £H— ﬁf AFRIER CIXE AR RE IS LBUSHERZ LS, 2hboRE % A
WA JLHIBERIE N AR & 2o TWD EE X BND, T7bE, BT AERIEEIC

67



% U CHICETTRBUEE 2 81T S8 55 Ni-dtbpy filfiiR & Hell L€, Akt R TldE T
FIBLEE~DBREMIFR T LTS LB 2 b b,

2T, AfRBERE R TIERER O ROER £ 0 BALRORHINA~O SOSIETEDS B 2 S I35 B
L., b7 V= BLORIT U — 1~ & Lz,

2-4. RIE7)—ILELVEBLET)—ILERANSC-0/8RAy T VI RIG
2-4-1. RIGEHREH

AT V= EANVRUFRIZE D7 a Ay 7 VT ROGIE, 2-1-2 i Tk 7= LB
2 B SALCE M LT VU — v~ H T & DR ITR BRI S Tunian, — 5T,
WAL T U — i3 < OERLCHAENE S FICE TN EEEETHY . 2 BITEM T
BRI uAly 7Y U TRICDORBIIERRNE B X, £ZC HET7T Y — &Ry
I D COr7urhy 7)o TSI OWT, UGS O RE &2 1T - 7= (Table 2.4.1),

Table 2.4.1. Screening of catalysts.
Pd catalyst (5 mol%)

/©/C| j’\ L5 (5 mol%) /@/O\H/“"e
+ Me” ~OCs > o
By By

2 Determined by "H NMR. ? L1 was used instead of L5.
¢ca. 50 °C.

DMA (0.1 M)
. hv (425 nm, ca. 0.2 W/cm?) 16
17a (1 equiv) 25-35°C, 12 h aa
, Ph
1 0, a i N
entry Pd catalyst X y yield [%] : _
1b Pd(dba), 5 5 0 : N
i R=Ph:L1 PR
2 Pd(dba), 5 5 3 ! R=1By"L3
3¢ Pdy(dba);:CHCl; 25 5 3 ]
4 (cod)Pd(CH,TMS), 5 5 3 ' F,C CF,
5¢ [Pd(allyl)Cll 25 5 2 i O
6 CpPd(allyl) 5 5 1 ;
' A
7 Pd(OAc), 5 10 9 ; _
! N

dtert-7F N7 maXEy (17a) & 1 ¥&ED CsOAc #HWT, HFE (0.2W/em?) [
HTTCO7ZuRTy 7Y TRIGZERG LTz, Pd(dba), ikl s 4-FR27 4 2727 )T
BT L1 245 Smol% V=& A, FTEOMIGTEL ET LR o7 (entry 1), T V1L
T U=V EHNERENS ., T U — b x 27 )L DR I A SR G T VRIS AT
L2 ENDNoTND, D, kT UV — & HWEKIERTIE, 77 YV —LHW
7oA & e A_ER LI IN & 72 B T AR A TINEE E e > TN D EE X T, £ 2T, i1k
BN A AREST R  PBu B2 HTH 4 KA 7 4 2727 VP UENF L3 2TV THE%
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1Tolcle ZA, WRINETIEH 503, RUSHEITT D Z LR TE 2 (entry2), S H75
IEOM Bz L, BRI ORE 21T > 72, Pd fillft & L T Pdy(dba);*CHCl; <2,
[Pd(allyl)Cl]> . (cod)Pd(CH, TMS),. CpPd(allyl) % A7 U —=27 L= & Z A, WTILORH]
AR Z W GEICB W THIERILM E L7257 (entries 3-6), & D —4 T, Pd(OAc), fi
B2 W AT O T, ERAO0M BT 5 2 L3 Y (entry 7). PA(OAc), & HV 55
P CRIUL T DIRFT 21T > 72 (Table 2.4.2)

Table 2.4.2. Screening of Pd catalysts.
Pd catalyst (5 mol%)

cl j’\ Ligand (5 mol%) o\n, Me
+ Me OCs > o)
Bu DMA (0.1 M) Bu
hv (425 nm, ca. 0.4 W/cm?)
17a (x equiv) 25-35°C, 12 h 16aa
entry X Pd catalyst Ligand temp. [°C]  time[h] yield [%] ; Ph
1 1 Pd(OAc), L3 25-35 12 24 ; O N
2 1 Pd(OAc), L3 60 12 31 ' N :
3 1 PdOAc), L3 60 24 47 : T
4 1 Pd(TFA), L3 60 24 42 L G ory |
5 1 PdTFA), L5 60 24 51 : O :
6 2 Pd(TFA), L5 60 24 64 5 ;
7 2 Pd(TFA), L5 60 36 77(67) O X O 5
' P '
8 2 Pd(TFA), L5 60 48 71 : N ;
' f '
' L5 P BLI2

@ Determined by "H NMR. Isolated yield is shown in parenthesis.

______________________

Pd(OAc), & WD FUSSIFIZBWTEIR T, BEREEZ 245 (04W/ecm?) (ZL7Z &
ZANENPREL M EL, TV =V AT VEIE 24% TR (entry 1), TAVE D AR
RICBWTHREHIRE L, RISNRICRELS FETLEEZ2OND, SREE 60 C
IZL72 e 2A PWERSORLH ET 252 B30 Y (entry2), MEAVT 2 Z & T Ar-Cl OFE{EHY
FEMERERNMEE SN B2 DD, I DT, KGR EZ 24 R E THIELZE 2 A, I
BRREMEL, 47% THEWZ572 (entry 3),

Pd(OAc), ZHIBMA L L THWGE TIFRIBMRIC AcO™ BAEEi, HWD VR g
K57 Ar-OAc DEIERM & LTAL S, £ 2T, PdOAc), & RIBEOARBLIEHREZ 4 U,
RBPOETARRANKFX VT — ML T Z2 BT 5 PATFA), Z W& Z A, DTN
NPT 5 OORBEDOIETHNYEZ 5 272 (entry4), T D=, LIt OBREHIE
W Pd HIBRIA E LT PA(TFA), Z WD Z L2 LT,

Pd fBERTBEIA L LT 5mol% @ PA(TFA), & W55 T, B it &iT o7, 77
U ®D 4 L2 PBu, 9 WAZETREIMED 3,5-(CF3).CeHs 2z HFT 257 7 U 2V ENLT
L5 ZHWCREE T2 2 A, WEAH EL, BMHOT V—IV T AT V% 51% T
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5T ENTE (entry 5), ZHUT LS IZBIF5%E B 72 PBuy 2% Ar-Cl OERLAIAHIN
-M%_\9m@7)~»4m5%#@m%%%%%Lbkﬁ%\%ﬁﬁﬁﬁk%<ﬁib
TEeBZTND, Flz, 2 BED CsOAc ZHWN D Z & TN 64% ([ZF T EL (entry
6). S HIT 36 IS 2R3 25 Z & T, NMR U 77% (BHEEINER: 67%) (2 TH
B DT ) — VT AT V&G (entry 7). & DIZSUGKH A2 MR L THIERICHEIL 2 <,
entry 7 & BRI E YD B HEIH OME 21T o 72,

2-4-2. EEERAGEDRE

2-4-1 Hi TR il SR E T (LT V=V E VRIS L D70 Al vy T o7
B o0 BB FH P O FE 217 > 72 (Table 2.4.3),
Table 2.4.3. Substrate scope for aryl chlorides and aryl bromides.

F3C CF3
Pd(TFA), (5 mo%) Q
X o L5 (10 mol%) o
+ > N
N

hv (425 nm, ca. 0.4 W / cm?)
X =BrorCl (2 equiv) 36 h PBu,

(0] Me (o] Me
Joaalies ol $

16aa/ 60%% (from Br)  16da / 52% (from Br) 16fa / 58(72)% (from Cl) 16ia / 89%72 (from Br)

67% (from Cl) 55% (from Cl)
77’ Me
Me
O\IrMe MeO O\IrMe AcO
;U
16ja / 51% (from CI) 16la / 42% (from ClI) 16ma / 41% (from CI) OEt

16na/ 64%?” (from CI: Loratadine)

Isolated yields are shown with TH NMR yields in parenthesis 235 °C. 295 °C

BTV —n, BT V=B L T, ETEER tert-7 FNLIEEHT HEEIZBNT
WRELS B Z 5 272 (16aa), ETHGETHL T FX UL, 74 nikid b0l
7V — VB L TH BIFRIE TR E 525 2 Lo 7- (16da, 16fa), 1-7 12 E
FT7H LY (16ia) ZHWEEES, 35 C T/ rAN v 7Y U RIS EIERTHEITT 5 2
k%ﬁﬁbtoit FV MEETAIA XL E G2 G T AT U — skt L, Ke
IEMICH#EIT L7z (16ja-16la), HL7 LLX—3K L L THIH LS Loratadine % W\ 72854,
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95 C TG 2% Z & T FIRECTH 0 | RMELRIT Late-stage (23517 2 BHREFELL~ b il
HFAETH S LB ZHD (16 ma),

UbXy, ErtEHEomWEART ¢ 2R E B ARERT U —/N % D Pd itz
W R, REFEFHSN T ARWELT VU — /WM ETHEHARETH D 2 L2 R L, Bk
I~ O DZ LWE G2 3 28T V — A B L ORAT U —/Zxf L,
AR R ClIEm O BTS2 R~ 2 E Vb o e, Teb b 2T BRI & E T A
BEOMBR A EHETE D KA T 4 ) T 7 ) VUL OEMNIEZ R ITRERTH O . 16k
D Ni > Pd Al 2 7 AR CIIEBINEE R BUSKET T 5,

25 7V r—3Yy

TR CBEUSNORZHIC, BREERE AW a X v 7Y o 7 ROG~O & ft
L7,

EReRAME L WD 0 r RO, —RICEIRE TSRS RA 2 B T 5
ZLIZERL, BRI 2 2 L TEOHBMBEAZRET 2RISR DN ERI TH D &%
Z2720, 22T, Pd il 4R AT 4 )T 7 U D UENA (LA) BV E AN 54
2T, dtert-7F I — KRB (15a) L SYEBEDOT N T T TFAT E= L7 Y R
(TBACI) (2 X B a8 F U RS ORET 21T o7 & 2 A, I 80% ([ THEILT UV — %245
7= (Scheme 2.5.1),

i FsC CF,
| Pd(dba), (5 mol%) O
®@.0 L4 (5 mol%)
+ N"Bu, Cl ) /©/
Bu DMA (0.1 M), 35 °C O

hv (425 nm), 48 h 17a/80%

15a (1 equiv) (5 equiv)

Scheme 2.5.1. Pd-phosphinoacridine catalyzed halogen-exchange reaction.

— T CREAE p- MV ANV R E L THITED C-0 1 v 7Y v TR DN R
IWRTHELND Z &AM L7 (Scheme 2.5.2),

FsC CF,
| Me  Pd(dba), (5 mol%) /@ !
L4 (5 mol%)
oo, Wer:
tBU S tBu P
- N

6o DMA (0.1 M), 35 c
hv (425 nm), 48 h . :
15a (1 equiv) (2 equiv) 18 /60% 5 L4 PPh, !

Scheme 2.5.2. C-O cross-coupling reaction of 4-'Bu-iodobenzene and arylsulfone.

RUFRRFT (Table 2.3.4) D 4K AT 4 /R YT 7 U U UEALA L6 13, O (525
nm) T BEMHICT CO 2 aAl y 7Y U VB BETE 5 2 EBHL L Ko
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TWe, 22T, XUV T7 27U PUEMNF L6 % Pd fifit & & HICHW, FkE (525 nm)
BLOTREN (625 nm) ZBET KM Tr/aAD v 7 ) U I RIGOKRE E1T -T2, 4-
tert-7 F )T — RR_RUB L E LR T A% 1.2 BBV D M CROGERE %2 24 FiRE
(Fkt, 525 nm) £ 721% 99 BE GREOE, 625nm) & 45 Z & T, MBISEREICBWTHE
IR TT U — )L A7 )L % 4537- (Scheme 2.5.3),

f H '

| o] Pd(dba), (5 mol%), L6 (5 mol%) °\n/ Bu | Ph ;

L P > o : A '

Bu Bu” "OCs DMA (0.1 M), 35 °C By 5 | :

hv (525 nm, green), 24 h or

15a (1.2 equiv) hv (625 nm, red), 99 h 16ab / 85% (525 nm) !
51% (625 M) bocoeennee- L6 ____...2:

Scheme 2.5.3. Green or red light-induced cross-coupling using phosphinobenzoacridine ligand L6.

PLED X oz, AR RIT, #ERTIXEA TE ok TV — &G~ O
e F AT U =Skt L CHE 2R T 5 2 E R TE L, ZAUTE RGO R X
T4 ) EEE B ERINTE LT V)V D EKER T D AR T 4 )T 7 ) VBN O
BEANETH D EBZOND, RKICHEFELBRH TT CO 7aAxh v 7Y v 7 ROGHMEE S
DELEH A ST BRI T & BEEGER & O T SUSHIE AT 21T > 72,
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2-6 EERARICHEIERET

AT 4R AT ¢ 277 VPV EZ AV, HEtE AT 2% Trm sk
TUV— IV EHWNVRURED I O AT 7 T ROSHHBICHETT 5 Z 25 L,
FAEEE RS KEILRT D2 LITEEI L., #ERTITEMH CE o7k T U —
VIZECTHEMAATRETH D Z & &R Lo, £ 2 TIRIT, RBUS D SOSAEEIZ DWW TR LA 135
AN EBRMTFIER LU ETE 2 O TSR 21T o 72,

AETIHLUT, ZHULDOBFHIDWTIRA S, KIS O E KIS % DL T ISR T

(Figure 2.6.1),
Ar

L = solvent or db
X (L = solvent or dba)
Ar—-0,CR’ N Ar-X
1
L—F|>d—PR2
L
Reductive elimination A o B Ar

Ar (rate-determining) Oxidative addition

Sy 29e
—
® / 4 ’
N 1

R’CO Ll X—IIDd—PRz
2 Pd —PR2 Ar
B

Ligand exchange

\ O R'COH

R’ COZ—Pd—PRZ
Ar

C

Figure 2.6.1. Proposed reaction mechanism.

Na AT U= A PA(0) SEMICERILAIATIN L, L1-Pd(Ar)(X) 51K (B) Z/ERKT 5,
e S A A A E VAT VT — b & OB TR EEHEIT L, L1-Pd(Ar)(OAc)
BEIR (C) ZAERT 5, #EFHRIE (C) 7D BHOT U — Lo A7 V8Bt 5 & [H
Wi, 5K A ZH4AET 52 L T A 2V E2RT 5 L& 2 7=, ZOfiy 1 7 sk
WT, 3T U —® Pd0) SEER~OBLHIINIES TEIT L, a7 At F
EHNARF VT — N E OB FEREFE TH D T ENMBNTNDPL, LT,

b FUARE BOCHERE 12 3 CHBEEERE 1T, L1-Pd(Ar)(OAc) $&5(K (C) 2> 5 diE bk & 48
S, FhECRREZ R L CHEIT L TV D & B 2 e, ARIGORITTHIBEED PAID) S5O
t% ENBIEIT L TWDDOTHhIUL, IEFICHARBTH Y ZOBEZ AT 5 2 LI3ER

o &I T, HEPEIA L1-PA(Ar)(OAc) SR Z B L . MBS T & DR T Co K
fﬁ@k@ BLOWHEREZITH 2 LI Lz, AT, L1-Pd(Ar)(OAc) S5O IR

WZEET 2R ES D~ lsREE U TR/ LT 8-R A7 4/ %/ U VEUNL T (L8)
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CBRILK LIz 4-_0 T 7 U DB A (L6) ZFHT 5 L-Pd(Ar)(OAc) $&AE2 & L. <
BT L TONHIE., BXRLFRIER L OHERHEZ W =R 21T - 72,

2-6-1. Pd-HIILARF 5 — FEARDERK

FOCHERERRAT & L C, PO HEERS TOMMEREIC LV EF LZ, £, B+ &
LCT 7 VYUV LI, RV T 7 UV UENL T L6 BLOF /U UEN T L8 24
7% L-Pd(Ar)(OAc) 881K (20) DEREIT -T2,

77U UENF L1 IS LT 1 M4 8D Pd(dba), & 12 HED 15a (Ar-]) 2EET 1
BFMAOG SH5 Z & T, L1-Pd(Ar)(I) $E(K (20) 2 SPARBEMEARORGY 19,19 L LT 79%
DI THF7= (Scheme 2.6.1), T D#EEIX, H PCBIOIPNMRIZEVIFE L, &5
2. 2 FREO RIS L, NP oads IWIRIC AT R R RIS 5 2 L1
£V Pd 5K 19 OHFERDE DAL, XBURE LS AT TS 2 38 L7c (Figure 2.6.2), Pd
BER 19 1Z. T2 VYL SHED C-HiEG & I w3 L ORISR FIC L 0 B A ke
WitEE L > TNDZ ENbhoTz,

Ph

A Ph
Ph _
(i) Pd(dba), (1 equiv) N N
A THF, rt, 30 min. |
> |—Pd—PPh, + —
— N
N

(ii) | By rt.1h !
Bu Pd—PPh,
PPh,

15a

L1 (1.2 equiv) 8
u
19 19’
op =31.0 ppm 79% Oop = 27.5 ppm

(inCeDg)  (19:19°=4:1)  (in CgDg)

Scheme 2.6.1. Synthesis of Pd(Il) intermediate (19, 19”).

top view side view

Thermal ellipsoids are set at the 50% probability level.
Hydrogen atoms were omitted for clarity.

Figure 2.6.2. X-ray structure of Pd(Il) intermediate (19).
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L1-Pd(Ar)(I) $&1K 19,19° DIREW & 148D AgOAc % H\ N D BT 1- A i & Wiat L,
L1- Pd(Ar)(OAc) K (20) ZH DA L L TR 62% T/ (Scheme 2.6.2),

X Ph O
O /O O
N X
AgOAc (1 equiv
N/ 9 d ) Pd—PPh

| THF, rt, 30 min.
Ii’d—Pth 62%
|

20
6, =33.4 ppm (s) in DMSO-dg

Ph

QA 7

|
|—Pd—PPh,  +

@o

Scheme 2.6.2. Synthesis of L1-Pd(Ar)(OAc) complex (20).

L1-Pd(Ar)(OAc) 881K (20) DX B 2-ds IIRICAFT Y VAR EZ IS TS 2 212 LD
RS 2MF DAL, XORE S S ARAT IZ X W S 2 [FE L7- (Figure 2.6.3), MAKEMAKDIRA
WCTHE LI L1-PA(ANI) 51K (19, 19°) E13HRR0D . RAT 4 HED b T 2 AT AcO™

ISBONL L7 B I8 R IRENICAG BTz, IRAT 4 U1 ED o

GO R E AL 7O ~ T
NI AN

Ar L0 b o EGMED/N ST AcOm DMLET DEEN B ERINC L E TH D 2
Linh, BH—DEmE LTRLAZLEZ BN,

top view

side view

R =3.93%
T=123K

Thermal ellipsoids are set at the 50% probability level.
Hydrogen atoms were omitted for clarity.

Figure 2.6.3. X-ray structure of L1-Pd(Ar)(OAc) complex (20).

RS T IV UENLF L6
BFE S S5 2 & T,
\ZTH37= (Scheme 2.6.3)

WX LT 14 ED Pd(dba), & 1.2 4ED 152 Z={E T 1
L6-Pd(Ar)() $EKRAZSTIREIEROIRAEY 21,210 & LTIE 37%
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ph Pd(dba), (1 equiv), THF
A rt, 15 min N N
(L OO 1 OO h®
i) | B .
pph, O u rt1h |I—Pd—PPh, Pld—PPh2

L6 15
(1.2 equw)

Scheme 2.6.3. Synthesis of Pd(Il) intermediate (21, 21°).

37% ,
@1:21=4:1) 2

L6-Pd(Ar)(I) $&1K (21,21°) 12k L C, AgOAc & f\W BENL A m4T 9 Z & T, FTED
L5-Pd(Ar)(OAc) $81K (22) %I 81% (T THH/- (Scheme 2.6.4),

Ph Ph
A A ) X
| + | AgOAcC (1 equiv) |
N > N
1
I— Pd—PPh2 Pd—PPh, THFé;%23h AcO-Pd—PPh,
@ P

21 21 22
Scheme 2.6.4. Synthesis of L6-Pd(Ar)(OAc) complex (22).

L6-Pd(Ar)(OAc) $81K (22) OofEiEIX, 'H, PCBIOIPNMR ICEVIRB L, &5
L6-Pd(Ar)(OAc) $&1K (22) @ THF RIEIZ~FH U RKR AR S E D Z Lo X v BsEN
o, XHS S G AR CHEE 2 [FE L7z (Figure 2.6.4),

Figure 2.6.4. X-ray structure of L6-Pd(Ar)(OAc) complex (22).
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XU B L8 IZx LT 1 4 ED Pd(dba), & 1.2 HED 15a =R T 2 B RG
SHHZ LT, L8-PdAr() #&E (23) 2K 66% 12T/~ (Scheme 2.6.5),

Bh Pd(dba), (1 equiv), THF, Ph
N rt, 20 min; J
» - (O
N (i) I—Q—fsu tt.1h N
PPh, |I—Pd—PPh,
L8 (1.2 equiv)
Bu
23 / 66%

Scheme 2.6.5. Synthesis of Pd(II) intermediate (23).

A-TRAT 4 )T 7 VP UENA Ll R4V T 7 ) DU A L6 EHWTEGE LI
B0, XU EAF L8 #HT 5 Pd $EARTIIARARAT 4 2 KD N T ALl 3 Uik
A A () DPENL LA N —CTHE LN, 2 L1 20V A Sz C(5)-H
& A AA A L ONURCEN, B/ LTo% 2 U UBRIENL - CIRAE LWz ThH S
EBEZBND,

L8-Pd(Ar)(I) $&{K (23) (2xf L C, AgOAc & WD BN 753 A& 1T S Z & T, FrE o LS-
Pd(Ar)(OAc) $51K (24) ZULEE 92% (2 THF7= (Scheme 2.6.6),

Ph Ph
B X
| AgOAc (1 equiv) |
> Z
N > N
|—Pd—PPh, THF, t, 7h AcO-Pd—PPh,

92%

By Bu
23 24

Scheme 2.6.6. Synthesis of L8-Pd(Ar)(OAc) complex (24).
L8-Pd(Ar)(OAc) $&(K (24) OFEEL, 'H, PC BLOIPNMR ICEWIRE L=, SHIC

L8-Pd(Ar)(OAc) 51K (24) @ THF IARICA~FV U ARK A S5 Z L1 L 0 B a G
DAL, XA S AT CHE & 2 [ E L 72 (Figure 2.6.5)
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Pd

Figure 2.6.5. X-ray structure of L8-Pd(Ar)(OAc) complex (24).

UL EOREITIE, L1-Pd(Ar)(OAc) 81K (20) & ZD¥HFARZ AR L., & OS2 Bk b
X Bt S SR IZ KV [RE L7z, ST, 2D OSERITKE U COMMEICEET 2 215
HRL . SERIEAEFTV, TD-DFT st 2 W CEBRDIRE 21T -7,

2-6-2. Pd-AIILHRF S 5 — MEAD 7 ILBIE

DFT Bg%t & LT MO6, HJEBI%k & LT 6-31G* (C,H,P,O,N) & SDD (Pd) %M\, SMD
BT X2 DMA Wi Cofis it KO H =L ¥ —3tH A2 1T 5 7,

FT4FRAT 4 )TV VUENLT (L1) X L1-Pd(Ar)(OAc) (20) (Ar = 4-BuCsHa)
D4y IEHE & TD-DFT #5 (Ar=Ph) %17~ 7= (Figure 2.6.6),

@), . (b) 03 ; 411 nm

(HOMO-1—-LUMO)
f=0.248
15 % /
L 0.2
£ 373 nm 405 nm g
X (7]
s 1 <]
) 5 448 nm
~ 801 1 (HOMO—LUMO)
“05 o} f=0.017
0 N
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550
Wavelength / nm Wavelength / nm

Pd complex and Ligand

Ph Ph
O -CC
—_ _ —_—
~
N N
AcO—Pd—PPh,
Ar

L1-Pd(Ar)(OAc) L1 HOMO-1 HOMO LUMO

Figure 2.6.6. (a) UV-vis spectra of Pd complex 20 (Ar = 4-‘BuCsHs4) and L1 (b) TD-DFT analysis of
Pd complex 20’ (Ar = Ph)and L1.
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4-TRA T 4 )T 7 U P UEALF (L1) 3 XY L1-Pd(Ar)(OAc) (20) D4y J6#IE (Figure
2.6.6a) & TD-DFT #t&#ER (Figure 2.6.6b) #/~9, FTENL T L1 ORI AT ML i
DMA AR CTHIE L7 & Z A, 373nm %*ﬂﬁk&a‘é%/v%ﬂ—%& 6.02X10°M'em™ DOW
N —72 ZnR LTz, ZORAFIROIRONRINAAF LT 7 U P IR a TH D L IR IR
D mn* BEHICHET D, —F T, L1I-Pd(Ar)(OAc) (20) DOV A2 kL Z DMA RS
THELZE Z A, 405nm ZMk &35 EAWRE 843X 10°M ' em™ ORI AR LT-,
Z#UZ L1-Pd(Ph)(OAc) (20°) (ZBH9 % TD-DFT ##72>5H, HOMO-1-LUMO ~D&E#,
bbb ot BELWE SN, 5T BRINARY MUZEBWT, RERERKIC7r—F
RE—7 L LTHLNDZEDOZNEEILEML T ~DEMRMBENCH KT D MLCT (Metal
to Ligand Charge Transfer) (%, BIfEIZ@BLHITE 72 >72, HOMO-LUMO #&E®|X, TD-
DFT 352 DIREN T8 (F=0.017) O/NEREBTH Y , WIURENIEF I NS WER T
b ENREENT, T35, L1-Pd(Ar)(OAc) (20) 257 (¢ & W L TR T 5 ibitd
WRBIE, MHAEE L7 MLCT JREE T2 < | BALFH.OobE R (LC hiEikig) TH 5
EEZLND,

WIZ 4-TRAT 4 )R T 7 ) DB (L6) 3L L6-Pd(Ar)(OAc) (22) D43l
7E (Figure 2.6.7a) & TD-DFT #tH#ASES (Figure 2.6.7b) %<7,

(@ ,. b) 0.2 -
2 (b)o2 490 nm 545 nm
(HOMO-1~Lumo) ~ (HOMO--LUMO)
15 1 c f=0.000 =0.
T “6” <
5 462 nm 5 /
s 4 522 nm & '
z 201 A |
©05 3
o
0 . . . . . ; . . . M
300 350 400 450 500 550 600 650 700 0 1 — T T T T 1
Wavelength / nm 300 350 400 450 500 550 600 650

Wavelength / nm

Pd complex and Ligand

o()

AcO- Pd PPh, PPh,

L6-Pd(Ar)(OAc) L6 HOMO-1 HOMO LUmMO
Figure 2.6.7. (a) UV-vis spectra of Pd complex 22 (Ar = 4-‘BuCsH4) and L6 (b) TD-DFT analysis of
Pd complex 22’ (Ar = Ph) and L6.

L6 DI ALY F)V%& DMA {EBEFCHITEL7ZE 2 A, 462nm &k &3 5/
1235 6.87x10°M ' em™ DI E R LT, 4R AT 4 ) 727 U P+ (L1) & REEIC
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AU e BRICHEK L, o HWERPIRESNZZ L TRIEENRREREY 7 MLz EE
2 BHiLd, —FH T, L6-Pd(Ar)(OAc) (22) DI A~ ~L% DMA EEEF CTHIE L7 & 2
5. 522nm K & T 5B AWOARE 541X 10°M'em™! DT m— FARINAZRLTZ, Zh
1% L6-Pd(Ar)(OAc) (22°) (299 % TD-DFT &t 5H . HOMO-LUMO ~DER, 3 72bH n-
o BERICRE SN, £O—F T, 490 nm [Z/RE X7z HOMO-1 — LUMO (ZHKET 5
MLCT ERIL, EERE (F=0.000) O/NIREBERETHY, WAL M UIZEBWTHA
eI T X Ze ol

SYIEHIEN S L6-PA(Ar)(OAc) (22) 1%, 420 nm FHTDOWSAREA /NS L, H (425
nm) (ZxF L CRIPEDRZ LW ERbhroTz, —FH T, 2O PdID) 5K (22) 1% 500nm fF
W OFKED N & FRIFEHNIRIN T E | nn* BRICLOX YT 7 U DU 2L ET
ZIHEIRAE (LC BhEDIRRE) 2T 2 Z L ¥bnoTz, FEBRIZ, 4R AT 4 ) XU T 0
U2 UBEAT (L6) & HWRREIEZ BN T 5 &MFICBWT, 7 n A0 v 7Y v T IS IS AT
L., 7V —=/VZ AT V& BAHRINETE 2 T5 (Scheme2.5.3), £ 72RO E W5 &
TIHENRE KT T 200, FTEORISHETT 52 L BHEGERTE TV D, ZhiEk
WA BB L TH Y | L6-Pd(Ar)(OAc) (22) 1XARESE (625 nm) (2% L. WUt
NZ LW EIEKLTWA,

WIZ 8K AT ¢ 7% 7 U B (L8), L8-Pd(Ar)(OAc) (24) (Ar = 4-BuCeHa) D43yt
& & TD-DFT 3% (Ar=Ph) %4177 (Figure 2.6.8),

(@) 2 ; (b) 05
315and 320 nm
0.4
_ 1.5 4 <
£ g 325 nm
5 203 (HOMO-2—LUMO)
s o f=0.458
< 2
=4 304 nm T0.2 4
> B 4 385 nm
©05 4 319 nm 8 (HOMO—LUMO)
. \ 0.1 f=0.000
0 v - - - - - - 9 0 . 4 T ]
300 350 400 450 500 550 600 650 700 300 350 400 450
Wavelength / nm Wavelength / nm

Pd complex and Ligand
Ph

A
| B
—_— = —_— |
l}l —
AcO—Pd—PPh, N
Ar PPh,
L8-Pd(Ar)(OAc) L8 HOMO-2 HOMO LUMO

Figure 2.6.8. (a) UV-vis spectra of Pd complex 24 (Ar = 4-'BuCsH4) and L8 (b) TD-DFT analysis of
Pd complex 24’ (Ar = Ph) and L8.

80



L8 OWIN AR L% DMA IR CTHIE L7 & 24, 304 nm B X319 nm 2K
ET D E|NRIEARE 528 X10°, 400X 10° M em™ ORI — 2 ZoxLT=, — 5T, L8-
Pd(Ar)(OAc) (24) DWIXA Y ~L% DMA EEEHCRIE L7 & 2 A, 315 nm B L O 320
nm ZMRK &5 AR 1.95X10%, 1.97X10* M em™ OWIRE R L=, ZiuX LS-
Pd(Ph)(OAc) #51K (24°) (ZBd9 % TD-DFT #+% 7225, HOMO-2 — LUMO (ZH¥ 7 5EH,
Thbob nn* BRLIFRTEDH, £O—F T, TD-DFT IZ XV /R E4L72 385 nm D
HOMO-LUMO [ZHI%79 %5 MLCT BRI, IREIFHE (f=0.000) 23/hE < WINA~Z |
JNZBWT BRI TE o7z, T D Z & )25 L8-Pd(Ar)(OAc) #&(A (24) 1% 320 nm
T OENNZRINT H 2 LT, F /7 U a2l &3 D REIREE (LC BhEIRE) %%
T 5EEZBND,

VL EDSERIER L OV TD-DET #E 1S, WFRoOsSAICB W TE Pd HUbds b EUL
~O MLCT ERBIZEH ST, -t BRI L 0BT O0RIEIREE (LC BhiEikeg) %
Rkt 5 Z ERTRIR ST,
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2-6-3 EITHIBEEICH 1T AL EHEDEE

KRB 31T 2 AR B 36 K O P IR 2 5 3 2 7o O I SOS R o0 3P NMR HIE %
1To72, 5mol% @ Pd(dba), & L1 % 20 4 &ED 15a, gL T v A(FE T, 35 C, 425 nm
DOE NI T T 6 RFHPILE S E7eth, RIGHEIKD P NMR ZHEL/2L 25 dp=33.6
ppm (2T 1 — R v 7L &7 (Scheme 2.6.7, Figure 2.6.9), Z AU HiEfE L 7=
L1-Pd(Ar)(OAc) (20) ® DMA F1 D 7 F v (6p= 334 ppm) & BV —FZRx L. Ll-
Pd(Ar)(OAc) (20) 2MEY A 27 /LD restingstate TH D Z ENHAL DT/ -T2, 0B, §p=
24.9 ppm (2R SN T FIVIFENL T DR AT 4 IERBIL S =4 F Y RIETH Y | fil
BRI A HEST 3 2 e CRPICHEAET DMEOMEIC L VBN TSN TELZ L E

b5,
Ph

‘ ) X
Ph | Bu (20 equiv)
—Z

N

A CsOAc (20 equiv) !
Pd(dba), + > AcO—Pd—PPh,
N/ DMA, 35°C,6h

hv (425 nm, 0.4 W / cm?)
PPh; J-Young NMR tube

Bu

(1 equiv) 20
6, = 33.6 ppm (br)

Scheme 2.6.7. In situ *'P NMR experiment in the catalytic conditions.

(a) Reaction Mixture

AT JUU ] U5 U] UL A [ oS L [0 R LA [ P L LS L o ] ] [ [ AT
180.0 160.0 140.0 120.0 100.0 80.0 60.0 40.0 0.0 0 -20.0 -40.0 -60.0 -80.0 -100.0 -120.0 -140.0 -160.0 -180.0

24.936— o

(b) 20

T T T T TN T

TRl
180.0 160.0 140.0 120.0

I T T e T T e R
100.0 80.0 60.0 40.0 20.0 0 -20.0 -40.0 -60.0 -80.0 -100.0 -120.0

I T
-140.0 -160.0 -180.0 -20

33.373—

X : parts per Million : Phosphorus31

Figure 2.6.9. *'P NMR spectra of (a) the reaction mixture and (b) isolated Pd complex 20 in DMA.

The signal at 24.9 ppm in the reaction mixture corresponds to phosphine oxide derived from L1.
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RIZ L1-Pd(Ar)(OAc) (20) 7> 6 OiurIBiEEIZ B U T RIS & ISR
é%%ﬁm@@ﬁ%ﬁok(&MWﬂﬁ&o%@%%\QM/MMO%UH)&a%ﬁ¢T
L1-Pd(Ar)(OAc) (20) (Z%F LT, BEATF 100 ‘CT 6 FRMIMNEAT 2 &4 TIZRAMITE<E S
nﬁ#oko—ﬁ 35 C T 6 WFEE A E BT 2 &IV T, RITHIBIRED VR 2

TL., M THDHT UV —/LT AT/ (16aa) & 58% D NMR NETHEH-, iR
memm@mum)#awgm%m%ﬂﬁ%; TR CH VO . FECRIIT X - THE
BEnTnbZtaERLTND,

S
— Bu
N

] —, .
AcO—bd—PPh, CoDs/ DMSO-05 (1:1)

100 °C -
or
hv (425 nm), 35 °C OAc
6h 100 °C n.d.
By J-Young NMR tube hv (425 nm), 35 °C: 58%?

2 NMR yield.
20

Scheme 2.6.8. Stoichiometric experiments of reductive elimination under thermal and photo

irradiation conditions.

W RS SR IE T S RE# 2 & IS F LIS © ON/OFF EBRZ1T -7, 'HNMR HIE
ICEVINEZRH L& 2 A, *@%%%waéﬁwﬁﬁuxw/7jxﬁ&m# 17
L7- (Figure2.6.9), ZAUIARLSUG T ¥ A1 /L @ESHHAE - CTHEIT L TR &9, AL T C
DIHSIEDHEITTHZ EAER LTV D,

[ ON ! OFF | ON | OFF ! ON
70t : : ! :
60 i i : :
Pd(dba)z (5 mol%) OAc . 5 : I : |
L1 (5 mol%) s : : H :
CsOAc (50 umol) 540 ' ' : |
> © 1 1 1 1
DMA, 35 °C, time %0 : : : '
By hv(4§5Ynm, ca,\.“\(jl.; :Nb/ cm?) Bu 20 ' ' : .
—Youn e 1 1 1 ]
15a ung ! 16aa 10 r : : ‘ |
: ' ! ! ! .
0 5 10 15 20 25
Time /h a 14 NMR yield.

Figure 2.6.9. ON/OFF experiment in the catalytic conditions.

W2, Z OYE e BB R O FEM 72 SOCHERE DR 21T > 7=, PA(ID) $5K) 5 D YR
TCHIEE DO EBNE 1 FlOIRE STV S, Arndtsen &% ArCO-Pd-Cl &R 7 45 2 %
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WFTBHZETTINTIANE PAL) T HMIHEERZ L%, T T P hntk
FIRT %5 P < TR P ECHINEET 5 2 & 2 8% LT\ 5 (Scheme 2.6.9)P)
TV T P HNDIFAEL, 2,2,6,6-T T AFALERY P-4 F 2L (TEMPO) % V7=
TN NARIRERIC L VR L TV D,

(@) Cl
0 h o Reductive Elimination
v

—~ ia radi
(DPEPhos)Pd\JCl:l\Ar ——— (peprosyfarCr 4 N, varadicalpatiway @

Scheme 2.6.9. Photoinduced reductive elimination of acyl chlorides.

Z 2T, AR 2B CHINBER R D Ar T U VAR L CTEITT 5T U0
NITH L0 EHRT DI, 7T VIR ERZ1T > 72 (Scheme 2.6.10), il SOt 44
(Scheme 2.6.10a), F 7-1% L1-Pd(Ar)(OAc) (20) % HV7=3iZ oA BLEE D 24 B FT (Scheme
2.6.10b) I[ZHBWTHALHST T, TEMPO 2RI L7 S TG L7o, ZOREE. MRS
BWTT Y —id TEMPO L DB v 7 ) o FARPIIMER ST, W b BT O s
EITL, 7Y =T 2T V% 60% (2 TRz, 3705, ARG O T A 3b7
BED Ar 7 ¥ NVFEE R L7 WERTHEITT 5 2 £ 030220 . Arndtsen H 2385 L723iE 0
HOIMGEE O & 1 XIAREIC B2 5 Z E M BT o T2,

Pd(dba)z (5 mol%) ; :
| L1 (5 mol%) OAc : N -
CsOAc (1 equiv) ; o~
TEMPO (1 equiv) :
(a) > i
DMA, 35 °C, 12 h :
By hv (425 nm, ca. 0.4 W / cm?) Bu 5

J-Young NMR tube : Bu

15a 16a / 60%3 ] n.d.

Ph : :
XN i :

: N !

O > O OAc ; ;’Q :
N TEMPO (1 equiv) i '

| '

(b) AcO—Pd—PPh, > ;
CeDg/DMSO—dg =1/ 1 ;

35°C,4h ;

hv (425 nm, ca. 0.4 W / cm?) ‘Bu : Bu
J-Young NMR tube :

20 16a / 60%? C o ond.

a 14 NMR yield.
Scheme 2.6.10. Radical trap experiment in (a) catalytic reaction condition and (b) stoichiometric

experiment for reductive elimination.
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UL b BRI F L& O T ROSBEREREAT 22 5 . AIGERRIC LV Pd(I) FETH D L1-
Pd(Ar)(OAc) (20) 7> 5 OEFTTHIBLBENEE STV D Z L 2 5002 Lz, PA(D) 8505
ORI BLAED F IR L0 BB SN A FNIFER I CTH V. T OSSO 5 L %
BHZEEFBERENEBZDOND, 2O, RKIGOBETAIBLEEIZBE L C XY 3EM 725 A
Z1%55 < L-Pd(Ar)(OAc) HFIARIZRT L TESILFE Z AW 7= R 21T - 72,

2-6-4 Pd-hILARF L 5 — FMEADESILZ4FHE

ARSIZ BT 5@ THIMEERIRICKT L, 4R AT 4 2 77 VD BN T DENI 2B &
TR BRALFREEIT -T2 RA T 4 7% 7 U UBNLT (L8) 4-TRA T 4 /T 7V
VVM&%GM\$X74/~//77)V/Eu%(M)&ﬁf?émemwNaﬁ
K (20) (Ar=4-BuCeHs) 12OV T, A 27 U v 7 HRNZ 2 A R —Z K DBESALFERHEOR
E%ﬁotoﬁxlgmgn%%%@ﬁ Eéﬁﬁ%iwﬁ?yy~ﬁ~f/¢%%@%%

\NEEHEE A 7 = a2 & LC DMA 1, @51 100 mV/s DS THIE 21T > 72,

4-FRA 7 4 7727 ) PRI L1 3 X OL1-PA(Ar)(OAc) $&& (20) ORIER: B2 RT
(Figure 2.6.10, 2.6.11),

Ph

5pAI

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc?]

Figure 2.6.10. Cyclic voltammogram of L1 in DMA.
LLIZONT, B ZRMICHESI L7 25, Erape=-1.74V (E1p=-1.66 V),~1.98 V (Ei2

=-1.95V) @2 SO BPEM 7= (Figure 2.6.10), — 5T, B &2 BRI Lz &
A, Boxpa=058VIZE—7 b v 7% & ORI 72 b 28 S iz,
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O C

| .

N

AcO—Pld—PPhZ
Ar

20

-25 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc*]

Figure 2.6.11 Cyclic voltammogram of L1-Pd(Ar)(OAc) complex (20) (Ar = 4-'BuCsHy) in DMA.

RIZ L1-Pd(Ar)(OAc) SR (20) IZFBW\WT, B ZAMIZHEI L72E 25, Bred, pe = —1.63
V (Eiz =-1.60 V) ORIHZREILHEA 1| DOHBM S iz (Figure 2.6.11), 4-RA T 4 )T 7
UV UEANL T (L) OF—E T OBMELB L TCEICY 7 FLTEBY, $E5EMRICLD
LUMO DL EL SN Z LR EN TN D, B A IEMIZHHSI LI2E 25 B pa =071V
IZE—72 by 7 &b OR AW B B S 7, L1 & i L C Pd 851K (20) OFRLFE
MEAIEIZY 7 M L72Z EnD, $EAIZ L Y HOMO O R L F—RMEF L7722 & &R LT
W5,

WINZR_ T 7 U P UEMLF (L6) & L6-Pd(Ar)(OAc) $E1K (22) (2 oWT CV lllE &7
-7z (Figure 2.6.12, 2.6.13),
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5pA1

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc*]

Figure 2.6.12. Cyclic voltammogram of L6 in DMA.

XTI Y UENLT (L6) @ CV HIEA R (Figure 2.8.3), B2 ARG L7z
EZ A, Bredpe=—1.63V (Eip=-1.60 V) |ZIRILIED | DORBIH ST, mAT 4T 27
DU (L1) EEERL T, BTEMNEICY 7 FLTEY, LUMO O =3 /LX —HEL
DOHRAT 4 )T 7 VP L TR T LIEZ EE2/R LTV D, — 5 CEMZ EAIZIRS]
Lizk A, RAlMi722 B b2 Eox pa =0.52 V (2 &7z, L6 DFRLENIL, RAT 4
)T U UENA (L) LEEELTAICY 7 b L, o EEZROHLEIC L Y HOMO & T %

NFX—EN EF L2 LD D,
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22
5 uA 1
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc*]

Figure 2.6.13. Cyclic voltammogram of L6-Pd(Ar)(OAc) complex (22) (Ar = 4-BuC¢Hs) in DMA.

L6-Pd(II) (Ar)(OAc) $518 (22) IZBWT, B ZAMNCIHSI L7 E 25, Erdp=-1.34V
(Eip =-1.29 V), 2.08 V 22 DO ILEDBIM 47z, Pd 5K (22) OELEMD L6 D
BT OBAL L R L CIEICY 7 FLTEY, L1 OFA LRERIC, KT8 T
LUMO W& E(L STz, — ., BALZEMIZHREI L2 & 2A, Bxpa=0.65V IZE—2 kv
T b ORAWR BRI S B ST, L6 &l U CEMLEM A IEMNC Y 7 b L2 &
5. Pd #5180 HOMO O /L F—YEN BEEERIC L VIR T L7z EB 2 b5,

WIZHRAT 4 /% 7 U LT (L8) & L8-PA(IN)(Ar)(OAc) $&1K (24) (Z>W\WT CV #H|
JE %17 - 7= (Figure 2.6.14, 2.6.15),
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Ph
S
| Z
N
PPh,
L8
5 A ¢
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc*]

Figure 2.6.14. Cyclic voltammogram of L8 in DMA.

RAT 4 7% 7V EMLT (L8) IZBWT, BALAAMNIREI L& 2A, Bredpe=-2.14
V, 237V (Bip=-2.32V) (22 DOEITLEPEH S 7 (Figure 2.6.14), "AT7 4 2727 Y
UUBMIF (L1) EHERLCLETSEMBAILY T M TS 2 LR S, LUMO O %)L
F—RENN EH LI 2R LTS, — 5T, BMAIEMNZHRSI L2 & 25 Eopa=0.66
V IR 72 b AR Sz, AT 4 277 VD UEML &R L CTIEICY T M
52 EPHERE L, HOMO O R VX —HEMME T LTS Z ERNbnd,

— I R AR T 513 L, HOMO O /u¥ —HEGLA B L, [FKRFIZ LUMO @
TRAF—HEMNIIRTT L2 LBMbND, Thbb, ERl TR LML, £2< D & &
ey FORTEm & BT D,

RIZ L8-PA(Ar)(OAc) SR CV JIERE R % /~RT (Figure 2.6.15),
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Ph
A

Z

N
1
AcO—PId—PPh2
Ar
24

5 UAI

-3 -25 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc*]
Figure 2.8.4. Cyclic voltammogram of L8-Pd(Ar)(OAc) complex (24) (Ar = 4-BuC¢H4) in DMA.

B AR L2 E A, Eredpe =—1.96 V (Ei1p=—1.92 V) (ZA[ W72 T A 1 DD H
BN, ZHUL Pd $8AO—EFECBRICHIE L, RAT 4/ F 7 U BT (LS)
DE—E TR OB LB L TIEICY 7 FLTW5S, T742b5, L1 OBRA LRI, 7
FRIZE Y LUMO WEENSNTZZ EZ2RBLTWD, —F T, Bz EfliciHs I Lize Z
A, Boxpa=0.73VIZE—7 b v 7% & ORA[W 7B LIE DB S vz, Zhuid Pd 5k —
B FLRFEICKIIST 5 & B2 b, BT DO b & ik LT Pd $E5{ADERLBEALANIEIC
YT RLTWS, LA - T, PdEERIZISIT 5 HOMO D= R /LX—HERL A B 1 & bhig
LTIERTLTWDZ ENbind,

INHDCVHTEREEET LD ELUTOL ST/ (Table 2.6.1),

Table 2.6.1. Summary of redox potential of Ligands and Pd—OAc complexes.

L1 LS L6  LI-Pd(20) L8-Pd(24) L6-Pd(22)

Erepe (VvsFe/Fc™) | —174 —2.14  -1.63 -1.63 ~1.96 ~1.34
~1.94 237 - ~2.08

Eox, pa (V vs Fe/Fc') 058 066 052 0.71 0.73 0.65

BUAZ 7 L3 L OV L-PA(IT)(Ar)(OAc) $HRIZIWT, BN 1O n IR EJLET HZ LT
BITEMAKRE L EICY 7 M 2HEBEARNLTE Y, 2L LUMO O =R /L X —HEAL JMEK
TL7=Z EICERT D, L7zA > T, L-PdII)(Ar)(OAc) #&5A0D LUMO 1ZBNLF D EH DK
TRHUETHD Z ENRIBIND, £TDO— 5T, BN L X OVL-PdI)(Ar)(OAc) DEE{L
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BALTAICY T b5, 20T NS o Tz, LD Z & 25 ICiiE T
<L LT L B L-Pd(Ar)(OAc) $5RIZxF L C., BiaatBEIZ X B0 THuEMT 217> 7=,

2-7. BiRETEEXRAW -0 FEERT

Benr 7 L1, L6, L8, 3 X OEAENL T2 A3 5 L-PdII)(Ar)(OAc) (L = L1, L6, L8) $&{AIZ
BT 20008 LOESALFRHEDO IR Z FEMIC il 3-<< | DFT #5217 > 7= (Figure
2.7.1,2.7.2),

E (eV)
A
0 - J
W, 0
-1 2 ?
&9,
LUMO (~1.50 eV)
-2 ——  LUMO (-2.01 eV)
LUMO (-2.36 eV)
-3
—4 -
-5 -
HOMO (-5.49 eV)
HOMO (-5.86 eV)
—6 e HOMO (—6.02 €V)
Ph Ph Ph
-7 - RS A A
| | |
N N N
PPh, PPh, PPh,
L8 L1 L6

Figure 2.7.1. Frontier molecular orbitals of ligands. Isovalue = 0.03.

BefZ 7 L1, L6 BEL O L8 IZBI 20 FHLEFEND, B0 o B REILET S
L LUMO O /LX—YEMITIET L, FFFZ HOMO O = 3L X —YEM DS FH-F A M)
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B ivie (Figure2.7.1), ZAUIBNLF D CV HIE TH:H 47 HOMO KUY LUMO D=3
R OMEM & P JE LR WRER TH D, KIZ L-Pd(Ar)(OAc) (L = L1, L6, L8) #&{AIZ%f
L CorFiuBERI R %217 > 7= (Figure 2.7.2),

E (eV)
A
0 -
1 3
2,
% 2
—o 9
LUMO (-2.35 eV)
LUMO (—2.64 eV)
-3
—4 -
1
5 % 2.
9
HOMO (-5.66 eV)
—6 - —————— HOMO (-6.058V) = HOMO (-5.97 eV)
Ph Ph Ph
—7 X A A
| | |
y N y
ACO—PId—PPhg ACO-PId—PPh2 ACO-PId—PPh2
Ph Ph Ph
24 20’ 22’

Figure 2.7.2. Frontier molecular orbitals of L-Pd(Ar)(OAc) complexes (L = L1, L6, L8). Isovalue =
0.03.

L-Pd(Ar)(OAc) (L = L1, L6, L8) S5k 20 FHLER RO, #6400 LUMO 1Z\§
NOFERIZB N THRNMFOFEOREREETHY | B FO o EEREILET HITo
NTCZRUX WK T T D Enbhotz, —FH T, HOMO IX8-FKAT7 4 /& /U
(L8) BLW4-FKAT 4 /77 VP UENLT (L1) Z2FT 5 Pd $5K (24°,20°) OBFA T,
Pd FLOFHEORKEBEETH Y, L1 TIHENL T OFG DT DIHFET D 2 & 0Rm
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SNty 4RAT 4 ) XTI )P UBNA (L6) ZFH T 5 Pd dEK (22°) DA T,
HOMO 3L EDAFREGENKE L, Pd FLOFENDOT D UFELRN D L BRIE S
7=, F72 HOMO O 3 /L ¥ —H#EN7 1L, L1-Pd(IT)(Ar)(OAc) (20°) 3 1 OF L8-Pd(IT)(Ar)(OAc)
BEA (24) TIRBUNLFO n RIRO R A DT 7> L3z 3, L6-Pd(IN)(Ar)(OAc) (22°) TiEA
< EAFT AR AL,

L-Pd(IN)(Ar)(OAc) $&1RD CV JIEICRB W T, BRLEALAY L1-PAIN)(Ar)(OAc) (20) B L
L8-Pd(II)(Ar)(OAc) $5K (24) TIXZT< T LA (0.02 V) 2L Lo oTz, £D—F T,
L6- PA(IN)(Ar)(OAc) $E{K (22) TIIELEILA E K E < AlZY 7 b L, HOMO O %)L
F—HENN EFT DL ERDNoTND, ZiuE Lty FHuEFHHE TR O Em & —
T5, FifERE CVRIEREEZELODELUTOL S22 5 (Table 2.7.1,2.7.2),

Table 2.7.1. Summary of Cyclic voltammetry and DFT analysis.

L1 LS L6 L1-Pd L8-Pd L6-Pd

Ereape (VVs Fo/Fc’) | —1.74 214  -1.63 -1.63(20) -1.96(24) -134(22)
-1.94 237 - - - ~2.08 (22)

LUMO (eV) 201  -1.50 236 -235(20°) -1.95(24°) -2.64(22°)

Table 2.7.2. Summary of Cyclic voltammetry and DFT analysis.

L1 L8 L6 L1-Pd L8-Pd L6-Pd
Eox, pa (V vs Fc/Fc¥) 0.58 0.66 0.52 0.71 (20) 0.73 (24) 0.65 (22)
HOMO (eV) 586 -6.02 549 -597(20°) -6.05(24°) -5.66(22°)

CLEDWIPERIE D S | FEEIRREIZ BT 5 L1-Pd(Ar)(OAc) #&(& (20) © HOMO T Pd L
DFHEORERPIETHY , LUMO 177 VT EOFHEORERETH L Z E3bh
o7, SbIT, HER LT TD-DFT 35725, L1-Pd(Ar)(OAc) S5 (20) 13 AT HHLHE
Bz, (1) BINGREED/NS 72 d (Pdy-n (Ligand) B (448 nm) &, (2) WINFREDOKE 72 n
(Ligand)-n* (Ligand) E® (411 nm) (25T 2WIN A RT 2 ERRBENTWND, T2
5. L1-Pd(Ar)(OAc) #5{K (20) I& MLCT #E®, £721% LC ERBIZ LV hEIREZIEKT 2
EEZDBND, £ T, RKRINCET 2RO & 54 5 iia 3~ < | Eoor iR
FRIxE U CEERm A RLIC & 2 SO 21T o 7,

2-8. EEREFTEICLDETHIREEBTE D RICHIB AR

L1-Pd(Ph)(OAc) $&1K (20°) 7> 53R TTAIBLEEN ST L, L1-Pd(PhOAc) $&5K (25) % ZERk
T AR LT, BERE (So) ZRRMT 5% & —HERERIE (T) Z& M3 51788
DL AAT > 7 (Figure 2.8.1), ZDfEH, So Z#H T 2 RICAIMEEDIE ML %L F —|%
31.8 keal/mol LB S, ZAUIMEASENT C-O 7 v A0 v 7V » FRISHEST LRV
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BeE T 25, 20— 5T, ZEHEAFEIKRIEZ BT 5 MSRE T, it b L ¥—n
21.2kcal/mol TH V| FJEIRAE L LI L CRESIKTTHZ LR ENT-, 725, L1-
Pd(Ph)(OAc) (20°) 23 YEhbt 41, = EIERBNEIREE (T)) OFRBLYEIEREN A T 5 Z & TiETH

BSOS MEESND & B HiLd,
AG (kcal/mol)

Ph
A
L
Z
N
Me 4 Pd—PPh2
Ph
y o N TS X
e—<o— Pd—PPh2 596\‘ Z
. N
. . I
“ Pd—PPh,
T, 20°-T1-SM2 N ACO
419 el 20°-T1 SM 20’-So-TS )
T — | . "\ 25’
38.4 318 ., —
‘ N 26.1
hv Bh .,
seol]
Z
N 6.1
20’ \ Ph
. . . _PPh,
0 /Pd :
. R CCO
pZ
Me/ko' N
PPh
- 2
AcO Pd
o ¢’
Me—< 5 pg—ppn,

Figure 2.8.1. Free-Energy diagram of reductive elimination of aryl ester from L1-Pd(Ph)(OAc) (20°).

FhELIRAE DM F K ONR TR MEE SN A B Z3EICRE T <, 7747
S T#LEFHAE (Figure 2.8.2), NBO (Natural Bond Orbital) FH5IZ L2 EMEEL LA
P EFRAT 24T - 7= (Figure 2.8.3),

T) DJF%R (20-Ti-SM) (2B TH FHLEFHR 21T > 72 #5 5%, HSOMO 35 L U LSOMO @
WELEILT 7 ) BT EOREREIETHDH Z LR S v/ (Figure 2.8.2), NBO
AU HT I Uy RICREG B L TE Y Pd EOFGIIFEFIT NI OVERE -T2,
T 725 20°-T1-SM TlX 4-FR A7 ¢ 7 77 U 2 U EALF-F L OFELIRRE (LC BhElikEE) %
B LCTH Y, Pd ORAGII/NSWI EDURE S L7z, 2L, L1-Pd(Ar)(OAc) $51K (20) &
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SYEHIER LV TD-DFT eHEFE R & FE LW RETH H N, YUFEE L7z MLCT kg%
FaIb) U= SO aR Gt S 1T R R DR TH 5,

0.041
(0.534) O Ik
\

Q \
~
N

|
AcO—Pd—PPh,

0.180
(0.031)

NBO charge
(NBO spin)
20’-T1-SM HSOMO (-4.4 ev) LSOMO (-6.5 eV)

Spin density

Figure 2.8.2. Analysis of NBO, spin density, and Frontier molecular orbitals of complexes 20°-T1-
SM. Isovalue = 0.03.

WIZ. So BLOY T1 TOERBIRKE (20°-So-TS, 20°-T1-TS) ([ZOW T RAE DN 24T > 7=
(Figure 2.8.3), —fXIZiECAOMLEEI XEALF [ LSRG S S L D & RIRFIZ, &R Loz
EEDNBAD T % T2 D SOGTR R & el U CAERGR TIXEME S B35, BLERRE S 12k
B BOGHEEES TlE 20°-S9-SM D Pd > NBO &Eff2d +0.17 T D DIZxf L EEIREE 20°-
So-TS TiE +0.08 ~AIZT 7 M52 Lby | J@E ORTHIBLEEDE 71 7ol & —
BLTWD, —FH T, ZEHEMEIREA KRBT 2RISR TiX, FR 200-T-SM 225 ER
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5T NBO AE 2% 40.03 705 +0.12 [ZHM L7z, ZAUTESECIRRE 2 f 3 2 = e
Bt & i L CF OB TRER TH 5D, T7hobb, HERIREZ R H T 2 2= ohBiEE
BOTRIGOEITICHEN P FLNET 7 U D ~EBRERT 5 2 L T EBIREBICRBWT
MLCT REEMEA B OD LR TX 5, £7-. £EGR (25-T1) TiE Pd E® NBO A B (%
+0.53 ETHEMT 5 Z Enbinrol,
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Figure 2.8.3. Analysis of NBO and spin density in reductive elimination via (a) singlet and (b) triplet

states.

Z 2T, 20-T-TS OEFHIME Z3HMICHHE T~ 20°-Se-TS & D5y FHLE D ik 4
fT- 7= (Figure 2.8.4), 20°-So-TS (233 T HOMO (% Pd F.lr & Ph £, AcO BN+ DfE
MO SV, 77 VP OTFEIXIT < OT N THY, LUMO 137 27 U VB
LT Z ERbhrotz, ZHE 20-T-TS @ HSOMO £ L TNLSOMO & BW\—E %R L
7oo LIZi3o T, 200-Ty-TS TiE, B E 20°-S-TS @ HOMO 7>%H LUMO (2% f bk
L7z MLCT JREEZFR L TNDHEEZDLZENTEXD, 2D, 20°-T1-TS @ Pd H.L»
1% 20°-So-TS LR L CEFALTHY . T EBEINC L > TRITHBLEENMEE S5
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— O — HOMO (4.5 eV) LUMO (-2.3 eV)

LSOMO (-5.4 eV) HSOMO (-3.7 eV)

Figure 2.8.4. Frontier molecular orbitals of complexes (a) 20°-So-TS and (b) 20°-T-TS. Isovalue =
0.03.

TV EREOBMMEEZI LT R, 8RR T ¢ /X U UEL T L8 & DL
AT o Tce 4R AT 4 277 VY UEAT L1 W25 ISR & RERIC, LS-
Pd(Ph)(OAc) 51K (24°) 7> HiRITRIMLEEAHETT L, L8-Pd(PhOAc) 51K (26) % Apk %X
JSIZxE LT, FRERAE (So) ZRRH T DRI & —EIEBECIREE (T)) 288 H 3 2 R o g
ZAT o7 (Figure 2.8.5),
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Figure 2.8.5. Energy diagram of reductive elimination of aryl ester from L8-Pd(Ph)(OAc) (24°).

L8-Pd(Ph)(OAc) &K (24°) 725 So Z#RH ¥ 5= ICHIBEE D TEMEL =% L ¥ —I% 35.0
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W5, £ IZC, ZHEEREIRIE AR T2 ROSRRIR IR U CRRRR A & O TR RO
TN 21T o 72,

L8-Pd(Ph)(OAc) &8k (24°) O =—HIARIEIREE (T)) (28T D RZEMEIL, AcO Bl
23 Pd HOMZ JREEAL U7 HEALEE IR Q4°-Ti-SM2) ThH D Z &b -otz, — 5T, L1-
Pd(Ar)(OAc) #51K (20°) L [FRIEED, AcO Bfz17% Pd HULMC HLEEELAT L 72 MiE 1T, 12.1
keal/mol 72IF RZE CTh o7z, FELE HEFLIRIETH D 24°-T-SM2 2> HIiETCHINEED
AT HBROIEMAL = RV X —1F 27.4 keal/mol LR S, HEEREZRATHHEG L
L CRESIE T LA, L2 L, L1-Pd(Ar)(OAc) $EK (20°) 706 OETAOBLEEIL. T IRAE
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ZRRE T 2 OSRIEIZ B O TR (L= R VX —2% 21.2 keal/mol E/RIBE L, Zhv & bl L
T L8-Pd(II)(Ph)(OAc) $HK (24°) TIHIEML= R NAF =B REL ERT L2 ERbnroTz,
ZHUE, AR OBETHBEEC RS T 2T 7 ) VU B OEBMEE R TRERTH D, 2D
EEFECRA T X, ZEEBEREICK T 2)55% (24°-T-SM, 24-T-SM2) 35 L OU&IC
FIBLEEETE OBRBIRRE 24°-T1-TS) (ZxF L T FHuERHE AT - 7=,

F£7°. L8-Pd(Ph)(OAc) $&(Kk 24°) DA U2 2 DO = HIHAFILIRIE 24-T-SM2 1 X
O 24°-T1-SM Oy 8B FH R 21T > 7= (Figure 2.8.6),
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o _|* 'l‘i .

7 N-|l-pd *
_ | %) '?{J‘

24-T,-SM2

(a)
Ph

(b) o LSOMO

X —l*

0 |
Me—< 5 pg—pph,

24-T,-SM

Figure 2.8.6. Frontier molecular orbitals of complexes (a) 24°-T1-SM2 and (b) 24°-T-SM.

24°-T1-SM2 T/ LSOMO & HSOMO OM#EA Pd F.LOFLENKENWZ L226 Pd
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® LSOMO (%, Pd F1.» & BN FDFF LK E < HSOMO &%/ U VBN DFH DK E
REETHDHZ ENbroT-, ZhiE 8K A7 4 /% /7 U VBT (L8) Z &5
FURHE (LC BhEIRAE) Th D Z LA D,

24-T-SM2 X MC JihE2IREETH D Z &6 = VX —HE T o1 R DR S D2
ZOTINULIZIT RN, 200-T1-SM2 L [ARREO =R VF—HERL LD, — T, 24-
Ti-SM 1Z LC FBiEREETH A=, T R F—HEL TENT T-00 HOMO-LUMO Xt v 7
ICRELSEBEZTD, 77V Vrnbx /)y~ o &Rr%HEih4 2 2 LT HOMO-
LUMO F¥ v 7N R&EL 72D, LC pidkBIIAZENEND Z &b, LIEn-> T,
24°-T1-SM 2 SHXTHYIZ 24°-T1-SM L W ZE(L SN D T2 IR = bk B X 24°-T-SM2
ERBEMINTE D, ZHUCK L, 4R AT 4 277 ) D UBN - E WG EE. 7V

99
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ﬁ%mﬁikéhét@ﬁﬁ%%%ﬁﬁ@mﬁﬁﬁék%i%ﬂé

BT 8-HKRAT ¢ /X /U VBN & W= TR EEDERRRBICX L, 0 F
BEF R 21T > 72 (Figure 2.8.7)

(a)

(b)

Figure 2.8.7. Frontier molecular orbitals of complexes (a) 24°-So-T'S and (b) 24°-T;-TS.
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Scheme 2.8.1. Proposed reaction mechanism of photo-induced reductive elimination.
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Experimental section

1. General

Instrumentation.

'H, B, 3C, 'F, and 3'P NMR spectra were obtained on JEOL ECZ-500, ECX-500, and
ECS-400 and Bruker AVANCE III 500 and 600 spectrometers. Samples were recorded in CDCls,
CD:Cl,, C¢Ds, and DMSO-ds at room temperature. Chemical shifts are expressed in & (ppm) values.
'H spectra were referenced to tetramethylsilane (8 = 0.00 ppm), residual CHCl; (8 = 7.26 ppm),
residual CHDCI; (6 = 5.32 ppm), residual CcHDs (6 =7.16 ppm), or residual DMSO-ds (6 =2.50 ppm)
as an internal standard. '*C spectra were referenced to tetramethylsilane (8 = 0.00 ppm), CDCl; (8 =
77.16 ppm), CD:Cl; (6 = 53.84 ppm), C¢Ds (6 = 128.06 ppm), or DMSO-ds (6 = 39.52 ppm) as an
internal standard. '*C spectra of acridine derivatives showed complexity due to the C—F and C-P
couplings. 3'P spectra were referenced to 85% aq. H;PO4 (8 = 0.00 ppm) as an external standard. The
following abbreviations are used: s = singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet, br =
broad. Gas chromatography (GC) analysis was conducted on a SHIMADZU GC-2010 spectrometer
equipped with an Agilent DB-1 column. IR spectra were obtained on an Agilent Cary 630 FTIR
spectrometer. ESI and APCI mass spectra were measured on a Bruker micrOTOF-II spectrometer.
Ultraviolet-visible absorption spectra were recorded with a JASCO V-650 spectrophotometer.
Fluorescence spectra were recorded on a JASCO FP-8550 spectrofluorometer. Cyclic
voltammetry measurements were carried out with a Hokuto Denko HZ-110 voltammetric analyzer.
Single crystal X-ray analysis was performed with a Rigaku XtalLAB Synergy-DW diffractometer with
a HyPix-6000HE HPC detector. Photoreactions were performed using a Relyon Twin LED Light
(BWx2, din. = 365, 425, 470, 525, or 625 = 15 nm, ca. 0.2 or 0.4 W/cm?). All the reactions were

performed under a N, or Ar atmosphere.

Materials.

Unless otherwise noted, materials were purchased from Sigma-Aldrich Corporation,
FUJIFILM Wako Pure Chemical Corporation, Tokyo Chemical Industry Corporation, and Kanto
Chemical Corporation.

Dehydrated N,N-dimethylacetamide (DMA) was purchased from Kanto Chemical, degassed
by argon bubbling, and stored over MS 4A under an Ar atmosphere. Acetic acid was purchased from
Kanto Chemical, distilled with CuSQs, and stored under a N, atmosphere. Pd(dba), was prepared
according to the reported procedure.>! Pd(TFA), was purchased from Tokyo Chemical Industry
Corporation. Purchased aryl halides and benzoic acid derivatives were purified by recrystallization or
distillation and stored under an Ar atmosphere in the dark. Flash column chromatographic separation

was performed with Silica Gel 60N (Kanto Chemical). Merck Kiesel gel 60 Fass plate (0.25 mm
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thickness, coated on glass 20x20 ¢cm?) was used for analytical thin layer chromatography (TLC).
Wakogel B-5F coated on glass in a thickness of 0.9 mm was used for preparative TLC.

4. Experimental Details

1-1. Preparation of Ligands

4-Phosphinoacridine ligands L1-L4 and L6-L8 were synthesized similarly to the first report on
acridine-based PNP-pincer ligands.5? The phosphino groups were introduced by SxAr reactions of 4-
fluoroacridines with lithium phosphides using the F atom as the leaving group. 8-Phosphinoquinoline

ligand L5 was also prepared as shown in Scheme S1.

Cu (0.33 equiv)
©\)‘\ D K2003 (1.2 equiv) POCIy
- —_—
cyclohexanol, 160 °C, 11 h HO H 110°C,1.5h

> N
85% 2C F
(1.2 equw) (1 equw) 3
cl Ph
O \ O CHCI3 / MeOH (1:1) _PhLi (21 equiv) O A O
N reflux, 30 min N THF 80°C,4h NG
73 %
F H 3 % E
4 5 6
40%
PPhoH (1.1 equiv)
"BuLi (1.1 equiv) N
THF, 1t, 13 h O P O
85% N
PPh,
PArF,H (1.7 equiv) CF3
"BulLi (1.7 equiv) O
. F -
THF, 80 °C, 9 h O N/ Ar
58% oF
PArF, 3
P'Bu,H-BHj3 (1.1equiv) Ph Ph
"BuLi (1.1 equiv) N DABCO (17 equiv) Q X O
THF, 80 °C, 4h; N 1,4-dioxane, 100 °C, 1.5h N?
. 0,
BH3THF (1.1 equiv) PiBu; 80 % PBu,
rt, 10 min L3-BH; BH; L3
68%

Scheme S2-1. Synthesis of 4-phosphinoacridine ligands.
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FsC CF,

0}
(2.6 equiv)
(0] CI/\O/\/OMe Q N O Br
O O (1.2 equiv) k E PrMgCI (2,6 equiv)
N NaH (1.1 equiv), DMF Q -20°Ctort,4h
H F 60°C,1h \ then HCl aq, rt.
O, 0,
93% OMe 57%
5 7 8
F3C O CF;
PPhoH (1.1 equiv)
"BuLi (1.1 equiv) O A O
> Z
THF, 80 °C, 6 h N
2% PPh,
L4
— F3C CF3 FBC ‘ CF3
PBu,H - BHj (1.1 equiv) E DABCO (20 equiv)
"BuLi (1.1 equiv) >
THF, 80 °C, 4 h A 1,4-dioxane =
—> Z 100 °C, 1.5 h P
then BH3 * THF (1.0 equiv) N 70% N
rt, 10 min P'Bu, PBuj
83% BH
L5-BH, BHs L5

Scheme S2-2. Synthesis of 4-phosphinoacridine ligands L4 and LS.

CO,H
Cu(0.34 equiv)
“:Coz"' cho3(1 1 equiv) " POCl3
> _
j@ cyclohexanol, 160 °C, 12 h F 110°C,1.5h

quant.
9 2 10
(1.1 equiv)
Cl
A
P CHCl3/ MeOH (1:1, V/v OQ PhLi (2.2 equ|v O \
N
F reflux, 1 h THF, 80 °C, 7 h N/
» 41% (2 step) 84 % F

PPhoH (1.1 equiv)
"BulLi (1.1 equiv)

O P
THF, 60 °C, 6 h N/
33%

PPh,

PBuyH + BH3 (1.1 equw)
"BulLi (1.1 equiv)
THF, 80 °C, 6 h OO B O DABCO (15 equiv) OQ S O
then BH3 « THF (1.0 equw N/ 1,4-dioxane N/
rt, 10 m|n 100°C,1.5h PBU
2

PBu
709 2 0
0% L7-BH, BH3 7%

Scheme S2-3. Synthesis of 4-phosphinobenzoacridine ligands L6 and L7.
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Ph Ph
PPh,H (1 equiv)
z "BulLi (1 equiv) =z

N THF, 80 °C, 13 h \N

42%
o] ’ PPh,

14 L8

i/

Scheme S2-4. Synthesis of 8-phosphinoquinoline ligands L8.

| Cu (0.33 equiv)
K,CO3 (1.2 equiv)
CL - 0 -5
° H
NH, F cyclohexanggo/lGO C,11h HO,C F
1 2
(1.2 equiv) (1 equiv) 3

3 was prepared according to the reported procedure.5? To a mixture of anthranilic acid (7.57 g, 55.2
mmol, 1.2 eq.), Cu powder (964 mg, 15.2 mmol 0.33 equiv), K,COs (7.70 g, 55.7 mmol, 1.2 equiv),
and 2-fluoroiodobenzene (5.4 mL, 46.2 mmol, 1 equiv) was added cyclohexanol (92 mL), and the
mixture was stirred at 160 °C for 11 h. The volatiles were evaporated in vacuo at 80 °C. The resulting
solid was washed with hexane, dissolved in water, and filtered through Celite. To the filtrate was added
4N HCl aq. (15 mL), and gray precipitates were formed. The solid was collected by filtration, washed
with H>O, and dried in vacuo at 60 °C. 3 was obtained as gray powder (9.04 g, 85%). This crude

compound was used to the next step directly without further purification.

cl 0
POCl; X CHCl3 / MeOH (1:1)
—_— _
N 110 °C N reflux, 30 min N
Ho,c 1 fF 18N F H o F
5
3 4 40%

A mixture of 3 (9.04 g, 39.1 mmol) and POCl; (10 mL) was gradually heated to 110 °C, at which
temperature a violent evolution of HCI gas was observed. The black solution was stirred at 110 °C for
1.5 h. After cooling to room temperature, the solution was diluted with CH>Cl, and gradually poured
into 7 M NaOH aq. (200 mL) with stirring at 0 °C. The mixture was extracted with CH,Cl, three times.
The combined organic layer was dried over Na>SOy, filtered, and evaporated in vacuo to give crude
product 4. 4 was dissolved in CHCI3/MeOH (1:1, 100 mL), refluxed for 30 min under air, and cooled
to room temperature. The precipitates were collected by filtration and washed with CH>Cl,. The
desired compound 5 was obtained as pale yellow powder (3.38 g, 40%).

'"H NMR (495 MHz, DMSO-d): § 11.69 (s, 1H), 8.23 (dd, 1H, J= 8.4, 1.2 Hz), 8.05 (d, I1H, J= 8.4
Hz), 7.82 (d, 1H, J=7.9 Hz), 7.76 (ddd, 1H, J = 8.4, 6.9, 1.0 Hz), 7.68 (ddd, 1H, J=11.4,7.4, 1.2
Hz), 7.30 (ddd, 1H, J="7.9, 6.4, 1.0 Hz), 7.26-7.20 (m, 1H).
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3C NMR (125 MHz, DMSO-de): § 176.6, 151.2 (d, J = 247.8 Hz), 140.8, 133.8, 130.3 (d, J = 14.1
Hz), 126.0, 122.5, 121.8, 121.7 (d, J = 3.6 Hz), 120.6, 120.3 (d, /= 7.3 Hz), 118.1, 117.8 (d, /= 16.8
Hz).

YF NMR (466 MHz, DMSO-ds): 5 —130.9.

IR (ATR): 3138, 2991, 1623, 1608, 1577, 1523, 1325, 1236, 908, 816, 749 cm™".

HRMS (ESI): m/z: [M+H]" Calcd for C13HyFNO 214.0663; Found 214.0654.

o) Ph
O O PhLi (2.1 equiv) O \
) o Z
N THF, Sg o/C, 4h N
H | F
5 6

To a suspension of 5 (1.12 g, 5.26 mmol, 1 eq.) in THF (18 mL) was added PhLi (1.1 M in
cyclohexane/Et,0, 10 mL, 11 mmol, 2.1 eq.) at room temperature, and the mixture was stirred at 80 °C
for 4 h. The mixture was cooled to room temperature, quenched with sat. NH4Cl aq., and extracted
with CH>Cl, three times. The combined organic layer was dried over Na,SOs, filtered, and evaporated
in vacuo. Recrystallization from CH,Clo/MeOH at room temperature gave the desired compound 6 as

yellow needles (1.05 g, 73%).
'"H NMR (495 MHz, CDCls): § 8.40 (d, 1H, J= 9.4 Hz), 7.81 (ddd, 1H, J=7.9, 6.4, 1.0 Hz), 7.71 (d,

1H, J = 8.9 Hz), 7.64-7.57 (m, 3H), 7.51-7.42 (m, 5H), 7.36-7.32 (m, 1H).

3C NMR (125 MHz, CDCls): § 157.9 (d, J = 258.5 Hz), 148.6, 147.3, 140.0 (d, J= 12.6 Hz), 135.7,
130.4, 130.3, 130.1, 128.6, 128.5, 126.8, 126.6, 126.4, 125.5, 124.6 (d, J = 8.4 Hz), 122.8 (d, J= 4.5
Hz), 112.5 (d, J= 19.1 Hz).

F NMR (466 MHz, CDCl;): 5 —124.8.

IR (ATR): 3051, 1538, 1519, 1465, 1415, 1223, 1131, 1041, 880, 757 cm™".

HRMS (ESI): m/z: [M+H]" Calcd for C19H;3FN 274.1027; Found 274.1015.

PPh,H (1.1 equiv)
O S O NBuLi (1.1 equiv) O S O
Nig THF, i, 13 h N
0,
85% PPh,
6 L1

To a solution of PPhyH (10 wt% in hexane, 3.85 mL, 1.41 mmol, 1.1 equiv) in THF (3 mL) was added
"BuLi (1.59 M in hexane, 0.90 mL, 1.43 mmol, 1.1 equiv) at —78 °C, and the red solution was stirred
at room temperature for 10 min. The solution was transferred via syringe to a suspension of 6 (349.6

mg, 1.28 mmol, 1 equiv) in THF (7.5 mL) at —78 °C, and the mixture was stirred at room temperature
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for 13 h. The mixture was quenched with H,O and extracted with CH>Cl, three times. The combined
organic layer was dried over NaxSQys, filtered, and evaporated in vacuo. Recrystallization from hot

CHCl3/MeOH gave the desired compound L1 as yellow blocks (479.8 mg, 85%).
'"H NMR (495 MHz, CDClL): & 8.11 (d, 1H, J = 8.9 Hz), 7.70-7.54 (m, 6H), 7.49-7.27 (m, 14H),

7.19-7.16 (m, 1H).

13C NMR (125 MHz, CDCL): § 149.5 (d, J = 16.8 Hz), 147.9, 147.1, 139.1 (d, J = 10.8 Hz), 137.8
(d, /=109 Hz), 136.1, 134.6, 134.4, 134.2, 130.5, 130.4, 129.5, 128.4, 128.34, 128.28, 127.6, 126 4,
125.8, 125.5, 125.1, 124.6.

Sp{'H} NMR (200 MHz, CDCls): § —13.1.

IR (ATR): 3055, 3019, 1539, 1512, 1431, 1414, 1068, 744, 691 cm™".

HRMS (ESI): m/z: [M+H]" Calcd for C31H23NP 440.1563; Found 440.1567.

UV-vis (DMA): Amax (€ % 104) = 394 (sh) (0.55), 373 (0.61), 353 (0.82) nm.

Ph Ph CF3
PArF,H (1.7 equiv)
O X O "BuLi (1.7 equiv) O X O ArF =
P - b~
N THF, 80 °C, 9 h N
58% CFs
F PArF,
6 L2

To a solution of PArf,H (208.6 mg, 0.455 mmol, 1.7 equiv) in THF (2 mL) was added "BuLi (1.57 M
in hexane, 0.30 mL, 0.471 mmol, 1.7 equiv) at —78 °C, and the purple solution was stirred at room
temperature for 30 min. The solution was transferred via syringe to a suspension of 6 (73.5 mg, 0.269
mmol, 1 equiv) in THF (1 mL) at room temperature, and the mixture was stirred at 80 °C for 9 h. The
mixture was quenched with brine and extracted with EtOAc three times. The combined organic layer
was dried over Na;SOy, filtered, and evaporated in vacuo. Column chromatography on silica gel using
EtOAc/hexane (5:95 to 30:70) as an eluent gave the desired compound L2 as bright yellow solid (111.6
mg, 58%).

'"H NMR (495 MHz, CD,Cly): & 7.98-7.90 (m, 7H), 7.82 (d, 1H, J = 8.9 Hz), 7.74-7.69 (m, 2H),

7.66-7.58 (m, 3H), 7.48-7.42 (m, 3H), 7.39 (ddd, 1H, J = 7.9, 6.4, 1.5 Hz), 7.27 (ddd, 1H, J = 6.4,
5.0, 1.5 Hz).

3C NMR (125 MHz, CDCl/TMS): & 148.5 (d, J = 15.6 Hz), 148.0 (d, J = 15.6 Hz), 140.3 (d, J =
18.0 Hz), 135.4, 135.1 (d, J = 4.8 Hz), 134.8 (d, J = 9.6 Hz), 134.0, 133.8, 131.9 (qd, J = 33.5, 7.3
Hz), 130.45, 130.42, 130.3, 129.7, 129.5, 128.6, 128.5, 126.7, 126.4, 125.4, 124.8, 123.12, 123.10 (q,
J=275.3 Hz).

Sp{'H} NMR (200 MHz, CDCls): § —10.3.

F_-NMR (466 MHz, CDCl;): 5 —62.8

IR (ATR): 3056, 2988, 2870, 1615, 1566, 1351, 1273, 1170, 1116, 896, 757 cm™".
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HRMS (APCI): m/z: [M+H]" Caled for C3sH;oF 1,NP 712.1058; Found 712.1035.

PBu,H-BH3 (1.1equiv)

O \ "BuLi (1.1 equiv) O \
Nig THF, 80 °C, 4 h; NZ

F BH3-THF (1.1 equiv) PBu,
6 rt, 10 min L3-BH, BH3
68%

To a solution of P'Bu,H-BH3 (345.8 mg, 2.16 mmol, 1.1 equiv) in THF (2 mL) was added "BuLi (1.59
M in hexane, 1.4 mL, 2.23 mmol, 1.1 equiv) at —78 °C, and the colorless solution was stirred at room
temperature for 15 min. The solution was transferred via syringe to a suspension of 6 (538.6 mg, 1.97
mmol, 1 equiv) in THF (6 mL) at 0 °C, and the mixture was stirred at 80 °C for 4 h. After cooling to
room temperature, BH3-THF (1 M in THF, 2.2 mL, 2.2 mmol, 1.1 equiv) was added, and the mixture
was stirred for additional 10 min. The mixture was quenched with H,O and extracted with EtOAc
three times. The combined organic layer was dried over NaxSOy, filtered, and evaporated in vacuo.
Column chromatography on silica gel using CH>Cly/hexane (2:8 to CH2Cl, only) as an eluent and
recrystallization from CH>Clz/MeOH at 0 °C gave the desired compound L3:BH3 as yellow blocks

(554.9 mg, 68%).
TH NMR (495 MHz, CDCly): 5 9.03 (dd, 1H, J = 15.3, 6.9 Hz), 8.35 (d, 1H, J = 8.4 Hz), 7.85-7.78

(m, 2H), 7.72 (d, 1H, J = 8.4 Hz), 7.65-7.58 (m, 3H), 7.65-7.58 (m, 4H), 1.53 (d, 18H, J = 13.9 Hz),
1.20-0.60 (br, 3H).

13C NMR (125 MHz, CDCL3): § 148.9, 148.0, 147.6, 144.1 (d, J = 14.4 Hz), 136.0, 131.0 (d, J = 2.4
Hz), 130.6, 130.5, 130.0, 129.7, 128.7, 128.5, 127.3, 126.2, 125.4, 125.3, 125.0, 34.8 (d, J= 26.4 Hz),
30.2.

3Sp{TH} NMR (200 MHz, CDCl;): § 57.8 (br).

UB{'H} NMR (159 MHz, CDCl;): 5 —39.9 (br).

IR (ATR): 3056, 2960, 2383, 1597, 1515, 1362, 1178, 1075, 751, 699 cm .

HRMS (ESI): m/z: [M+H]" Calcd for Co7H34BNP 414.2516; Found 414.2541.

Ph Ph
AN DABCO (17 equiv) X
O N O 1,4-dioxane, 100 °C, 1.5 h O NG O
PBuy 80% PBu,
L3-BH; BHy L3

A mixture of L3-BHj3 (546.8 mg, 1.32 mmol, 1 equiv) and DABCO (2.54 g, 22.6 mmol, 17 equiv) in
1,4-dioxane (20 mL) was deoxygenated by bubbling with Ar for 15 min and was heated at 100 °C for

1.5 h. The volatiles were evaporated in vacuo, and the resulting yellow solid was washed with H,O
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under an Ar atmosphere. The solid was dissolved in THF and filtered through silica gel in an Ar-filled
glovebox. Evaporation of the solvent and azeotropic drying with hexane gave the desired compound
L3 as yellow powder (424.5 mg, 80%). .3 was observed as a mixture of two isomers (~57:43) in C¢Ds
by NMR spectroscopy, which could be assigned as two rotamers derived from the restricted rotation

around the C(sp?)-P bond.?
"H NMR (495 MHz, C¢Dg): § 8.62-8.55 (m, 1H), 8.51 (d, 0.57H, J= 8.4 Hz), 8.21 (d, 0.43H, J=6.9

Hz), 7.74 (dd, 0.43H, J= 8.4, 1.0 Hz), 7.69 (dt, 0.57H, J = 8.4, 1.5 Hz), 7.64-7.58 (m, 1H), 7.42 (ddd,
0.57H,J=8.9, 6.9, 2.0 Hz), 7.33 (ddd, 0.43H, J= 8.4, 6.9, 2.0 Hz), 7.23-7.18 (m, 3H), 7.15-6.99 (m,
4H), 1.63 (d, 10.26H, J = 12.4 Hz), 1.40 (d, 7.74H, J = 10.9 Hz).

3C NMR (125 MHz, C¢Dg): & 153.1 (d, J = 21.5 Hz), 150.6 (d, J = 8.4 Hz), 148.9, 148.4, 147.8,
147.0,145.4,144.9, 140.5 (d,J=43.1 Hz), 139.9 (d, /= 31.1 Hz), 137.0, 136.9 (d,J= 11.9 Hz), 131.3,
130.8, 130.7, 130.0, 129.72, 129.67, 129.5, 128.6, 127.2, 126.7, 126.1, 126.0, 125.54, 125.46, 125.3,
125.2, 124.6, 33.5 (d, J=25.1 Hz), 32.9 (d, J=28.9 Hz), 31.8 (d, /= 16.8 Hz), 31.2 (d, /= 16.8 Hz).
3P NMR (200 MHz, C¢Ds): § 63.0 (s, 0.57P), 14.6 (s, 0.43P).

IR (ATR): 2973, 2885, 1510, 1456, 1416, 1170, 764, 699 cm ™.

HRMS (APCI): m/z: [M+H]" Calcd for Co7H31NP 400.2189; Found 400.2201.

0
a1 o ~OMe O N O

(1.2 equiv)
O O > ko F
NaH (1.1 equiv), DMF

N
H ¢ 60°C,1h
93%

OMe
5 7

To a suspension of 5 (1.074 g, 5.04 mmol) in DMF (10 mL) was added NaH (oil-free, 149.6 mg, 6.23
mmol, 1.2 equiv) at room temperature, and the orange solution was stirred at room temperature for 10
min. 2-Methoxyethoxymethyl chloride (0.76 mL, 6.70 mmol, 1.3 equiv) was added dropwise to the
solution, and the mixture was stirred at 60 °C for 1 h. After cooling to room temperature, the mixture
was quenched with NaHCOs3 aq. and extracted with EtOAc three times. The combined organic layer
was washed with brine twice, dried over Na,SQs, filtered, and evaporated in vacuo. Trituration with

cold hexane (25 °C) gave the desired compound 7 as pale yellow powder (1.415 g, 93%).
'"H NMR (495 MHz, CDCl3): § 8.45 (d, 1H, J= 8.4 Hz), 8.31 (d, 1H, J= 7.9 Hz), 7.81-7.72 (m, 2H),

7.47 (ddt, 1H, J = 14.5, 7.9, 1.5 Hz), 7.38-7.33 (m, 1H), 7.26-7.22 (m, 1H), 5.74 (s, 2H), 3.81-3.78
(m, 2H), 3.64-3.61 (m, 2H), 3.40 (s, 3H).

13C NMR (125 MHz, CDCly): § 177.9 (d, J = 2.4 Hz), 151.8 (d, J = 232.3 Hz), 144.1, 134.4, 132.1
(d,J=7.3Hz), 127.2, 125.7, 123.4 (d, J = 3.6 Hz), 122.8, 122.6, 122.1 (d, J = 8.4 Hz), 120.8 (d, J =
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23.9 Hz), 116.6, 80.8 (d, /= 14.4 Hz), 71.9, 67.3, 59.1.

F NMR (466 MHz, CDCls): § —121.0.

IR (ATR): 3138, 2991, 1638, 1623, 1576, 1523, 1451, 1325, 1236, 908, 816, 749 cm ™.
HRMS (ESI): m/z: [M+Na]" Caled for Ci7H16FNNaOs 324.1006; Found 324.1015.

\Q/ (2 6 eqUIV) F3C l CF3

PrMgCI (2,6 equiv)

> A
—20°Ctort,4h P
N

then HCl aq, rt.
70
OMe % F

7 8
To a solution of 1-bromo-3,5-bis(trifluoromethyl)benzene (3.1 ml, 18.3 mmol, 2.6 equiv) in THF (16

mL) was added ‘PrMgCl (2.0 M in THF, 9.1 ml, 18.2 mmol, 2.6 equiv) at —20 °C dropwise over 15

min, and the brown solution was stirred at 0 °C for 1 h. To the solution was added a solution of 7
(2.16g, 7.17 mmol) in THF (20 mL) at 0 °C, and the mixture was stirred for 3 h at room temperature.
The mixture was quenched with 4N HCI aq. (15 mL) and stirred overnight at room temperature. The
mixture was quenched with NaHCOj3 aq. and extracted with CH,Cl, three times. The combined organic
layer was dried over Na;SO4 and evaporated in vacuo. Column chromatography on silica gel using
CHxCly/hexane (1:1 to CH>Cl, only) as an eluent gave the desired compound 8 as yellow powder (1.66
g, 57%).

'"H NMR (400 MHz, CDCL;/TMS):  8.45 (d, 1H, J = 8.8 Hz), 8.14 (s, 1H), 7.94 (s, 2H), 7.87 (ddd,
1H, J=8.4, 6.4, 1.6 Hz), 7.58-7.53 (m, 1H), 7.53-7.48 (m, 2H), 7.47-7.41 (m, 1H), 7.29 (d, 1H, J =
8.7 Hz).

13C NMR (125 MHz, CDCly/TMS): & 157.9 (d, J = 267.0 Hz), 148.5, 142.9, 139.9 (d, J = 13.1 Hz),
138.1, 132.3 (q, J = 34.9 Hz), 130.7 (d, /= 21.5 Hz), 130.5, 127.6, 126.0, 125.9, 125.0, 125.4, 125.0,
123.1 (q,J =274 Hz), 122.8, 121.4 (d, J= 6.0 Hz), 112.9 (d, /= 19.1 Hz).

F NMR (466 MHz, CDCl;/TMS): § —62.6 (6F), —123.6 (1F).

IR (ATR): 3049, 1521, 1467, 1382, 1334, 1275, 1122, 896 cm™'.

HRMS (ESI): m/z: [M+H]" Calcd for C21H11F7N 410.0774; Found 410.0778.
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PPh,H (1.1 equiv)
"BuLi (1.1 equiv)

-

THF, 80 °C, 6 h
72 %

To a solution of PPhoH (95 pL, 0.55 mmol, 1.1 equiv) in THF (10 mL) was added "BuLi (1.59 M in
hexane, 0.35 mL, 0.55 mmol, 1.1 equiv) at —78 °C, and the red solution was stirred at room temperature
for 30 min. The solution was transferred via syringe to a suspension of 8 (203.5 mg, 0.50 mmol) in
THF (7 mL) at —78 °C, and the mixture was stirred at 80 °C for 6 h. The mixture was quenched with
H,0 and extracted with CH,Cl, three times. The combined organic layer was dried over NaxSOs,
filtered, and evaporated in vacuo. Recrystallization from hot CH»Cly/hexane gave the desired

compound L4 as yellow blocks (206.5 mg, 72%).
'"H NMR (495 MHz, CD,CL): § 8.18 (s, 1H), 8.09 (d, 1H, J = 8.5 Hz), 7.99 (s, 2H), 7.77-7.73 (m,

1H), 7.54-7.48 (m, 3H), 7.43-7.32 (m, 11H), 7.27-7.23 (m, 1H).

3C NMR (150 MHz, CD:Cl,): § 149.8 (d, J= 16.6 Hz), 148.0, 143.5, 140.3 (d, /= 13.6 Hz), 138.9,
138.2 (d, J=10.6 Hz), 135.3, 134.7, 134.6, 132.4 (q, J = 34.7 Hz), 131.2, 130.5, 130.4, 129.0, 128.8
(d,J=17.6 Hz), 127.3, 126.9, 126.7, 125.1, 124.7, 123.7 (q, J = 273.3 Hz), 123.0.

F NMR (466 MHz, CD,Cl,): 5 —63.0.

3P NMR (202 MHz, CD;Cl,): § —13.1.

IR (ATR): 3073, 1330, 1279, 1182, 1278, 898, 745, 695 cm™".

HRMS (APCI): m/z: [M+H]" Caled for C33HaiFgNP 576.1310; Found 576.1286.

FsC CF,
PBu,H - BH3 (1.1 equiv) O
"BuLi (1.1 equiv)

THF, 80 °C, 4 h
> S
then BH3 + THF (1.0 equiv) _
rt, 10 min N
0,
83% I?’Buz
BH3
8 L5-BH;

To a solution of P'Bu;H-BH3 (158.7 mg, 1.0 mmol, 1 eq.) in THF (6 mL) was added "BuLi (1.59 M in
hexane, 0.7 mL, 1.1 mmol, 1.1 equiv) at =78 °C, and the colorless solution was stirred at room
temperature for 20 min. The solution was transferred via syringe to a suspension of 8 (408.8 mg, 1.0
mmol) in THF (6 mL) at 0 °C, and the mixture was stirred at 80 °C for 4 h. After cooling to room
temperature, BH3-THF (1 M in THF, 1.1 mL, 1.1 mmol, 1.1 equiv) was added, and the mixture was
stirred for additional 10 min. The mixture was quenched with H,O and extracted with CH,Cl, three
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times. The combined organic layer was dried over Na,SOs, filtered, and evaporated in vacuo. Column
chromatography on silica gel using CH>Clo/hexane (1:2 to CH>Cl, only) as an eluent gave the desired

compound L5-BH3 as yellow powder (454.2 mg, 83%).
"H NMR (495 MHz, CDCl3): §9.10 (dd, 1H, J=15.3, 6.4 Hz), 8.41 (d, 1H, J= 8.9 Hz), 8.15 (s, 1H),

7.96 (s, 2H), 7.88 (t, 1H, J= 6.7 Hz), 7.64 (d, 1H, J = 8.5 Hz), 7.60-7.54 (m, 2H), 7.52 (d, 1H, J= 8.4
Hz), 1.52 (d, 18H, J = 13.9 Hz), 1.10-0.70 (br, 3H).

3C NMR (125 MHz, CDCls): 5 148.6, 147.3, 144.3 (d, J= 13.1 Hz), 143.5, 138.3, 132.4 (q, J=33.4
Hz), 130.7, 130.6, 130.4, 129.4, 128.7, 128.4, 127.3, 126.5 (d, J = 13.1 Hz), 125.8, 124.7 (d, J= 4.8
Hz), 123.1 (q,J = 274.1 Hz), 122.7, 34.7 (d, J = 26.3 Hz), 30.0.

3P NMR (200 MHz, CDCl3): § 58.0 (br).

F NMR (466 MHz, CDCls): 5 —62.6.

B NMR (159 MHz, CDCl3): & —39.7 (br).

IR (ATR): 2973, 2907, 2384, 1329, 1277, 1174, 1135, 1071, 900, 751, 706 cm".

HRMS (ESI): m/z: [M+H]" Calcd for C20H3,BF¢NP 550.2264; Found 550.2246.

DABCO (20 equiv)

> B
1,4-dioxane O O
100 °C, 1.5 h N7
70% PBu
2
L5-BH, L5

A mixture of L5-BH3 (385.0 mg, 0.70 mmol) and DABCO (1.60 g, 14 mmol, 20 equiv) in 1,4-dioxane
(5§ mL) was deoxygenated by bubbling wih Ar for 15 min, and heated at 100 °C for 1.5 h. The mixture
was quenched with degassed H,O and extracted with Et,O five times under a N> atmosphere. The
combined organic layer was evaporated in vacuo to give orange solid. The solid was dissolved in THF
and filtered through silica gel in an Ar-filled glovebox. Evaporation of the solvent and azeotropic
drying with hexane gave the desired compound L5 as yellow powder (262.2 mg, 70%). L5 was
observed as a mixture of two isomers (~50:50) in CsDs by NMR spectroscopy, which could be

assigned as two rotamers derived from the restricted rotation around the C(sp®)-P bond.>*
'"H NMR (495 MHz, C¢D¢): § 8.59-8.52 (m, 1H), 8.50 (d, 0.5H, J = 8.4 Hz), 8.22 (d, 0.5H, J=5.9

Hz), 7.89 (d, 1H, J = 5.4 Hz), 7.41-7.37 (m, 0.5H), 7.33-7.29 (m, 0.5H), 7.26 (s, 1H), 7.22 (s, 1H),
7.14 (dd, 0.5H, J = 8.4, 1.5 Hz), 7.10-7.05 (m, 1H), 7.02-6.92 (m, 2.5H), 1.64 (d, 9H, J = 11.9 Hz),
1.41 (d, 9H, J = 10.4 Hz).

13C NMR (150 MHz, C¢D¢): 8 152.8 (d, J = 21.1 Hz), 150.3 (d, J = 7.5 Hz), 148.6, 148.1, 145.5,
145.1, 143.3, 142.6, 141.3, 141.0, 140.6, 140.4, 139.4 (d, J = 25.7 Hz), 137.2 (d, J = 4.5 Hz), 132.17
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(q, J = 33,5 Hz), 132.14 (q, J = 33,5 Hz), 131.4, 130.9 (d, /= 12.1 Hz), 130.3, 129.9, 129.6, 127.0,
126.6, 126.5, 126.3, 126.2, 126.0, 125.64, 125.56, 125.1, 125.0, 124.7, 123.9 (q, J = 327.5 Hz), 122.8,
122.4-122.0 (m), 33.5 (d, J=25.1 Hz), 33.0 (d, /= 28.7 Hz), 31.7 (d, /= 16.6 Hz), 31.1 (d, J = 16.6
Hz).

F NMR (470 MHz, C¢Dg): 5 —62.2.

3P NMR (202 MHz, CsDg): 5 63.4 (0.5P), 14.8 (0.5P).

IR (ATR): 2952, 2855, 1515, 1466, 1276, 1131, 1015, 749 cm™".

HRMS (APCI): m/z: [M+H]" Calcd for C20H29F¢NP 536.1936; Found 536.1937.

CO,H
Cu(0.34 equiv)
CO,H | Ko,CO5 (1.1 equiv)
pe -
NH, cyclohexanol, 160 °C, 12 h ©/F

F
quant.

9 2 10
(1.1 equiv)

To a mixture of 3-amino-2-naphthoic acid (5.27 g, 28.2 mmol, 1.1 equiv), Cu powder (0.56 g, 8.82
mmol 0.34 equiv), KoCO3 (3.91 g, 28.3 mmol, 1.1 equiv), and 2-fluoroiodobenzene (3.0 mL, 25.7
mmol, 1 equiv) was added cyclohexanol (56 mL), and the mixture was stirred at 160 °C for 12 h. The
volatiles were evaporated in vacuo at 80 °C. The resulting solid was washed with hexane, dissolved
in water, and filtered through Celite. To the filtrate was added 4N HCI aq. (10 mL), and yellow
precipitates were formed. The solid was collected by filtration, washed with H>O, and dried in vacuo
at 110 °C. 10 was obtained as gray powder (8.00 g, quant.). This crude compound was used to the next
step directly without further purification.

Cl 0
COH POClI, N CHCI;/MeOH (1:1)
—_— ~
NH 110 °C N reflux, 1 h N
F15h E H ¢
12
10 1 41%

A mixture of 10 (7.99 g, 28.4 mmol) and POCl; (9 mL) was gradually heated to 110 °C, at which
temperature a violent evolution of HCI gas was observed. The black solution was stirred at 110 °C for
1.5 h. The reaction was quenched with H,O at 0 °C, and the mixture was gradually poured into 4 M
NaOH aq. (150 mL) with stirring at 0 °C to give dark brown precipitates. The solid was collected by
filtration and washed with H,O to give crude product 11. 11 was suspended in CHCl;/MeOH (1:1, 200
mL), refluxed for 1 h under air, and cooled to room temperature. The precipitates were collected by
filtration and washed with MeOH. The desired compound 12 was obtained as yellow powder (3.06 g,
41%).
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"H NMR (495 MHz, DMSO-dq): § 11.57 (s, 1H), 8.94 (s, 1H), 8.21 (s, 1H), 8.18 (d, 1H, J = 6.9 Hz),
8.07 (d, 1H, J= 6.9 Hz), 7.97 (d, 1H, J = 6.9 Hz), 7.70 (dd, 1H, J = 11.3, 6.9 Hz), 7.61 (dd, 1H, J =
6.9, 6.9 Hz), 7.45 (dd, 1H, J=6.9, 6.9 Hz), 7.21-7.15 (m, 1H).

3C NMR (125 MHz, DMSO-de): 5 177.5, 150.9 (d, J = 246.5 Hz), 137.5, 135.9, 131.5 (d, J= 13.3
Hz), 129.7, 128.7, 128.0, 127.4, 126.6, 124.5, 122.1 (d, J = 2.4 Hz), 121.1, 121.0, 119.4 (d, J = 5.9
Hz), 118.6 (d, J=16.8 Hz), 113.1.

YF NMR (466 MHz, DMSO-de): 5 —131.2.

IR (ATR): 3319, 3053, 1640, 1620, 1597, 1539, 1334, 1236, 1139, 869 cm™.

HRMS (APCI): m/z: [M+H]" Calcd for C17H;;FNO 264.0819; Found 264.0827.

0 Ph

QL0 2= (L0
N THF, 80 °C, 7 h N?

12 F 84 % 13 F

To a suspension of 12 (646.8 mg, 2.46 mmol) in THF (11.5 mL) was added PhLi (1.0 M in
cyclohexane/Et,0, 5.5 mL, 5.50 mmol, 2.2 equiv) at room temperature, and the mixture was stirred at
80 °C for 7 h. The mixture was cooled to room temperature, quenched with sat. NH4ClI aq., and
extracted with CH,Cl, three times. The combined organic layer was dried over Na;SOs, filtered, and
evaporated in vacuo. Column chromatography on silica gel using CH>Cly/hexane (1:3 to CH2Cl; only)

as an eluent gave the desired compound 13 as red solid (668.3 mg, 84%).
"H NMR (495 MHz, CDCl): § 9.08 (s, 1H), 8.33 (s, 1H), 8.10 (d, 1H, J = 8.4 Hz), 7.86 (d, IH, J =

8.4 Hz), 7.72-7.62 (m, 3H), 7.62-7.35 (m, 7H).

3C NMR (125 MHz, CDCls): § 157.7 (d, J = 259.8 Hz), 147.8, 144.9, 141.7 (d, J= 13.3 Hz), 135.9,
134.6, 131.8, 130.5, 128.7, 128.6, 128.4, 127.9, 126.7, 126.3, 126.0, 125.8, 124.4, 123.9 (d, J = 7.1
Hz), 123.0 (d, /= 4.8 Hz), 112.3 (d, J= 19.1 Hz).

F NMR (466 MHz, CDCls): 5 —124.8.

IR (ATR): 3047, 1530, 1491, 1456, 1370, 1230, 1059, 876, 734 cm™".

HRMS (ESI): m/z: [M+H]" Calcd for C23H;sFN 324.1183; Found 324.1177.

PPh,H (1.1 equiv)
T ——eer— T
NG THF, 60 °C, 6 h l N
33%

F PPh,
13 L6

To a solution of PPhoH (92 pL, 0.53 mmol, 1.1 equiv) in THF (1 mL) was added "BuLi (1.57 M in

hexane, 0.35 mL, 0.55 mmol, 1.1 equiv) at —78 °C, and the red solution was stirred at room temperature

for 30 min. The solution was transferred via syringe to a suspension of 13 (162.7mg, 0.50 mmol) in
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THF (1.5 mL) at —78 °C, and the mixture was heated at 60 °C for 6 h. The mixture was quenched with
H>0 and extracted with CH,Cl, three times. The combined organic layer was dried over NaxSOs,
filtered, and evaporated in vacuo. Column chromatography on silica gel using CH>Cly/hexane (1:1) as

an eluent gave the desired compound L6 as red solid (81.6 mg, 33%).
"H NMR (495 MHz, CDCl): § 8.80 (s, 1H), 8.26 (s, 1H), 7.99 (d, 1H, J= 8.9 Hz), 7.81 (d, IH, J =

8.4 Hz), 7.70-7.60 (m, 4H), 7.55-7.51 (m, 2H), 7.48-7.31 (m, 12H), 7.24-7.20 (m, 1H), 7.16-7.12
(m, 1H).

3C NMR (125 MHz, CDCl3): § 150.6 (d, J = 16.8 Hz), 147.5, 144.5, 139.2 (d, J= 10.8 Hz), 137.9
(d,J=10.8 Hz), 136.3, 135.1, 134.4, 134.3, 134.1, 131.5, 130.7, 128.6, 128.5, 128.44, 128.37, 128.31,
128.26, 127.8 (d, J= 10.8 Hz), 126.2, 125.7, 125.5, 125.1, 124.3, 124.0.

3P NMR (200 MHz, CDCl;): § —12.9.

IR (ATR): 3043, 1588, 1526, 1433, 1411, 1377, 1269, 880, 740 cm™".

HRMS (ESI): m/z: [M+H]" Calcd for C3sHasNP 490.1719; Found 490.1698.

UV-vis (DMA): Amax (€ ¥ 107 =491 (0.54), 462 (0.69), 437 (0.49), 383 (0.67), 363 (0.37) nm.

Ph PBuyH - BH3 (1.1 equiv) Ph
"BuLi (1.1 equiv)

OO b O e OO D O
Z > Z
N then BH3 * THF (1.0 equiv) N

F rt, 10 min PtBuz
70% !
BH5
13 L7-BH;

To a solution of P'Bu,H-BH3 (179.1 mg, 1.12 mmol, 1.1 equiv) in THF (1 mL) was added "BuLi (1.57

M in hexane, 0.71 mL, 1.11 mmol, 1.1 equiv) at 0 °C, and the colorless solution was stirred at room
temperature for 20 min. The solution was transferred via syringe to a suspension of S10 (324.3 mg,
1.00 mmol, 1 equiv) in THF (4 mL) at room temperature, and the mixture was stirred at 80 °C for 6 h.
After cooling to room temperature, BH3-THF (0.9 M in THF, 1.2 mL, 1.10 mmol, 1.1 equiv) was
added, and the mixture was stirred for additional 10 min. The mixture was quenched with H,O and
extracted with EtOAc three times. The combined organic layer was dried over Na,SQy, filtered, and
evaporated in vacuo. Column chromatography on silica gel using CH,Cly/hexane (5:95 to 40:60) as

an eluent gave the desired compound L7-BH3 as orange solid (323.0 mg, 70%).
'"H NMR (495 MHz, CDCl;): § 9.01 (dd, 1H, J = 15.3, 6.9 Hz), 8.97 (s, 1H), 8.34 (s, 1H), 8.12 (d,

1H, J=8.9 Hz), 7.88 (d, 1H, J = 9.4 Hz), 7.82 (d, 1H, J = 9.4 Hz), 7.71-7.65 (m, 3H), 7.56-7.48 (m,
3H), 7.45-7.37 (m, 2H), 1.58 (d, 18H, J = 13.9 Hz), 1.32-0.70 (br, 3H).

13C NMR (125 MHz, CDCL): § 149.7, 148.3, 144.8 (d, J = 14.4 Hz), 144.0, 136.1, 134.5, 131.6,
131.0 (d, J=2.4 Hz), 130.6, 129.9, 129.7, 128.7, 128.6, 128.1, 126.7, 126.6, 125.8, 125.7, 124.8 (d, J
= 13.3 Hz), 124.5 (d, J= 4.8 Hz), 124.0, 34.6 (d, J = 27.5 Hz), 30.1.

3P NMR (200 MHz, CDCl;): § 57.4 (br).
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1IB NMR (159 MHz, CDCls): § —40.2 (br).
IR (ATR): 2952, 2868, 2385, 2344, 1528, 1474, 1388, 1142, 1072, 874 cm™.
HRMS (APCI): m/z: [M+H]" Caled for C3;H3sBNP 464.2673; Found 464.2664.

Ph Ph
o0 —/— L o0
N7 1,4-dioxane N7
100 °C, 1.5 h X
EEUZ 77% P BU2
L7-BH, 3 L7

A mixture of L7-BH3 (318.9 mg, 0.688 mmol) and DABCO (1.16 g, 10.3 mmol, 15 equiv) in 1,4-
dioxane (10 mL) was deoxygenated by bubbling with Ar for 20 min and heated at 100 °C for 1.5 h.
The volatiles were evaporated in vacuo, and the resulting yellow solid was washed with H>O under an
Ar atmosphere. The solid was dissolved in Et,O and filtered through silica gel in an Ar-filled glovebox.
Evaporation of the solvent gave the desired compound L7 as red foam (238 mg, 77%). L7 was
observed as a mixture of two isomers (~57:43) in CsDs by NMR spectroscopy, which could be

assigned as two rotamers derived from the restricted rotation around the C(sp®)-P bond.>*
"H NMR (495 MHz, C¢Ds): 5 9.31 (s, 0.43H), 9.29 (s, 0.57H), 8.57 (ddd, 0.57H, J = 15.8, 6.4, 1.5

Hz), 8.36 (s, 0.57H), 8.34 (s, 0.43H), 8.18 (d, 0.43H, J = 6.9 Hz), 7.78-7.68 (m, 2H), 7.38 (s, 0.43H),
7.36 (s, 0.57H), 7.30-7.24 (m, 3H), 7.20-7.17 (m, 1H), 7.15-6.95 (m, 4H), 1.71 (d, 10.26H, J = 12.4
Hz), 1.44 (d, 7.74H, J = 11.4 Hz).

3C NMR (125 MHz, C¢Dg): & 154.1 (d, J = 21.6 Hz), 151.7 (d, J = 7.1 Hz), 148.1, 147.3, 145.9,
145.6, 145.4, 145.2, 140.8 (d, J = 44.3 Hz), 140.0 (d, J = 31.1 Hz), 137.35, 137.31, 137.27, 137.2,
134.9,134.7,132.1,131.0, 130.9, 129.9, 129.1, 128.9, 128.8, 128.7, 128.6, 128.4, 127.0, 126.7, 126.5,
126.3, 126.0, 125.74, 125.66, 125.6, 125.1 (d, J=21.6 Hz), 125.0, 124.5 (d, J= 17.9 Hz), 33.5 (d, J =
25.1 Hz), 33.0 (d, J=29.9 Hz), 31.9 (d, /= 16.8 Hz), 31.3 (d, J = 15.6 Hz).

3P NMR (200 MHz, C¢Ds): § 63.4 (0.57P), 15.2 (0.43P).

IR (ATR): 2963, 2935, 1526, 1457, 1387, 1359, 1277, 1165, 1068, 876 cm™".

HRMS (APCI): m/z: [M+H]" Calcd for C31H33NP 450.2345; Found 450.2361.

Ph Ph
PPh,H (1 equiv)
=z "BuLi (1 equiv) z
N THF,80°C,13h
42%
Cl PPh,
14 L8

To a solution of PPhoH (0.27 mL, 1.57 mmol, 1 eq.) in THF (1 mL) was added "BuLi (1.57 M in

hexane, 1.0 mL, 1.57 mmol, 1 eq.) at 0 °C, and the red solution was stirred at room temperature for 10
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min. The solution was transferred via syringe to a suspension of 4-phenyl-8-chloroquinoline®* (376.6
mg, 1.57 mmol) in THF (1 mL) at 0 °C, and the mixture was stirred at 80 °C for 13 h. The mixture
was quenched with H,O. The precipitates were collected by filtration and washed by MeOH to give

the desired compound L8 as white powder (256.1 mg, 42%).
"HNMR (495 MHz, CDCls): § 8.89 (d, 1H, J=4.5 Hz), 7.92 (d, 1H, J = 8.4 Hz), 7.56-7.47 (m, 5H),

7.40-7.29 (m, 12H), 7.14-7.10 (m, 1H).

3C NMR (125 MHz, CDCls): § 149.9 (d, J= 16.8 Hz), 149.2, 148.6, 138.7 (d, J = 12.0 Hz), 138.1,
137.6 (d, J= 10.8 Hz), 134.28, 134.25, 134.1, 129.6, 128.6, 128.5, 128.4 (d, /= 7.3 Hz), 126.8, 126.5,
126.4, 121.6.

3P NMR (200 MHz, CDCl;): § —13.9.

IR (ATR): 3051, 1584, 1560, 1480, 1433, 1070, 869, 693 cm™".

HRMS (APCI): m/z: [M+H]" Calcd for Co7H21NP 390.1406; Found 390.1438.

UV-vis (DMA): Amax (€ X 107#) = 319 (sh) (0.40), 304 (0.53) nm.

2-1. Screening of Reaction Conditions with Aryl lodide

(o]
MeJ\OCs Bu
| (1 equiv) OAc H
Pd cattalyst, ligand
(base (1 equiv))
+ or > + +
o solvent (0.1 M)
Bu )j\ . h"t. Bu Bu
15a Me™ “OH eme-, ime 16aa 162’ o
u
0.1 mmol (1 equiv)

16a”

General procedure: In an Ar-filled glovebox, Pd catalyst, ligand, and CsOAc or base (1 equiv) were
added to a test tube. To the mixture was added a solution of 4-fert-butyliodobenzene (15a) (26.0 mg,
0.1 mmol) (and AcOH (5.7 puL, 0.1 mmol, 1 equiv) when using base instead of CsOAc) in solvent (1
mL) and the test tube was capped and removed from the Ar-filled glovebox. The reaction mixture was
stirred at specified temperature in a water bath under irradiation with LEDs. The reaction mixture was
quenched with saturated NaHCOs aq. and extracted with Et;O three times. The combined organic layer
was dried over NaxSOys. The yields of 4-tert-butylbenzene (16a”) and 4,4’-di-tert-butylbiphenyl (16a)
were determined by gas chromatography (GC) analysis using dodecane as an internal standard. After
filtration of the drying agent, the solvent was evaporated to give the crude product. The conversion
and yield of 15a and 4-tert-butylphenyl acetate (16aa), respectively, were determined by 'H NMR

analysis in CDCl; using 1,1,2,2-tetrachloroethane as an internal standard.
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By

Pd,(dba)s-CHCls (2.5 mol%)
fo) ligand (5 mol%)
+ M
Me™ "OCs DMA (0.1 M) O

Bu hv (425 nm, ca. 0.2 W/cm?) ~ Bu
15a (1 equiv) 25-35°C, 12 h 16aa 16a’ 8
u
16a”
Bu
yield [%] z |
entry  ligand  conv. [%]? 16aa? 16a’® 16a”? N @—Pphz
1 dtbbpy 15 0 5 0 N? @
PPh
20 dtbbpy 12 0 0 ~ | o 2
u
3 dppf 52 0 5 8
dppf
PhXphos 56 0 40 1 dtbbpy PP
5  DPEPhos 60 0 41 1 O
69 PPhg 20 0 4 3 PPh, PPh2 PPha
7 L1 61 45 2 7 ipr iPr ©/ \©
a Determined by'H NMR. ? Determined by GC. O
¢ fac-Ir(ppy)s (1 mol%) was added. ¢ Pd(PPhg), ipr DPEphos
(5 mol%) was used instead of Pd,(dba);"CHClI5. PhXphos
Table S2-1. Initial screening of ligands for the cross-coupling of 15a.
By
Pd cat. (x mol%) O
lo) L1 (y mol%)
+
Me)LOCs DMA (0.1 M)
By hv (425 nm, ca. 0.2 W/cm?) By
15a (1 equiv) 25-35°C, 12h 16aa 16a’
By
16a”
yield [%)]
entry Pd cat. X Y conv. [%]% 16aa? 16a’? 16a”?
1 Pdy(dba)CHCl; 25 5 61 45 2 7
2 Pd(dba), 5 5 77 63 3 7
3 Pd(dba), 2 2 50 39 2 0
4 Pd(cod)Cl, 10 10 66 3 2 8
5 [Pd(ally)Cl], 25 5 54 24 2 2
6 [Pd(cinnamyl)Cll2 25 5 51 33 1 0
7 CpPd(allyl) 5 5 37 20 5 0
8 Pd(OAc), 5 10 59 41 2 2
9 NiCly-glyme 5 5 0 0 0 o0

2@ Determined by "H NMR. ? Determined by GC.

Table S2-2. Screening of Pd precursors for the cross-coupling of 15a.
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Pd(dba), (5 mol%)

' L1 (5 mol%) OAc H O
[o) base (1 equiv)
¥ Me)LOCs DMA (0.1 M) ' ’
Bu hv (425 nm, ca. 0.2 W/cm?) Bu By O
15a (1 equiv) 26-35°C, 12h 16aa 162’ g
16a”
yield [%]
entry base  conv.[%]? 16aa? 16a’® 16a”?

1¢ CsOAc 77 63 2 7

2 Cs,CO; 80 62 7 0

3 K,COs 49 27 4 4

4 Na,CO;, 30 17 6 0

5 Li,COs 38 0 0 o0

6 K3PO4 67 39 12 0

7 DBU 22 9 0

8 iPr,NEt 61 0 27 3

2 Determined by "H NMR. ? Determined by GC.
¢ Without AcOH

Table S2-3. Screening of bases for the cross-coupling of 15a. The combination of Cs2CO3 and AcOH
gave a comparable yield to CsOAc (entry 2 vs 1).
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Pd(dba), (5 mol%)
L1 (5 mol%) OAc H
o Cs,CO3 (1 equiv)
+ > + +
MeJ\OH solvent (0.1 M)
hv (425 nm, ca. 0.2 W/cm?) O
t , t
Bu . 25-35°C, 12 h Bu Bu
15a (1 equiv) 16aa 16a’ .
Bu
16a”
yield [%]
entry solvent  conv. [%]? 16aa? 16a’® 16a”?
1 DMA 80 62 7 0
2¢ DMA 50 32 3 4
3 DMF 73 48 4 3
4 NMP 54 42 5 1
5 DMSO 45 41 3 0
6 MeCN 40 27 0 0
7 acetone 24 2 0 0
8 MeOH 24 0 4 12
9 THF 24 4 9 0
10 CH,Cl, 23 5 2 3
1 toluene 9 0 3 1
a@ Determined by "H NMR. ? Determined by GC.
¢H,0 (10 eq.) was added.
Table S2-4. Screening of solvents for the cross-coupling of 15a.
Bu
Pd(dba), (5 mol%) OAc H
o L1 (5 mol%)
+ - + +
Me)LOCs DMA (0.1 M)
hv (wavelength, intensit
Bu ( temp.g, 12h ) Bu Bu O
15a (1 equiv) 16aa 16a’
Bu
16a”
yield [%]
entry wavelength [nm] intensity [ca. W/cm?] temp. [°C] conv. [%]? 16aa? 16a’® 16a”?
1 425 0.2 25-35 77 63 2 7
2 470 0.2 25-35 39 30 1 0
3 525 0.2 25-35 13 0 0 0
A 625 ! 02 . 2595 5 0.0 0
5 425 0.4 25-35 92 75 4 1
6 425 0.4 35 86 70 5 1
7 425 0.4 50 89 69 7 2

a Determined by 'H NMR. © Determined by GC.
Table S2-5. Screening of LED sources and temperatures for the cross-coupling of 1a. Since the

temperature effect on the yield of 16aa was small (entries 5—7), 35 °C was determined as the optimal
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temperature instead of room temperature (25-35 °C) to maintain the temperature throughout the

reaction (entry 6).

By

Pd(dba), (5 mol%

) OAc H
fo) ligand (5 mol%)
+ > + +
Me)J\OCs DMA (0.1 M)
€ O

By hv (425 nm, ca. 0.4 W/c By
. 35°C,12h
15a (1 equiv) 16aa 16a’
By
16a”
yield [%)] Ar L1: R =Ph, Ar = Ph
entry ligand conv. [%]? 16aa? 16a’® 16a”? X L2: R=Arf, Ar=Ph
O O L3: R=Bu, Ar=Ph
1 L1 86 70 5 A N7 L4: R = Ph, Ar = Arf
. _ 1 _ F
2 L2 87 70 6 0 PR, [OR=BuAr=Ar
3 L3 39 31 na. na Ph
4 L4 90 78 4 0
N L6: R = Ph
5 L5 70 51 2 10 OO _ e L7 R - Bu
6 L6 34 22 5 0 N
7¢ L6 54 56 na. na. PRy
8d L6 25 5 na na. Ph
9 L7 21 6 6 0 | N
10 L8 4 3 1 o0 N7
11¢ L8 42 3 20 5 PPh,
12f  PPh, 17 0 na na L8
13¢ L4 100 8982 0 O

@ Determined by "H NMR. Isolated yield in parenthesis.

b Determined by GC. n.a.: not analyzed.

© hv (525 nm). @ hv (625 nm). © hv (365 nm). T 9-Phenylacridine (5 mol%) was added.

9 AcOH (1.2 equiv) and Cs,CO3 (1.2 equiv) were used instead of CsOAc. 0.2 mmol scale, 24 h.

Table S2-6. Screening of phosphinoacridine ligands for the cross-coupling of 15a.
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Pd(dba), (5 mol%) OAc
o L1 (5 mol%)
+ >
Me)LOCs DMA (0.1 M)
hv (425 nm, ca. 0.4 W/cm?) O
1 s f
Bu _ 35°C, 12h Bu
15a (1 equiv) 16aa 16a’
By
16a”
yield [%]
entry  deviation from the above conditions conv. [%]2 16aa? 16a’® 16a”?
1 - 86 70 5 1
2 without Pd(dba), 0 o 0 o0
3 without L1 28 0 0
4 without hv 0 0 0

2 Determined by 'H NMR. © Determined by GC.
Table S2-7. Control experiments for the cross-coupling of 15a.

2-3. Substrate Scope of Aryl lodides

Pd(dba), (5 mol%), L4 (5 mol%)

‘/I o} Cs,CO;3 (1.2 equiv) O\H/R
@ N >
RJLOH DMA (0.1 M) °

15
0.2 mmol

15 hv (425 nm), 35 °C, 24 h
(1.2 equiv) 16

General procedure: In an Ar-filled glovebox, Pd(dba); (5.8 mg, 10 pmol, 5 mol%), L4 (5.8 mg, 10
umol, 5 mol%), and Cs>COs (78.2 mg, 0.24 mmol, 1.2 equiv) were added to a test tube. To the mixture

was added a solution of aryl iodide 15 (0.20 mmol, 1 equiv) and carboxylic acid 15° (0.24 mmol, 1.2

equiv) in DMA (2 mL) and the test tube was capped and removed from the Ar-filled glovebox. The

reaction mixture was stirred at 35 °C under irradiation with blue LEDs (425 nm, ca. 0.4 W/cm?) for

24 h in a water bath. The reaction mixture was quenched with saturated NaHCOs3 aq. and extracted

with Et;O three times. The combined organic layer was washed with brine, dried over Na;SOs, and

evaporated in vacuo. Purification by preparative TLC or column chromatography on silica gel gave

the desired aryl ester 16.

O _Me
IO
By 0

16aa

15a (52.0 mg) and AcOH (13.8 pL) provided 31.4 mg (82% yield) of 16aa
as pale yellow oil after purification by preparative TLC using EtOAc/hexane
(2:98) as an eluent. The spectroscopic data agreed with those in the

literature.S®

'H NMR (495 MHz, CDCL): § 7.38 (d, 2H, J = 9.1 Hz), 7.00 (d, 2H, J = 9.1 Hz), 2.29 (s, 3H), 1.31

(s, 9H).

I3C-NMR (125 MHz, CDCI;/TMS): § 169.7, 148.5, 148.3, 126.3, 120.8, 34.4, 31.4, 21.1.
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O. Me 15ab (67.2mg)and AcOH (13.8 uL) provided 35.3 mg (83% yield) of 16ba
/©/ 0 as white solid after purification by preparative TLC using CH>Cl/hexane
Ph

(1:1) as an eluent. The spectroscopic data agreed with those in the

1 .
6ba literature.S¢

TH-NMR (495 MHz, CDCL/TMS): § 7.59-7.55 (m, 4H), 7.43 (t, 2H, J= 7.4 Hz), 7.34 (t, 1H, J=7.4
Hz), 7.16 (d, 2H, J = 8.5 Hz), 2.32 (s, 3H).

3C.NMR (125 MHz, CDCL/TMS): § 169.6, 150.0, 140.3, 139.0, 128.7, 128.1, 127.3, 127.1, 121.8,
21.1.

Me 1c(46.9 mg)and AcOH (13.8 uL) provided 27.0 mg (81% yield) of 16¢ca

(0]
/©/ 0 as pale yellow oil after purification by preparative TLC using
MeO EtOAc/hexane/AcOH (100:100:1) as an eluent. The spectroscopic data

16ca agreed with those in the literature.%’

TH-NMR (495 MHz, CDCL/TMS): § 6.99 (d, 2H, J = 9.1 Hz), 6.88 (d, 2H, J= 9.2 Hz), 3.79 (s, 3H),
2.27 (s, 3H).
3C.NMR (125 MHz, CDCI/TMS): & 169.9, 157.2, 144.1, 122.3, 114.4, 55.5, 21.0.

O. Me 1d(52.4mg)and AcOH (13.8 pL) provided 25.5 mg (66% yield) of 16da
/©/ \g/ as colorless solid after purification by preparative TLC using
AcO

CH,Cl/hexane (1:1) as an eluent. The spectroscopic data agreed with those

16da in the literature.S’

TH-NMR (495 MHz, CDCl/TMS): 5 7.10 (s, 4H), 2.30 (s, 6H).
3C.NMR (125 MHz, CDCI/TMS): 169.3, 148.0, 122.4, 21.1.

0. Me le(52.3 mg)andAcOH (13.8 uL) provided 29.6 mg (77% yield) of 16ea
/©/ \g/ as white solid after purification by column chromatography on silica gel
AcHN

using acetone/hexane (1:2) as an eluent. The spectroscopic data agreed

1 ) . )
Gea with those in the literature.5®

TH-NMR (495 MHz, CDCL/TMS): & 7.49 (d, 2H, J = 8.9 Hz), 7.29 (br, 1H), 7.03 (d, 2H, J = 8.9
Hz), 2.29 (s, 3H), 2.17 (s, 3H).
3C.NMR (125 MHz, CDCL/TMS): § 169.7, 168.2, 146.8, 135.5, 122.0, 120.8, 24.5, 21.1.
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O. Me 16f(44.5mg)and AcOH (13.8 puL) provided 15.3 mg (50% yield) of 16fa as
/©/ \g/ colorless oil after purification by preparative TLC using CH,Cl/hexane (1:1)
F

as an eluent. The spectroscopic data agreed with those in the literature.
16fa "H-NMR (495 MHz, CDCL/TMS): & 7.08-7.02 (m, 4H), 2.29 (s, 3H).

3BC-NMR (125 MHz, CDCI;/TMS): § 169.5, 160.2 (d, J = 244.4 Hz), 146.4 (d, J= 2.4 Hz), 121.9 (d,
J=8.3 Hz), 116.0 (d, J = 22.7 Hz), 21.0.
YF-NMR (466 MHz, CDCl:;/TMS): 5 —116.9.

O. .Me 16g (47.8 mg)and AcOH (13.8 uL) provided 12.8 mg (38% yield) of 16ga
/©/ o as colorless oil after purification by preparative TLC using EtOAc/hexane
Cl

(1:9) as an eluent. The spectroscopic data agreed with those in the

16ga .
9 literature. >

IH-NMR (495 MHz, CDCL/TMS): § 7.34 (d, 2H, J = 8.9 Hz), 7.03 (d, 2H, J = 8.4 Hz), 2.30 (s,
3H).
3C.NMR (125 MHz, CDCI/TMS): § 169.2, 149.1, 131.2, 129.5, 122.9, 21.1

16i (50.8 mg) and AcOH (13.8 pL) provided 33.7 mg (91% yield) of 16ha as

O O. Me colorless oil after purification by preparative TLC using CH>Cl/hexane (1:1)
O 0 as an eluent. The spectroscopic data agreed with those in the literature.%’

'"H-NMR (495 MHz, CDCL;/TMS): § 7.87-7.85 (m, 2H), 7.73 (d, 1H, J =

16ha 7.0 Hz), 7.53-7.48 (m, 2H), 7.46 (t, 1H, J = 8.5 Hz), 7.24 (d, 1H, J= 6.9 Hz),

2.45 (s, 3H).
3C.NMR (125 MHz, CDCL/TMS): & 169.5, 146.5, 134.6, 128.0, 126.7, 126.4, 126.0, 125.4, 121.1,
118.0, 21.0.

Me 15j (43.7 mg) and AcOH (13.8 pL) provided 23.0 mg (77% yield) of 16ia as
O. _Me colorless oil after purification by preparative TLC using EtOAc/hexane (8:92) as

o) an eluent. The spectroscopic data agreed with those in the literature.’
'"H-NMR (495 MHz, CDCIl3/TMS): § 7.25-7.19 (m, 2H), 7.14 (t, IH, J= 7.4

Hz), 7.00 (d, 1H, J = 7.9 Hz), 2.31 (s, 3H), 2.18 (s, 3H).
3C.NMR (125 MHz, CDCL/TMS): & 169.2, 149.3, 131.1, 130.0, 126.9, 126.0, 121.8, 20.8, 16.1.

16ia
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Me 15k (49.2 mg) and AcOH (13.8 puL) provided 32.4 mg (91% yield) of 16ja
O\n/ Me as colorless oil after purification by preparative TLC using EtOAc/hexane

o) (8:92) as an eluent. The spectroscopic data agreed with those in the

Me Me

literature.S'°

16ja IH-NMR (495 MHz, CDCL/TMS): & 6.86 (s, 2H), 2.31 (s, 3H), 2.26 (5,
3H), 2.11 (s, 9H).

I3C-NMR (125 MHz, CDCI;/TMS): § 169.0, 145.9, 135.3, 129.6, 129.2, 20.7, 20.4, 16.2.

1a (51.9 mg) and 2b (18.0 pL) provided 33.3 mg (81% yield) of 16ab as

o _Et
/©/ \[C])/ colorless oil after purification by column chromatography on silica gel using
Bu EtOAc/hexane (20:80) as an eluent.
16ab 'H-NMR (500 MHz, CDCL/TMS): § 7.37 (d, 2H, J = 9.0 Hz), 7.00 (d, 2H,

J=9.0 Hz), 2.57 (q, 2H, J= 7.5 Hz), 1.31 (s, 9H), 1.26 (t, 3H, J = 7.5 Hz).

13C-NMR (125 MHz, CDCI;/TMS): § 173.2, 148.6, 126.4, 121.0, 34.6, 31.5,27.9, 9.2.
IR (ATR): 2962, 1759, 1509, 1462, 1353, 1267, 1171, 1145, 891, 831 cm™'.

HRMS (ESI): m/z: [M+Na]" Caled for Ci3HisNaO> 229.1199; Found 229.1202.

O "CyqHys 15a (52.0 mg) and 15¢” (48.0 mg) provided 65.2 mg (98% yield) of 16ac
/©/ \([)r as colorless oil after purification by column chromatography on silica
‘Bu gel using EtOAc/hexane (10:90) as an eluent. The spectroscopic data

16ac agreed with those in the literature.5!!
'"H-NMR (500 MHz, CDCI3/TMS): § 7.37 (d, 2H, J = 9.0 Hz), 6.99 (d, 2H, J = 9.0 Hz), 2.53 (t, 2H,

J=7.5Hz), 1.74 (t, 2H, J= 7.5, 7.5 Hz), 1.44-1.20 (m, 25H), 0.88 (t, 3H, J = 7.0 Hz).
3BC.NMR (125 MHz, CDCL/TMS): 5 172.5, 148.6, 126.4, 121.0, 34.6, 32.0, 31.5, 29.7, 29.6, 29.5,
29.4,29.3,27.9,25.1,22.8, 14.2.

15a (52.1 mg) and 15d’ (30.0 pL) provided 42.3 mg (81% yield) of 16ad as

o _Cy
O/ 0 colorless oil after purification by column chromatography on silica gel using
Bu

EtOAc/hexane (6:94) as an eluent. The spectroscopic data agreed with those

16ad in the literature.3"

'H-NMR (500 MHz, CDCL/TMS): § 7.37 (d, 2H, J = 9.0 Hz), 6.98 (d, 2H, J=9.0 Hz), 2.54 (tt, 1H,
J=11.0,4.0 Hz), 2.08-2.02 (m, 2H), 1.84-1.78 (m, 2H), 1.71-1.65 (m, 1H), 1.63-1.54 (m, 2H), 1.40—
1.23 (m, 12H).

3C-NMR (125 MHz, CDCI/TMS): § 174.8, 148.7, 148.5, 126.3, 121.0, 43.4, 34.6, 31.5, 29.1, 25.9,
25.5.
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o. tgy 152(52.0 mg)and 15e’ (24.6 mg) provided 45.9 mg (98% yield) of 16ae as
O/ \[C])/ white solid after purification by preparative TLC using EtOAc/hexane
Bu

(2:98) as an eluent. The spectroscopic data agreed with those in the

16ae literature.S!?

TH-NMR (495 MHz, CDCL/TMS): § 7.37 (d, 2H, J = 8.4 Hz), 6.97 (d, 2H, J = 8.4 Hz), 1.35 (s, 9H),
1.31 (s, 9H).

I3C-NMR (125 MHz, CDCI;/TMS): § 177.3, 148.7, 148.3, 126.2, 120.7, 39.0, 34.4, 31.4, 27.2.

15a (52.0 mg) and 15f” (43.1 mg) provided 55.4 mg (89% yield) of
OWE 16af as colorless solid after purification by column chromatography on
/©/ o) silica gel using EtOAc/hexane (30:70) as an eluent.
Bu '"H-NMR (500 MHz, CDCI3/TMS): § 7.36 (d, 2H, J = 8.5 Hz), 6.96
16af (d, 2H, J = 8.5 Hz), 2.08 (s, 3H), 2.05 (s, 6H), 1.76 (s, 6H), 1.31 (s,
9H).
3C-NMR (125 MHz, CDCly/TMS): 5 176.4, 148.9, 148.4, 126.3, 121.0, 41.1, 38.9, 36.6, 34.6, 31.6,

28.2.
IR (ATR): 2903, 2851, 1738, 1510, 1451, 1205, 1056, 859, 690 cm™".

HRMS (ESI): m/z: [M+Na]" Caled for C21H2sNaO> 335.1982; Found 335.1990.

o 15a (52.0 mg) and 15g’ (31.4 mg) provided 40.0 mg (76% yield) of

lo) 16ag as colorless solid after purification by column chromatography on
/©/ o silica gel using EtOAc/hexane (10:90 to 31:69) as an eluent.
Bu '"H-NMR (500 MHz, CDCL;/TMS): § 7.38 (d, 2H, J = 9.0 Hz), 6.99

16ag (d, 2H, J=9.0 Hz), 4.02 (ddd, 2H, J=11.5, 4.0, 4.0 Hz), 3.50 (ddd, 2H,
J=11.5,11.5,2.5 Hz), 2.79 (tt, 1H, J = 11.0, 4.0 Hz), 2.02—1.88 (m, 4H), 1.31 (s, 9H).
13C-NMR (125 MHz, CDCI/TMS): 5 173.2, 148.8, 148.5, 126.4, 120.8, 67.1,40.3, 34.6, 31.5, 28.8.
IR (ATR): 2958, 2853, 1744, 1509, 1446, 1322, 1280, 1173, 1039, 876 cm ",
HRMS (ESI): m/z: [M+Na]* Calcd for C16H22NaOs3 285.1461; Found 285.1472.

OMe 15a (52.0 mg) and 15h’ (29.3 mg) provided 36.6 mg (72% yield)

of 16ah (reaction time: 36 h) as white solid after purification by

(0]
/©/ o preparative TLC using EtOAc/hexane (3:97) as an eluent. The
‘Bu spectroscopic data agreed with those literature 5!
16ai "H-NMR (495 MHz, CDCl:/TMS): & 8.20 (dd, 2H, J=6.4, 1.1

Hz), 7.62 (tt, 1H, J = 6.9, 2.0 Hz), 7.50 (t, 2H, J = 7.9 Hz), 7.43 (d, 2H, 9.1 Hz), 7.13 (d, 2H, 8.5 Hz),
1.34 (s, 9H).
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13C-NMR (125 MHz, CDCI;/TMS): § 165.3, 148.6, 148.5, 133.5, 130.1, 129.6, 128.5, 126.4, 121.0,
34.5,31.4.

OMe 15a (51.9 mg) and 151’ (36.5 mg) provided 38.6 mg (68% yield)

of 16ai (reaction time: 36 h) as white solid after purification by

o
preparative TLC using EtOAc/hexane (3:97) as an eluent. The
o
Bu

spectroscopic data agreed with those literature S!!
16ai '"H-NMR (495 MHz, CDCI3/TMS): & 8.15 (d, 2H, J = 9.1 Hz),
742 (d,2H,J=8.5 Hz), 7.11 (d, 2H, J = 8.5 Hz), 6.97 (d, 2H, 8.5 Hz), 3.87 (s, 3H), 1.33 (s, 9H).
I3C-NMR (125 MHz, CDCL:/TMS): § 165.0, 163.8, 148.6, 148.4, 132.2, 126.3, 121.9, 121.0, 113.7,
55.4,34.4,31.4.

2-3. Screening of Reaction Conditions with Aryl Chloride

Bu
Cl OAc H O
(0} Pd catalyst, ligand
+ )]\ > + +
Me~ "OCs DMA (0.1 M)
IBU hv (425 'nm) tBU tBU O
. temp., time
17a (x equiv) 16aa 162’
0.1 mmol Bu
16a”

General procedure: In an Ar-filled glovebox, Pd catalyst, ligand, and CsOAc (x equiv) were added
to a test tube. To the mixture was added a solution of 4-fert-butylchlorobenzene 17a (16.9 mg, 0.1
mmol, 1 eq.) in DMA (1 mL) and the test tube was capped and removed from the Ar-filled glovebox.
The reaction mixture was stirred at specified temperature under irradiation with blue LEDs (425 nm)
in a water bath. The reaction mixture was quenched with saturated NaHCOj; aq. and extracted with
Et,O three times. The combined organic layer was dried over NaSO4. The yields of 4-fert-
butylbenzene (16a’) and 4,4’-di-tert-butylbiphenyl (16a”) were determined by gas chromatography
(GC) analysis using dodecane as an internal standard. After filtration of the drying agent, the solvent
was evaporated to give the crude product. The conversion and yield of 17a and 4-fert-butylphenyl
acetate (16aa), respectively, were determined by 'H NMR analysis in CDCl; using 1,1,2,2-

tetrachloroethane as an internal standard.
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By

cl Pd cat. (x mol%) OAc H
lo) L5 (y mol%)
+ > + +
Me)l\OCs DMA (0.1 M)
By hv (425 nm, ca. 0.2 W/cm?) By By
) 25-35°C, 12 h
17a (1 equiv) 5-35°C, 16aa 16a’ ;
Bu
16a”
yield [%]
entry Pd cat. X Yy  conv. [%]? 16aa? 16a’® 16a”?
1¢ Pd(dba), 5 5 0 0 o0 0
2 Pd(dba), 5 7 3 0 0
3¢ Pdy(dba);:CHCI; 25 5 12 3 0 0
4 (cod)Pd(CH,TMS), 5 5 10 3 4 0
5d [Pd(ally)Cl], 25 5 23 2 0 0
6 CpPd(allyl) 5 5 6 1 9 0
7 Pd(OAc), 5 10 13 9 3 0

2@ Determined by "H NMR. ? Determined by GC. ¢ L1 was used instead of L7.
9ca. 50 °C.

Table S2-8. Screening of Pd precursors for the cross-coupling of 17a.

By
cl Pd cat. (5 mol%) OAc H O
o ligand (10 mol%)
' Me)LOCs DMA (0.1 M) B * ¥
By hv (425 nm, ca. 0.4 W/cm?) Bu Bu O
17a (x equiv) temp., time 16aa 16a’
By
16a”
yield [%]
entry X Pd cat. ligand temp. [°C] time [h] conv. [%]? 16aa? 16a’® 16a”?
1° 1 Pd(OAc), L3 25-35 12 13 9 3 0
2 1 Pd(OAc), L3 25-35 12 35 24 3 0
3 1 Pd(OAc), L3 60 12 45 31 3 0
AL PdOAk s 60 .24 BAL4T 20
5 1 Pd(TFA), L3 60 24 64 2 4 0
6 1 Pd(TFA), L5 60 24 57 51 5 0
7 2 Pd(TFA) L5 60 24 66 64 3 0
8 2 Pd(TFA), L5 60 36 86 7767) 4 O
9 2 Pd(TFA), L5 60 48 77 71 3 0

a Determined by "H NMR. Isolated yield in parenthesis. ? Determined by GC.
¢ Light intensity: ca. 0.2 W/cmZ2.

Table S2-9. Screening of reaction conditions for the cross-coupling of 17a.
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2-4. Substrate Scope of Aryl Chlorides and Bromides

Br/CI o Pd(TFA), (5 mol%), L5 (10 mol%) O\"/R
+ >
RJ\OCS DMA (0.1 M) 0

hv (425 nm, ca. 0.4 W/cm?)
. 60 °C, 36 h
17 (2 equiv) 16
0.2 mmol

General procedure: In an Ar-filled glovebox, Pd(TFA), (3.3 mg, 10 umol, 5 mol%), LS5 (10.7 mg, 20
umol, 10 mol%), and CsOAc (76.8 mg, 0.4 mmol, 2 equiv) were added to a test tube. To the mixture
was added a solution of aryl bromide 17’ or chloride 17 (0.2 mmol) in DMA (2 mL) and the test tube
was capped and removed from the Ar-filled glovebox. The reaction mixture was stirred at 60 °C under
irradiation with blue LEDs (425 nm, ca. 0.4 W/cm?) for 36 h in a water bath. The reaction mixture
was quenched with saturated NaHCO3 aq. and extracted with Et>O three times. The combined organic
layer was washed with brine, dried over Na>SOs, and evaporated in vacuo. Purification by preparative

TLC or column chromatography on silica gel gave the desired aryl ester 16.

O\n/ Me 17a’ (42.7 mg) provided 23.1 mg (60% yield) of 16aa (reaction temperature:
/©/ o 35 °C) as pale yellow oil after purification by preparative TLC using
Bu

EtOAc/hexane (4:96) as an eluent.
16aa

0\", Me 17a (16.9 mg, 0.1 mmol scale) provided 12.9 mg (67% yield) of 16aa as
t /©/ o) pale yellow oil after purification by preparative TLC using EtOAc/hexane
Bu

(2:98) as an eluent.
16aa

o\n/ Me 17q° (43.1 mg) provided 20.2 mg (52% yield) of 3da as colorless solid
ACO (0] after purification by column chromatography on silica gel using
C

16da CH,Cl/hexane (1:1) as an eluent.

O\n/ Me 17d (34.2 mg) provided 21.5 mg (55% yield) of 3da as colorless solid
O/ o after purification by column chromatography on silica gel using
AcO

acetone/hexane (1:2) as an eluent.
16da

o\n, Me 17 (26.1 mg) provided 17.9 mg (58% yield) of 3fa as colorless oil after
E /©/ (o) purification by preparative TLC using CH>Clo/hexane (1:1) as an eluent.

16fa
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177’ (41.3 mg) provided 33.1 mg (89% yield) of 16ia (reaction temperature:

35 °C) as colorless oil after purification by preparative TLC using

O O _Me
O \[r CH,Cl/hexane (1:1) as an eluent.
(0]

16ia
Me 17j (25.3 mg) provided 15.4 mg (51% yield) of 16ja as colorless oil after
©/0\n, Me purification by preparative TLC using EtOAc/hexane (2:98) as an eluent.
(0]

16ja

MeO o. Me 171 (28.5 mg) provided 13.9 mg (42% yield) of 16la as colorless oil after
\©/ \ﬂ/ purification by column chromatography on silica gel using
EtOAc/hexane/AcOH (1:99:1) as an eluent. The spectroscopic data agreed

16la with those in the literature.5'*
'"H NMR (495 MHz, CDCl3/TMS): § 7.28 (t, 1H, J=7.9Hz), 6.79 (dd, 1H, J= 7.4, 1.7 Hz), 6.67 (dd,

1H,J=7.9, 1.1 Hz), 6.64 (t, 1H, J=2.3 Hz), 3.80 (s, 3H), 2.29 (s, 3H).
13C NMR (125 MHz, CDCL/TMS): 8 169.4, 160.4, 151.6, 129.8, 113.7, 111.6, 107.6, 55.4, 21.1.

AcO 0. Me 17m(34.0mg)provided 15.8 mg(41% yield) of 16ma as colorless oil after
\©/ 0 purification by column chromatography on silica gel using CH2Clz>/hexane

(1:1) as an eluent. The spectroscopic data agreed with those in the
16ma literature.S'3
'"H NMR (495 MHz, CDCL): § 7.37 (t, 1H, J= 8.4 Hz), 6.99 (dd, 2H, J= 7.9, 2.5 Hz), 6.92 (t, 1H, J

=2.0 Hz), 2.29 (s, 6H).
13C NMR (125 MHz, CDCly): § 169.0, 151.0, 129.7, 118.9, 115.4, 21.1.

17n (76.8 mg) provided 51.8 mg (64% yield) of 16na (reaction

- )]’ Me temperature: 95 °C, heated by LEDs directly without a water bath)

N | 0 as brown solid after purification by column chromatography on
silica gel using acetone/hexane (1:2) as an eluent.

N '"H-NMR (495 MHz, CDCl3): § 8.40 (dd, 1H,J=4.5, 1.1 Hz), 7.44

OJ\OE*[ (dd, 1H,J=7.4, 1.1 Hz), 7.19 (d, 1H, J= 7.9 Hz), 7.09 (dd, 1H, J

16na =7.9,5.1 Hz), 6.92-6.87 (m, 2H), 4.14 (q, 2H, J=7.4 Hz), 3.82 (br,

2H), 3.46-3.32 (m, 2H), 3.16-3.09 (m, 2H), 2.88-2.79 (m, 2H), 2.51-2.45 (m, 1H), 2.39-2.37 (m,

2H), 2.33-2.30 (m, 1H), 2.28 (s, 3H), 1.25 (t, 3H, J = 7.4 Hz).
3C.NMR (125 MHz, CDCLy): § 169.5, 157.3, 155.4, 149.6, 146.5, 139.0, 137.3, 137.1, 136.6, 134.4,
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133.4,130.3, 122.1, 121.9, 119.0, 61.2, 44.8, 44.7, 31.8, 31.3, 30.6, 30.4, 21.0, 14.6.
IR (ATR): 2982, 2865, 1754, 1698, 1433, 1195, 1111, 995, 878 cm ™.
HRMS (ESI): m/z: [M+H]" Calcd for C24H27N>04 407.1965; Found 407.1666.

2-5. Other Photoinduced Cross-Coupling Reactions

' Pd(dba), (5 mol%), L4 (5 mol%) cl
+ TBACI >
By DMA (0.1 M) By

15a (5 equiv) hv (425 nm), 35 °C, 48 h 17a/80%

In an Ar-filled glovebox, Pd(dba); (5.8 mg, 10 umol, 5 mol%), L4 (5.8 mg, 10 umol, 5 mol%), and
TBACI(279.8 mg, 1.0 mmol, 5 equiv) were added to a test tube. To the mixture was added a solution
of aryl iodide 15a (52.1 mg, 0.20 mmol) in DMA (2 mL) and the test tube was capped and removed
from the Ar-filled glovebox. The reaction mixture was stirred at 35 °C under irradiation with blue
LEDs (425 nm, ca. 0.4 W/cm?) for 48 h in a water bath. The reaction mixture was quenched with
saturated NaHCOj3 aq. and extracted with Et,O three times. The combined organic layer was washed
with brine, dried over Na;SQOs, and evaporated in vacuo. Purification by preparative TLC using
EtOAc/hexane (4:96) as an eluent gave the desired aryl chloride 17a as colorless oil (26.9 mg, 80%
yield). The spectroscopic data agreed with those in the literature.3'®

'"H NMR (495 MHz, CDCl): § 7.30 (d, 2H, J = 9.0 Hz), 7.25 (d, 2H, J = 8.5 Hz), 1.30 (s, 9H).
13C NMR (125 MHz, CDCl3): § 149.6, 131.1, 128.0, 126.7, 34.4, 31.3.

! Pd(dba), (5 mol%), L4 (5 mol%) ci
+ TBACI -
By DMA (0.1 M) By

15a (5 equiv) dark, 35 °C, 48 h

17a, n.d.

In an Ar-filled glovebox, Pd(dba); (1.4 mg, 2.5 pmol, 5 mol%), L4 (1.4 mg, 2.5 pmol, 5 mol%), and
TBACI (68.6 mg, 0.25 mmol, 5 equiv) were added to a test tube. To the mixture was added a solution
of aryl iodide 15a (13.1 mg, 0.050 mmol) in DMA (0.5 mL) and the test tube was capped and removed
from the Ar-filled glovebox. The reaction mixture was stirred at 35 °C in the dark for 48 h in a water
bath. The reaction mixture was quenched with saturated NaHCO3 aq. and extracted with Et,O three
times. The combined organic layer was washed with brine, dried over MgSOs, and evaporated in vacuo.

17a was not detected at all by "H NMR analysis in CDCls.
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/©/I /@SOzCS Pd(dba), (5 mol%), L4 (5 mol%) /@/SO
+
By Me DMA (0.1 M) Bu Me

hv (425 nm), 35 °C, 48 h

15a (2 equiv) 18/60%

In an Ar-filled glovebox, Pd(dba); (5.8 mg, 10 umol, 5 mol%), L4 (5.8 mg, 10 umol, 5 mol%), and
cesium p-toluenesulfinateS!” (114.4 mg, 0.40 mmol, 2 equiv) were added to a test tube. To the mixture
was added a solution of aryl iodide 15a (52.2 mg, 0.20 mmol) in DMA (2 mL) and the test tube was
capped and removed from the Ar-filled glovebox. The reaction mixture was stirred at 35 °C under
irradiation with blue LEDs (425 nm, ca. 0.4 W/cm?) for 48 h in a water bath. The reaction mixture
was quenched with saturated NaHCO3 aq. and extracted with Et>O three times. The combined organic
layer was washed with brine, dried over Na>SOs, and evaporated in vacuo. Purification by column
chromatography on silica gel using EtOAc/hexane (30:70) as an eluent gave the desired aryl sulfone

18 as colorless solid (34.7 mg, 60% yield). The spectroscopic data agreed with those in the literature.5!®
'H NMR (500 MHz, CDCly): 5 7.86-7.81 (m, 4H), 7.49 (d, 2H, J= 8.5 Hz), 7.29 (d, 2H, J = 8.0 Hz),

2.39 (s, 3H), 1.30 (s, 9H).
13C NMR (125 MHz, CDCly): 5 157.0, 144.0, 139.14, 139.06, 130.0, 127.8, 127.5, 126.4, 35.3, 31.2,
21.7.

/©/' /@/SOZCS Pd(dba), (5 mol%), L4 (5 mol%) /©/S\©\
+ ’
By Me DMA (0.1 M) By Me

15a (2 equiv) dark, 35°C, 48 h 18/n.d.

In an Ar-filled glovebox, Pd(dba); (1.4 mg, 2.5 pmol, 5 mol%), L4 (1.4 mg, 2.5 pmol, 5 mol%), and
cesium p-toluenesulfinate (28.9 mg, 0.10 mmol, 2 equiv) were added to a test tube. To the mixture was
added a solution of aryl iodide 15a (13.0 mg, 0.050 mmol) in DMA (0.5 mL) and the test tube was
capped and removed from the Ar-filled glovebox. The reaction mixture was stirred at 35 °C in the dark
for 48 h in a water bath. The reaction mixture was quenched with saturated NaHCO3 aq. and extracted
with Et;O three times. The combined organic layer was washed with brine, dried over MgSO., and

evaporated in vacuo. 18 was not detected at all by "H NMR analysis in CDCls.
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2-6. Green/Red Light Irradiation

1
/©/| )(J)\ Pd(dba), (5 mol%), L6 (5 mol%) /©/O\n, Bu
+ >
By tBu” ~OCs DMA (0.1 M), 35 °C Bu °

hv (525 nm, green), 24 h or
hv (625 nm, red), 99 h

15a (1.2 equiv) 16aa, 85% (525 nm)

51% (625 nm)

In an Ar-filled glovebox, Pd(dba); (5.8 mg, 10 umol, 5 mol%), L6 (4.9 mg, 10 umol, 5 mol%), and
CsOPiv (56.2 mg, 0.24 mmol, 1.2 equiv) were added to a test tube. To the mixture was added a solution
of aryl iodide 15a (52.0 mg, 0.20 mmol) in DMA (2 mL) and the test tube was capped and removed
from the Ar-filled glovebox. The reaction mixture was stirred at 35 °C under irradiation with green
LEDs (525 nm, ca. 0.4 W/cm?) for 24 h or red LEDs (625 nm, ca. 0.4 W/cm?) for 99 h in a water bath.
The reaction mixture was quenched with saturated NaHCO3 aq. and extracted with Et;O three times.
The combined organic layer was washed with brine, dried over Na;SO4, and evaporated in vacuo.
Purification by column chromatography on silica gel using EtOAc/hexane (2:98 to 20:80) as an eluent
gave the desired aryl ester 16aa (Green: 39.6 mg, 85% yield; Red: 23.9 mg, 51% yield).

2-7. Experimental Mechanistic Studies

2-7-1. Synthesis of Pd complexes 19-12

Ph

X Ph
Ph Z
(i) Pd(dba), (1 equiv) N N
X in, '
O O THF, rt, 30 min . |—Pd—PPh,  + N

=
N (i) I—@—'Bu 1h 4 _©——Il3d—PPh2
PPh, Bu !
L1 15a _
(1.2 equiv) By
19 19’
op=31.0 ppm 79% op = 27.5 ppm

(inCeDg)  (19:19°=4:1)  (in CgDg)
In an Ar-filled glovebox, a solution of Pd(dba); (57.5 mg, 0.10 mmol) and L1 (43.9 mg, 0.10 mmol, 1
eq.) in THF (5 mL) was prepared and stirred for 30 min at room temperature. To the solution was
added 4-fert-butyliodobenzene (15a) (31.2 mg, 0.12 mmol, 1.2 equiv), and the orange solution was
stirred at room temperature for 1 h. Recrystallization from THF/hexane at room temperature gave
ArPd(L1)I complex as yellow-orange powder (66.0 mg, 82% yield). The complex was observed as a
mixture of two stereoisomers 19 and 19” (~81:19) in CD,Cl, by NMR spectroscopy. Plate shaped
orange crystals were grown by vapor diffusion of hexane into a THF solution of ArPd(LL1)I complex

under an Ar atmosphere, which showed the structure of 19 by single crystal X-ray analysis.
'"H NMR (500 MHz, CD:Cl»): 9.78 (d, 0.81H, J=9.1 Hz), 8.70 (dd, 0.19H, J = 14.4, 6.9 Hz), 8.10—
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8.06 (m, 0.81H), 8.04-8.00 (m, 0.81H), 7.94-7.91 (m, 1.62H), 7.83 (d, 0.19H, J = 7.9 Hz), 7.74 (d,
0.81H, J = 8.9 Hz), 7.71-7.60 (m, 8.47H), 7.57-7.49 (m, 2H), 7.46-7.40 (m, 4.05H), 7.37-7.34 (m,
3H), 7.04-7.02 (m, 1.62H), 6.73 (d, 1.62H, J = 8.4 Hz), 1.57 (s, 1.71H), 1.18 (s, 7.29H).

13C NMR (125 MHz, CD:Cly): § 152.3, 152.1, 152.0, 150.2, 145.2, 139.6 (d, J = 6.0 Hz), 138.1 (d, J
=4.8 Hz), 137.3, 137.2 (d, J= 4.8 Hz), 135.6 (d, J= 8.3 Hz), 135.3, 135.0, 134.4 (d, /= 11.9 Hz),
133.1 (d, /= 10.7 Hz), 132.0, 131.8, 129.9, 129.6, 129.49, 129.47, 128.7, 128.6, 127.7, 127.3, 127.1,
126.9, 126.4 (d, J= 6.0 Hz), 124.9, 34.4, 32.0, 26.4.

3P NMR (200 MHz, CD,Cl): § 31.0 (0.81P), 27.5 (0.19P).

IR (ATR): 3052, 2952, 1552, 1513, 1474, 1424, 1416, 1355, 1098, 699 cm™'.

HRMS (APCI): m/z: [M-I]" Calcd for C41H3sNPPd 678.1536; Found 678.1524.

Figure S2-1. X-ray structure of 19.

Ph Ph
O L O
>
N X
| AgOAc (1 equiv)
|—Pd—PPh,  + O N/ 90Ac (Teauv)  pco— Pd—Pth
| THF, rt, 30 min.
tBu_@—IIDd—PPhZ 529%

A/
O

Bu

19 19’ 20
6,=33.4 ppm (s) in DMSO-dg

In an Ar-filled glovebox, a suspension of 19+19° (60.0 mg, 74.5 umol) and AgOAc (12.6 mg, 75.5
umol, 1 equiv) in THF (5 mL) was stirred at room temperature for 30 min. After filtration through
Celite, recrystallization from THF/hexane at room temperature gave ArPd(L1)OAc complex 20 as
yellow powder (33.6 mg, 62% yield). Plate shaped yellow crystals were grown by vapor diffusion of
hexane into a CsDs solution of 20 under an Ar atmosphere, and the structure of 20 was confirmed by

single crystal X-ray analysis.
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'"H NMR (495 MHz, CDCl3): § 9.55 (d, 1H, J = 8.4 Hz), 7.96-7.90 (m, 1H), 7.86 (d, 2H, J = 8.4 Hz)
7.68-7.62 (m, 8H), 7.50-7.40 (m, 6H), 7.34-7.28 (m, 4H), 7.14 (dd, 2H, J= 8.4, 4.0 Hz), 6.76 (d, 2H,
J=8.4Hz), 1.89 (s, 3H), 1.16 (s, 9H).

13C NMR (125 MHz, CDCls): § 177.0, 151.2, 150.9 (d, J = 19.2 Hz), 150.1, 145.1, 141.7, 137.3,
135.0 (d, J=4.8 Hz), 134.5, 133.7 (d, /= 12.0 Hz), 131.9, 131.1, 130.8, 130.0, 129.9, 129.6, 129.2,
129.0, 128.7, 128.6 (d, J= 12.5 Hz), 127.0, 126.8, 126.7, 126.3 (d, J= 6.3 Hz), 125.3 (d, J="7.5 Hz),
124.2,33.8,31.5, 24 4.

3P NMR (202 MHz, C¢Dg): 5 33.2.

IR (ATR): 3049, 2953, 2888, 1590, 1569, 1420, 1377, 1096, 695 cm™'.

HRMS (APCI): m/z: [M—OAc]" Caled for C4iH3sNPPd 678.1536; Found 678.1523.

UV-vis (DMA): hmax (€ ¥ 107%) = 430 (sh) (0.58), 405 (0.84), 364 (1.10) nm.

Figure S2-2. X-ray structure of Pd(Il) intermediate (20).

Ph Pd(dba), (1 equiv), THF Ph
A rt, 15 min BN BN
L OO pe OO pe
i) 1 B
ppn, _Q_ v mth —Pd—PPh, Id—Pth

L6 15a
(1.2 equiv)

21 37% s
1M1:11°=4:1) 21

In an Ar-filled glovebox, a solution of Pd(dba), (114.2 mg, 0.20 mmol) and L6 (97.7 mg, 0.20 mmol,
1 equiv) in THF (9 mL) was prepared and stirred for 15 min at room temperature. To the solution was
added 4-tert-butyliodobenzene (15a) (63.5 mg, 0.24 mmol, 1.2 equiv) in THF (1 mL), and the purple
solution was stirred at room temperature for 1 h. The solvent was evaporated in vacuo, and

recrystallization from CH>Cly/Et;O at room temperature gave ArPd(L6)I complex as purple powder
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(63.2 mg, 37% yield). The complex could be assigned as a mixture of two stereoisomers 11 and 11’
(~20:80) in CDCl; by NMR spectroscopy. The 'H signals of 21 and 21° were very similar to each other,
which is not consistent with the largely different 'H signals of the acridine-Pd complexes 19 and 19°.

This result might indicate another possible assignment of the stereoisomers.
'"H NMR (500 MHz, CDCl3): 5 10.66 (s, 0.2H), 10.64 (s, 0.8H), 8.36-8.27 (m, 2H), 8.05-7.95 (m,

1H), 7.89-7.81 (m, 2H), 7.71-7.31 (m, 18H), 7.13-7.08 (m, 2H), 6.77 (d, 0.4H, J= 8.0 Hz), 6.71 (d,
1.6H, J=7.5Hz), 1.16 (s, 1.8H), 1.15 (s, 7.2H).

13C NMR (125 MHz, CDCls): § 152.5, 152.3, 152.1, 144.9, 144.4, 143.5, 136.8, 136.6 (d, J = 5.4
Hz), 135.5,135.4(d, J=15.4 Hz), 135.2 (d, /=20.8 Hz), 133.9, 133.8 (d, /= 12.6 Hz), 133.4, 132.8,
131.4, 131.2, 131.1, 131.0, 130.3, 129.6, 129.4, 129.3, 129.2, 129.1, 128.9 (d, J = 4.5 Hz), 128.8,
128.5, 128.2, 127.7, 127.15, 127.06, 126.1, 125.9, 125.7, 124.9, 124.8, 124.5, 34.0, 33.9, 31.7.

3P NMR (202 MHz, CDCl3): § 32.6 (0.2P), 29.6 (0.8P).

IR (ATR): 3054, 2951, 1581, 1523, 1434, 1383, 1097, 1007, 877, 700 cm™'.

HRMS (ESI): m/z: [M-1]" Calcd for C4sH37NPPd 728.1693; Found 728.1667.

Ph Ph
AN . X
| | - AgOAc (1 equw)‘ | N/

1
I—Pd—PPh2 Pd—PPh2 THF, i, 23 AcO-Pd—PPh,
| 82%
<j |
Bu
21 21’ 22

In an Ar-filled glovebox, a suspension of 21+21” (42.5 mg, 49.6 pmol, 1 eq.) and AgOAc (8.2 mg,
49.1 umol, 1 equiv) in THF (5 mL) was stirred at room temperature for 23 h. After filtration through
celite, the solvent was evaporated in vacuo to give red solid. Trituration with Et,O at room temperature
gave ArPd(L6)OAc complex 22 as red powder (31.6 mg, 82% yield). Plate shaped red crystals were
grown by vapor diffusion of hexane into a THF solution of 22 under an Ar atmosphere, and the

structure of 22 was confirmed by single crystal X-ray analysis.
'"H NMR (500 MHz, CDCl): § 10.34 (s, 1H), 8.31 (s, 1H), 8.27 (d, 1H, J = 8.5 Hz), 7.94-7.81 (m,

3H), 7.72-7.64 (m, 7H), 7.54-7.30 (m, 11H) 7.23-7.18 (m, 2H), 6.79 (d, 2H, J = 8.0 Hz), 1.87 (s, 3H),
1.18 (s, 9H).

13C NMR (125 MHz, CDCL): & 177.1, 152.4, 152.2 (d, J = 18.0 Hz), 145.6, 145.3, 141.9, 138.2,
135.8, 135.6, 135.4 (d, J = 4.5 Hz), 135.0, 134.0 (d, J = 11.8 Hz), 132.2, 131.4, 130.9, 130.4, 129.9,
129.5,129.3 (d, J= 8.1 Hz), 128.9, 128.7 (d, /= 11.8 Hz), 128.6, 128.4, 127.7, 126.9, 126 4, 125.7 (d,
J=17.1Hz), 125.6,124.7 (d, J= 7.3 Hz), 124.4,34.0, 31.7, 24.8.
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3P NMR (202 MHz, CDCl;): & 32.9.

IR (ATR): 3057, 2954, 1611, 1585, 1524, 1479, 1369, 1317, 1095, 881, 756, 697 cm™".
HRMS (ESI): m/z: [M-OAc]" Caled for C4sH37NPPd 728.1693; Found 728.1672.
UV-vis (DMA): Amax (€ X 107) = 562 (sh) (0.37), 522 (0.54), 401 (0.98), 381 (0.53) nm.

Figure S2-3. X-ray structure of L6-Pd(Ar)(OAc) complex (22).

Ph Pd(dba), (1 equiv), THF, Ph
N rt, 20 min; A
I 7z - | 7z
N (i I—@—‘Bu 1 h N
PPh, |—Pd—PPh,
L8 (1.2 equiv)
Bu
23/ 66%

In an Ar-filled glovebox, a solution of Pd(dba), (114.3 mg, 0.20 mmol) and L8 (78.3 mg, 0.20 mmol,
1 eq.) in THF (2 mL) was prepared and stirred for 20 min at room temperature. To the solution was
added 4-tert-butyliodobenzene (15a) (61.5 mg, 0.24 mmol, 1.2 equiv) in THF (1.5 mL), and the yellow
solution was stirred at room temperature for 2 h. Recrystallization from THF/Et;O/hexane at room

temperature gave ArPd(L8)I complex 23 as beige blocks (99.8 mg, 66% yield).
'"H NMR (500 MHz, CDCl3): § 10.52 (d, 1H, J= 5.0 Hz), 8.15 (dt, 1H, J = 8.0, 1.0 Hz), 7.96 (ddd,

1H, J = 8.0, 7.0, 1.0 Hz), 7.63-7.55 (m, 5H), 7.53-7.49 (m, 2H), 7.47-7.38 (m, 6H), 7.34-7.29 (m,
4H), 6.95-6.92 (m, 2H), 6.79 (d, 2H, J = 8.0 Hz), 1.20 (s, 9H).

3C NMR (125 MHz, CDCl3): § 157.6, 151.5, 151.3 (d, J= 20.8 Hz), 145.0, 137.5,137.2 (d, J=5.4
Hz), 136.7, 134.8, 134.4 (d, J= 19.0 Hz), 133.5 (d, J = 11.8 Hz), 131.1 (d, J = 2.8 Hz), 130.6, 129.8,
129.6, 129.3, 129.1, 128.8 (d, J= 11.8 Hz), 128.7, 127.6 (d, J = 6.4 Hz), 124.4, 123.8, 33.9, 31.8.

3P NMR (202 MHz, CDCl;): § 27.3.

IR (ATR): 3051, 2955, 1574, 1479, 1435, 1388, 1101, 1006, 855, 813, 697 cm™".
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HRMS (ESI): m/z: [M-I]" Calcd for C37H33NPPd 628.1380; Found 628.1377.

Ph Ph
A A
| AgOAc (1 equiv) I
P . N/
N v
1 1
|—Pd—PPh, R AcO—Pd—PPh,

Bu Bu

23 24
In an Ar-filled glovebox, a suspension of 23 (52.9 mg, 70.0 pmol) and AgOAc (11.5 mg, 68.9 pmol,
1 equiv) in THF (3 mL) was stirred at room temperature for 7 h. After filtration through a membrane
filter, recrystallization from THF/hexane at room temperature gave ArPd(L8)OAc complex 24 as light
yellow plates (43.4 mg, 92% yield). Single crystal X-ray analysis confirmed the structure of
ArPd(L8)OAc complex 24.
"H NMR (500 MHz, CDCL3): § 9.28 (d, 1H, J=4.5 Hz), 8.14 (d, 1H, J= 8.5 Hz), 7.96 (ddd, 1H, J =
9.5,7.0, 1.5 Hz) 7.65-7.43 (m, 13H), 7.37-7.32 (m, 4H), 7.12-7.08 (m, 2H), 6.85 (d, 2H, J= 8.0 Hz),
2.10 (s, 3H), 1.22 (s, 9H).
13C NMR (125 MHz, CDCls): 8 178.0, 152.1, 151.4, 150.8 (d, J = 19.9 Hz), 145.6, 141.1, 137.0,
136.7,135.9 (d, J=4.5 Hz), 135.0 (d, /=42.4 Hz), 133.8 (d, /= 12.3 Hz), 131.2, 130.2, 129.7, 129.6,
129.3,129.1, 128.8 (d, /= 10.8 Hz), 128.5 (d, /= 8.1 Hz), 127.8 (d, J=7.1 Hz), 124.2, 123.4, 34.1,
31.7,25.3.
3P NMR (202 MHz, CDCl;): & 35.6.
IR (ATR): 3056, 2962, 1598, 1573, 1482, 1434, 1366, 1320, 1099, 696 cm™'.
HRMS (ESI): m/z: [M-OAc]" Caled for C37H33NPPd 628.1380; Found 628.1371.
UV-vis (DMA): Amax (¢ X 10%) =320 (1.97), 315 (1.95) nm.

Figure S2-4. X-ray structure of L8-Pd(Ar)(OAc) complex (24).
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2-7-2. In situ 3'P NMR measurement in the catalytic reaction conditions

: ) X
Ph | Bu (20 equiv)
N/
A CsOAc (20 equiv) |
Pd(dba), + »  AcO—Pd—PPh,
N/ DMA, 35°C, 6 h

hv (425 nm, 0.4 W / cm?)
PPh, J-Young NMR tube

Bu

20

(1 equiv)
6, = 33.6 ppm (br)

In an Ar-filled glovebox, Pd(dba), (1.4 mg, 2.5 pmol), L1 (1.1 mg, 2.5 pmol, 1 equiv), and CsOAc
(9.6 mg, 0.05 mmol, 20 equiv) were added to a J-Young NMR tube. To the mixture was added a
solution of 4-tert-butyliodobenzene (15a) (13.0 mg, 0.05 mmol, 20 eq.) in DMA (0.6 mL) and the J-
Young NMR tube was capped and removed from the Ar-filled glovebox. The reaction mixture was
irradiated with blue LEDs (425 nm, ca. 0.4 W/cm?) at 35 °C for 6 h in a water bath. The reaction

mixture was directly analyzed by *'P NMR spectroscopy, where 20 was observed as the major species.

(a) Reaction Mixture

[theLL i ‘ \
T ™

T T T T T T T T T [T TR TR R TR T T T rrrprrer A R E S o B S e e S e
180.0 160.0 140.0 120.0 100.0 80.0 60.0 40.0 0.0 0 -20.0 -40.0 -60.0 -80.0 -100.0 -120.0 -140.0 -160.0 -180.0

(b) 8

LU I JUL] UL UL U] L L U UL LU UL LI LU U [ LU UL o UL UL U] Ju s o
180.0 160.0 140.0 120.0 100.0 80.0 60.0 40.0 20.0 0 -20.0 -40.0 -60.0 -80.0 -100.0 -120.0 -140.0 -160.0 -180.0 -20

33.373—

X : parts per Million : Phosphorus31

Figure S2-5. *'P NMR spectra of (a) the reaction mixture and (b) isolated Pd complex 20 in DMA.

The signal at 24.9 ppm in the reaction mixture corresponds to phosphine oxide derived from L1.
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2-7-3. Reductive elimination from Pd complex 20

Ph
X OAc
7
‘ N ‘ >
DMSO-dg/CgD
AcO—-Pd—PPh 6/ 66
c0 2 100 °C, 6 h o
J-Young NMR tube u
16aa
n.d.
By
20

In an Ar-filled glovebox, 20 (3.7 mg, 5 umol, 1 equiv), mesitylene (0.7 uL, 5 umol), DMSO-ds (0.3
mL), and CsDs (0.3 mL) were added to a J-Young NMR tube. The J-Young NMR tube was capped
and removed from the Ar-filled glovebox. The reaction mixture was heated at 100 °C under dark for
6 h in an aluminum heating block. The desired product 16aa was not detected by '"H NMR or GC-MS

analysis.

Ph
O
~
N >
AcO-Pd—PPh, DMSO-dg/CeDs
hv (425 nm, ca. 0.4 W/cm?) By
35°C,6h 16aa
J-Young NMR tube 58% (NMR)
Bu
20

In an Ar-filled glovebox, 20 (3.7 mg, 5 umol, 1 equiv), mesitylene (0.7 uL, 5 umol), DMSO-ds (0.3
mL), and CsDs (0.3 mL) were added to a J-Young NMR tube. The J-Young NMR tube was capped
and removed from the Ar-filled glovebox. The reaction mixture was irradiated by blue LEDs (425 nm,
ca. 0.4 W/cm?) at 35 °C for 6 h in a water bath. The yield of 16aa (58%) was determined by '"H NMR

analysis using mesitylene as an internal standard.
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2-7-4. Radical trapping experiments
Ph

200 Lk

o~ 1

N

. OAc o
AcO-Pd—PPh, TEMPO (1 oquiv) /©/ /©/
By Bu

DMSO—dG/C6D6 (1 | )

hv (425 nm, ca. 0.4 W/cm?) 16aa n.d.
35°C,4h 60% (NMR)
Bu J-Young NMR tube

20
In an Ar-filled glovebox, 20 (3.7 mg, 5 pumol), mesitylene (0.7 pL, 5 pmol), TEMPO (0.9 mg, 5.7
umol, 1.2 equiv), DMSO-ds (0.3 mL), and CsDs (0.3 mL) were added to a J-Young NMR tube. The J-
Young NMR tube was capped and removed from the Ar-filled glovebox. The reaction mixture was
irradiated by blue LEDs (425 nm, ca. 0.4 W/cm?) at 35 °C for 4 h in a water bath. The yield of 16aa
(60%) was determined by 'H NMR analysis using mesitylene as an internal standard. Coupling

products derived from TEMPO were not detected by 'H NMR or GC-MS analysis.

Pd(dba), (5 mol%), L1 (5 mol%) .

/©/I o TEMPO (1 equiv) /©/0Ac /©/O
+ >
By Me)LOCs DMA Bu Bu

hv (425 nm, ca. 0.4 W/cm?)
. 35°C,12h 16aa
15a (1 equiv) J-Young NMR tube 60% (NMR) n.d.

In an Ar-filled glovebox, Pd(dba), (1.4 mg, 2.5 umol, 5 mol%), L1 (1.1 mg, 2.5 pmol, 5 mol%), CsOAc
(9.6 mg, 0.05 mmol, 1 equiv), and TEMPO (7.8 mg, 0.05 mmol, 1 equiv) were added to a J-Young
NMR tube. To the mixture was added a solution of 15a (13.0 mg, 0.05 mmol, 1 equiv) in DMA (0.6

mL). The J-Young NMR tube was capped and removed from the Ar-filled glovebox. The reaction
mixture was irradiated by blue LEDs (425 nm, ca. 0.4 W/cm?) at 35 °C for 12 h in a water bath. The
reaction mixture was quenched with saturated Na,COj3 aq. and extracted with Et,O three times. The
combined organic layer was dried over Na;SO4 and evaporated in vacuo to give the crude product.
The yield of 16aa (60%) was determined by 'H NMR analysis in CDCls using 1,1,2,2-
tetrachloroethane as an internal standard. Coupling products derived from TEMPO were not detected

by 'H NMR or GC-MS analysis.
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2-7-5. Irradiation ON/OFF experiment

I o) Pd(dba), (5 mol%), L1 (5 mol%) OAc
+ -
'Bu/©/ Me)I\OCs DMSO-dg B /©/

u
hv (425 nm, ca. 0.4 W/cm?)
) 35 °C, time
15a (1 equiv) J-Young NMR tube 16aa

In an Ar-filled glovebox, Pd(dba); (1.4 mg, 2.5 pmol, 5 mol%), L1 (1.1 mg, 2.5 pmol, 5 mol%), and
CsOAc (9.6 mg, 0.05 mmol, 1 equiv) were added to a J-Young NMR tube. To the mixture was added
a solution of 15a (13.0 mg, 0.05 mmol, 1 equiv) and mesitylene (7.0 pL, 50 pmol) in DMSO-ds (0.6

mL), and the J-Young NMR tube was capped and removed from the Ar-filled glovebox. The reaction
mixture was irradiated by blue LEDs (425 nm, ca. 0.4 W/cm?) at 35 °C in a water bath at 5-hour
intervals. The yield of 16aa was determined by '"H NMR spectroscopy using mesitylene as an internal

standard.

2-8. X-ray Diffraction Analysis

A single crystal in immersion oil was mounted on a Rigaku XtaLAB Synergy-DW diffractometer with
a HyPix-6000HE HPC detector. The diffraction data were collected using Cu Ka radiation under a

PRO software. The

cold nitrogen stream at 123 K. The images were processed with the Rigaku CrysAlis
structure was solved by a direct method and refined on /2 by a least-squares method by the programs
SHELXT20155! and SHELXL2015,52° respectively. All the non-hydrogen atoms were refined
anisotropically. All the hydrogen atoms were put on the calculated geometry and refined by applying

riding models.
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Table S2-10. Crystal data and data collection parameters of 19 and 20.

Compound

19

20

Solvent for recrystallization

THF/hexane

(vapor diffusion)

CeDs/hexane

(vapor diffusion)

Formula Ca1HssINPPd 2(C43H3sNO2PPd)
Formula weight 805.97 1476.22
Crystal system Monoclinic Triclinic
Space group P2i/n P1
Crystal size (mm) 0.114%0.086x0.043 0.076x0.064x0.045
Crystal color and shape Orange plate Yellow plate
Wavelength (A) 1.54184 1.54184
a(A) 13.1077(2) 9.4822(2)
b (A) 11.7227(2) 9.7412(2)
c(A) 22.6491(3) 21.3575(4)
a(®) 90 96.396(2)
B 103.933(2) 97.337(2)
v (©) 90 116.387(2)
Volume (A) 3377.81(9) 1721.06(7)
V4 4 1
Pealed. (g cm™) 1.585 1.424
p (mm™) 12.276 5.084
Omin, Omax (°) 3.545,75.795 5.147, 75.692
No. of reflection (unique) 24821 (6809) 22033 (6899)
Rint 0.0423 0.0459
Completeness to 0 (%) 100.0 99.9
Goodness-of-fit on F? 1.038 1.035

Final R; and wR: indices [/ > 20(/)]

0.0307, 0.0710

0.0393, 0.0969

R; and wR: indices (all data)

0.0341, 0.0724

0.0495, 0.1014

CCDC number

2160648

2160649
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Table S2-11. Crystal data and data collection parameters of 24 and 22.

Compound 24 22
Solvent for recrystallization THF/hexane THF/hexane
(liquid-liquid diffusion) (vapor diffusion)
Formula 2(C39H36NO2PPd) C47H40NO2PPd
Formula weight 1376.11 788.17
Crystal system Monoclinic Monoclinic
Space group P2i/c P2i/c

Crystal size (mm)

0.14x0.13%0.05

0.113x0.084%0.075

Crystal color and shape Light yellow plate Red plate
Wavelength (A) 1.54184 1.54184
a(A) 25.4332(3) 16.0325(2)
b (A) 11.55670(10) 17.7800(2)
c(A) 24.3611(3) 14.7411(2)
a(®) 90 90
B 114.246(2) 116.760(2)
v (©) 90 90
Volume (A) 6528.70(16) 3752.03(10)
V4 4 4
Pealed. (g cm™) 1.400 1.395
p (mm) 5.317 4.703
Omin, Omax (°) 3.652,77.023 3.079, 75.963
No. of reflection (unique) 48257 (13375) 29009 (7664)
Rint 0.0451 0.0408
Completeness to 0 (%) 99.7 100.0
Goodness-of-fit on F? 1.053 1.049

Final R; and wR: indices [/ > 20(/)]

0.0350, 0.0865

0.0391, 0.1000

R; and wR: indices (all data)

0.0416, 0.0903

0.0441, 0.1027

CCDC number

2203231

2203230
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3. Physicochemical Properties

3-1. Cyclic Voltammetry Measurements

The voltammograms were measured with a Hokuto Denko HZ-110 voltammetric analyzer at room
temperature using a Ag/AgCl reference electrode, a platinum counter electrode, and a glassy carbon
disk working electrode. The scan rate was 100 mV/s. Ferrocene was used as an internal standard for
the reference of potential (V). The general procedure for the measurements is as follows:
"BusNBF; (0.2 mmol) and DMA (2 mL) were placed in a vial under an Ar atmosphere. To the solution
was added the sample (0.002 mmol). Ar was bubbled into the solution for 5 min, and the
voltammograms were recorded. Ferrocene was added to the solution as an internal standard at the end

of the measurements.

L1 L8 L6 20 24 22
E redpe (V vs Fe/Feh) -1.74 -2.14 -1.63 -1.63 -1.96 -1.34
-1.98 -2.37 -2.08
E oxpa (V vs Fc/Fch) 0.58 0.66 0.52 0.71 0.73 0.65
Table S2-12. Summary of redox potentials of ligands and complexes L1, L8, L6, 20, 24, and 22 in
DMA.
Ph
N
PPh,
L1
5uA I
3 25 2 45 4 05 0 05 1 15

Potential [V vs Fc/Fc*]

Figure S2-6. Cyclic voltammogram of L1 in DMA.
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Ph

OO \
P
N

PPh,
L6
5 pA i
-'3 -2'.5 -'2 -1'.5 -'1 -0'.5 (') 0?5 1t5
Potential [V vs Fc/Fc*]
Figure S2-7. Cyclic voltammogram of L6 in DMA.
Ph
[
N
PPh,
L8
5pAj
3 25 2 45 4 05 0 05 15

Potential [V vs Fc/Fc*]

Figure S2-8. Cyclic voltammogram of L8 in DMA.
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Ph
996
I ~
N
AcO—PId—PPh2
Ar

20

5|JA1

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc*]

Figure S2-9. Cyclic voltammogram of 20 in DMA.

Ph
99He
|,
N
AcO-Pd—PPh,

Ar
22

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential [V vs Fc/Fc?]

Figure S2-10. Cyclic voltammogram of 22 in DMA.
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AcO—PId—PPh2
Ar
24

SHAI

-3 -2.5 -2 -1.5 -1 -0.5

Potential [V vs Fc/Fc?*]

Figure S2-11. Cyclic voltammogram of 24 in DMA.
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4. Computational Details

All DFT calculations were carried out with the Gaussian 16 program.5** Geometry optimizations for
the ground state Sy and the excited state T, were performed at 298.15 K in DMA with (U)M065%%/6-
31G(d) (C, H, N, O, P) & SDD (Pd). The solvation with DMA was evaluated by the self-consistent
reaction field (SCRF) method using the solvation model based on density (SMD).52* The vibrational
frequencies were computed at the same level to check whether each optimized structure was an energy
minimum (no imaginary frequency) or a transition state (single imaginary frequency). Intrinsic
reaction coordinates (IRC) calculations were performed to track minimum energy paths from
transition structures to the corresponding local minima. Single-point energies were calculated with the
same level based on the optimized structure. NBO calculations were performed with NBO 3.1

package.?

Table S2-13. TD-DFT calculation of L1.

5

Oscillator

Energy Strength Occupied Unoccupied Coefficient [%0]*
MO MO
[eV]  [nm]
So—S; | 3.02 411.23 0.1912 HOMO ad LUMO 97.0
So—S, : 3.43  361.57 0.0423 HOMO-1 — LUMO 92.0
So—S; | 3.85 321.79 0.0676 HOMO-2 — LUMO 62.6
HOMO — LUMO+1 14.9

“The coefficients greater than 10 % in the CI expansion are included.

Table S2-14. TD-DFT calculation of LS.

Energy (gstzﬂator Occupied Unoccupied Coefficient [%0]*
gth MO MO
[eV]  [nm]
So—S; | 3.56 347.83 0.1698 HOMO — LUMO 95.6
So—S; | 421 294.54 0.2644 HOMO-1 — LUMO 84.9
So—S; | 433 286.15 0.0076 HOMO-2 — LUMO 394
HOMO — LUMO+1 20.0

“The coefficients greater than 10 % in the CI expansion are included.

Table S2-15. TD-DFT calculation of L6.

Oscillator

Energy Strength Occupied Unoccupied Coefficient [%0]*
MO MO
[eV]  [nm]

So—S; : 240 516.12 0.1513 HOMO — LUMO 99.3
So—S; | 2.95 420.19 0.0073 HOMO-1 — LUMO 96.2
So—S3 : 3.50 354.18 0.1245 HOMO-2 — LUMO 52.5
HOMO — LUMO+2 22.8

HOMO-2 — LUMO 17.3

“The coefficients greater than 10 % in the CI expansion are included.
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Table S2-16. TD-DFT calculation of 20'.

Energy (;stzﬂator Occupied Unoccupied Coefficient [%0]*
gth MO MO
[eV]  [nm]
So—S; | 2.77 447.83 0.0166 HOMO — LUMO 98.9
So—S; | 3.02 410.74 0.2477 HOMO-1 — LUMO 97.0
So—S; - 3.21 385.79 0.0055 HOMO-2 — LUMO 87.3
So—Ss | 342 362.84 0.0288 HOMO — LUMO+1 69.8

“The coefficients greater than 10 % in the CI expansion are included.

Table S2-17. TD-DFT calculation of 24'.

Energy (;stzﬂator Occupied Unoccupied Coefficient [%0]*
gth MO MO
[eV]  [nm]
So—S; 322 385.03 0.0002 HOMO — LUMO 98.3
So—S, | 3.46 358.40 0.0256 HOMO — LUMO+1 74.9
So—S;  3.57 34747 0.0841 HOMO-1 — LUMO 88.9
So—Ss | 3.65 339.25 0.0113 HOMO-1 — LUMO+1 70.3
So—Ss  3.82 324.86 0.4578 HOMO-2 — LUMO 90.6

“The coefficients greater than 10 % in the CI expansion are included.

Table S2-18. TD-DFT calculation of 22'.

Energy (;stzﬂator Occupied Unoccupied Coefficient [%0]*
gth MO MO
[eV]  [nm]
So—S; | 227 545.45 0.1557 HOMO — LUMO 994
So—S; | 3.53 490.46 0.0001 HOMO-1 — LUMO 99.3
So—S; 295 420.32 0.0003 HOMO-2 — LUMO 88.0
So—Ss  3.21  386.37 0.0084 HOMO-3 — LUMO 88.8
So—Ss = 3.39 365.43 0.1025 HOMO-6 — LUMO 90.6

“The coefficients greater than 10 % in the CI expansion are included.
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E (eV) ’
LUMO+1 LUMO
O —
LUMO+1 (~0.48 eV)
_1 —
2 —————— LUMO (=2.01 &V)
_3 —
—4 — ,
&P, s
_5 —
HOMO HOMO-1 HOMO-2
6 HOMO (-5.86 eV)
HOMO-1 (-6.32 eV)
-7 - ——————— HOMO-2 (-6.97 eV)

Figure S2-12. Frontier molecular orbitals of L1. Isovalue = 0.03.
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E (eV)
A 2. V.,
LUMO+1 LUMO
O —
LUMO+1 (-0.40 eV)
_1 -
LUMO (~1.50 eV)
-2 -
_3 -
—4 -
_5 - ?
HOMO HOMO-1 HOMO-2
—6 = HOMO (-6.02 eV)
HOMO-1 (-6.62 eV)
=77 HOMO-2 (~7.05 eV)

Figure S2-13. Frontier molecular orbitals of L8. Isovalue = 0.03.
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0 LUMO+2 LUMO+1 LUMO
LUMO+2 (-0.50 eV)
LUMO+1 (-0.62 eV)

_1 —]

_2 —]
LUMO (-2.36 eV)

_3 —

—4

5 HOMO HOMO-1 HOMO-2
HOMO (-5.49 eV)

_6 —]
HOMO-1 (-6.15 eV)

. HOMO-2 (-6.86 eV)

Figure S2-14. Frontier molecular orbitals of L6. Isovalue = 0.03.
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1
AcO-Pd—PPh,
Ph

20

E (eV)
(
A Al
0 $
LUMO
=1 —_— LUMO+1 (-1.07 &V)
-2 —
LUMO (-2.35 eV)
_3 —
_4 -
-5 4
-6 ——————— HOMO (-5.97 V)
HOMO-1 (-6.20 eV)
HOMO-2 (-6.30 eV)
_7 —

Figure S2-15. Frontier molecular orbitals of 20°. Isovalue = 0.03.
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| Z
)
AcO—Pd—PPh;
Ph

24

E (eV)
A
0 -
_1 —
LUMO+1 (~1.08 V)
5 LUMO (~1.95 eV)
-3
—4 -
-5 4
—6 —e HOMO (—6.05 €V)
HOMO-1 (—6.26 eV)
HOMO-2 (—6.65 eV)
_7 -

Figure S2-16. Frontier molecular orbitals of 24°. Isovalue = 0.03.
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Ph
998 e
| 7z
N
AcO~Pd—FPPh,

Ph
22’

LUMO+1

-1 ———————— LUMO+1 (—1.08 eV)

LUMO (-2.64 eV)

HOMO-1 HOMO-2 HOMO-3 HOMO-6

HOMO (-5.66 eV)

-6 - —— HOMO-1 (-5.98 eV)

HOMO-2 (-6.29 eV)
)
)

(
HOMO-3 (-6.62 eV
HOMO—4 (-6.85 eV

HOMO-5 (—6.89 eV)

HOMO-6 (—6.90 eV)

Figure S2-17. Frontier molecular orbitals of 22°. Isovalue = 0.03.
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0
X
QI
\O N
Me—< 5 py—pPh,
3 511 2
20’
Charge SM TS PD SM2' s’ TS' PD'
Spin
Pdl 0.167 | 0078 | -0.196 | 0355 0.180 | 0226 | 0222
1.015 0.031 0.120 | 0.534
P2 1.238 1.105 1.009 1.179 1.245 1.282 1.134
0246 | -0.003 | 0150 | 0233
03 0745 | 0687 | -0570 | -0752 | -0.739 | -0.651 | -0.577
0049 | 0007 | 0074 | 0.000
04 0724 | -0.602 | -0610 | -0727 | -0.722 | -0653 | -0.615
0032 | 0.003 0014 | 0.000
Cs 0103 | 0117 | 0320 | -0212 | -0.12 | 0089 | 0328
0407 | -0.009 | 0122 | -0.023
N6 04890 | -0493 | -0492 | -0455 | -0426 | -0580 | -0.576
0.166 | 0446 | 0182 | 026l
7 0100 | 0089 | 0071 0.100 | 0041 | -0.037 | -0.044
0007 | 0534 | 0400 | 0394

Table S2-19. Selected NBO charges (up) and NBO spins (down) of complex 20'.

The NBO charge on Pd decreases in Sp (20'-SM: 0.167; 20'-TS: 0.078; 20'-PD: —0.196) with the
reaction progressing, which corresponds to the change of the oxidation state from Pd(II) to Pd(0). On
the contrary, the NBO charge on Pd increases slightly in T1 (20'-SM": 0.180; 20'-TS"': 0.226; 20'-PD":
0.222). This result can be attributed to the MLCT character of 20'-TS' and 20'-PD" in the excited state.

160



Ph

7

X

4 L5

\O N

Me—<Z G pg—pPh,
3 5]1 2

24

Charge SM TS PD SM2' SM' TS' PD'
Spin

Pdl 0.176 0.108 | -0.197 | 0.406 0.199 0.238 0.202
1.040 0.048 0.135 0.500
P2 1.233 1.101 1.009 1.140 1.236 1.268 1133
0205 | -0011 | 0.140 0.183
03 0741 | -0593 | -0572 | -0741 | -0.739 | -0.648 | -0.577
0076 | -0.001 | 0.063 0.003
04 0726 | -0.673 | -0610 | -0.728 | -0.725 | -0.647 | -0.618
0.028 0.001 0.015 0.002
Cs 0125 | 0.123 0320 | -0211 | -0.133 | 0.090 0.340
0411 | -0011 | 0.114 0.071
N6 0488 | -0500 | -0.505 | -0457 | -0441 | -0.576 | -0.565
0.178 0.413 0.212 0322
7 0.055 0.045 0.031 0053 | -0.009 | -0.078 | -0.085
-0.003 | 0.459 0.334 0.334

Table S2-20. Selected NBO charges (up) and NBO spins (down) of complex 24'.
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SM2’ HSOMO LSOMO

Figure S2-18. Frontier molecular orbitals of complexes 20-SM, SM', and SM2'. HSOMOs and

LSOMOs were drawn from occupied a-orbitals. Isovalue = 0.03.
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|
o0 Pa—ren,

TS’ HSOMO LSOMO

Figure S2-19. Frontier molecular orbitals of complexes 20-TS and TS'. HSOMOs and LSOMOs were

drawn from occupied a-orbitals. Isovalue = 0.03.
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HSOMO LSOMO

PD’

Figure S2-20. Frontier molecular orbitals of complexes 20-PD and PD'. HSOMOs and LSOMOs

were drawn from occupied a-orbitals. Isovalue = 0.03.
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Me—<0_pd—PPh,
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Ph
N
| —
o N
'\"‘9405F>F>h2
Swr

SM2’ HSOMO LSOMO

Figure S2-21. Frontier molecular orbitals of complexes 24-SM, SM', and SM2'. HSOMOs and

LSOMOs were drawn from occupied a-orbitals. Isovalue = 0.03.
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HOMO

TS HSOMO LSOMO

Figure S2-22. Frontier molecular orbitals of complexes 24-TS and TS'. HSOMOs and LSOMOs were

drawn from occupied a-orbitals. Isovalue = 0.03.
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Figure S23. Frontier molecular orbitals of complexes 24-PD and PD'. HSOMOs and LSOMOs were

drawn from occupied a-orbitals. Isovalue = 0.03.

N
Pd—PPh,
S

PD’

Cartesian Coordinates (in A) and Energies

L1

Energy =-1589.277675 A. U.
Gibbs Free Energy = -1589.336758 A. U.

C

ol=—-HoNoNoNeoNoNONe!

-3.98303600
-4.00115300
-2.79059100
-1.55203900
-2.75434700
-0.32571200
-1.50142300
-1.34679900
-2.22629900
-0.10998100

3.06760700
1.79142600
1.05938300
1.68646200
3.69263800
-0.18023900
-0.90321600
-2.22451900
-2.77340200
-2.79551900

-1.32745300
-0.83941800
-0.65915800
-1.02665200
-1.66858400
-0.46127900
-0.06116900
0.45139000
0.78178500
0.53704800
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L8

1.04971300
0.96636600
-4.91634900
-4.94836600
-2.76024000
-0.00131200
2.01877800
2.39752000
-0.36540700
-2.74819800
-3.99383200
-4.69835100
-4.48090900
-5.86465000
-4.32117400
-5.65219500
-3.93804600
-6.34501000
-6.40015800
-6.02445900
-7.25984000
-1.57441900
-0.61935000
3.78901300
4.43424600
4.20552700
5.47060300
4.12406800
5.23443800
3.71656200
5.87095000
5.96632600
5.54506500
6.68208500
2.62903700
2.06622600
3.43619200
2.30410300
1.44048800
3.68222000
3.87511700
3.11281300
1.85819300
4.31392700
3.29721300

Energy =-1435.799936 A. U.
Gibbs Free Energy = -1435.855249 A. U.

C

2.94938900

-2.08292300
-0.80206800
3.61108700
1.31678900
4.71165200
-3.80422000
-2.57296800
0.17946100
1.07343300
-0.25764100
-0.94026100
-0.47151600
-2.05245300
-1.10508700
0.39354600
-2.68031800
-2.41984100
-2.20957100
-0.73382100
-3.54176100
-2.70414600
3.02011800
3.47306600
-0.98262400
-1.10118900
-1.79758200
-2.01418700
-0.47717400
-2.71862100
-1.70812800
-2.82543400
-2.09502800
-3.34784200
-3.53916000
1.42749400
1.32952400
2.52987100
2.31447200
0.47283100
3.51075500
2.62307300
3.40591800
2.22678100
4.36276400
4.17572900

-1.41450900

0.13416200
-0.34832000
-1.46231200
-0.59070900
-2.05169400

0.93139300

0.22627700
-0.97056900
-0.92286000

-0.16299200
0.26463600
1.37846100

-0.42910500
1.79274100

1.92395800

-0.01760300

-1.30011800

1.09443800

2.66499000
-0.56973300

1.41674800
-1.52663400
-1.78848300
-0.62521700

0.60987300
-1.68376500

0.78086000

1.44876300
-1.51159700
-2.65558600
-0.27819000

1.74733200
-2.34438300
-0.14231600

0.36623700

1.64228800

0.06742900

2.59659200

1.89623900

1.02364300
-0.92757700

2.28960200

3.58645700

0.77661000

3.03734000

1.35037700
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1.67317400
0.66454900
1.91117300
1.92145000
2.86894900
0.74989400
-0.48665200
-0.54822700
0.76846600
-1.39837500
-2.09612800
0.56494500
3.08932900
4.43239300
5.50314100
4.67489000
6.78167400
5.32325300
5.95601800
3.85750000
7.01167600
7.60178600
6.13058900
8.01342400
-2.39621100
-3.36162400
-1.74005600
-3.67002400
-3.87708500
-2.04039900
-0.99080000
-3.00609400
-4.42529600
-1.51990600
-3.24010200
-3.34908600
-3.93716300
-3.71396700
-4.86795400
-3.66507600
-4.63576000
-3.26856600
-5.21704600
-5.32058000
-4.90662100
-5.94504600
1.57275900
3.81712400

-1.79579200
-0.05633500
0.42716100
1.62612200
2.03409900
2.28136800
1.77352800
0.62483200
3.20360400
2.31365000
-0.05189200
-1.16361400
-0.31235800
0.05645500
0.15308000
0.25595100
0.45601800
0.00393200
0.54938100
0.15434000
0.65479900
0.53767000
0.69145300
0.88897600
-1.55692700
-2.45457600
-1.83830700
-3.60537000
-2.25019700
-2.99420900
-1.14628100
-3.87900000
-4.29372200
-3.20245800
-4.78268400
1.10879200
0.97081700
2.19887100
1.90182100
0.13005400
3.13718400
2.31385000
2.98713700
1.78113500
3.98233700
3.71481400
-2.67460800
-2.01189300

1.80032900
0.70060100
0.20496500
-0.55008400
-0.89576100
-0.83117200
-0.38078000
0.37750900
-1.40919400
-0.63447100
1.12001500
1.48436400
0.53314800
0.03397400
0.93009600
-1.33070000
0.47593700
1.99462500
-1.78418900
-2.04397200
-0.88248700
1.18744700
-2.84947200
-1.23891000
0.09898200
0.56691300
-1.10267200
-0.15209300
1.50719900
-1.81767100
-1.48900900
-1.34480500
0.22441300
-2.75153200
-1.90547700
0.42056700
-0.84072300
1.21852500
-1.29199400
-1.47971800
0.76401700
2.20851600
-0.49207400
-2.27530700
1.39513600
-0.84744500
2.44061100
1.62457000
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-3.79918700
-2.45449200
-1.42935100
-3.12927100
0.25031200
-0.68708800
-0.17700900
-0.87177900
1.16148400
2.08325800
1.66162300
-4.58890400
1.54119000
3.14492800
2.76178600
-0.11726900
-2.05110000
-3.06190500
-3.82875700
-3.26326800
-4.77473200
-3.67381300
-4.21581000
-2.67112500
-4.97211900
-5.71567900
-1.79977600
-1.00937400
4.41094200
5.17961400
4.90413000
6.41238900
4.81278200
6.13166700
4.31779500
6.88965400
7.00246800
6.50059400
7.85447100
2.82592300
2.41196900
3.34021000
2.50929400
2.01579200
3.44712100
3.65891400
3.02777100
2.18169100

0.42179000
0.01136300
0.98489400
2.71244700
-0.58279400
-1.63417500
-2.93637100
-3.72818600
-3.18486300
-2.15394100
-0.88103400
-0.30343400
-4.17810300
-2.39845000
0.48758700
0.66922000
-1.32256600
-2.36506900
-2.30033300
-3.42733400
-3.28185300
-1.47733500
-4.40296900
-3.48000100
-4.33328400
-5.09887600
2.31296800
3.03234500
-0.33556900
-0.43868900
-0.89363200
-1.08426700
-0.01338000
-1.54906700
-0.81317500
-1.64153500
-1.15480600
-1.98080600
-2.14618300
1.58737200
1.21343700
2.87314800
2.10803100
0.21176800
3.76508100
3.18035200
3.38425200
1.80516100

-0.23744800
-0.22072400
-0.51539200
-0.77505600
-0.30981900
0.00894900
0.30366800
0.57594900
0.25754900
-0.07959700
-0.35406300
-0.04435700
0.48976100
-0.10811700
-0.91200600
-0.55735000
0.04437200
0.34389500
1.51195800
-0.54346200
1.78782700
2.20958400
-0.26995800
-1.45702000
0.89676900
1.11185000
-0.77999900
-0.99476600
-0.82065000
0.34299300
-2.00535600
0.32078500
1.27774500
-2.02697000
-2.92257100
-0.86302800
1.23356700
-2.95618400
-0.87833800
0.56498100
1.84673700
0.36937600
2.90872300
2.01931200
1.43223200
-0.62841800
2.70388200
3.90237700
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3.85174900

3.10320700
-5.36021700
-4.36711800
-4.15692800
-5.52301100
-3.51883500
-5.85164900
-6.29283700
-4.83442000
-2.73762900
-6.89491400
-5.12000900

Energy =-2177.482856 A. U.
Gibbs Free Energy =-2176.979983 A. U.

C
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-4.21020300
-4.51865300
-3.49864800
-2.12792600
-2.85882100
-1.37270600
-2.71166200
-2.91655200
-3.93416500
-1.86694100
-0.54799200
-0.29779600
-4.99972000
-5.55440400
-2.62447400
-2.04020100
0.27904800
1.36950800
-1.10103800
-3.78098600
-5.17687400
-6.08354200
-5.60024000
-7.39185300
-5.75483300
-6.91196800
-4.89550700
-7.80900300
-8.08790700
-7.23342300
-8.83453400
-1.84710000
-0.80585100
1.09230300

4.76228600
4.08259700
-3.22411500
-5.22093600
1.73760400
2.15694100
4.06117700
3.45401600
1.41269900
4.41888000
4.79367000
3.76468400
5.44956200

3.04910600
1.87614200
0.94899900
1.29435400
3.36482800
-0.71185300
-1.13741100
-2.42488900
-2.74869100
-3.25461200
-2.84608000
-1.61523500
3.74457600
1.63356600
4.29650300
-4.23584800
-3.52598400
-1.07883800
0.49418300
-0.27662300
-0.66419600
-0.94233500
-0.75590100
-1.30829400
-0.87581800
-1.11266400
-0.53930900
-1.39106000
-1.52883500
-1.17377500
-1.67351400
2.51944700
2.77121600
1.13609200

1.26520800

3.53599300
2.70393500
-0.97236900
-0.50251400
-0.51579300
-1.04150900
-0.77562200
-0.31157500
-1.04087300
-1.24432700
-0.78219600
-1.24468300

1.49901400
0.87203600
0.50478900
0.76212400
1.78986000
-0.14418400
-0.43485500
-1.00873000
-1.21577500
-1.28596800
-0.98359900
-0.42908600
1.77660200
0.64533800
2.30282700
-1.72216200
-1.18998800
0.07932400
0.40256000
-0.12183400
-0.43615600
0.59184500
-1.76607900
0.29282700
1.62903700
-2.06128900
-2.56912800
-1.03320200
1.10049500
-3.09973400
-1.26568800
1.42690200
1.61665800
0.29234500
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3.06949400
3.97594500
3.56058400
5.34717100
3.62226000
4.92994500
2.86630800
5.82833500
6.04056000
5.29620300
6.89813000
0.92458200
0.41229900
0.10927100
0.16053700
-0.63476000
1.05621300
-0.14729700
2.52191800
3.83078800
2.15982300
4.76026200
4.13220200
3.09163200
1.14864400
4.39247900
5.77682500
2.80117800
5.12196800
1.74086600
2.03820300
1.64468300
2.24519400
2.11386500
1.84717100
1.40967100
2.14979900
2.48074900
1.77187100
2.31330400

Energy =-2177.428851 A. U.
Gibbs Free Energy = -2176.929347 A. U.

C
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3.98753800
4.42509300
3.50100700
2.09724300
2.59835400
1.53105800

1.37949900
1.14526800
1.79771100
1.32577500
0.80868900
1.96990900
1.99102200
1.73164600
1.13877400
2.29344000
1.86340500
3.26391200
3.72296000
3.04755500
5.21689100
5.44089100
5.75774000
5.58223000
-1.61786000
-1.99176200
-1.44940600
-2.21108400
-2.10455900
-1.67381500
-1.13255700
-2.05412000
-2.50438800
-1.54618200
-2.22440700
-2.02555700
-3.39300100
-1.36402000
-4.08397200
-3.91913700
-2.06173600
-0.29756000
-3.41952400
-5.14653600
-1.54177600
-3.96504300

3.33581200
2.14572500
1.16164800
1.44214900
3.61361300
-0.65654600

0.07475500
1.11343500
-1.16766900
0.91267000
2.09027300
-1.36820400
-1.98804800
-0.32883500
1.73318600
-2.34302200
-0.48701100
0.37976800
-0.70899900
-1.70078500
-0.68812100
0.03676400
-0.35878800
-1.67334400
-1.21694300
-0.89678200
-2.55848900
-1.90930000
0.14485700
-3.56577400
-2.81834700
-3.24268500
-1.65236900
-4.60726600
-4.03275800
1.59013300
1.55918100
2.81807500
2.74743300
0.60743700
4.00564700
2.83617100
3.96929800
2.72030700
4.95914600
4.89734300

1.48762800
0.97856200
0.51832500
0.62119500
1.57207200
-0.19748200
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2.90908400
3.21603800
4.25724300
2.22605800
0.86874200
0.51386000
4.70508500
5.49074200
2.26609000
2.47453200
0.09874500
-1.20196800
1.15610900
3.90008300
1.67886200
0.60650400
-1.09564300
-3.07941700
-4.10909000
-3.20785500
-5.10870000
-4.06984200
-4.22409500
-2.49552700
-5.17424200
-5.85446300
-4.27558000
-5.97111900
-2.96710300
-1.88255300
-0.84226100
-1.89735900
-2.75516700
-1.95051200
-0.96553900
5.33749800
6.12248000
5.92680900
7.47109400
5.66639700
7.27810800
5.31982600
8.05171700
8.07050500
7.72786000
9.10853900
-1.51985000
-2.11022300
-1.20946200
-2.39216800

-1.01154500
-2.27841700
-2.53616500
-3.15931400
-2.83577900
-1.62251300
4.07369500
1.93175600
4.56404500
-4.11984700
-3.56637100
-1.12418300
0.55485300
-0.07890400
2.69384900
2.88205000
1.18839300
1.71451700
0.78858200
2.48596400
0.52974600
0.23527300
2.20235500
3.28619400
1.21647700
-0.23136600
2.77944400
1.00830800
2.82621100
3.50072800
3.23760300
4.69539900
4.68397700
5.60197200
4.74143500
-0.39948100
0.32235000
-1.42341000
0.02032600
1.11935400
-1.71643500
-1.98443600
-0.99750700
0.58373500
-2.51035100
-1.23029200
-1.85325300
-1.04582400
-3.18386500
-1.56193400

-0.37955100
-0.95643800
-1.13811700
-1.28878100
-1.04391800
-0.50952200
1.84113100
0.93077300
1.98625900
-1.73548800
-1.29334000
-0.11703000
0.25137500
-0.01395800
1.15226700
1.21963900
-0.14128200
-0.12123200
-0.42746000
1.06449000
0.49500000
-1.36775000
1.97614400
1.27138000
1.71629000
0.25781700
2.90067000
2.42814300
-1.53101400
-1.61036400
-0.96603400
-2.51813900
-3.19589300
-1.90101000
-3.09210400
-0.17946800
-1.08503300
0.56992600
-1.24198500
-1.67241800
0.41822000
1.28069900
-0.48946800
-1.95530900
1.01229900
-0.61009800
1.53294800
2.50936000
1.83616400
3.77205500
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-2.34632000
-1.48778800
-0.75288500
-2.08029600
-2.85445000
-1.24305700
-2.29739400
-2.27099400
-3.41063500
-2.05696400
-4.31314100
-3.60445800
-2.95274100
-1.18438400
-4.08613600
-5.19799000
-2.77114300
-4.79312100

Energy =-2177.469219 A. U.
Gibbs Free Energy =-2176.970326 A. U.

C
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3.77131300
4.29993300
3.50028200
2.11980000
2.40984700
1.72730600
3.09304600
3.48939700
4.52965700
2.58024400
1.22206600
0.78721500
4.39436200
5.34078900
2.00833600
2.89262000
0.52561900
-0.97395900
1.27743000
3.98311400
1.60603600
0.55484500
-1.83966300
-3.97656700
-4.84274500
-2.60370400
-4.35058600
-5.90105500

-0.00523000
-3.69611200
-3.82480400
-2.88556900
-0.92612600
-4.73192500
-3.28999300
-2.05837300
-2.73215400
-1.92106000
-3.27150800
-2.83253300
-2.46966800
-1.37381400
-3.14388700
-3.79351900
-2.36457600
-3.56483200

-3.81319900
-2.68949000
-1.52562200
-1.57121600
-3.84787500
0.56744600
0.73162800
1.98111200
2.13115600
2.98453100
2.80751100
1.63679300
-4.69434400
-2.67823400
-4.75292700
3.93629400
3.62846800
1.29909800
-0.54589800
-0.34304700
-2.75900600
-2.76003600
-0.58411500
-2.35003300
-1.58169100
-2.44413000
-0.86935200
-1.56955300

2.27586100
3.09817900
1.08068200
4.06615300
4.52580700
3.32843600
5.05369400
-1.25787900
-0.80890700
-2.63666600
-1.72371400
0.25927000
-3.54533600
-2.99883400
-3.08993700
-1.36243900
-4.61394000
-3.80306100

1.22124200
0.64957800
0.44892700
0.84219900
1.62474100
0.07618900
-0.33785900
-0.89925500
-1.18103000
-1.07494900
-0.70197500
-0.13396600
1.36360900
0.33191600
2.07762800
-1.50070300
-0.87122900
0.27995500
0.66058900
-0.14522800
1.43793800
1.72855800
-0.70970600
-1.39811300
-2.16030400
-1.70899400
-3.25902600
-1.90602200
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-2.11927700
-1.98290500
-2.99955000
-5.03796400
-1.08976900
-2.61605900
-4.55476200
-4.00860800
-2.99680700
-4.85656800
-5.85888800
-4.97360700
-4.40221300
5.39855500
6.43380100
5.71572600
7.75958100
6.19259300
7.04223700
4.91288000
8.06660500
8.55607200
7.27568900
9.10477800
-1.78843100
-1.75302200
-2.45255600
-2.37113800
-1.23569200
-3.06257200
-2.49149100
-3.02511200
-2.34101600
-3.57582900
-3.50940800
-1.00148700
0.03431300
-2.13831400
-0.06371300
0.92354800
-2.24063400
-2.95082800
-1.20012900
0.75136200
-3.13190700
-1.27430200

Energy =-2177.416335 A. U.
Gibbs Free Energy =-2176.918741 A. U.

-1.68863900
-3.20310200
-0.90713400
-0.28422400
-1.82727000
-0.35692900
-3.13112900
-3.23681400
-2.67740000
-4.12425600
-3.69126500
-5.10361500
-4.24499400
-0.23696800
-0.25902800
-0.11796600
-0.15943100
-0.34835500
-0.02625500
-0.10486400
-0.04499700
-0.17143400
0.05956900
0.02954100
2.88854300
4.02330200
2.95892300
5.20257800
3.98938900
4.14100300
2.07121900
5.26344700
6.07859600
4.18209900
6.18690200
1.36114200
1.90215000
0.86481600
1.93890200
2.30283100
0.91075400
0.43892100
1.44400300
2.35877200
0.52234300
1.47280300

-2.80082500
-1.23390200
-3.57148000
-3.86728700
-3.12826100
-4.42923900
-0.41452400
0.82764400
1.17169000
1.67464800
1.78031400
1.19562800
2.66084200
-0.57455200
0.36624900
-1.93209700
-0.04382600
1.42566200
-2.34050600
-2.66956000
-1.39735500
0.69863900
-3.40063100
-1.71718200
-0.16814400
0.64947300
-1.39716900
0.24419200
1.60922000
-1.80739400
-2.03364200
-0.98462300
0.89067800
-2.76705100
-1.29878600
2.11780300
2.88459200
2.76396800
4.27313700
2.39591500
4.15106100
2.17098000
4.90798400
4.86107100
4.64192300
5.99407700
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-4.11924100
-4.43761700
-3.46119200
-2.09567100
-2.81063800
-1.32069400
-2.65656400
-2.83158300
-3.83784700
-1.74543300
-0.45980800
-0.24541200
-4.91932800
-5.47541800
-2.55198000
-1.93022500
0.38734600
1.40420300
-1.05457400
-3.75290400
-5.13635700
-6.11819200
-5.50195000
-7.42181400
-5.84618900
-6.80778900
-4.75264900
-7.77186600
-8.16716100
-7.07463200
-8.79388100
-1.79878000
-0.75607300
1.05461200
3.02137400
3.94654500
3.48624800
5.30937600
3.61303700
4.84800300
2.77725400
5.76441700
6.01732200
5.19393900
6.82813700
0.74121000
0.18076000
-0.05736100
-0.21613200
-1.03225900

2.97121200
1.81539900
0.89976100
1.22111200
3.23654600
-0.76925000
-1.18494800
-2.44907100
-2.79609300
-3.29455000
-2.89635800
-1.63380400
3.64640600
1.64065900
4.11774800
-4.26860100
-3.54607300
-1.06741800
0.45155500
-0.31172300
-0.68168500
-0.81320700
-0.91484600
-1.16528200
-0.65515800
-1.25813600
-0.80686400
-1.38586100
-1.27213200
-1.42330200
-1.65814300
2.36375800
2.56915100
1.14267900
1.46852000
1.28390400
1.87594800
1.50032900
0.95797200
2.08192000
2.03139300
1.89192600
1.35173900
2.39471000
2.05048100
3.25064000
3.61635300
2.87782900
5.07795400
5.24767600

1.71479600
0.97282400
0.58036300
0.87579600
2.05851500
-0.15659200
-0.46568900
-1.03320700
-1.25763300
-1.31513300
-1.01918500
-0.43168100
2.01168500
0.69710300
2.64158700
-1.76377700
-1.23450200
0.10159200
0.42817900
-0.13751700
-0.47941100
0.51456700
-1.81432200
0.18350800
1.55814500
-2.14398200
-2.59883800
-1.14634400
0.97028300
-3.18677000
-1.40511400
1.62958800
1.86117500
0.26282800
0.02579700
1.05829900
-1.23044600
0.83813100
2.04602400
-1.45128700
-2.04645100
-0.41793100
1.65404800
-2.43699000
-0.59171900
0.25948200
-0.84138000
-1.80547100
-0.87328900
-0.15695100
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0.62101400
-0.55478900
2.58884900
3.90011800
2.24640600
4.85317200
4.18382900
3.20141000
1.23337800
4.50515700
5.87230300
2.92701900
5.25317900
1.75688100
2.05214400
1.65140800
2.24756900
2.13627800
1.84367100
1.41857600
2.14344100
2.48120100
1.76259600
2.29818800

Energy =-2177.411497 A. U.
Gibbs Free Energy =-2176.913225 A. U.

C
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-4.11114600
-4.34691600
-3.27049900
-1.92486900
-2.78117200
-1.04101600
-2.35072000
-2.46476300
-3.45547000
-1.35892400
-0.07109400
0.09628300
-4.94288700
-5.36712800
-2.60451100
-1.46268100
0.80298800
1.74130800
-0.85877900
-3.47370800
-4.84403500
-5.65403500

5.71516800

5.37623700
-1.60198600
-1.93723300
-1.46651200
-2.14948000
-2.02490200
-1.68777500
-1.17627300
-2.02796700
-2.41090700
-1.58749000
-2.19386200
-1.98129700
-3.34964000
-1.29320800
-4.01577300
-3.89421500
-1.96653600
-0.22612800
-3.32548400
-5.07905200
-1.42689700
-3.85204600

-3.15687000
-1.81973400
-0.89478900
-1.39331600
-3.64674600
0.75815900
1.33190100
2.73098700
3.16075200
3.52949700
2.96966000
1.62404400
-3.84988000
-1.44270400
-4.71612000
4.59488700
3.61994100
0.87822100
-0.56922100
0.48499900
1.03764000
0.70058000

-0.56313700
-1.87085400
-1.16331900
-0.81184400
-2.51380500
-1.80339900

0.23723300
-3.49999600

-2.79746700
-3.14605800
-1.52346100
-4.54875700
-3.91953100

1.63508600
1.63352700
2.84772000
2.83775300
0.69290600
4.05074200
2.84145400
4.04453800
2.83497100
4.99271100
4.98492500

0.58970400
0.44219100
0.30222300
0.36442900
0.60176700
0.15605400
0.03597700
-0.20487100
-0.33459400
-0.29095500
-0.13077700
0.09299200
0.69834200
0.43653300
0.70573300
-0.48365500
-0.18774800
0.32170300
0.29700700
0.11971500
0.00931800
-1.08043400
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-5.34227200
-6.93852700
-5.26739500
-6.63143400
-4.71544200
-7.43036800
-7.55748000
-7.01231000
-8.43785100
-1.71670100
-0.69432800
1.23041300
1.21286500
0.13769200
2.42422300
0.27363800
-0.82422500
2.56822100
3.28286200
1.49201500
-0.57542100
3.52346700
1.60068800
1.47659600
1.45663500
1.38922400
1.45403000
0.43291800
2.10335600
1.75997900
2.34230200
3.51308700
1.68050800
4.02777100
4.01902700
2.19301100
0.76370600
3.36581800
4.94146300
1.67198200
3.76346500
2.80756300
3.98053300
2.45009900
4.78213100
4.27135000
3.25356400
1.53744600
4.42343700
5.69030100

1.90068800
1.22284100
0.03127000
2.41244400
2.16217600
2.07691800
0.95995500
3.07681800
2.48138000
-2.79421900
-3.17409300
-1.41664600
-1.55763800
-1.20116400
-1.90739600
-1.17725800
-0.91978400
-1.87772200
-2.19584000
-1.50696100
-0.89439700
-2.14433700
-1.48119100
-3.70156300
-3.41355000
-2.23258400
-4.55652600
-4.95828500
-5.37116900
-4.22910600
1.41478800
0.80866400
2.35357500
1.15863700
0.05585700
2.69065700
2.82613800
2.09955800
0.68836500
3.42263900
2.36720200
1.71043700
2.38308500
1.62438400
2.95844200
2.46863800
2.20100000
1.10246000
2.86717300
3.48504500

0.99110800
-1.18779600
-1.84906900

0.88610800

1.84374500
-0.20396100
-2.04405800

1.66004100
-0.28683500

0.49535800

0.50926700

0.09932400
-2.02448300
-2.84519900
-2.63339200
-4.23559400
-2.40570500
-4.02207100
-2.01821600
-4.82652200
-4.85933000
-4.47619600
-5.91035500

0.73726700

1.97407900

2.40244400

2.95912300

3.02716600

2.61850900

3.95832900

1.95586400

2.43282700

2.75190300

3.67491000

1.82466900

4.00223700

2.40142500

4.46232800

4.03443700

4.61734000

5.43993200
-0.90214500
-0.54572800
-2.25578000
-1.52823300

0.50055600
-3.23118700
-2.54721200
-2.86967200
-1.23912900
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2.96476900
5.05427400

Energy =-2177.384584 A. U.
Gibbs Free Energy =-2176.885057 A. U.
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-3.99210500
-4.38029700
-3.44492300
-2.05854300
-2.63908100
-1.42469100
-2.79574600
-3.05502500
-4.08997000
-2.03930100
-0.71244300
-0.41227500
-4.74197200
-5.43542700
-2.32353700
-2.28797800
0.09258800
1.25338200
-1.08299800
-3.81350900
-5.23480500
-6.15808900
-5.69106700
-7.49257000
-5.81836100
-7.02477900
-4.98540000
-7.93085300
-8.19263700
-7.35859300
-8.97520300
-1.69118200
-0.63254600
1.00172400
2.84424000
3.62779100
3.43479800
4.97312800
3.16205800
4.78432200
2.82428300
5.55349600
5.58187100
5.24744500

2.12571300
3.31658000

3.31630600
2.08668300
1.06385500
1.35173900
3.57167700
-0.80594700
-1.18075900
-2.50006800
-2.80292600
-3.41983300
-3.05872700
-1.76314700
4.07902400
1.89564400
4.52998300
-4.42319500
-3.77026500
-1.22780200
0.43741700
-0.21935500
-0.55363900
-0.60987600
-0.82611700
-0.92611300
-0.40701700
-1.14271800
-0.78323700
-1.19373700
-0.96801000
-1.34653800
-1.44133400
2.59950100
2.79247500
1.00605200
1.80391500
1.77806900
1.77077000
1.46568000
1.94962600
1.46843900
1.90502200
1.30519600
1.36786800
1.35817500

-4.27869400
-3.63490300

1.20830100
0.70467800
0.42377000
0.63418300
1.45316000
-0.12122600
-0.33921700
-0.77547800
-0.92673900
-1.01303600
-0.81143100
-0.36880500
1.41316400
0.51479000
1.86416700
-1.35513800
-0.99751200
0.04481900
0.32077800
-0.08498000
-0.33187500
0.72088900
-1.62873700
0.48523100
1.73721200
-1.86628000
-2.45935300
-0.80944400
1.31884200
-2.88299600
-0.99418800
1.16728100
1.35414400
0.22577000
0.02345900
1.19658000
-1.25752100
1.08232900
2.16671900
-1.34182300
-2.14838900
-0.18180000
1.97964600
-2.32149900
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6.61610600
1.58244800
1.00392300
0.63873200
0.80569700
0.11913700
1.75603200
0.38663700
2.41089900
3.75452600
1.99911800
4.66961000
4.08865100
2.91958300
0.95673100
4.25406400
5.71271300
2.59377500
4.97283800
1.76212700
2.10093500
1.73018900
2.40937800
2.12856700
2.03659200
1.46075900
2.37777700
2.67538300
2.01134500
2.62075700

Energy =-2177.439942 A. U.
Gibbs Free Energy =-2176.938435 A. U.

C
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4.03476200
4.35026100
3.36065300
1.99753100
2.70261300
1.22615400
2.57227200
2.75680500
3.77185700
1.68977800
0.38852600
0.15510600
4.82533700
5.38902100
2.44427100
1.87683100

1.08471700
3.21514500
3.74423400
3.09614000
5.22824300
5.43397400
5.72210400
5.64043100
-1.72124600
-1.97075900
-1.65916900
-2.18255100
-1.99750700
-1.86688800
-1.44627100
-2.13017500
-2.38192200
-1.82382900
-2.29165000
-2.04412800
-3.40247400
-1.30956700
-4.01198200
-3.98328000
-1.92638700
-0.25167600
-3.27534900
-5.06747400
-1.35024100
-3.75781500

2.90267900
1.71467700
0.76569100
1.08438700
3.19352000
-0.93272300
-1.33125600
-2.58078600
-2.90805800
-3.39854800
-3.00209400
-1.78668000
3.60767000
1.50114900
4.12181600
-4.34872500

-0.26520200
0.29466400
-0.77222100
-1.74247700
-0.64764500
0.18451100
-0.41327900
-1.57004700
-1.25497700
-0.95303200
-2.59204400
-1.97962400
0.08471800
-3.61243300
-2.83279100
-3.30771200
-1.73925500
-4.65029000
-4.10934200
1.58836100
1.61806600
2.77781400
2.82870500
0.69589300
3.98745700
2.74936000
4.01191400
2.84911100
4.91079300
4.95728900

1.62077100
0.98343100
-0.63493400
-0.93248600
-1.93282400
0.05861300
0.38132800
1.01425800
1.23374000
1.36590500
1.07933300
0.42250400
-1.87413300
-0.73577100
-2.44116700
1.86414500
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-0.45366300
-1.51438300
0.97428700
3.64746800
5.04601400
5.98144600
5.47368800
7.29832700
5.66440600
6.78971700
4.76046000
7.70761000
8.00746100
7.10095800
8.73813800
1.70346100
0.65709200
-1.05651900
-2.44837000
-2.49108700
-3.33436000
-3.42691200
-1.87897100
-4.28236400
-3.28826700
-4.32644600
-3.51151700
-4.98623900
-5.06558900
-1.53300700
-0.48474700
-0.34818900
0.43889800
1.00774500
-0.11830500
1.13772800
-2.50933600
-3.86437600
-1.94300400
-4.63202800
-4.32584600
-2.71493800
-0.89070900
-4.06079500
-5.68285800
-2.26297800
-4.66343500
-2.22104300
-2.62252600
-2.30432100

-3.63365800
-1.23965700
0.24111500
-0.46711100
-0.83678200
-1.05099700
-0.97540100
-1.39062300
-0.95155000
-1.31649900
-0.80684500
-1.52464300
-1.55520700
-1.41460800
-1.79045900
2.29463000
2.51472800
0.86115700
3.26468500
2.66807700
2.90100200
1.64468000
3.07332200
1.90701200
3.39541000
1.27416400
1.21361400
1.62581800
0.49884100
4.28484400
4.06562300
3.05063100
5.23507300
5.22830400
6.17691100
5.16833000
-1.26554300
-1.61463500
-0.75119900
-1.47529700
-2.00016300
-0.60703800
-0.46078900
-0.97073400
-1.76068300
-0.21124600
-0.85987700
-2.49687600
-3.76732200
-2.17813300

1.36445800
-0.02491500
-0.58499400
0.02629700
0.34311200
-0.67852300
1.67072900
-0.38437000
-1.71736600
1.96712000
2.47852200
0.94026300
-1.19481500
3.00648700
1.17149900
-1.58653800
-1.82219900
-0.90145900
-0.03395900
-1.30331200
0.96681500
-1.53754400
-2.11184900
0.70774300
1.93519600
-0.52684300
-2.53410600
1.48975200
-0.72213900
0.15363100
1.00261100
1.63733500
0.98829700
0.04876200
1.03068900
1.82582500
1.49848600
1.49011600
2.67292400
2.64331200
0.58081000
3.81980000
2.68653200
3.80843700
2.62802900
4.72807000
4.70847200
-1.14415900
-0.71156200
-2.50376300
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-3.09801400
-2.57124300
-2.77518100
-1.99091500
-3.17357900
-3.41052900
-2.83417600
-3.54685100

Energy =-2023.967540 A. U.
Gibbs Free Energy = -2023.507123 A. U.
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3.53235400
2.15157800
1.68145400
3.06730600
3.43506800
4.48968900
2.48502500
1.11754200
0.71331200
2.78791300
0.37227800
-1.04783200
1.25371800
4.01603500
5.47352200
6.33021400
6.02635000
7.70725700
5.90758300
7.40461800
5.37345000
8.24773400
8.36054600
7.82165900
9.32647700
-0.89812000
-2.89832500
-3.75140500
-3.46383500
-5.13484400
-3.34481900
-4.84596400
-2.81194600
-5.68699900
-5.78198800
-5.26774800
-6.76641800
-0.61639600

-4.69829400
-4.02901800
-3.11459700
-1.18762000
-4.37383200
-5.68325100
-2.85747000
-5.10623100

1.52087000
1.74014700
-0.44779300
-0.76047900
-2.09851200
-2.36228400
-3.07018200
-2.74827000
-1.46028500
-4.09474800
-3.52762600
-0.98907200
0.80837300
0.28381400
0.08636700
0.51621200
-0.47085900
0.37564300
0.94665200
-0.59956900
-0.77861500
-0.18218000
0.70328800
-1.02403900
-0.28896500
1.20089500
1.41835900
0.83945300
2.18967100
1.01898500
0.22438400
2.35744300
2.66845600
1.76990900
0.55922200
2.95629300
1.90096600
3.25794100

-1.62840700
0.34546900
-3.42020400
-2.84125800
-2.98202300
-1.28496000
-4.47661800
-3.69612700

-0.54217200
-0.63446300
-0.03240700
0.06829200
0.34901600
0.38320100
0.55184800
0.48530600
0.20400500
0.75643400
0.65062400
0.04415000
-0.37594100
-0.16767000
-0.02971200
-1.05037200
1.13047600
-0.92177700
-1.95803000
1.26084800
1.94675700
0.23399700
-1.72880300
2.17260200
0.33621200
-0.44689700
-0.42947900
-1.37588200
0.59513100
-1.29640800
-2.18176100
0.68158000
1.32827500
-0.26203200
-2.04404300
1.48958100
-0.19367200
-0.89876600
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-0.40581200
-0.39660700
-0.12040900
0.84995100
-0.87572500
-0.09011800
-1.85571500
-3.25562600
-1.11751800
-3.90176700
-3.84340000
-1.77120500
-0.02890300
-3.16062800
-4.98922600
-1.18815900
-3.66925300
-1.70980400
-2.32940400
-1.51851000
-2.75606600
-2.48048500
-1.94108300
-1.03900100
-2.56297000
-3.24084900
-1.79143100
-2.90068900
1.75730400
4.21341800

Energy =-2023.909334 A. U.
Gibbs Free Energy =-2023.451411 A. U.
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3.58990000
2.19821200
1.82171800
3.21924000
3.63758100
4.69866600
2.72383100
1.34677200
0.88984000
3.06195400
0.63599800
-0.88529100
1.33940100
4.12549900
-0.95581700
-2.99474200

3.95585200
3.51679400
5.41879100
5.51427000
5.84399900
5.99546500
-1.38341400
-1.33818000
-1.61252800
-1.54120000
-1.14219100
-1.80990500
-1.63779700
-1.77751400
-1.51036600
-1.99133300
-1.93341600
-2.14804000
-3.35259200
-1.82317900
-4.22129800
-3.61716700
-2.69695800
-0.87795600
-3.89499800
-5.15800600
-2.43889400
-4.57632400
2.71652600
2.34714500

-1.71658600
-1.87789000
0.29173700
0.53854900
1.78936500
1.97317600
2.76144200
2.53269500
1.32258600
3.71457300
3.32440300
0.96492900
-0.91936600
-0.50984200
-1.35486600
-1.77042400

0.16528800
1.32156000
-0.10667300
-0.61340100
-0.77878900
0.82347500
1.62706100
1.69484000
2.79121000
2.90816900
0.79623300
4.00488800
2.75693000
4.06476900
2.95083000
4.90625200
5.01472100
-1.19542600
-0.85303700
-2.54333700
-1.85374000
0.19340500
-3.53876800
-2.80809900
-3.19335300
-1.58359400
-4.58576600
-3.97259300
-0.91889400
-0.73392600

-0.51833200
-0.59243900
0.10211200
0.23667900
0.75333000
0.90727600
1.07852500
0.89419000
0.41826900
1.48007700
1.13513300
0.14614800
-0.30863700
-0.11729100
-0.05893700
0.02186800
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-3.82979400
-3.45213800
-4.94511400
-3.54774700
-4.58028800
-2.89556500
-5.33554100
-5.53156900
-4.87819700
-6.22290600
-2.80453300
-1.76250800
-0.74549500
-1.83828300
-2.43273600
-2.33402200
-0.83580600
5.59419800
6.37122500
6.23661100
7.75701900
5.87859800
7.62337200
5.64657900
8.38651900
8.34720500
8.11007500
9.47197400
-1.28787000
-2.60411800
-0.33996000
-2.96675700
-3.35403800
-0.70572200
0.68877600
-2.01558400
-3.99468700
0.04037700
-2.29596700
-1.73980900
-2.35660100
-1.78350300
-3.00392400
-2.32934100
-2.42173200
-1.31385600
-3.03700100
-3.48163200
-2.44836100
-3.54614300

-1.02202900
-1.94779200
-0.35927800
-0.93312700
-1.27527000
-2.60313800
-0.46104000
0.24987400
-1.40000700
0.05408600
-3.31740800
-4.00874500
-3.53162300
-5.47015000
-5.65305600
-5.97981100
-5.89220900
-0.35066700
-1.31571400
0.71716500
-1.20698400
-2.14731600
0.81797000
1.45850000
-0.14000100
-1.95936000
1.64764400
-0.05622800
1.81843900
1.70493300
2.48329800
2.25516600
1.18472000
3.02639000
2.58257100
2.91421300
2.15929800
3.54238500
3.33820000
1.91361300
3.14829900
1.34001300
3.80069600
3.60721300
1.99825500
0.36842500
3.22819600
4.76302900
1.54600600
3.73991100

0.89912700
-1.31765500
0.41666200
1.94935900
-1.77380000
-1.99017700
-0.92684000
1.10716600
-2.81643000
-1.29084700
0.75039200
0.45147100
-0.09227300
0.76533300
1.66559900
-0.07157600
0.88164900
-0.06549300
0.58660900
-0.70485200
0.61365900
1.09023200
-0.68507400
-1.24314500
-0.02209700
1.13441100
-1.19523000
-0.00371800
-1.41849400
-1.88708600
-2.20104400
-3.10997500
-1.28675400
-3.43154800
-1.85478800
-3.88786500
-3.45881600
-4.03416400
-4.85085500
1.45035700
1.23141200
2.72717900
2.27782000
0.24294700
3.77215000
2.89870100
3.54647800
2.09989100
4.76233700
4.36170400
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4.23837500
1.77205300

Energy =-2023.949732 A. U.
Gibbs Free Energy = -2023.493403 A. U.
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3.70386300
2.39129800
1.85310700
3.15563500
3.42214100
4.39747200
2.45662700
1.18244500
0.86615100
2.66894800
0.44222000
-0.82185900
1.49667500
4.11460300
-1.89333500
-3.56893300
-4.76880700
-2.93884900
-5.36997700
-5.23877800
-3.54645800
-2.10903000
-4.76104100
-6.32151700
-3.14692200
-5.23212500
-3.09400700
-1.79619800
-0.97669500
-1.56687400
-2.20920300
-1.83518600
-0.51903200
5.51091300
6.06175000
6.32120900
7.38560500
5.43739900
7.64754800
5.91509800
8.18207700
7.79608100
8.26798900
9.21966700

-2.54282500
-2.83286200

0.66467600
0.33276200
-0.35432700
-0.03950400
-0.20288100
0.07562100
-0.69029200
-1.04096700
-0.88042900
-0.80827200
-1.43284000
-1.18633500
-0.17251300
0.46591900
0.66181000
2.96934900
2.42960300
2.52051100
1.40238800
2.83363200
1.46620500
3.08449400
0.91141700
0.99234300
1.18217500
0.11851400
4.06686400
4.14030100
3.27780900
5.42470700
5.47272700
6.27156000
5.50301500
0.77851500
2.01766800
-0.16323000
2.31454500
2.75836200
0.13201200
-1.14328100
1.37251900
3.28693400
-0.61434000
1.60337000

-0.80278100
-0.90288200

1.86024900
2.23775000
0.11634100
-0.37338400
-1.75569000
-2.14936000
-2.59894800
-2.10629200
-0.77402200
-3.66005700
-2.80302200
-0.10314900
1.41667100
0.55844400
0.73296100
0.29713600
-0.13592200
1.47618700
0.60085500
-1.03075100
2.19416600
1.90134100
1.74635500
0.26741800
3.16707100
2.32509900
-0.39841800
-0.80335000
-0.60559100
-1.52595100
-2.41378500
-0.88317400
-1.82512300
0.18260000
0.53011300
-0.46415100
0.22502800
1.02974300
-0.76007900
-0.71334300
-0.42086600
0.49284800
-1.25379200
-0.65706100
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-0.58965700
-1.57900400
0.50468300
-1.48119600
-2.43097800
0.60665000
1.28484100
-0.38569600
-2.25851400
1.46543100
-0.30325600
-1.68870200
-1.45693100
-2.61066800
-2.13206100
-0.74045100
-3.28139300
-2.80349300
-3.04382300
-1.94560600
-3.99634300
-3.57233000
4.39890200
2.07867900

Energy =-2023.874176 A. U.
Gibbs Free Energy = -2023.420534 A. U.

C
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3.49932800
2.16679000
1.64776200
3.04310300
3.35764200
4.39307900
2.36144700
1.03844000
0.67035400
2.66852900
0.26532200
-1.07780200
1.23030700
4.01574800
5.42982500
6.37185300
5.92893600
7.73042700
6.02883300
7.28855700
5.23157400
8.20051500

-2.63668000
-2.89192400
-3.50163600
-3.99612100
-2.21265700
-4.60110600
-3.31791500
-4.85029400
-4.18405500
-5.26632900
-5.70968000
-1.93689300
-3.24610900
-1.14527700
-3.74942600
-3.87867200
-1.64574300
-0.12622100
-2.94969700
-4.77082100
-1.01817500
-3.34644400
1.04511300
0.48040900

1.43722300

1.68453300
-0.51758800
-0.86888200
-2.21228000
-2.53684900
-3.19092200
-2.84437800
-1.49945300
-4.21815800
-3.58282300

-0.98163200

0.73818300
0.16433400
0.03401000
0.75534300
-0.76729000
0.64576900
1.37176600
-0.85992500
-1.27506100
-0.16306200

1.00392100
1.95835300
0.91030400
2.80029500
2.04207700
1.75798300
0.17015600
2.70314100
3.53961100
1.67925300
3.36688200
-1.54513100
-1.98175900
-2.23783300
-3.08917400
-1.45606200
-3.35075100
-1.89010600
-3.77578100
-3.41806200
-3.88097300
-4.64138900
2.60672400
3.27343200

-0.78388500
-0.81137300
-0.12379800
-0.07555800
0.13061200
0.05669300
0.39980600
0.42044500
0.14986000
0.58499700
0.63057500
0.03572600
-0.46057100
-0.31363400
-0.04909900
-0.82202600
1.00612900
-0.57885100
-1.65134600
1.25221800
1.67010800
0.45750900
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8.43355500
7.64284100
9.26874700
-0.87397300
-2.86923100
-3.77188300
-3.37584100
-5.14591800
-3.41183900
-4.74893800
-2.68528900
-5.63924700
-5.83215900
-5.12457500
-6.71149100
-0.56321500
-0.28291500
-0.23742100
0.04170900
1.00880000
-0.70797100
0.10302600
-1.84908400
-3.24671500
-1.07232900
-3.85373600
-3.86348900
-1.68711000
0.01571300
-3.07522800
-4.94002900
-1.07576800
-3.55375000
-1.77393500
-2.37157600
-1.62534000
-2.82324200
-2.48685700
-2.07284100
-1.15946500
-2.67483200
-3.29243900
-1.95738700
-3.03166400
4.18652700
1.75540500

Energy = -2023.892730 A. U.
Gibbs Free Energy = -2023.439761 A. U.

1.19302600
-1.46833700
-0.23990600

1.20422700
1.47990500
0.94429500
2.24070500
1.15828600
0.33902400
2.44186200
2.68531200
1.89910700
0.73356900
3.03192700
2.05673200
3.25654300
3.93443300
3.48003800
5.38959600
5.45722000
5.84260300
5.95874100
-1.38476500
-1.40057200
-1.54820200
-1.60085800
-1.25862800
-1.74547400
-1.52096700
-1.77468200
-1.61818600
-1.87732500
-1.92968500
-2.10785600
-3.32842700
-1.74224700
-4.17013900
-3.62435200
-2.59018200
-0.78659500
-3.80247400
-5.11834700
-2.30099200
-4.46372900
2.23640400
2.64527100

-1.20469300
2.08282300
0.65218300

-0.45031200
-0.35034800
-1.27638900
0.71214200
-1.14180500

-2.11127300
0.85384400
1.43135600

-0.07119500

-1.87510900
1.69055200
0.04027400

-0.90911400
0.15151000
1.30115700

-0.11584200

-0.63341700

-0.77574300
0.81742500
1.63114300
1.73037900

2.78170900

2.96458100
0.84152500

4.01504100
2.72017300

4.10735400
3.03395400
4.90612500
5.07293300

-1.21383800
-0.88702100
-2.55690800
-1.89899000

0.15552000

-3.56378800
-2.80791600
-3.23402200
-1.64206700
-4.60690000
-4.02197200
-1.05127000
-1.11488400
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3.35525200
2.02148800
1.24588200
2.57171800
2.74250200
3.74391200
1.66445000
0.36256300
0.14226400
1.81293400
-0.48089200
-1.52378100
1.01033000
3.65678000
5.07132400
5.92619500
5.59424800
7.26952700
5.52609000
6.94078800
4.94768800
7.77993400
7.91997700
7.33676700
8.83287300
-1.04873900
-1.25813000
-0.20906700
-2.54939200
-0.44452600
0.81338400
-2.79019100
-3.39414000
-1.73651600
0.38571400
-3.80454600
-1.92153800
-0.40219900
-0.51295500
-0.92847500
-0.08124500
1.01606500
-0.39331400
-0.47847100
-1.98992400
-3.05116900
-1.35108800
-3.48035900
-3.54140400
-1.77452600

0.53308200
0.65892600
-0.36682500
-0.49675800
-1.01347500
-1.07144400
-1.41665500
-1.33591500
-0.82558400
-1.80059100
-1.67570300
-0.71932300
0.22150400
-0.05171800
-0.19078200
0.91472600
-1.42258200
0.79599600
1.87755600
-1.54063100
-2.29883200
-0.43171200
1.66703300
-2.50645200
-0.52555900
0.75060500
2.53573100
3.17207800
3.05733200
4.29528500
2.79058700
4.18152700
2.57284600
4.79953900
4.77660700
4.57019900
5.67220000
1.50137500
0.34504700
-0.65180300
0.17389100
0.12934700
1.03157300
-0.75072300
-2.42746300
-2.57334200
-3.56607700
-3.83970700
-1.68600500
-4.83198700

1.16945000
1.57883500
-0.35705100
-0.86299500
-2.17026000
-2.59078400
-2.91919500
-2.39078000
-1.12806100
-3.92620100
-2.99284100
-0.37969400
0.85345600
-0.04435000
-0.44781700
-0.36144400
-0.86180600
-0.69930700
-0.04408600
-1.18793400
-0.90074100
-1.11313000
-0.63921900
-1.49741500
-1.37400000
1.45367000
0.30808900
-0.36238200
0.16759100
-1.15993700
-0.27910900
-0.62512200
0.66828500
-1.29652400
-1.67862600
-0.72459900
-1.92219100
3.58320000
4.09670400
3.45205800
5.53215600
5.57058600
6.13914000
5.96372000
0.06613800
0.96944100
-0.43286800
1.35029000
1.37532800
-0.03743800
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-0.51899600
-2.83927800
-4.30954000
-1.27013700
-3.16736800
-2.61745100
-3.77278500
-2.32719000
-4.62097100
-4.01343100
-3.17753700
-1.43082200
-4.32728000
-5.51429600
-2.94085800
-4.99346100

4.14720300

1.76241000

Energy =-2023.849763 A. U.
Gibbs Free Energy = -2023.396007 A. U.

C
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3.49139800
2.13211700
1.74698900
3.16168300
3.56164700
4.62312500
2.64523000
1.28642500
0.83998300
3.00924800
0.56188200
-0.89802200
1.25739500
4.06267900
5.52284500
6.35181200
6.15200900
7.73641000
5.89564900
7.53681900
5.54372900
8.34024700
8.34943700
7.99275400
9.42529200
-0.84510300
-2.73778200
-3.41914500

-3.47190200
-4.97057900
-3.94342700
-5.71454100
-5.96280700
-0.26644400
-0.99460700
0.89345700
-0.57142500
-1.90018800
1.31077600
1.47306100
0.58011200
-1.14996800
2.21391700
0.90923000
0.88187100
1.12760100

1.63047200
1.80322900
-0.48752400
-0.75286700
-2.10079300
-2.33685700
-3.14888900
-2.88883100
-1.56015500
-4.17209500
-3.69691500
-1.11864000
0.77396000
0.35912700
0.24148700
0.97871900
-0.54327100
0.92562000
1.58689900
-0.59456400
-1.09400800
0.13543000
1.50084500
-1.20281500
0.09117100
1.12428700
1.85193000
1.62740200

-1.12980100
0.84879600
2.04819100

-0.42778800
1.15446300

-1.76809800

-2.06934100

-2.50149900

-3.08918100

-1.51305700

-3.51810800

-2.27577400

-3.81349900

-3.31938200

-4.07922200

-4.60937400

1.82868300
2.52995600

-0.40761800
-0.44335300
-0.05952100
-0.02524600
0.08342300
0.04423300
0.21247000
0.23339300
0.10148600
0.29426400
0.34574500
0.04663200
-0.26109100
-0.16075700
-0.06130700
-0.92724600
0.92311200
-0.82301300
-1.70868300
1.02744500
1.63996400
0.15307400
-1.51631200
1.80813100
0.23395000
-0.26843500
-0.32464300
-1.54001600
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-3.43299800
-4.75460100
-2.88108900
-4.77266200
-2.90720600
-5.43388800
-5.28080700
-5.31150300
-6.49060800
-1.51806000
-1.10672700
-0.71681300
-1.16480000
-0.60311300
-2.20619500
-0.75734300
-1.71809800
-3.11393000
-0.98435700
-3.76588000
-3.69102100
-1.64362500
0.10188500
-3.03062500
-4.85066700
-1.06873100
-3.54225700
-1.68269900
-2.30317400
-1.58381500
-2.82232000
-2.38139000
-2.10136600
-1.09768600
-2.72361800
-3.30554200
-2.02358100
-3.13426900
4.13523000
1.68395400

Energy =-2023.903771 A. U.
Gibbs Free Energy = -2023.447085 A. U.

C
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3.24525700
1.93413200
1.15921100
2.51149500
2.68484800
3.69399900

1.96500200
1.26321900
1.68810900
1.61053700
2.25512700
1.24996200
1.01085800
1.61405000
0.99144200
3.23885600
3.96057800
3.47076800
5.43729100
5.68448700
5.73749400
5.99460900
-1.60549600
-1.50552400
-1.95823700
-1.76873200
-1.21961300
-2.22244200
-2.03009000
-2.12798400
-1.68882800
-2.50346200
-2.33238200
-2.06995300
-3.30338000
-1.56636000
-4.02082600
-3.70682300
-2.28860300
-0.60307700
-3.51486200
-4.98043500
-1.89162300
-4.07806100
2.50123200
2.78418300

0.79882600
1.18092500
-0.94385100
-1.42996100
-2.80105600
-3.20808200

0.89802200
-1.48687300
-2.48549100

0.91903800

1.80575300
-0.26180500
-2.40604500

1.86560100
-0.23230200
-0.66740400

0.36911300

1.41738200

0.10928500
-0.79961100
-0.06311400

0.95738100

1.58951400

1.66736000

2.72561200

2.86523900

0.78570200

3.92311100

2.67358200

3.99439400

2.91894800

4.80394300

4.93351500
-1.29157800
-1.07005800
-2.59396000
-2.14377800
-0.06054400
-3.66302400
-2.76418700
-3.43724800
-1.96733400
-4.67378100
-4.27370000

-0.52236300

-0.60514500

-0.74136800
-0.86160000
-0.20614300
-0.09066000
0.18509100
0.20079800
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1.60960500
0.31313200
0.08505900
1.79800800
-0.53398800
-1.56832300
0.89380000
3.59197900
5.00852100
5.97071400
5.47691000
7.32474500
5.64172200
6.83136300
4.76934500
7.76650500
8.04096000
7.16080500
8.82717400
-1.14972000
-0.86320900
-1.03109000
-1.93188500
-2.31160900
-0.20614600
-3.18930300
-1.77994200
-3.37940000
-2.47969900
-4.02926300
-4.36484400
0.39858600
1.04069600
0.55121300
2.39918400
3.00698300
2.33411800
2.88216100
-2.25380100
-3.50527200
-1.56053100
-4.05985300
-4.04695400
-2.11636000
-0.58415200
-3.36369100
-5.03439200
-1.57020100
-3.79468300
-2.61099700

-3.66264800
-3.17791100
-1.82375000
-4.71545900
-3.83740000
-1.10596000
0.34187800
-0.50679000
-0.84629800
-0.35757400
-1.60237500
-0.61861500
0.21967600
-1.86221700
-1.96162900
-1.37653400
-0.23313200
-2.44079800
-1.58427900
1.00395300
3.91917600
3.21719900
4.16867300
2.72505400
3.16163100
3.66230000
4.74980100
2.92289200
2.25611300
3.84815000
2.53381800
4.41643600
4.05617900
3.33954900
4.66772000
4.25894600
5.75133300
4.45163700
-1.09078300
-0.48785600
-1.59442800
-0.40739600
-0.08233100
-1.50387700
-2.05953600
-0.91428900
0.05847700
-1.89934400
-0.84469000
-2.28397600

0.41289900
0.37679100
0.07490300
0.61881700
0.57291200
0.01230600
-0.59528200
-0.32034300
-0.14447500
-1.04901400
0.94717400
-0.87849900
-1.91352400
1.11707300
1.69377000
0.20431000
-1.60371200
1.97976000
0.33730600
-0.81313600
-0.47302300
-1.67724200
0.37892600
-2.00242500
-2.38696500
0.05319300
1.28521400
-1.11480100
-2.97090300
0.71976900
-1.36388700
-0.22128200
0.93436000
1.76838900
0.96663200
0.14906500
0.81422400
1.92247200
1.70399800
1.89326500
2.80684000
3.16457500
1.03530500
4.08144100
2.67226800
4.26166400
3.30240800
4.93652900
5.25916500
-0.91278400
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-3.39274500
-2.58850400
-4.13981300
-3.41686700
-3.33064500
-1.98560300
-4.10974600
-4.74662500
-3.30821500
-4.69732700

4.02607100

1.66508900

Energy =-2330.376317 A. U.
Gibbs Free Energy = -2330.454600 A. U.
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-4.49198800
-3.29202200
-2.03936600
-3.25631400
-0.82289700
-2.02540800
-1.91669800
-2.82848400
-0.70414000
0.47940000
0.43326500
-5.43921800
-0.63849800
1.44056400
1.91317700
-0.83975600
-3.26422400
-4.52339400
-5.44192800
-4.80558100
-6.62060900
-5.22289100
-5.99053300
-4.09217600
-6.89856500
-7.82390500
-2.06283600
-1.11606500
1.17897200
3.07830700
3.93523700
3.56514400
5.25355400
3.58563700

-3.25889800
-2.21208300
-4.15077500
-3.32611300
-3.10864800
-1.44461500
-4.07711100
-4.90814700
-3.04629500
-4.77483400
1.53478900
2.19338600

0.68450200
-0.04271200
0.63738700
2.68364500
-1.30318200
-2.06181900
-3.45548800
-4.02641000
-4.07631100
-3.33700900
-1.99796900
0.19012300
-5.13922800
-3.85076700
-1.02647100
0.00935600
-1.41226400
-2.14448100
-2.37743900
-2.61112800
-3.06996700
-2.01898600
-3.29370600
-2.42955200
-3.52604100
-4.06393900
1.98216100
2.49119500
1.07689300
1.68536900
1.85957000
1.94125900
2.28106100
1.65818300

-0.28567000
-2.31071700
-1.05049800
0.80240900
-3.07109100
-2.80141600
-2.44062500
-0.55651100
-4.15796200
-3.03526200
-0.93017800
-1.16503700

0.18369300
0.07753900
0.31319800
0.83059800
-0.11829200
-0.35558600
-0.64600400
-0.80643500
-0.71192800
-0.46714400
-0.17816300
-0.02647300
-0.93273200
-0.50195400
0.25684300
0.16842100
-0.27581500
-0.54677400
0.48242300
-1.83497700
0.22645200
1.48825800
-2.08949100
-2.63896000
-1.05965700
-1.25956500
0.70409100
0.87794000
0.00735000
-0.19537500
0.89593900
-1.48280400
0.70264700
1.91074200
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4.88326700
2.90811800
5.73323700
5.90875400
5.24730500
6.76384700
0.58187800
0.07474600
0.01389400
-0.51529300
-1.45994500
0.15122100
-0.72412400
3.24816300
4.57600800
2.96663500
5.60742900
4.81130300
4.00093400
1.93589500
5.32202500
6.63862300
3.77373600
6.13085700
2.35169300
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2.02556200
3.17175900
3.17999500
2.27058700
1.57677700
2.84543200
3.62105400
2.01497500
3.04152700
-7.32505700
-6.20381400
-4.50502200
-3.28081700
-4.46372100
-2.33256200
-5.72068000
-5.70045200
-4.47245200
-6.65961200
-6.62981100

2.35469100
1.81642300
2.52273800
2.41157600
2.54700000
2.84227400
3.10764400
3.26217700
2.39077700
4.63645800
4.72306500
5.42458100
4.79737600
-1.55170900
-1.56896900
-1.73126300
-1.77998500
-1.40981200
-1.94511000
-1.69406700
-1.96916500
-1.79468600
-2.08893900
-2.13186400
-1.55266100
-2.80237300
-0.69950700
-3.18529600
-3.47582000
-1.09009900
0.27307000
-2.33070600
-4.15582400
-0.42207300
-2.63529700
-3.25270400
-3.64581600
2.02261700
4.05910500
4.73269800
4.55374000
2.76544000
4.07843600
5.78170300
2.25550600
4.63933500

-1.67403200
-2.34585000
-0.58154100
1.56442500
-2.68378200
-0.73178900
-0.29648700
-1.47017800
-2.34676100
-1.71225000
-1.15497900
-1.34216600
-2.77515200
-0.85662000
-0.41856300
-2.21589100
-1.32881300
0.63389800
-3.12013800
-2.57141300
-2.67815800
-0.97985700
-4.17516100
-3.38858200
1.94488400
2.21076200
3.00329500
3.52372100
1.39273300
4.31692000
2.78930400
4.57574800
3.72762700
5.13763700
5.60255800
1.03627000
-3.09744300
0.55091600
1.21597800
1.30948900
1.42993600
0.66135400
1.02856100
1.60093800
0.44554900
1.11068500
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3-1 &#E

2 BT, AN ERINTED &K AT 4 )T 7V P UEN T EAT D Pd il B
L. a7 A7 V= & VR BRI K D AIDEERENR C-O 7 v A1 v 7Y v T IRE
R U7z, BiRo X512, kOISR TIiX, RISOEITIZ 100 C L EO SRS 2 222
EFTHLDD, LT U —L~FEH TE TRV, 20X D IR T & 5 il 4
BTS2 2 & THFORNEREZTE M T, BAVICHELT N EE 2 A B G RUSUS AN RN 72 B
FETERETE D,

WA EF 1T, BTN EE e ARG R SUS & LT mERERIC T U —/L (Ar) HE DN
T NF AL D [2+242] AHMERACEUGRIZE B Lz, AU < BB STV D23,
BRI EGRME (>80 C) RYEDOEBHEL L L T HBANMZIEAETH S, IDHIT,
ZO XS iR R S SREE WD ICHED LT, O EEBENRZ L, @ MEBLD
LFRPPEDHIF N HEE &\ O RERFET D, 22T, EHIIINOOMEICK L, fil
BEDhEIRE ZTE T 2 ROGRF R EZI TH D L AR LT,

PURIZ [242+2] FHBRALIS DM 5 & kR 5,

3-1-1. [2+2+2] fHHIRIE RIS

[2+2+2] BRI X, TvF o T o= N VEOR RS 2R/ T 54 O
IEEWNG . BRIREHEZ —RITHEETE D2 FIEE L TABILERICE ATEDR &V, 1948 4
(Z Reppe 573, Ni(CO)2(PPhs), fiifiza W2 72 F L DB E =BG &2 s L CTLUEE,
= AL b v Yy L 8 OERSRERAE A F 2 RS RS ST E
(Figure 3.1.1)[1,

|” ’ Transition metal catalyst ‘*~©~’""\|
: [2+2+2] cycloaddition SINF

six membered-ring

R(.,

Vi

\

Figure 3.1.1. Transition metal catalyzed [2+2+2] cycloadditions.

FOCHEREIZILL T O L 5 1B 2 65N TW5D (Figure 3.1.2) 2, 205707 L x U BNiERE
LB TN LAIBRIL L CHEBRA X TV A 7V ERKT 5, —fRIC, Z OB I HE B
ThHO ., EOE B L ONARKBMEEIZ L > TRUER T OSERENR 2L 5, A X T4
A 7MKL, 3 T HOT VR URBRFOASEENL L%, O BNAHFAIC LS EER
AR THA TNV, @ Diels-Alder B! [44+2] BRALEE, 7213 @ ECFFEAIZL D [3,2,0]
B IEDTER OWT ORI CRIGDEITT 5 Z LN b D,
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4 N Oxidative
e ™ | m 3 ) cyclization

(rate-determing step)

Migratory Migratory [4+2] Diels-Alder -
insertion insertion reaction ™ _
coordination_ | five-membered
4/‘< metalacycle

=)

Figure 3.1.2. Reaction mechanism of transition metal catalyzed [2+2+2] cycloadditions.

=

IHETHE SN TNWDE L O [2+2+2] AIERALEUS X, SEARBEE O /N & 72 R b
TOF BRGNS R TH D, KT AF 0%, ZEESO—FIcoRERLE Lo
TeONRIEED /NS < —RICEL =B L BOSIREM R SOGSSRM T CH#ITT %, LL, &
RENDEIRILEWN, 3 BEHAIMGOT L—IZRE S, 4 DL EOBEBBILEZ AT 580
EWMEBRTER, T TRETAF AL, WEBTAX U HND 2 & T2, &
K 6 DOEMEEZET HERRICEWEFDFEIIERTE D, FIZUT V=LA T LF %
WD [24242] HINBRALEUS X, RUBUVERIZ 6 2O T U — L ikE b onF YT U — L
VBV EERME LTEH 2% (Figure 3.1.3), ZO~FH T U — X B0E, < Scholl
FOGIZE Y C-CREBZEERT 2 Z & CRIER o FHAEAT DTy anx o
NEREGZD, ANXTT Y — RPN F YRy ang x T B0 o FEEA L, R
B RE 2 R T 2 LD BEREMEM B A~ L ICH SN D 3+ Th Y | O @ ZEENE L
DFETILE RRAIME A m V& B 2 B 5B,

O

L)

Co Ni, and Rh scholl R i

‘/‘ hexabenzocoronene

Figure 3.1.3. [2+2+2] cycloaddition of diarylacetylenes.

— 5T, ZHEHAEOWRIMCT V=V EE2 b ONET VX 1, EREERRELS, K
BERAZ T YA 7 NVERENE . 37D BREAIBRIL UG IZ @ WIS L= R L — 3 FET
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DEWANEN, ZDT=0, —RICSOGEDOEITITITERSME. F 72138 SOSPED A4 B AR
EOWEE7R SUS G Z2 W 2 RS RICIE B D, ZHAETIZZ2VUL R (Co), = v 7L
(Ni), =¥ 7 A (Rh) EOEBEGBIEAMILZ HW o @fEN I TEBY, ITFICRBE I
TWD G L & b ICiEHT 5,

(1) =Lk (Co) filliea FV = [2+42+2] FHINBR LA
1959 4T Hibel H1E, [Co(CO)4] Hg fililiiz 57 = =17 EF L HOH =&k
iz 8 L7z (Scheme 3.1.1) 4,

R

) AL
[Co(CO4)loHg (5—-10 mol%) R R ! .

| | 1,4-dioxane, reflux ' O ;
R R R ; ‘D ‘D :
R ' R R !

14 examples : '
up to 95% ' :

R=H /90%
Cl/95%

Scheme 3.1.1. [Co(CO)4]2 Hg catalyzed [2+2+2] cycloaddition of diarylacetylenes.

REERIERIT, Co MR HIV =72 LoD [242+2] HIIBHLEIE & LTl b4
HOFERTH Y, Fx DT VX VEEE L ONET X NCHEHTE 5, Y 7 ==L 7
EFLUBLYN 4707 sV ERERTAHUT Y AT EFLICHLEATE, TREN
ANFYT V=R B U BENETEZ D, — 5T, EOEITIZ 100 C UL EO SRS
ELEL, JREERICE END Hg 2RCRICRET OXLERH S, Hg 2 H ERW0
Cox(CO)s X° Fe M2 W= HAICH . @OWICE CRMBM LA & 52 203, BUSD
HEATIZIZ 300 C BMEOERFMHEZLIEL T 52 LAMEINTND,

Z Dk, 1974 FIZ Vollhardt 5%, CpCo(CO), $EAMRMA D 1,6- A » F721% 1,7-
A ENERT VX AL D [242+2] FHINBRAVIG & #AS L7 (Scheme 3.1.2) BL

¢

Co
R /
co \CO R
Z n XX + —_—
H Z N H ||| Noctane, reflux - R
1,6-/1,7-diyne R 11 examples

up to 50%

Scheme 3.1.2. CpCo(CO), catalyzed [2+2+2] cycloaddition of 1,n-diynes and internal alkynes.
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Z OSSR TR S ICAT, RRAEER 1,6 £/ 1,7-UA V ERNET X205
EHEERIIT [5,6] MEBRIEE A TE 5, V1 VICEBRLAZEA L IIRFN ST
WRW . TAFLERT U — VO 2 OEHIELE L ONET LR U EHHTE DS D
ERDNoTND, —HT, V7 2= T BF Lo 2O TS KIBICE T 5
Wi En TR Y, A ARPHICHIRATEET S,

CpCo(CO), SERITA 2B AW LA L EIEMEMEETH V| FRIOLIRK T 5 2 & CHlE
PERH ETHZENMbND, FTONVR= VNI Z, AV T 4 VBN EET D
CpCo(olefine), 23BA%E AL, BETEMEN R E M T2 2 &AM BLN TS, EFEO Co filfi
IZI %, CoXa (X=halide) filtfit &4 EDO&JFEITLH], (EAR)RA T ¢ U EUNLF-X° NHC BN 1
WD ROGER BV, ZHE TICHE 2 OB LGB ST 51

Co itz Fv % [2+2+2] AHIBRACEOSIE, FIV D Al X o CROGHEN 22 5 = &
DHIHID, LLTFIZ, Cox(CO)s 33 LT CpCo(CO), & FV 2 R IS I Z B8V THEE S U T
D RS &~ T,

1999 412 Spicer B iE, Cox(CO)s SR Z W 2 IS I R I %3 2 FEBRAG LSS AT
ATV, LT ORIGHE 2 42"8 L7 (Figure 3.1.4) U,

4
_ OC\ o—Co
OC co oc “co
R2 R3

= IS
?°\‘08° LA
R6 C o [Coz(CO) W

OC/CO 0(‘: co

RS =

R1

OC CO

Figure 3.1.4. Reaction mechanism of Cox(CO)g catalyzed [2+2+2] cycloaddition.
JEEMEIRTH D Cox(CO)s $EIK ED T VR = )VENL T D3 REEE L CAE U D ZERNIGIC, 7

VX UMBUNLT D Z LT Co-TIF VBINIEERETER T 5, S BIT I VR = VEM 1 D iR
LT U DB ARBIFITEIZ, 7L o BB BN L= 1% B{LAIBR (LS L D =31
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R guaRoHEEUNEL D, ZOFERNS DIVR=VENL AL 3 S FEDOT LR
BN FAH L, D SWT [4+2] BB EITS 5 Z & T, BALMINERME 4T 5,

— 5T, CpCo(CO), fillitA H 5 [2+2+2] fHINBRAL)GRIE, BRI SVZ A 7 )L
AT D, b IR OGRS CH#EIT 5 (Figure 3.1.5) 1,

:2 CpCo
2 RI-=—R? / R1
[ 1
R* coCp 2RI-= 4 R R?2
3 =
R X e T @Coi
R'I
Co
/ \

S e

CpCo

Figure 3.1.5. Proposed reaction mechanism of Cp-Co complex catalyzed [2+2+2] cycloaddition.

—fXIZ Co A FH 2 [2+2+2] B LA T, EREROSHENE CHEIT 5 2 L 03%
<L TAUSSEM U 72 RO SRR FI N S ST & 7o, Rk L7z 1959 4 Hibel H D
RS SRR FH . Co I N DY 7 == AT BF LD [242+42] FINBRAEEUS & LT
b e RSB TH D508, ROSH T#IZ Hg O Z VT LT 5,

ZHUZxE L, 2017 4T Chen H1F Cox(CO)s il 2 IV, 1,4-2 A4 F 4 o i CINBGE S
HEMT T, FERFRRDT U =T ILx D [242+42] MINBRLEG & #d5 L 72 (Scheme

3.1.3)0
Co0,(CO)g (0.03 equiv) @ @ @ @

b= S A D
S 5 CEN® 5 &

Scheme 3.1.3. Coy(CO)s-catalyzed [2+2+2] cycloaddition of the asymmetric diarylacetylenes.
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ARG R, Fi 2 OB TR KON RO EEZ R T T7 U — A7 ¥ o~ Tx,
FOS OALEBRIPEII RS T U — /L EO@EHILIEAA L, W7 U — LV ERICE B E )DL
KB BN T L a X i E OB AITE O T 13,500 @ BRI RS EIRICE N D, —F
T, IAARESTOEEL, AT VEZGAN LT Y —VEEGT 5 EE T, Al
1,3,5-(0dE BAER & 1,240 B BERORAM E LTHRBND (Figure3.1.6), 2D X oz, ¥
T U= NTNF 2 DEAINBSIZB W T ERIRMEZHIE L, ~F V7 U — B
AR LUIZANIIEE A SRS ST,

1,3,5-isomer (selective)

mixture of regioisomer
(R" = C4Hg, CgHy3, CraHag, RZ = CyoHas)

(X =F, Br, NH,, CO,Et, Y = Cq5Hys)

1,3,5-isomer 1,2,4-isomer

Y

R20 O
@

O

¢
<

o 02
Oy O

o
@

X

OR? X Y

Figure 3.1.6. Regioselectivity of [2+2+2] cycloaddition with asymmetric diarylacetylenes.

ZDX T Co fEZ NS YT U—L T F D [242+2] MBS IE, HL< b
WEINTWDN, ERSEMHEOBEE SN EAWD L OIZREN S, £7- 2 fEI E
DB WA OISO EERRME S Z L, ITEo B2 RIRNICE S 2 & 2N
HTh D,

Co fillt & [RIERIZ, Ni itz FH 2 [242+2] FHINBRILEDS S < M BAFFE S v, Flix D
f RN BIRE ST E T2,

(2) =v/ /v (Ni) filliia FV = [2+42+2] FHInBR LA
1948 4|2 Reppe ©l&. Ni(CO)(PPhs), ${AMLMEZ FIVND 7 0 /L F LT )L a— LD
O =B LG & #A L7z (Scheme 3.1.4) 1,

OH
Oy X _oH
Ni(CO),(PPhs), OH
I oo0c . °
~ _
OH

Scheme 3.1.4. Ni-catalyzed [2+2+2] cycloaddition.
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KRG EFYID 2, Fix DRAT ¢ VBT, R RENLX° NHC BN %2 B fil
EANPARE S, KRBT X P TRLFEL ORI T V3 s USSR i A & 235K
ENTWD, UTFICZNE THlE STV D EfliR 2 x40

R1

R1
2 2 1 2 2
|,| & Ni catalyst R\/@:R Rj@iR
1 o 2 2
Ly %R R 1 R R! R
R
R

2 R?
R' = alkyl or ester
R2 = aryl or alkyl
Phosphine Ligand Nitrogen-based Ligand , NHC Ligand

N—N|—N|—N

R :
PR; R,P PRy m ; R _ R
: N__N
R =Ph, Cy, n=1, 2, 3 : : /@: ~ \@\
'R R
-~ : ‘/ ‘> : R R
e : — :
(S : : R R
sesh o e PN P
0 o PRat o i Me N
: _ :
PPh, PPhy L, . O i M4 N ‘b R < - R
* : @N N :

Me

Figure 3.1.7. Catalytic systems for Ni-catalyzed [2+2+2] cycloaddition.

Ni flgEA 2 [242+2] FEIIBMERUES . — I BILIBIERISIC £ Y HERA 4 5
VA7 NVERK LI, TF o ORAIEAELIL Diels-Alder B [4+2] BRALHHE THEAT
THEEZLNTWD (Figure 3.1.8)1%,

1,2-migratory Ni

e insertion R‘\\sf

1 Y,

T R R i R

' L Reductive

' NS R R

; / 1 | elimination

TN

el ; [4+2] Diels-Alder
raction

_—
Figure 3.1.8. Proposed reaction mechanism of Ni catalyzed [2+2+2] cycloaddition.

1960 “FIZfEH 1, Ni filtlit & Grignard REEZH WP 7 2= L7 EF LU OHCD =&
{bG 2345 LT (Scheme 3.1.5) 1
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NiBr, (13 mol%) O O
O O MesMgBr (23 mol%) O
o THF, -10t0 0 °C O O

then 50 °C I

Scheme 3.1.5. Ni-catalyzed [2+2+2] cycloaddition with diphenylacetylenes.

ARIOSIE, Ni iz VDY 7 2 =07 F Lo [242+42] FNBEG & LT
BRI METH B, L L, Ni EEORIMENEL . U7 2= T v F LU USAORE
AN S TW2R0Y,

% 2T 2017 £EIZ Hor HiE, NHC EfZ & Ni fildlfia Fv 2R zBis L, flix o
T V=T X O B OGS, BRTHEITTAZ EEHE L TS (Scheme
3.1.6) 112,

@ Ni(acac), (1 mol%) E M\ i
IMes* HCI (1 mol%) ; NN :

s | "BuMgBr (20 mol%) O : ;
THF/toluene ;

m T UEY LE

Scheme 3.1.6. Ni-catalyzed [2+2+2] cycloaddition with diarylacetylenes.

FBROTIEZ AW T REM 7 BOSHIEIRAT 2 D . T VX7 = — L3RR oAl S X
O E UCTER LAERKT 5 IMesNi(0) FEAS, SUGTHMERE & 72 0 BRALAHINROS 2SI T 5
ZEMWRBREIN TN D, ABERIL, RO 7Y = — AR EEHVD L OO, e DY
T U=V TIF D [24242] ISR ER, O mINEE TH#EIT T MR TR 7 i T
BH%,

F 72 2021 4EiZ Radius ©1%, NHC BN +Z2FHT 25 Ni iz H\WA Y 7 2=1T7 1 F
Ly d [2+42+2] FHINBRALEOE 2 L T2 (Scheme 3.1.7) 13,
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I Ni(Mes,lm), (5 mol%) g O g
3 >
CgDg, 60 °C, 5 min O O

>99% conv. 5 1

NS

>—Ni—<N] 5

Mes’ :

Jl """ NI NI M852|m)2 E
Ph Ph _.._-._--_.-_.._-._-._.JI

Scheme 3.1.7. [2+2+2] cycloaddition with diarylacetylenes catalyzed by Ni-NHC ligand system.

FBR I KOG H RIS K D RUCHERERRIT 7> 5  NHC BN+ O fEREBR PSRBT 5
ZEDPIRIBEINTWD, F ARG R TIE, Eml %15%@k%ﬁrﬁmﬁﬂm?%
WD Z & T, BRI LIS MEES L TWb &2 BN D,

(3) YU A (Rh) filfiEic ks [2+42+2] FHIIBRALEUG

Rh $5(K%Z W5 [2+2+2] fMBRALSUGIE, 1974 FC Miiller HIZ X > TE L O THE
STz, AL, Y& Willkinson $5&Z HW, fix D 1n-TA 2 (n=4-7) LRWG7
VR NS EIR O T B AR LT e B e s B C b 214, Z 0tk 1982 4RI Grigg HIZ &
S>T 1,6V A ERET XN L D R [2+2+2] FMNMBLIS D #E Sz
(Scheme 3.1.8) 51,

N~ R RhCI(PPhs); (0.5-2 mol%) R
X < - 1T
\/\\ ethanol, 0-79 °C
X = CHp, O, NHCOMe (3-4 equiv)

Scheme 3.1.8. [2+2+2] cycloaddition catalyzed by Wilkinson’s catalyst.

AREOGRFH TR 7 V% o0 B B =8 bROSITETE T, (LFRRNIZ 1,6-0 14 &7
IV DRERIENEIER THEITT 5, ZHUE Rh fldliiz V5 [24242] FNMBREEOE &
L TR ERPZREGITHY . TnEREID & L TRIT VX U BRONE T L F %
MWD FE A ORISR AHRE SN TE 72, BUTIC [2+42+2] M LEUSIC W BT
Rh il % 7~x9 (Figure 3.1.8) 16,
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R2 \RZ R2 R? R2 R2
I | Rh catalyst
R - R? R? R R!
1
R R2 % R'] R2

R' = alkyl or ester
R2 = aryl or alkyl

I3
o)
o]
ol
N

AT
)

L/ L R,

; Cla,, wPPhs R \Rh®
RhCl3 *3H,0 Rh E ‘RhZ 2
N \PPh P~ T OO

(L = olefin)
Figure 3.1.8. Catalytic systems for [2+2+2] cycloadditions.

T B O Rh il A WD [24242] B LRSS IE. —RICHBE]RA X T %A 7 V&%

M2 RO CHEITT 2 L E 2 b T\ 5 (Figure 3.1.9) 1%,

R :
L '+ 1,2-migratory Reductive
| R ! |nsert|on Rh \ R ellmlnatlon R R

Figure 3.1.9. Proposed reaction mechanism of Rh-catalyzed [2+2+2] cycloaddition.

2007 #EICHH 5 1%, RhClye3H0 fililfiz IV A7 = =T F LoD [242+42] FHng:
LG 2 8% L Tuv% (Scheme 3.1.9) 174,

RhCl3 *3H,0 (8 mol%) O
O O iPr,NEt (30 mol%) O
o toluene, reflux, 24 h O O

73%

Scheme 3.1.9. RhCl3+3H,0O-catalyzed [2+2+2] cycloaddition with diphenylacetylenes.

N,

Rh it L & HITHWTWAE =T L5/ 7 2 A3, Rh(Il) fEa Rh() $HE~LE
gt L. Rh(I)-7 2 U ENIEEARZIGIERE & U CA U DM CRIGHAEITT 2 52 b T\ 5,
Z @ Rh(D)-7 3 UEALEEAICBWT, BFEEZ Rh(I) TL06 T F o ~Diffk 5735
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<< Z & TEEMIBR L MEE SN, a XL 7 d P UoNERERLEEZ N T
W5, £72 2008 FIZHF S, RMESSEFTEHWNW YT T 2T Lo 2 HN DA~
FHTF =R B DGR S LTV HI7,

PR U727 U =T % o O 2 RS [2+2+2] FINBR(LEOSN T, A5 (% vl e
RTT V= NT TR UG EBIRINCAT T T Y — R R A ST DR e ik
T b, FRZIERFRT T U — LT 3 % A (L E SRR SOG LT3 2 Al R 4 B %S
TEE, TEOMEICEREEZAETHAFT T — AR EB BNy an
R DENEIREGRTFEEL 2D, LU, BEFEOIERHT T U — T v F o~ &4 T
WD ROGR T, SRS E R EFEERT V=V EEHTL5HE T VX BN
TREBEAIIT 1,3,5-N i AR Z BINBIZ B2 B 23, Z O CIEA i D37 & B R D
REWMERD, ZO XD ICIERHREE OB A =RbIE, EITEEFEEOEEIC LR
ZERMBRALESIZ BN T, (LR L UMb R IR A $IH T 5 Z L IXREETHH Z LR HH
D, T OBIRMEAHIT 511, RO T AVF2 3 I L 25880 FRIEG Tlde <,
TNNX2EGEGME LT DA B WD TS HR 0 TG & T2 FEREEE X
bivd,

3-1-2.1,7-DA4EREBTILF LD [2+2+2] HINRIERIG

DFRNIC=ZFEREEZ 2 OATHVA L ENET AT AT L D 2 lORIO 1 [2+2+2]
FEMBALSOE Tl AR L OB FERIRE 2 RS ICHETE 2 L TSNS, ZhEy A v
DT L% o 10 B EAIBR L RS IS )T L RS PEZ R L, BIRIIC A X T A 7 L% TE
FRTEDZEITERT 5, 612, ZORGEATIET U —/VENEA S D008 TR E R
FHEFECHIEIC X 5720, MLEERIRICRISDEITT 5 Z E 03I 415 (Figure 3.1.10),

R
R R
—— R . | | Transition metal catalyst [TM] - C@[
——R R
R R

[T™M]

R_: i-R
Vg i % R W 4
///—R R R

favored ! unfavored unfavored

Figure 3.1.10 Partially intramolecular [2+2+2] cycloaddition with diyne and alkyne.

A EHGD 2 T [242+42] MIBRILEUSIZIB W T, VA v E L TE T = =LA
FINT-PA L EANDZETHRY) 7= L B E —BITHERTE D, ARISIZBWT, R
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WilCT U —NVEEETHT VX (R=Ar) ~EATENX, 4 507 V) — L EErES L)
EERBIRANCEA L2 ) 7 2=y (ANF YT U= AR B G OEEE D
(Scheme 3.1.10),

Transition metal
catalyst [TM]

biphenyl-linked 1,7-diyne
R
—=
R/\
™R

Scheme 3.1.10. Partially intramolecular [2+2+2] cycloaddition with biphenyl-linked diynes and

alkynes.

1,7-V A T F O [242+42] FIBAEEUGIE, 2008 AT Deiters 52 &> THIDH T
W STz, FHEOIX NI A O, RIICE L Z S 72207 = = VBER 1,7-0 A
VEWNET VX AZK D [242+2] MBRALEOE S LTS (Scheme 3.1.11) 181

H
R
Ni(CO),(PPhgz), O R
+ >
| | MW (300W) ‘O R
R toluene, 100 °C O
4 min H

R=alkyl / up to 94%
pyridine / 63%

Scheme 3.1.11. Ni-catalyzed [2+2+2] cycloaddition with 1,7-diynes and alkynes under microwave

irradiation.

KRBT, AT X & L THADT LR LESLE Y DLE~LEHATE 50,
microwave FRST T, ERSEME & WV O BES R OGS EME LT 5, AT, NETLx &
LTE U PN (R=pyridine) ZH 7T 5 EEZ HOT-GE TR RS ETT 508, H
Hizp 7 U — AT S TRV, T, 1,7-0 A > & L TR V¥ U IRENTH
0. AT T V=R EEOBEEILTE TR,

— T THMEEIZBNT, ZHET L7-UA & TS OftRy [2+2+2] (B LXK
IS L CE T, 2013 FISTYRREOF LIE, BT A M Rh SER-EAR AT ¢ VEUL
F a2 WL MBEOSRIZENT, E7 = = V3R 1,7-O A4V ERNET VX kD MY
7 2= LU EROA RIS E S LT 5 (Scheme 3.1.12) 1,
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R3 Rh(cod), BF4
/ Hg-BINAP

(CHQCl)z, rt or 40 °C
R2 16-72 h

25 examples
up to 99%

ool
Xy

Hg-BINAP

Scheme 3.1.12. Rh-catalyzed [2+2+2] cycloaddition of biphenyl-linked diynes and alkynes.

KBt A1, Deiters 512K 5 microwave FRE T Ni il 2 2 R & 138720 |

MMBACEOS RIS 40 C &0 9 D TIRFNZ2 SUG SR T

EITY 5, 5T LT-Y

A4 ORGELILE LT H £720F Me ODAFEIIL, ~FH TV —NL_UBUFKOE

FRITEER & TV,

5T 2018 AU EOEHIT, BT == VBB 1,7-OA4 T X U

D [242+2] FMERALEE &S L7z (Scheme 3.1.13) 29

Rh(cod), BF4
/ SEGPHOS (5-20 mol%)

L

(CHLCl)y, rt
5h

0
I
o PPh,
o PPh,
g
0

SEGPHOS

9 examples
up to 86%

Scheme 3.1.13. Rh-catalyzed [2+2+2] cycloaddition of biphenyl-linked diynes and alkenes.

AE CIERIBICT AT RTINS IVEEORIAVERLEZHTD 1,7-0A LIk LT
HHARETH D Z EDRRIILTVDN, KT AT NELT 2 = VD L9 RE# iz
WA L7541, 80-130°C DO FEIRSICEMEEZME L T 5, 2O L HITRISOMEITIC 7
FOSGRUEELEET DD 2, 1,7 VA4 COmEKRIT U —/V A28 A L flTsE S an

7200,

FRD LT, BEFED 1,7-24 v & T X T X AR [2+2+2] B bR IE, ¥
AV BRIOT VR ORI AREE O/ S @i E AT 2 EEICORMEMA ST
Do WHIZLF LT, BY VUV EOETFRENT BT U —/VEITR RIS ELT
THHLODO, BTORMEWILEZ TV — VL LpfliT@mE Sh Tk,
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UEXD | WRCT V=V EZHET 2RI VX 03, [2+42+2] FNBRIELEIGE~D
JSHERZ UL BUSOEITICIEEIREG M £ - 3mSES R L2 LB L5, 51T,
W AR m W BRI 2 35 67 = = VR 1,7-24 0 % FIO TRy [2+2+2] A0
BALERS TG SN TR LT, MEROMBRZHEHA CXRVWEHEES T AR TH DL L5
Z 77,

ZOXRIRBEROL E, UREORNIL, AeFLEEANLLA T =/ (SFI) B
N1 ZHB7 25 Rh(l) &AL (SFI-Rh(cod)) ZBH% L7= (Scheme 3.1.14) P, X502, Zo
Rh(l) 1T 7 == 7 vF LD [2+2+2] FAIERILEOSITRE U, F &R T Cm VO RS
MZ R ZERRHIN TV,

SFI-Rh(cod) (2.5 mol%)

O - O CH,Cly, 1t, blue LEDs

24 h

)
| 3MLCT state Eb ]

Scheme 3.1.14. [2+2+2] cycloaddition of diphenylacetylenes catalyzed by SFI-Rh(cod).

U7 =T EF LA L SFI-Rh(cod) filifitA 2.5 mol% HV, HENHRHETLHZ &
T, BB E WM SFRFIZTAT YT VAR B 2@mNETE XS Z RN
STV, ZOKEKIGRTIE, V7 2= T2 F L 2 AW HE ORI RS EST
THN, FEAENRZ UL, K7V — VRICEBL A E AT 5 & K& INEDNMKTT 5,
F ARSI R U TR e ROSEERERAT I T DI T 220 A, I e B igmitmic kv &~
T2 T EF LY 2 T OBERBRICEUC N EREEIE TH D Z LD TnD, £t
SFI-Rh-7 /L 3 ENEER N F B 2RI L, BhERIEA TR T 2 2 & TEFAZE7Z Rh
DAL, BEMBLEDMEES LD LB 2 b Tz,

FITEHKT, D7 AT EF LD [242+2] MBS E O R M A R A
R 2 O, RERE SN TV RNWE 7 2 = VUERL 1,7-0 4 v &0 T ) —AT &
F L v EDORRFE [242+42] MIBALEOEPHEITT 2 O TRV EWIFF L, AIFRICET L
77
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3-2. AEO-I)ILA L -AVT /AT =)L (SFI) BfLFH & U SFI-Rh(cod) AN E L

ATV S D A a-T VA L - F ) A 5 =) (SFI) B FDERAELT
- 7= (Scheme 3.2.1-3.2.5)"],

-3 —R2-7mEREr (25) #HRFEEE LT, BIEHAMLE 222F =17 ==
NEDEEAD v T VRN E D T eET L—2 26 %H14 85% THF/z, ZruzxtL T,
Pd(OAc)—Xphos filtlftz W2 BEED » 7'V VR %EIT 9 Z & T, BRILRIGHIBMA 27 %
IR 90% |2 CTfF7= (Scheme 3.2.1),

9 O

\\ (1 equiv)
. Q Oy O=vemn O
: \
\© PdCly(PPhs), (2.5 mol%) O O Pd(OAC), (2.5 mol%) O O
Cul (5 mol%) XPhos (5 mol%)
s g < e

90%

Scheme 3.2.1 Synthesis of diyne 27

WXL CL MR M B IZ A L72 Au-BuXphos fif#itiZ J2 % Friedel-Crafts UER{l
m&%ﬁb Z &, BN L9 EAULER 51% TEHREK L2 (Scheme 3.2.2),

O AuCI(SMe) (5 mol%)
‘ BuXPhos (5 mol%)
Il O AgNTf, (10 mol%)
Z
z (CH,Cl),, 1, 16 h
O 51%
27

Proposed reaction mechanism

Scheme 3.2.2. Au(l) catalyzed Friedel-Crafts type cyclization of dyne 27 and reaction mechanism.
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2-THES5-TNAARRCAT VT E R (28) 2HIFERNE LT, Pd il A V2 EEE Y
TV TRIGIZEYD 5-A FFT2(T7 2= V2 F = )R AT LT B R (29) IR
51% THF7z, ZHUTK L, PPhy BE N CBy fEHESE, Y7 vEA LT 1 A~ LFHE
L. "BuLi % i\ % Corey-Fuchs 7 /L& VARSI 2 L, KT /L%y 30 ~& 4
Halle, ZORMGT7AF AT LT, Pd it 2-9 — RE 7 ==V Z WS EEED >~ 7Y
VI RONE X0 BAEEROSRTERA 31 ZU0E 30% (& Tz, Bt &AEk, 31 (2% LT Au(l)
I X DBALI S ZATV, A T = VERO 3 (7 A A% SFL BALF

L10 %UXE 53% T1%72 (Scheme 3.2.3),
O (1) PPhg (4 equiv) O

(6] Br _ . CBr, (2 iv)
Hxi O=vem | SmEer, |

b
>

PACI,(PPhs), (2 mol%) |, (2)"Buli 3.5 equiv) X
Cul (1 mol%) O THF, -78 °C, 1 h O

F NEt; (0.25 M)
t, 24 h
51% F F
28 29 30

| (1.2 equiv) O AuCI(SMe;,) (5 mol%)
O O I tBuXPhos (5 mol%) O Q
AgNTT, (11 mol%) g

X
PdCI,(PPhg), (2.5 mol%) S (CH.Ce, . 16h
Cul (5 mol%) °
NEts, rt, 24 h
F

31
30% (2 steps)

Scheme 3.2.3. Synthesis of SFI ligand L10.
8 12X, 2-7BES5-A RFIARUXTIATE R (32) Z2HFERE LT EREFEED
TR CBALATBRIAR 35 ZULR 60% (2 CTARK LIz, A K 35 12k LT Au(l) filitic &

HEHLRIG 4TS 2 L CA U F = VENIC 30 A M ¥ U HEA AT S SFI EL T LI
UL 25% TH37= (Scheme 3.2.4),
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Q B @—: (1 equiv)
H -
PdCly(PPhs), (2 mol%)
Cul (1 mol%)
OMe NEt3 (0.25 M)
50°C, 24 h
84%
32

| I (1.2 equiv)
PdCI,(PPh3), (2.5 mol%)

Cul (5 mol%)
NEts, rt, 24 h

> \\

(1) PPh3 (4 equiv)

CBry (2 equiv)

CH,Cl,, 0°C, 2 h Il

OMe
33 34

@) "Buli 35 equiv) X
THF, -78 °C, 1 h

AUCI(SMey) (5 mol%)
fBuXPhos (5 mol%)
AgNTf, (11 mol%)

(CHoCl)y, 1t, 16 h
25%

s
(X
e

OMe

g

60% (2 step)

Scheme 3.2.4. Synthesis of SFI ligand L11.

L11

-7 E5- A FFIARUATILTE R (32) ZHZEENC L, Pd filit & IV 2 8RR

a7y 7Y T RIS

CEY 2T T2 AW LEE LT AT K (36) & I3
7=, ZHUZXF L, Corey-Fuchs 77 /L3 5 Al int

EEEMIZ
X0 TAT R REET VF 37 ~&

BEHLT-, 37 LRI L -7 nE2-(7 2= F =) B L (38) % Pd(OAc)—

Xphos Z WA @EEED ~ 7V o RIS Z & T
ZxF LT Au(l) R X A BRIVGEITU,

Z il

BAUSUSRIBAA 39 % 38% 12 CTH7=,
TNV ERED 2 MBI T AT A B

X% H0 SFIEF L12 2R 43% TH37- (Scheme 3.2.5),

MeO—@—B(OH)Z

OMe
(1 equiv)
PdCI,(PPhgz); (5 mol%)
H 2 3)2
CHO Na,COj3; (1.3 equiv)
Br toluene/EtOH/H,0 = 4/1/1
70°C,24 h
99%
32
Br

OMe

W

PdCIy(PPhs), (2.5 mol%)
Cul (5 mol%)
NEts, rt, 24 h

38

(1.2 equiv)

O~

OMe

74

W=

OMe

(1) PPh3 (4 equiv)
CBry, (2 equw

CHO CHyCl5, 0°C,2h _

2) "BuLi (3.5 equiv)
( q
THF, 78 °C,1h

&
J O

(]
J

36

e

AuCI(SMey) (5 mol%)
tBuXPhos (5 mol%)
AgNTf, (11 mol%)

(CHCl),, rt, 16 h
43%

<

39

38% (2 steps)

Scheme 3.2.5 Synthesis of SFI ligand L12.
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TOT e K39 2Rk U, Bl & REEOREEIC CBRILATERA 42 28 LT-, &5,
AL 42 1K LT Au(l) MEEIZ X ABRILIGEITO 2 & T 3 fiLé 6 Ll A MFvHEE
4% SFI BN T L13 ZULE 36% (2 CTARL L7 (Scheme 3.2.6),

MeO 1) PPh;3 (4 equiv) MeO
CBry (2 equiv) O 38
CHO CH,Cl,, 0°C,2h S (1.2 equiv)
- N »
2) "BuLi (3.5 equiv) H PdCl,(PPhgz), (2.05 mol%)
THF, 78 °C,1h ﬁlljzl (5 m(2)I4/oh)
MeO MeO a1,
41
AuCl(SMe5) (5 mol%)
MeO 2)
e fBuXPhos 5 mol%) O O
AgNTf, ( 11 mol%) ’g
(CHCI),, rt, 16 h ’
36%
MeO O

80% 2 step)

Scheme 3.2.6. Synthesis of SFI ligand L13.

VL ETAR LTz SFI B+ L9-L13 Z T, Rh $k & D8 AkIZ L VY SFI-Rh(cod)
AR DA R AT > 7= (Scheme 3.2.6), SFIEMZ 2% L, 3 ¥ &ED BuOK fF7E T, 0.6 4 &
® [Rh(cod)Cl, &V, R HT 110 C ([MET 5 5 TR 2 st L7
(Scheme 3.2.7),

O Q [Rh(cod)Cl], (0.6 equiv)
.g tBuOK (3.0 equiv)
O ’ toluene, 120 °C, 72 h

L9-Rh(cod)/60%  L10-Rh(cod)/49%  L11-Rh(cod)/ 61% L12-Rh(cod) / 68% L13-Rh(cod) / 22%

Scheme 3.2.7. Synthesis of SFI-Rh(cod) complexes.
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L13 Z WA TIHERINR L 2508, A4 T = VB L OT VA L SR~ O &
5% %> SFI-Rh(cod) S Z HHRREE )N b mlEE TR 72,

ZDXHIZER L= L9-Rh(cod) 1%, 'H, *CNMR (2 XV [FIE L7z, £72 L9-Rh(cod) ®
RUR RN AT Y U IRR AP S E D 2 LI X 0 BRSSO, X S G o
EHERS C& 72 (Figure 3.2.1),

Figure 3.2.1. X-ray structure of L9-Rh(cod).
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RIZ Rh $EERONMEIZEE T 5 L2455~ < | SFI-Rh(cod) $ERIZXf LY 7 mr A ¥
(1.0 x10 ° (M) THEMEZEIT > 7= (Figure 3.2.2),
5

€ (10*M' cm™)

250 300 350 400 450 500

MeO

L9-Rh(cod) L11-Rh(cod) L12-Rh(cod) L13-Rh(cod) Ind-Rh(cod)

Figure 3.2.2. UV-vis spectra of SFI-Rh(cod) complexes.

WX A7 [V DRITET S | SFI-Rh(cod) FEAIT AT HIEHEBIZ F TIADS D MRIAV W A 7R
T ENbhol, T AT oABIOTAF L ERA~AEA LB, Ko
MIMEICRELSTFE L2 Z ERbhotz,

LI kAR L7= SFI-Rh(cod) &A% FW T, B 7 = = VEERER 1,7-diyne & V7 ==L 7T
TF L AL D [242+2] HINBRALEIG DG A21T - 72,
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3B MNT-DAEDTY=LTILFUIZED [2+2+2] MMRIERG: REEGRE

FFLTERK L7z L9-Rh(cod) #A% Smol% HWT, B 7 == /VBUER 1,7-U 4 L &7
=T BT LA K A AHEERENR [2+242] AHIBALROGICH L THRER 7 ) —=0
%1772 (Scheme 3.3.1),

I L9-Rh(cod) (5 mol%) ‘O ; < 1 ;
’ CH,Cl, (0.2 M), rt O O L A Bh |
O blue LEDs : : (}[ﬂ 5

43 (R=H) (2 equiv) 45 (R=H) /14%(96h) T
44a (R = OMe) 46a (R = OMe) / 76% (72 h)

Scheme 3.3.1. Screening of biphenyl-linked 1,7-diyne for [2+2+2] cyclization.

K7 == VA AT HE 7 2= VBERL 1,7-0U A 43 IR LT 2 Y ED Y 7= =
NTEFLrZ2HW, 96 K E & S92 SO S CHiFt 217 > 72 (Scheme 3.3.1), %
DOFER. [2+2+2] HMBCSIEPMEIE LN HHEIT L, P 7= 45 % 14% DOYLE
T ARETIE LT-OA v 07 2= AT EF L DOWTR B ERMEL | 1,7-94
VOHO BERY V2= AT F L0 S BTIEE A CEIT L TR o, £
ZC., Rh H.ONZHEEICENL CEAETEE R 1,7-UA Y EHOIUX, RIS I E T
HEWHL, B ERAEA LV v ERAOC TN EI T 72, BIELEE L7220 1,7-Y
A2 43 IR A, BRSO T UV — WV BIZ A b U EE D 1,7-0A4 v (44) Z VTS
HATole & 2 A, HtAE 72 RIS+ 2 54T [2+2+2] AINBRALEUS S IR HET T 5
ZEEREHL IR 76% TRTEOBRATINAMRY) 46a 2155 2 LIZHEI LTz,

ZOEEEETNEE L LT, fER 7 ) —=2 7 %1 T>7 (Table3.3.1), £ 7 =L
MEA~TNA B ERA MR UEAEA L7 Rh il (L10, L11) TiE, L9-Rh(cod) i & [FIF2
FE DR THMBAL RSN HEIT LTz, — T, ZAF LB~ A PR ERETEA LT
L12-Rh(cod) TIIISEDIENKIFIIKR T D2 ERbhrolz, ZIUFIEKED 1,7-V A &
BT B A b i & ORNSSIRRFENAE U, SETEENME T L2 8B X T D, £z,
AB-TNVFVFEEASNA M VEZEALZZ EICEY, BB XY Rh FULAE
BEERY ETEEREEORMBAFNC/R LD THD EBEZTWD, L EOfER 7
J—=227 XV, L9-Rh(cod) filiflt 2 ASOGIZ I 1T D fcii it & L CED T,
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Table 3.3.1. Screening of SFI-Rh(cod) catalysts for [2+2+2] cycloaddition with biphenyl-linked 1,7-
diyne.

| | Catalyst (5 mol%) O‘O O
+ -
CH,Cl, (0.2 M), rt, 96 h O O
g blue LEDs

44a 46a

Catalyst

L12-Rh(cod) / 29% L13-Rh(cod) / 66%

Isolated yields were shown.

3-4.17-CAECTI—ITILELD [2+2+2] HMBRERE: R2EEREFDRET

RO TS T A St 0 T, BYEE I OMET 21T o 72 (Table3.4.1), 1,7-A &
L CRIET U — N E G RE2 G T 2 BN S OEISTEEZ R L2z, FIEICE
BEIRNET X U E OISR R TN B D & B 2T, FEA R T o TR K
TU— VA N VEEETD 1L]-UA N LT B FEERY T V= AT X 2 H
WHZ LT, mICERICTHIBR LU EIT T 5 Z L2 R LT, AT, 474 n 7=
SNEEFETINE T LF BT S, ZAAnikadin ) 2 L BFRINETHR
WME 5 27, HEOBBFIOHEICALILTWDAEND, 74 e T a2 RICL2ET
HEELE L TERAL WD EEZ LD,
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Table 3.4.1. Substrate scope for alkynes with 1,7-diyne 44a.

OMe

| | L9-Rh(cod) (5 mol%) O @
CH,Cly 1t, 72 h - ‘O
@ blue LEDs O @

OMe
44a (2 equiv) 46

OMe OMe OMe OMe

O O OMe ! Q ! Me I O I F
l I I I OMe l O I Me ! O ‘ F
OMe OMe OMe OMe
46aa/ 76% 46ab / 79% 46ac / 75% 46ad / 66%

Isolated yields were shown.

ERMREHZRBWT, AR 7 LA 2 BT LH5NH 7 LR ICHLEHETHY . &
INRCTAMWEGEZ D ZENbhotl-, 2T, K7V — L7 A u a2 AL
1,7- A &2 W5 [2+42+2] MRS Z G L7 (Table3.4.2), Akgatd EFl & FIERIC,
WET7T X ELTA MR VEBIOATFAEDO LS RETIEGE, 742 HT5
HEHEIZHBNT, BIFRIGE TR Z 5 % 7,
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Table 3.4.2. Substrate scope for alkynes with 1,7-diyine 44b.

I L9-Rh(cod) (5 mol%)

CH,Cly 1t, 72 h

@ blue LEDs

(2 equiv)

fend:
<pec

46

46bbm / 56%

46bc / 58%

.
F
s8ds
0
TLO

46bd / 50%

Isolated yields were shown with "H NMR yields in paranthesis.
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3-5. RIGHEIBRRAT

A ¥ BRI T3 L OF IR OB Z W] 5 0\ T SSHE AT 21T > 7= (Table
35.1), 17-VA 2 4da IZx L, 2 BEDOY T 2= AT EF L2V AERICR LT
Vb= VEREITo 2, ROl s U CED T L9-Rh(cod) flfiEZ VY, H OGS L7232
WERIE TR ZITo T & 2ARINTESEIT Lo T, o, A - A L %
72720 Ind-Rh(cod) A% 5 mol% HWTRIGOBFT AT o7& 2 A, RRIEDILZED
KIBIZART Lz, M T, 7% 0 [242+42] MAIBRAEEOG ISR L, @O RSS2 R
A1 F A ME Rh(I)-BINAP filfii % 2 W 723555 10 B8V T H AR RG4S AT L7220 o 726,
L EDRRNG, ACr-T VAL EEE AT 5 Rh Mz §EURE T THWS Z &2
[2+2+2] FHBRALE)S & BRE) L T D Z &R B2 & 720 | SFI-Rh(cod) il DAL M R
S,

Table 3.5.1. Control experiment for [2+2+2] cycloaddition.

| | catalyst (5 mol%) O‘O
+ >
CH.Cly 1t, 72 h

OMe

O

condition O

O

OMe

44a (2 equiv) 46
("H NMR yield)

catalyst, condition

PPh,

SO
[Rh(COd)Z] (BF4) OO

(g%
\\

Rh*—BINAP, dark / 0%
L9-Rh(cod), dark / 0% Ind-Rh(cod), blue LEDs / 17% Rh*-BINAP, blue LEDs / 0%

PEFR DAL [24242] FIMBALEISICE N T, —fRICT L 2 2 7 HEBEE LI
AL IERAL T D EEBE NS CTh 2 2 L VA DL DB ARFRIBE RS SRIT 35U C b sk B
AR L TH Y | AEBENFEERNIC I VEESNTWE L E LT, LER->T, K
BRIEZLL T O BOSHME CHEAT 5 S HE Lz, FEMERICE £ D cod BN & 1.7-0A
NN ENE A L, BT RATH D Rh-P A CENEEA IM2b TR TS, 2O
HIEAR IM2b 23 E O 2 WX LRI ERIRIE 2 TE R T~ 5 2 & CRA bR L BUS MEE S, H
B X4 7 LR IM4b ZIEKT 5, 2 OF R IM4b (V7 U — /L7 0% V3L
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AT 22 TEEERrZY A 7L IM6b ZIEA L., BICHIEEST 5 2 & 12 & 0 BRIbft
AR F: B S EFEE LTz (Figure 3.5.1),

blue LEDs

excitation

key intermediate

oxidative cyclization

rate-limittin
Ph ( 9)

Figure 3.5.1. Proposed reaction mechanism.

AARE SOCHERE D Z LA DN T R R L E &2 IM2b 723 HBR D
LY A 7 v IM4b O HEEZ A T=08, W OHEIEA S Bl cE 3, 'THNMR 12 X 5528
PR FEBRIC L > THRIETE o To, & 2 TRRISDSUSHEEIZ BT 2 36 72 %0 R
155~ < . DFT # %  (M06/6-311+g"-SDD(Rh)+PCM(1,4-dioxane)//(U)M06/6-31g*-
LANL2DZ(Rh)) %177 (Figure 3.5.2), 7235, ARG RIZIWNT & RIS ERE ) B
GEEHADORERELEZZ D70, ZEHEMEREZRATIRISREDOHZBRE L
77

224



AG (kcalimol)  'IM2b*
A (74.2)
+70 1
+60 Sl
Rh-
+50 - Ph !
hv O
(38.5)
+40 1 ®
TS2b_3b TS3b_4b
"0 e S w,
+20 | 1.4 e 465
7 +18.0 (22.7)

+10 + +15.8/ IM2b
(15.8)
0+ cod
IM1b

_ (0.0) 43
10 L Slil Ph

Figure 3.5.2. Free-energy diagram for SFI-Rh(cod) catalyzed [2+2+2] cycloaddition with 1,7-diyne
43 and diphenylacetylene.

DFT RN G RS OAGEBPS IR LB (IM1b~IM5b) Th D Z & AR S 4L,
FRARE RS 2 SRR ARG LTV D,

AREETIE, Rh FONT 1,7-A > 43 O T LN BRI 9% 2 & T, Rh-T7 /L
X UEMCEER IM2b A TERT D, AR O T KL X —FEEEIX 15.8 keal/mol & HH Edu, W
BURfE CTH D Z L nbhroTe, HEREZRHT 5 RIGREKIZHBWT, 1,74 43 5 Rh
HOMZ BN L, B ErBR (L L CREBBRr XA 7V IM4b AT D OTE M L=
FLX—I%, AFFT 33.8 keal/mol (IM1b ~TS2b 3b) TH o7z, ZIVUIASNER CTHEST
LARWEBRRE R & P& LV, — 5T, IM2b NHEEZRIL L., BIEREE2 T2 2 &
I2X 0 LB PSSR T DIEMHE = RV X =R KIBICIE T4 5 2 L VR Sz, 1
726, IM2b HibE S, A EDORICKRIK = HERERE ‘IM8b* L7025 Z LT,
1,7-VA > 43 7% Rh H.0MC R L7z CIM9b* 2T 5, Z OIBFRD = 3L X — ks
I% 8.8 kcal/mol TV | HECIRHEZ T2 ROSHREE & i U T 0L ¥ —FEEE D RIE IS
KT 252 Enbhol, JIMIb* NIJE L, FLEIRRE IM3b /°5 TS3b_4b A% L THg
{ERIBRAL N EIT T DIEME L= RV —IL 5.5 keal/mol TH -7, Hl\ T IM4b (27 /L%
DENFFEAT D Z & T, LEERe XA 7 V2R L, BN ET+s 2 THRY 7
=L UBELND EEBEZBIND, TV OREOIEME(LIEREEXZ LZE 1 10.2 kal/mol, 14.7
keal/mol TH 5 Z &R0 | HIERIEZIRH ¥ 2 SOGREE CHATAREL B2 bivd, BLE
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@ DFT &HE N5, Rh-7 /L5 UENCEER IM2b S EFOEEWRI L, BREE BT 5 =
ET. L7-UA4 v 43 ORLAIBRILRISMEE SN D Z & RRR STz,

FRAEEO L &, TR L E SN D Rh-7 L VECEEA IM2b (2B B RERI 2R Jn
R%155~<, TD-DFT (B3LYP-D3/6-311+g""-SDD(Rh)) ¥ L OVEMEE/ A L BEHA %
1T 7= (Figure 3.5.3),

HOMO (-0.201 eV) HOMO—4 (-0.225 eV) LUMO (-0.0773 eV)
(Coefficient: 26%) (Coefficient: 54%)

IM2b (Sg) IM2b* (S,)

Figure 3.5.3. TD-DFT analysis of intermediate IM2b.

TD-DFT &5 5 . Rh-7 /L% UENEER IM2b (3 465 nm (f = 0.0117) OWILE R L,
JHEDIREEZ TR 95 2 L ARIBE ST, ZAUTH Y TRUGIMERE S L5 FZERFE S & F J&
LARAWFERTH D, Z D 465nm DERIL . Rh-C BNLF) D o BLUEDZS D KX 72 HOMO
BLOAER-TALL LY EO o JUEDOFEDORKE 7 HOMO-4 N HIEEE DT V3 AL
MORERIND LUMO ~OEMIERIZIRIE S L7z, Coefficient DfEN G, A -7 /L4 L
VEEDD T NF L A~OEE N RERE AR T DBRICKRELSFEFTHIENRES
Niz, T72bbH, Rh-T L% ENLEER IM2b 1T 465nm DYEZEWIL L, BAAL -7 5 FE ~
DOEMBENELIZ LV, FHEIRRE TM2b* (S) 2Bk T 5 B2 bhd, DFT GtEND,
IM2b* 7> HIEMA AT L, AR = HEFEIREE *IM8b* (T)) 2T 5 2 L AVRIE S
TS, REISHE RS T et Sh 2l 2 i<, —EEpEREICET S
BREEHRB LAY U EEHREZ{T 7= (Figure 3.5.5),

Cp total Cp total
=047 N .. -0.64

hv

(0.07) NPA charge
3IM8b (spin density)

Figure 3.5.4. Analysis of NPA charge and spin density.
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KBS E OISR T CRES DR A2 FEMICHET <<, BMBEEBLIOAE VE
R ZATolo, BREEFH R Z{To72 & 2 A, FEEREE IM2b (2B T, Rh HULO NPA
BT 4028 THHOITHKE L, —HIHEFHEIKAE *IM8b* (T1) TlL Rh O E73+0.51
ol Tihbb, ZHEBEEBEREEICB VT Rh FULTIEEIREE & i L TEF AL
ERDHIENbroT, Flvralr X T = VRO ERITILEREE IM2b Tl
047 Thol=Dlzxt L, ZEEFHEIRRE IM8b* TiX —0.64 &70 0 | FLJEIRARE & bl LT
BV T FT B ENRBENTZ, — T, VA EOBMEEITIZE A EBIL LD T,
5T, IM8b* [ZBWTAE VEEA AT/ 2 A, Rh b LB BT, 2nE
L9 & 046 720 ZEEEREICBWTACUVEEN ERT 52 L NbnoT,
L7235 T, Rh-7 /L% VEACEER IM2b 23 F R Z I L, TR EHICAE U 5 = HIH)
ELIRTE IM8b* [X, Rh HUL)» BEL -~ E) L 72 MLCT (metal to ligand charge transfer)
PEAHOTND LR TE 5, ZOME, EF AR Rh FILBAERIND Z & T, BBkry
BALRISMEES NS LB 2 b b,

UL LD DFT GHAI K OVER/A E U EEFR LY | RIS D ROGHREIILLT O X
YRR T & % (Figure 3.5.5),

FOSFRHIZT 1,7-24 >~ 43 28 Rh HULIZEAL LT, Rh-T7 /L& UENCEER IM2b % JF
T %, IM2b EEEAEWIN L CA U 5 = HEFEREE S IM8b* (23T, MLCT %%
O BELALZ R FDBAEREND, TORE, 1,7-V4 > 43 23, Rh HFLIZHRE A
MCE, BEMBRILBENMEE SN D B2 b D, ZIUEETIGEEZHT5 1,7-014
CROGDMEHE S 2D FEBRFES & 7 L7220,

\ chage transfer

Y7
CK blue LEDs
th\
¥>—Ph
L 3MLCT state
Ph
IM2b IM8b*

Figure 3.5.5. Proposed reaction mechanism of photoinduced oxidative cyclization of 1,7-diyne.
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3-6. #&E

AFEIX, AR-IVA VLA T /AT =)V (SFI) BENL %2 HT 5 Rh $HKZHW
BT 2= VBRRERL 17-0 A DT ) — LT VR A K A ATHDOEERENR [2+42+42] fFnER
BB DWT, FE e DIER & | REOGH B IEHRE TR S 2 IR A B 50N
T USRI 21T > o R 2 bR b D TH 5,

FH OFTBAIEE T S 7z SFI-Rh(cod) $E1K1Z, 7 z=AT7EF L EZHND
[242+2] FHINBRALS S ~@E WSS E 2 7R3 Z E b ho Tz, L, BE BNz
L BEMEZHET ATV — AT AF K LUIEATE TV iRho e, £ 2 THEHIL,
V7= AT EF LIRS KBRS TR TIIRLS 2B DT VR AT = )r
G LT 1,7-2 4 VW AR OB 21T - 72,

3-2 B CIXSATAFZEICRE > C SFI EZ 7-35 K O SFI-Rh(cod) $ERD AR ATV, Z 5
OREERNT & I HBEEAT -T2, TAA Lo VT = VI 2 OB EA L
SFI BN 7% &k U, M EAE T OBV % Z & T [Rh(cod)Cl]y & DESERZ R LTz, £
DR, Fx OEHEAZHT 5 SFI-Rh(cod) A% BAFRINETHRZ, 26 OKITK L
THNBEEIT 72 L 2 A, WTHOKIZ BT b AR IEHEEIT R DS 2 0E RV R 2 7=
Lo, ERTNFVUEETIZA 7 = VELICEA LTz @SR 85RO e tEic R & <
FHE LW Enbnol,

3-3 & 3-4 i TIE, 3-2 HiTARL L7z SFI-Rh(cod) 51K % D [242+2] FHNBRALE & D
BRI 21T - 7=, JEATHFZEIZE VT, SFI-Rh(cod) $5KIT Y 7 = =7 F LoD HE = #ib
FT 5 U TR RIS O AR BETEME 2R L7228, 28— RMERZ LU & W ) FREESTEAE L
Too 22T, RIMEDm EEIFFL T, BT = = VAUER 1,7-0 A & VD RO B
L7z, £, K7V — VR BICEBREEZ 7200 1L,7-V A v E WS R T o7 s 2
5. BISHELT AT INB LA &2 525 b ODIRINRTH -~ 7=, WK EZ2igm L, 1,7-
A ORET V- NVIEICE TG EAEA L EEE O TR EIToTmE 2 A, BREF
PR T MBS AT 5 2 & & R Uie, 7 B E 0 FEPH ORF 1 5. K
4-OMeCeHs ELE721F 4-FCsHy 2 HTHE 7 = = ARER 1,7-0 1 Zxi LT, EFiEE
BERETLIEADOTT V—ATAX L EHNZEZA, BIFRNE TR 7= 0 &5
Too FEATHRGE N O, —RICT T U — T % & 2 L EHWD [242+2] B LT,
1,3,5- MR & 1,24-BMIKDIREME 525 Z ENMbd, — T, AFFRICTRRE L
IR [24242] FHINBR LS. 2 DT V% & B 7 = = LS CHUE LT I G
L1192 LT, BRRMIGERET T 4 2O7 V) — VA ERROICEA L N 7 2=
VORI EIEE WA D, ZHUFHSREMEMELE L TEH SN A A~F T U — 8
Y. N 722 b U BIUOANFIRU Y an XU B EALFRIRNICE 25 FEE LTEHE
AEREWEEZ D,

3-5 BT, ASHH AL T CEE SN2 HEB 2 AT <<, DFT #HIZL DX
ISHEREFRAT 21T 572, DFT FHEORER, RRISOEHEMEIL 1,7- 4 > @ Rh H.L~OFE
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fLHIBRILTH D | FEREZ BT 25 ICKERIEE(E= RV —RFET D Z E00R
I, 22T, HFEEHHN T CEEEEREBA AT 5 2 L 1C X0 BEAR{E e
INTWVD EE X, Hamsti a2 FH CEENC RS RRNT 21T o 72, £ DOF5H. SFI-Rh(cod)
PR L 1,7-V A v B AT D SFI-Rh-V A ENEEANH AE 2RI 4 5 Z & ¢ = BHIAf)
FIRREZ BT 2 Z LRI STz, & I ZEIEFIRRE 2 B 2 B LB LI 2
BWTIEH b 2L F— 2R EREEZ AT 255 L LT, KBTI T+ 52 &030
Mmole, £ T, HENREOZRZFEMICHMA T~ ZEHEREREI S LEMEER
LRV BEHEEITo 2, BRFEEFEORME, ZHIEGIRGE TIZAERE & ik L
T Rh FLOERIZIEIZY T ML, BRIZEAM - EOEMITAICS T M52 &8 bno
oo DAV VEEHED D ZHERRIEIZI VT Rh 038 LOENL 7 ETAE U5
ENERTHZEbbmnole, Licii> T, ARUSIZET DIEMH T H 2 = EHphEREIL,
Rh FL BRI ~EAIER L7 MLCT MEZ N5 EEZX oD, ZORE, &
RRE7e Rh LR S, 1,7- 4 228 Rh HUIZIRENCENL TE 5720, B ErBR{EN
REI N5 &Rt 7=,

b 3ETIEH, A¥a-ILF LA T ) AT =/ (SFI) Bifii % f7 5 Rh $&K
ERWEE T = = VBEERL 1,7-0 A & O T U — LT L 02 K B Al EEREN R [24242]
FINBRACEOS DBRFE 2 AT o 7o ARRBESRIE, MR TIEERFMFZLEE LT enF 37
— AR R R SORSRMEIC BT D @R G RIEZ RS D L L TERED, kK
DL L LT, AR % SR L 3 DHREME ) T ORI Z KT 5 2 L3 TX | flix OBRIR
ST RS TORIBHIHFTE L LEZTND,
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Experimental section

1. General

1-1. Instrumentation

'H, 13C, 'F and ''"B NMR spectra were collected on a Bruker AVANCE III HD 400 spectrometer at
ambient temperature. Chemical shifts are expressed in & (ppm) values and coupling constants are
expressed in hertz (Hz). All '"H NMR experiments are reported in & units, parts per million (ppm), and
were measured relative to the signals for residual chloroform (7.26 ppm). All *C NMR spectra are
reported in ppm relative to deuterochloroform (77.16 ppm) and were obtained with '"H decoupling.
The following abbreviations are used: s = singlet, d = doublet, t = triplet, m = multiplet, and bs = broad
singlet. ESI mass spectra (HRMS analyses) were measured on a Bruker micrOTOF-II spectrometer.
Melting points were determined with a Mettler Toledo MP50 One Click Melting Point System and

uncorrected.

1-2. Materials.

Unless otherwise noted, materials were purchased from Aldrich Inc., Wako Pure Chemical Industries,
Ltd., Tokyo Kasei Co., and other commercial suppliers and were used after appropriate purification.
Anhydrous solvents were purchased from Kanto Chemical Co. Ltd. All other chemicals were of
reagent grade and used as received. Photoreactions were performed in a vial tube using a blue LED
light (Kessil A160WE TUNA Blue). Preparative thin-layer chromatography was performed with silica
gel 60 from Merck.

2. Synthetic Experiments
2-1. Synthesis of Precursors
2-((2-bromophenyl)ethynyl)-1,1'-biphenyl (26)

] N
N (1 equiv)
L Q P
Br - \\
PdCly(PPhs), (2.5 mol%) O O

Cul (5 mol%)

NEtg, rt, 24 h
25 85% 26

PdCly(PPhs); (0.175 g, 0.250 mmol), Cul (0.0950 mg, 0.500 mmol), 1-bromo-2-iodobenzene (2.83 g,
10.0 mmol) 25 and 2-ethynyl-1,1'-biphenyl (1.78 g, 10.0 mmol) were dissolved in degassed NEt3 (40
mL). The reaction was stirred at room temperature for overnight. The resulting mixture was filtered
and evaporated. The residue was purified by silica gel column chromatography (r—hexane/EtOAc =
50:1) to give 26 (2.81 g, 8.45 mmol, 85% isolated yield) as a yellow oil. The spectroscopic data agreed

with those in the literature reported. 5!
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'H NMR (400 MHz, CDCly): § 7.69 (d, J=2.8 Hz, 1H), 7.67-7.63 (m, 2H), 7.49 (dd, J=8.0, 1.0 Hz,
1H), 7.44-7.37 (m, J = 2.2 Hz, 3H), 7.37-7.31 (m, 2H), 7.31-7.25 (m, 2H), 7.14 (td, J= 7.6, 1.2 Hz,
1H), 7.04 (td, J = 7.9, 1.7 Hz, 1H).; *C NMR (CDCL, 100 Hz): 144.0, 140.5, 133.5, 133.4, 132.5,
129.7, 129.6, 129.3, 129.0, 128.2, 127.6, 127.2, 127.0, 125.7, 125.4, 121.4, 93.9, 90.8, 92.0, 88.4.

2-((2-(phenylethynyl)phenyl)ethynyl)-1,1'-biphenyl (27) 5

O B < >—: (1.2 equiv) O Il
AN .
O Pd(OAc), (2.5 mol%) O
XPhos (5 mol%)
Cul (5 mol%)
26 NEts, rt, 24 h 27

Pd(OAc), (0.0163 g, 0.0725 mmol, 2.5 mol%), XPhos (0.0691 mg, 0.145 mmol, 5 mol%), Cul (0.0276
mg, 0.145 mmol, 5 mol%), 26 (0.963 g, 2.90 mmol), and ethynylbenzene (0.355 g, 3.48 mmol, 1.2
equiv) were dissolved in degassed NEt; (40 mL). The reaction was stirred at room temperature for
overnight. The resulting mixture was filtered and evaporated. The residue was purified by silica gel
column chromatography (n—hexane/EtOAc = 50:1) to give 27 (0.928 g, 2.62 mmol, 90% isolated
yield) as a colorless solid. The spectroscopic data agreed with those in the literature reported. 52

'"H NMR (CDCls, 400 MHz): § 7.74-7.66 (m, 3H), 7.56-7.48 (m, 3H), 7.46-7.42 (m, 1H), 7.42-7.36
(m, 3H), 7.35-7.31 (m, 4H), 7.30-7.26 (m, 2H), 7.26-7.21 (m, 2H); *C NMR (CDCl;, 100 Hz): 5
143.8, 140.4, 133.4, 131.94, 131.89, 131.8, 129.6, 129.4, 128.8, 128.42, 128.37, 127.94, 127.93,
127.88, 127.5, 127.1, 126.0, 125.5, 123.3, 121.6, 93.39, 93.36, 91.1, 88.4; HRMS (APCI) m/z:
[M+H]" Caled for C22His 279.1168; Found 279.1178.

2-((5-methoxy-2-(phenylethynyl)phenyl)ethynyl)-1, 1'-biphenyl 31

‘ (1) PPhs (4 equiv) (1.2 equiv)
CBry (2 equiv)
o Il CHClp, 0°C, 2
H (2) "BulLi (3.5 equw) PdCI,(PPh3z), (2.5 mol%)
O THF, -78 °C, 1 h Cul (5 mol%)
NEts, rt, 24 h
F 38%

29
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5-fluoro-2-(phenylethynyl)benzaldehyde 29 (3.41g, 15.2 mmol, 51%) was prepared from 2-bromo-
5-fluorobenzaldehyde 28 (30 mmol, 6.09 g) and ethynylbenzene (3.72 g, 36 mmol) according to the
procedure for 26.

Crude 30 (2.81 g) was prepared from 5-fluoro-2-(phenylethynyl)benzaldehyde 29 (3.36 g, 30 mmol)
according to the procedure for crude 34.

31 was prepared from a portion of crude 30 (2.20 g) and 2-iodo-1,1'-biphenyl (3.73 g, 13.3 mmol)
according to the procedure for 26.
Brown solid; 0.308 g, 0.830 mmol, 30% isolated yield (2 steps); mp 82.5-83.5 °C; '"H NMR (CDCl,
400 MHz): § 7.72-7.65 (m, 3H), 7.54-7.49 (m, 2H), 7.49-7.45 (m, 1H), 7.43 (d, /= 8.0 Hz, 2H), 7.39
(d,J=17.7 Hz, 2H), 7.37-7.29 (m, 5H), 7.00-6.92 (m, 2H); *C NMR (CDCl;, 100 MHz): 6 161.7 (d,
J=249.9 Hz), 144.0, 140.2, 133.6 (d, J = 8.9 Hz), 133.4, 131.7, 129.6, 129.3, 129.1, 128.5, 128 4,
128.0, 127.7,127.1, 123.2,121.8 (d, /=3.3 Hz), 121.1, 118.7 (d, J=22.3 Hz), 115.7 (d, /= 22.3 Hz),
94.4,93.0, 90.0 (d, J= 3.1 Hz), 87.3 (one sp” signals were not observed because of overlapping.); F
NMR (CDCls, 376 MHz): 6 —111.9; HRMS (APCI) m/z: [M+H]" Calcd for CosHisF 373.1387;
Found 373.1390.

2-((5-methoxy-2-(phenylethynyl)phenyl)ethynyl)-1,1 '-biphenyl 35)

1) PPhg (4 equiv) (1.2 equiv)

CBry (2 equiv)

CH,Cl,, 0°C, 2h

2) "BuLi (3.5 equiv) PdCIy(PPh3), (2.5 mol%)

THF, 78 °C,1h Cul (5 mol%)
NEt3 i, 24 h

60% (2 steps)

33 34 35

33 (2.00 g, 8.4 mmol ) was prepared from 2-bromo-5-methoxybenzaldehyde 32 (2.14 g, 9.94 mmol )
and ethynyl benzene (1.27 g, 12.5 mmol ) according to the procedure for 26.

To the solution of PPh3 (4.20 g, 16.0 mmol, 4 equiv) and CBrs (2.65 g, 8.00 mmol, 2 equiv) in
dichrolomethane (20 mL) was added 5-methoxy-2-(phenylethynyl)benzaldehyde 33 (0.945 g, 4.00
mmol) in dichrolomethane (10 mL) at 0 °C. The reaction was stirred at room temperature for 2 h. The
reaction mixuture was poured into n-hexane and filtered. The filtrate was evaporated and passed
through silica gel column chromatography (n—hexane/EtOAc = 10:1) to give the crude product. This
crude product in THF (10 mL) was added to a solution of #n-BuLi (1.57 M n-hexane solution , 8.7 mL,
13.6 mmol) and HNEt, (1.17 g, 16 mmol) in THF (10 mL) at —78 °C. The reaction was stirred at —

78 °C for 1 h. The reaction was quenched with water and extracted with Et;O. The organic layer was
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dried over Na>SOs, concentrated, and purified by silica gel column chromatography (n—hexane/EtOAc
= 5:1) to give crude 34 (0.677 g).

35 was prepared from a portion of crude 34 (0.256 g) and 2-iodo-1,1'-biphenyl (0.280 g, 1.00 mmol)
according to the procedure for 27.

Colorless solid; 0.380 g, 0.989 mmol, 60% isolated yield (2 steps); mp 83.5-83.9 °C; '"H NMR (CDCls,
400 MHz): 6 7.73-7.67 (m, 3H), 7.54-7.48 (m, 2H), 7.47-7.37 (m, 5H), 7.36-7.29 (m, 5H), 6.82 (dd,
J=8.6,2.7 Hz, 1H), 6.77 (d, J = 2.6 Hz, 1H), 3.78 (s, 3H); *C NMR (CDCl;, 100 MHz): § 159.0,
143.9,140.4,133.3,133.2, 131.6, 129.5, 129.4, 128.8, 128.3, 128.0, 127.9, 127.5, 127.2, 127.1, 123.7,
121.5, 117.9, 116.4, 115.0, 93.2, 91.9, 91.1, 88.3, 55.4;, HRMS (APCI) m/z: [M+H]" Calcd for
C29H»,0 385.1587; Found 385.1588.

3',5-dimethoxy-[1,1'-biphenyl]-2-carbaldehyde (36)

OMe
OMe MeO—@—B(OH)z
(1.1 equiv) O CHO
PdCIy(PPh3), (5 mol%)
CHO Na,CO; (1.3 equiv) ‘
Br toluene/EtOH/H,0 = 4/1/1
70°C, 24 h
99% OMe
32 36

PdCly(PPhs); (0.164 g, 0.233 mmol. 5 mol%), Na>COs (0.641 mg, 6.05 mmol, 1.3 equiv), 2-bromo-5-
methoxybenzaldehyde 32 (1.00 g, 4.65 mmol) and (3-methoxyphenyl)boronic acid (0.778 g, 5.12
mmol, 1.1 equiv) were dissolved in degassed toluene/EtOH/H>O = 4/1/1 (12 mL). The reaction was
stirred at 70 °C for 24 h. The reaction was quenched with sat. NH4Cl aq, extracted with EtOAc. The
organic layer was dried over Na;SOa, concentrated, and purified by silica gel column chromatography
(n—hexane/ dichloromethane = 4:1) to give 36 (1.12 g, 4.62 mmol, 99% isolated yield) as a Yellow
oil;

'"H NMR (CDCls, 400 MHz): 6 9.84 (s, 1H), 8.04-7.97 (m, 1H), 7.39-7.32 (m, 1H), 7.02-6.90(m,
4H), 6.89-6.86 (m, 1H), 3.91-3.86 (m, 3H), 3.85-3.81 (m, 3H); 3*C NMR (CDCls;, 100 MHz): 6
191.0, 163.5, 159.5, 148.4, 139.2, 129.9, 129.4, 127.4, 122.5, 115.6, 115.1, 114.0, 113.7, 55.6, 55.3;
HRMS (ESI) m/z: [M+Na]" Calcd for CisH14NaO3 265.0835; Found 265.0835.

4,4'-dimethoxy-2-((2-(phenylethynyl)phenyl)ethynyl)-1,1'-biphenyl (39)
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e O=0 » G
(1) PPhg (4 equiv) %8
O CBry (2 equiv) O . | |
CHO CH,Cly, 0°C, 2 h (1.2 equiv)

X >

(2) "BuLi (3.5 equiv) H  PdCI,(PPh;); (2.5 mol%)
THF, -78 °C, 1 h Cul (5 mol%)
NEts, rt, 24 h

38% (2 steps)

OMe OMe OMe
36 37 39

Crude 37 (0.647 g) was prepared from 4,4'-dimethoxy-[1,1'-biphenyl]-2-carbaldehyde (0.969 g, 4.00

mmol) according to the procedure for crude 34.
38 was prepared from a portion of crude 36 (0.262 g) and 1-bromo-2-(phenylethynyl)benzene

(0.257 g, 1.00 mmol) according to the procedure for 27.
Colorless solid; 0.258 g, 0.620 mmol, 38% isolated yield (3 steps); mp 91.0-92.0 °C; '"H NMR (CDCls,
400 MHz): 6 7.65-7.60 (m, 2H), 7.57-7.49 (m, 3H), 7.37-7.31 (m, 4H), 7.30-7.21 (m, 3H), 7.17 (d,
J=2.7 Hz, 1H), 6.94 (dd, J = 8.6, 2.8 Hz, 1H), 6.93-6.87 (m, 2H), 3.79 (s, 3H), 3.72 (s, 3H); *C
NMR (CDCl;, 100 MHz) J 158.8, 158.1, 136.2, 132.6, 131.9, 131.8, 131.7, 130.5, 130.4, 128.43,
128.36, 128.0, 127.9, 126.0, 125.5, 123.3,122.1, 117.0, 116.2, 113.4,93.7,93.3,90.7, 88.4, 55.3, 55.3;
HRMS (APCI) m/z: [M+H]" Caled for C30H2302 415.1693; Found 415.1696.

3',5-dimethoxy-2-((2-(phenylethynyl)phenyl)ethynyl)-1,1'-biphenyl (42)

Br O
MeO (1) PPhy (4 equiv) ~ MeO O s O MeO
O CBry (2 equiv) O . | |
CHO  CHCl,,0°C,2h (1.2 equiv) .

\\ > \\
(2) "BuLi (3.5 equiv) H  Pd(OAc), (2.5 mol%)
THF, -78 °C, 1 h XPhos (5 mol%) O
MeO MeO Cul (5 mol%)
NEts, 1t, 24 h MeO
40 41 58% (2 step) 42

Crude 40 (0.663 g) was prepared from 39 (0.969 g, 4.00 mmol) according to the procedure for crude
34. 42 was prepared from a portion of crude 41 (0.262 g) and 1-bromo-2-(phenylethynyl)benzene 41
(0.257 g, 1.00 mmol) according to the procedure for 27.

Brown oil; 0.381 g, 0.920 mmol, 58% isolated yield (2 steps); "H NMR (CDCls, 400 MHz): § 7.62
(d, J= 8.6 Hz, 1H), 7.54-7.46 (m, 3H), 7.37-7.24 (m, 7H), 7.24-7.19 (m, 2H), 6.97 (d, J = 2.5 Hz,
1H), 6.90-6.81 (m, 2H), 3.84 (s, 3H), 3.78 (s, 3H); *C NMR (CDCl;, 100 MHz): 6 159.9, 159.2,
145.2,141.7, 134.9,131.8, 131.7,129.0, 128.4, 127.9, 127.6, 126.3, 125.2, 123.4, 121.8, 114.9, 114.6,
113.9, 113.7, 113.2, 93.6, 93.3, 90.0, 88.5, 55.5, 55.3 (two sp* signals were not observed because of
overlapping.); HRMS (APCI) m/z: [M+H]" Caled for C30H2302 415.1693; Found 415.1690.

234



2-2. Ligand synthesis

Typical procedure for L9

A mixture of AuCl(SMe») (8.8 mg, 0.030 mmol) and ~-BuXphos (13 mg, 0.030 mmol) in (CH2Cl),
(3.0 mL) was stirred at room temperature for 1 h. To this mixture was added AgNTf, (12 mg, 0.030
mmol) in (CH2Cl)2 (3.0 mL) and the resulting mixture was stirred at room temperature for 5 min. To
a solution of 1a (0.354 g, 1.00 mmol) in (CH2Cl), (16.0 mL) was added this mixture and a solution of
HNTf; (2.8 mg, 0.010 mmol) using (CH2Cl), (3.0 mL). After stirring at room temperature for 16 h,
the resulting mixture was concentrated and purified by silica gel column chromatography (n—hexane/

dichloromethane = 4:1) to give 2a (0.182 g, 0.513 mmol, 51% yield) as a colorless solid.

10'H-spiro[fluorene-9,5'-indeno[2,1-a]indene]* (L9)
O Q 'H NMR (400 MHz, CDCls): 5 7.88 (d, ] = 6.1 Hz, 2H), 7.48 (t,J = 7.5 Hz, 2H), 7.36
.g (t, J= 6.9 Hz, 2H), 7.29 (td, J =7.5, 1.3 Hz, 1H), 7.12-6.95 (m, 4H), 6.91 (t, J=7.5
O ’ Hz, 1H), 6.83 (dd, J = 7.6, 0.8 Hz, 2H), 6.69 (dd, J = 7.5, 0.7 Hz, 1H), 6.32-6.24 (m,
O 1H), 3.81 (s, 2H).; *C NMR (CDCls, 100 MHz): 6 154.7,153.2, 151.1, 147.1, 145.3,
142.0, 141.2, 139.0, 127.8, 127.7, 127.4, 126.5, 125.7, 124.6, 124.5, 123.7, 123.3,
120.1, 119.4, 118.9, 63.0, 33.0.

3'-fluoro-10'H-spiro[fluorene-9,5'-indeno[2,1-a]indene] (L.10)
O Q Brown solid; 39.7 mg, 0.107 mmol, 53% isolated yield, purified by a PTLC (n—
.’ hexane/chloroform = 4:1); mp 216.5-218.5 °C; 'H NMR (CDCls, 400 MHz): 5 7.89
O ’ (d, J=17.6 Hz, 2H), 7.49 (d, J= 7.4 Hz, 1H), 7.41-7.32 (m, 3H), 7.29 (t, /= 7.4 Hz,
O 1H), 7.09 (t, J = 7.4 Hz, 2H), 7.01 (t, J= 7.5 Hz, 1H), 6.81 (d, /= 7.5 Hz, 2H), 6.75—
F 6.67 (m, 2H), 5.98-5.90 (m, 1H), 3.77 (s, 2H); *C NMR (CDCls, 100 MHz): § 162.2
(d, J=242.5Hz), 153.9 (d, J= 3.4 Hz), 153.3 (d, J = 12.6 Hz), 144.8, 142.28 (d, /= 2.4 Hz), 142.0,
140.9, 140.7 (d, J = 9.7 Hz), 128.0, 127.7, 127.6, 126.1, 125.0 (d, J = 9.2 Hz), 123.6, 123.4, 120.3,
119.6, 111.0 (d, J = 23.2 Hz), 106.0 (d, J = 23.5 Hz), 62.9, 32.5 (one sp® signals were not observed
because of overlapping.); ’F NMR (CDCls, 376 MHz): § —116.5; HRMS (APCI) m/z: [M+H]"

Calcd for CosHasF 373.1387; Found 373.1392.

3'-methoxy-10'H-spiro[fluorene-9,5'-indeno|[2,1-a]indene] (L11)
O Q Colorless solid; 19.1 mg, 0.0497 mmol, 25% isolated yield, purified by a PTLC (n—
.g hexane/chloroform = 1:1); mp 255.9-257.2 °C; 'H NMR (CDCl;, 400 MHz): 6 7.87
O ’ (d, J=7.6 Hz, 2H), 7.48 (d, J = 7.4 Hz, 1H), 7.40-7.33 (m, 3H), 7.29 (dt, /= 1.0, 7.5
O Hz, 1H), 7.09 (dt, J= 1.1, 7.5 Hz, 2H), 6.99 (dt, J= 1.1, 7.5 Hz, 1H), 6.82 (d, J=7.6
MeO Hz, 2H), 6.69 (d, J=7.5 Hz, 1H), 6.59 (dd, J=8.2, 2.5 Hz, 1H), 5.83 (d, /= 2.4 Hz,
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1H), 3.76 (s, 2H), 3.54 (s, 3H); *C NMR (CDCl;, 100 MHz): § 158.7, 154.3, 153.3, 152.6, 145.2,
142.1,141.2,140.4,139.3,127.8,127.7,127.5, 125.8,124.7,123.7, 123.3, 120.1, 119.4, 109.2, 105.7,
63.0, 55.2, 32.3; HRMS (APCI) m/z: [M+H]" Calcd for C2oH2;0 385.1587; Found 385.1596.

2,7-dimethoxy-10'H-spiro[fluorene-9,5'-indeno[2,1-a]indene] (L12)
OMe Colorless solid; 35.7 mg, 0.0861 mmol, 43% isolated yield, purified by a PTLC (n—
O O hexane/dichloromethane= 2:1); mp 211.5-213.5 °C; '"H NMR (CDCls, 400 MHz): §
” 7.67 (d,J=8.4 Hz, 2H), 7.48 (d, J = 6.8 Hz, 2H), 7.29 (t, J="7.2 Hz, 1H), 7.12-6.91
O ’ (m, 3H), 6.88 (dd, J= 8.4, 2.4 Hz, 2H), 6.73 (d, J=7.4 Hz, 1H), 6.36 (d, /J="7.5 Hz,
O 1H), 6.31 (d, J = 2.3 Hz, 2H), 3.81 (s, 2H), 3.61 (s, 6H); '*C NMR (CDCl;, 100
MHz): 5 159.0, 155.1, 153.6, 150.9, 147.2, 146.7, 141.2, 139.1, 135.0, 127.4, 126.5,
125.7, 124.6, 124.5, 123.5, 119.9, 119.3, 119.1, 113.8, 109.2, 63.0, 55.4, 33.0; HRMS (APCI) m/z:

[M+H]" Caled for C30H2302 415.1693; Found 415.1695.

MeO

3,6-dimethoxy-10"H-spiro[fluorene-9,5'-indeno[2,1-a]indene] (L13)
MeQ Colorless solid; 30.2 mg, 0.0729 mmol, 36% isolated yield, purified by a PTLC
O O (n—hexane/chloroform= 1:1); mp 190.1-192.1 °C ; "TH NMR (CDCls, 400 MHz):
’g 07.50-7.44 (m, 2H), 7.37 (d, J= 2.3 Hz, 2H), 7.28 (d, J=7.4 Hz, 1H), 7.05 (t,J
O ’ =17.5Hz, 1H), 6.99 (t, J= 7.5 Hz, 1H), 6.94 (t, /= 7.4 Hz, 1H), 6.74-6.68 (m,
O 3H), 6.67-6.62 (m, 2H), 6.31 (d, J = 7.4 Hz, 1H), 3.88 (s, 6H), 3.79 (s, 2H); 1*C
NMR (CDCls, 100 MHz): § 159.9, 155.0, 153.6, 150.6, 147.2, 143.2, 141.1, 139.2, 138.0, 127.3,
126.5, 125.6, 124.6, 124.5, 124.4, 123.2,119.3, 118.9, 113.8, 105.4, 61.8, 55.6, 33.0; HRMS (APCI)

m/z: [M+H]" Calcd for C30H2302 415.1693; Found 415.1676.

MeO
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2-3. Synthesis of SFI-Rh(I) complexes

Typical Procedure for synthesis of L9-Rh(cod).

A mixture of ligand L9 (54.9 mg, 0.15 mmol), [Rh(cod)Cl], (41.1 mg, 0.084 mmol) and ~-BuOK (46.0
mg, 0.41 mmol) in toluene (1.5 mL) was stirred at 110 °C for 72 h. After cooling to room temperature,
the crude mixture was filtered through a celite pad with toluene and purified by a preparative TLC
deactivated with triethylamine (n—hexane) to give L9-Rh(cod) (0.0517 g, 0.0916 mmol, 60% yield) as

a yellow solid.

SFI-Rh(I) complex L9-Rh(cod)
mp 150 °C (decomp.); 'H NMR (400 MHz, CDCl): 6 7.86 (d, J = 7.6, 1H),
7.77(d,J=17.6,1H),7.52 (d,J=7.4,1H), 7.47 (d,J=17.5, 1H), 7.43 (td, J= 1.0,
7.5, 1H), 7.36 (d, J = 8.3, 1H), 7.29 (m, 1H), 7.36 (d, /= 8.3, 1H), 7.22 (td, J =
.4 0.96,7.5, 1H), 7.01 (td, J = 0.98, 7.5, 1H), 7.90 (td, J = 0.98, 7.5, 1H), 6.81 (td,
@d J=0.94, 7.5, 1H), 6.67 (m, 2H), 6.30 (d, J= 7.6, 1H), 6.01 (dd, J = 0.64, 8.3,
1H), 5.35 (s, 1H), 3.97-3.86 (m, 2H), 3.53-3.44 (m, 2H), 1.94-1.74 (m, 6H), 1.61-1.46 (m, 2H); 3C
NMR (CDCls, 100 MHz): J§ 152.1, 149.7, 147.1, 143.7, 142.4, 140.6, 138.6, 133.3, 128.0, 127.8,
127.6, 127.2, 126.8, 126.0, 123.9, 123.2, 123.0, 121.8, 120.8, 120.49 (d, /= 3.1 Hz), 120.48, 119.79
(d,J=29Hz), 119.6, 117.3, 114.3 (d, /= 3.3 Hz), 107.0 (d, J=4.5 Hz), 72.1 (d, J= 13.7 Hz), 68.5
(d, J = 14.0 Hz), 64.2 (d, J = 4.5 Hz), 62.2, 32.6, 30.1.; HRMS (APCI) m/z: [M+H]" Calcd for
CisH30Rh 565.1397; Found 565.1401.

SFI-Rh(I) complex L10-Rh(cod)

L10-Rh(cod) was prepared from L10 (0.021 g, 0.055 mmol). Yellow solid; 15.7
mg, 0.027 mmol, 49%, purified by a PTLC deactivated with triethylamine (n—
hexane); mp 194 °C (decomp.); '"H NMR (CDCl, 400 MHz): 6 7.86 (d, J=7.6
Hz, 1H), 7.78 (d, J = 7.6 Hz, 1H), 7.54-7.35 (m, 4H), 7.33-7.21 (m, 3H), 7.03
(td, J=0.80, 7.5 Hz, 1H), 6.93 (t,J = 7.1 Hz, 1H), 6.66 (d, J=7.6 Hz, 1H), 6.59
(td,J=2.4,9.1 Hz, 1H), 6.33 (d, /= 7.6 Hz, 1H), 5.63 (dd, J=2.2, 12.1 Hz, 1H), 5.28 (s, 1H), 4.04—
3.92 (m, 2H), 3.48-3.38 (m, 2H), 1.98-1.76 (m, 6H), 1.63-1.51 (m, 2H).; 3C NMR (CDCls, 100
MHz): 0 160.1 (d, J=240.7Hz), 152.0, 148.9, 146.8, 142.3, 140.8, 138.3, 128.1, 127.8, 127.6, 127 .4,
126.8,126.3, 126.0, 124.1, 123.9 (d,/=10.4 Hz), 123.2, 121.73, 121.70, 119.9, 119.83, 119.78, 110.8
(d,J=3.4Hz), 110.3 (d, /= 27.1 Hz), 107.5 (m), 100.1 (d, J=23.4 Hz), 73.1 (d, /= 13.7 Hz), 68.3
(d,J=14.0Hz), 63.3 (d,J=4.6 Hz), 62.0, 32.7, 30.1; F NMR (CDCl3, 376 MHz): 6 —117.6; HRMS
(APCI) m/z: [M]" Calcd for C3sHa3sFRh 582.1230; Found 582.1234.
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SFI-Rh(I) complex L11-Rh(cod)

L11-Rh(cod) was prepared from L.11 (0.042 g, 0.11 mmol). Yellow solid; 39.8
mg, 0.067 mmol, 61% isolated yield, purified by a PTLC deactivated with
triethylamine (n—hexane/chloroform = 4:1); mp 180.6 °C (decomp.); "H NMR
(400 MHz, CDCls): 6 7.85 (d, J= 7.6 Hz, 1H), 7.78 (d, J= 7.6 Hz, 1H), 7.61
(d, J=1.5 Hz, 1H), 7.46-7.40 (m, 2H), 7.38 (d, J=9.0 Hz, 1H), 7.31 (td, J =
0.92, 7.5 Hz, 1H), 7.28-7.20 (m, 2H), 7.00 (td, /= 0.95, 7.5 Hz, 1H), 6.94 (td, /= 0.8, 7.5 Hz, 1H),
6.63 (d, J=17.5Hz, 1H), 6.49 (dd, J=2.3, 9.0 Hz, 1H), 6.38 (d, /= 7.6 Hz, 1H), 5.24 (s, 1H), 5.20 (d,
J =22 Hz, 1H), 3.96-3.87 (m, 2H), 3.36 (s, 3H), 3.20-3.12 (m, 2H), 1.99-1.78 (m, 6H), 1.62-1.50
(m, 2H).; 3C NMR (CDCl, 100 MHz): 6 157.1, 152.2, 149.0, 147.4, 142.2, 141.0, 138.7, 127.9,
127.8,127.5,127.2,126.7,126.1, 125.9, 124.2, 124.0, 123.5, 120.0 (d, /J=4.2 Hz), 119.7, 119.6, 119.5,
112.9,108.3 (d, /= 3.5 Hz), 107.8 (d, /= 1.9 Hz), 107.2 (d, /= 4.2 Hz), 94.8, 73.8 (d, /= 13.8 Hz),
67.3(d,J=14.1 Hz), 63.4 (d, J=4.7 Hz), 61.8, 55.1, 32.9, 30.4.; HRMS (APCI) m/z: [M+H]" Calcd
for C37H3,0ORh 595.1503; Found 595.1507.

SFI-Rh(I) complex L12-Rh(cod)

L12-Rh(cod) was prepared from L12 (0.023 g, 0.055 mmol). Yellow solid; 23.6
mg, 0.038 mmol, 68% isolated yield, purified by a PTLC deactivated with
triethylamine (n—hexane/chloroform = 2:1); mp 105.2-107.2 °C; 'H NMR (400
MHz, CDCl3): § 7.65 (d, J = 8.2 Hz, 1H), 7.56 (d, J=8.3 Hz, 1H), 7.51 (d, /=
7.5 Hz, 1H), 7.33 (d, /= 8.3 Hz, 1H), 7.28 (dd, /= 7.4, 7.4 Hz, 1H), 7.02 (dd, J
=7.4,7.4 Hz, 1H), 6.98-6.92 (m, 2H), 6.83 (dd, J=7.4, 7.4 Hz, 1H), 6.74-6.65
(m, 3H), 6.18 (d, J= 8.2 Hz, 1H), 5.78 (d, J = 2.3 Hz, 1H), 5.34 (s, 1H), 3.99-3.90 (m, 2H), 3.78 (s,
3H), 3.63-3.55 (m, 2H), 3.47 (s, 3H), 1.92-1.75 (m, 6H), 1.57—1.44 (m, 2H).; 3C NMR (CDCl;, 100
MHz): § 158.9, 158.6, 152.2, 151.3, 148.4, 138.5, 135.4, 133.6, 127.5, 126.0, 124.0, 122.9, 121.6,
121.0, 120.0 (d, J=4.5Hz), 119.8, 119.5, 119.4, 117.5, 114.64, 114.58 (d, J=3.32 Hz), 113.3, 112.7,
112.3,109.0, 107.5 (d, J=4.1 Hz), 71.7 (d, J = 13.6 Hz), 68.7 (d, J = 14.0 Hz), 64.3 (d, J = 4.6 Hz),
62.2, 55.6, 55.2, 32.7, 29.9.; HRMS (APCI) m/z: [M+H]" Calcd for C3sH340.Rh 625.1608; Found
625.1607.

SFI-Rh(I) complex L13-Rh(cod)

L13-Rh(cod) was prepared from L13 (0.022 g, 0.055 mmol). Yellow solid;
7.5 mg, 0.012 mmol, 22% isolated yield, purified by a PTLC deactivated
with triethylamine (n—hexane/chloroform = 2:1); mp 221.2-223.0 °C; 'H
NMR (400 MHz, CDCl): 6 7.50 (d, J = 8.4 Hz, 1H), 7.36-7.29 (m, 4H),
7.24 (d, J=2.8 Hz, 1H), 7.00 (d, J= 2.3 Hz, 1H), 6.86-6.80 (m, 2H), 6.69
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(dd, J=7.0, 7.0 Hz, 1H), 6.60 (d, J= 7.0 Hz, 1H), 6.45 (dd, J=2.8, 7.0 Hz, 1H), 6.18 (d, J=18.9, 1H),
6.14 (d, J= 8.9, 1H), 5.20 (s, 1H), 3.94 (s, 3H), 3.92-3.85 (m, 2H), 3.80 (s, 3H), 3.59-3.51 (m, 2H),
1.99-1.76 (m, 4H), 1.59-1.49 (m, 4H).; *C NMR (CDCls, 100 MHz): § 160.1, 159.5, 152.6, 143.8,
142.9, 141.8, 140.0, 138.6, 127.6, 126.8, 126.1, 124.0, 123.8, 123.0, 121.8, 121.0, 120.3 (d, J = 4.5
Hz), 119.9, 117.7, 114.5 (d, J=3.3 Hz), 114.3, 114.1, 114.0, 113.1, 107.5 (d, J= 4.3 Hz), 107.3 (d, J
= 1.8 Hz), 105.0 (d, /= 5.0 Hz), 71.9 (d, J = 13.7 Hz) 67.8 (d, J = 14.0 Hz), 64.4 (d, /= 4.5 Hz), 61.8,
55.7, 55.6, 32.8, 30.2.; HRMS (APCI) m/z: [M]' Calcd for C3sH340,Rh 625.1608; Found 625.1605.

3. Photoinduced Rh(l) catalyzed [2+2+2] Cyclotrimerization

Optimization for [2+2+2] cycloaddition.

General procedure: In an Ar-filled glovebox, A mixture of 2,2'-bis[2-(4-methoxyphenyl)ethynyl]-
1,1'-biphenyl 44a (41.5 mg, 0.100 mmol), diphenylacetylene (35.6 mg, 0.200 mmol) and a catalyst
(5 mol%) in CH»Cl, (0.5 mL) was placed in 3 mL screw cap vial. The vial was capped and wrapped
with a Teflon seal. The mixture was stirred at room temperature under argon atmosphere with blue
LEDs irradiation for 72 h. The resulting mixture was diluted with EtOAc and evaporated in vacuo.
The NMR yield of product 46a was determined by 'H NMR analysis in CDCl; using mesitylene as an

internal standard.

3-2. Substrate scope for [2+2+2] cycloaddition.

L9-Rh(cod) O
(5 mol%)

W -
CH,Cl (0.2 M)
m,72h
blue LEDs *

44 (2 equiv) 46
A mixture of 2,2'-bis[2-(4-methoxyphenyl)ethynyl]-1,1"-biphenyl 44a (41.5 mg, 0.100 mmol),
iphenylacetylene (35.6 mg, 0.20 mmol) and L9-Rh(cod) (2.8 mg, 0.005 mmol) in CH>Cl, (0.5 mL)
was placed in 3 mL screw cap vial. The vial was capped and wrapped with a Teflon seal. The mixture
was stirred at room temperature under argon atmosphere with blue LEDs irradiation for 72 h. The
resulting mixture was concentrated under reduced pressure and purified by a preparative TLC

(toluene : dichloromethane = 2:1).
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1,4-bis(4-methoxyphenyl)-2,3-diphenyltriphenylene (46aa)%*
oMe White solid; 76% isolated yield (43.2 mg, purity 92 wt%, 0.076 mmol), purified
O by a PTLC (toluene : dichloromethane = 2:1); '"H NMR (400 MHz, CDCl;): 6
O O 8.40 (d, J=7.4 Hz, 2H), 7.59 (d, J= 8.4 Hz, 2H), 7.40 (dd, /= 1.0, 7.0 8.1 Hz,
‘O 2H), 7.05 (ddd, J = 1.2, 7.2, 8.3 Hz, 2H), 6.97-6.88 (m, 10H), 6.72—6.67 (im,
O O 4H), 6.65-6.59 (m, 4H), 3.73 (s, 6H); 3*C NMR (CDCls, 100 MHz): 6 158.0,
O 140.6, 140.5, 136.5, 135.2, 133.1, 131.6, 131.3, 131.0, 129.8, 126.7, 126.6,

OMe 126.2,125.5,125.2, 1232, 113.5, 55.1.

1,4-bis(4-methoxyphenyl)-2,3-di(4-methylphenyl)triphenylene (46ab)5’

QMe White solid; 46.6 mg 0.075 mmol, 75% isolated yield, purified by silica gel

O column chromatography ( dichloromethane : hexane = 1:1).; mp 269.3—

O O 270.5. ; "H NMR (400 MHz, CDCls) 6 8.36 (d, J= 7.6 Hz, 2H), 7.55 (d, J =
‘O 8.5 Hz, 2H), 7.35 (t, /=7.1 Hz, 2H), 7.02 (t, /= 7.2 Hz, 2H), 6.91 (d, /= 8.6
O O Hz, 4H), 6.70 (d, J = 6.70 Hz, 4H), 6.60 (d, J = 8.7 Hz, 4H), 6.55 (d, /= 8.0
O Hz, 4H), 3.71 (s, 6H).; '*C NMR (CDCl3, 100 MHz) 6 158.0, 140.7, 137.6,

OMe 136.7, 135.6, 134.4, 133.3, 131.6, 131.5, 131.4, 131.3, 129.9, 127.5, 126.2,

125.6,123.3,113.6, 55.2, 21.3.

1,4-bis(4-methoxyphenyl)-2,3-di(4—methoxyphenyl)triphenylene (46ac)

QVe White solid; 51.6 mg 0.075 mmol, 79% isolated yield, purified by silica

O oMe &el column chromatography (dichloromethane : hexane = 1:1).; mp

O O 243.8-245.4 °C.; '"H NMR (400 MHz, CDCls) 6 8.36 (d, J = 7.5 Hz,
‘O 2H), 7.56 (d, J = 7.8 Hz, 2H), 7.34 (t, J = 8.0 Hz, 2H), 7.02 (t, /= 7.7,
O O OMe 2H), 6.91 (d, J = 8.7 Hz, 4H), 6.62 (d, J = 8.8 Hz, 4H), 6.57 (d, J = 8.7
O Hz, 4H), 6.46 (d, J = 8.7 Hz, 4H), 3.71 (s, 6H), 3.66 (s, 6H).; *C NMR

OMe (CDCls, 100 MHz) ¢ 158.0, 157.1, 140.1, 136.8, 133.3, 133.1, 132.6,

131.6,131.4,131.2,126.4,125.6,123.3,113.6,112.4,55.2, 55.1.; HRMS (APCI) m/z: [M+H]" Calcd
for C46H3704 653.2686; Found 653.2750.

1,4-bis(4-methoxyphenyl)-2,3-di(4—methoxyphenyl)triphenylene (46ad)
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White solid; 37.5 mg 0.066 mmol, 66% isolated yield (reaction time = 96
h), purified by silica gel column chromatography (dichloromethane : hexane
= 1:1).; mp 285.5-286.5 “C.; '"H NMR (400 MHz, CDCls) § 8.39 (d, J =
7.2 Hz, 2H), 7.59 (d, J= 7.7 Hz, 2H), 7.05 (ddd, J= 1.2, 7.1 Hz, 2H), 7.05
(td, J=1.2,7.2, 8.3 Hz, 2H), 6.90 (d, J = 8.8 Hz, 4H), 6.64 (d, /= 5.7 Hz,
4H), 6.62 (d, J = 5.8 Hz, 8H), 3.75 (s, 6H).; *C NMR (CDCls, 100 MHz)
0160.9 (d, J=245.0 Hz), 158.2, 139.6, 136.9, 136.6 (d, J=3.5 Hz), 135.1,
133.2,133.0(d, J=7.8 Hz), 131.7 (d,/=4.6 Hz), 131.0, 130.0, 126.5, 125.7,

123.3, 114.1, 113.9, 113.8, 55.2.; ’F NMR (CDCls, 100 MHz) § —117.1 (s).; HRMS (APCI) m/z:
[M+H]" Caled for C44H31F20, 629.2287; Found 629.2360.

1,4-bis(4-methoxyphenyl)-2,3-di(4—methoxyphenyl)triphenylene (46bb)

White solid; 33.6 mg 0.056 mmol, 56% isolated yield, purified by a PTLC
(dichloromethane : hexane = 1:4).; mp 269.3-270.2 °C.; '"H NMR (400

‘ OMe " MHz, CDCL3) 6 8.39 (d, J = 7.4 Hz, 2H), 7.51 (dd, J=0.8, 7.7 Hz, 2H),

7.39 (td, J=1.1, 7.1 Hz, 2H), 7.04 (td, J= 1.1, 7.2 Hz, 2H), 7.00-6.886.96

O (m, 4H), 6.79 (t, J = 8.8z Hz, 4H), 6.55 (d, J = 8.8 Hz, 4H), 6.48(d, J =
OMe

8.8 Hz, 4H), 3.68 (s, 6H).; '*C NMR (CDCls, 100 MHz) 6 161.5(d, J =
246.2 Hz), 157.4, 140.6, 139.1(d, J=3.6 Hz), 136.5, 133.7(d, J= 7.8 Hz),
132.6, 132.5, 131.7, 131.3, 130.7, 129.5, 126.6, 125.7, 123.4, 115.2(d, J

=21.2 Hz), 112.6, 55.2.; ’F NMR (CDCls, 100 MHz) 5 -116.1 (s).; HRMS (APCI) m/z: [M+H]"
Caled for C4sHs1F20, 629.2287; Found 629.2302.

1,4-bis(4-fluorophenyl)-2,3-diphenyltriphenylene (46bc)

White solid; 20.6 mg 0.035 mmol, 35% isolated yield (59% base on 'H NMR
using 1,1,2,2-Tetrachloroethane as a internal standard), purified by silica gel
column chromatography (toluene : hexane = 1:3).; mp >300 ‘C.; "H NMR
(400 MHz, CDCl3) 6 8.40 (d, J=7.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 7.39
(td, J=1.0, 8.1 Hz, 2H), 7.01 (td, /= 1.2, 8.3 Hz, 2H), 7.00-6.96 (m, 4H),
6.76 (t, J = 8.6 Hz, 4H), 6.72 (d, J = 7.8 Hz 4H), 6.53 (d, J = 7.8 Hz 4H),
2.18 (s, 6H).; *C NMR (CDCl3, 100 MHz) 6 161.6(d, J = 246.0 Hz), 140.8,

139.1(d, J = 3.6 Hz), 131.7, 131.4, 131.3, 130.8, 133.7(d, J = 7.8 Hz), 131.3, 131.8, 130.0, 127.7,
126.5, 125.7, 123.4, 115.2, 115.0, 21.3; '°’F NMR (CDCl;, 100 MHz) J -116.1(s).; HRMS (APCI)
m/z: [M+H]" Calcd for Cs4H31F2 597.2388; Found 597.2375.
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1,4-bis(4-methoxyphenyl)-2,3-di(4—methoxyphenyl)triphenylene (46bd)
i White solid; 30.2 mg 0.050 mmol, 50% isolated yield, purified by a
¢ GPC(chloroform).; mp 299.1-299.7 “C.; '"H NMR (400 MHz, CDCL) §
O O 8.42 (d, J=7.4 Hz, 2H), 7.53 (dd, J=0.8, 8.5 Hz, 2H), 7.42 (td, J= 1.0, 7.1
‘O Hz, 2H), 7.06 (td, J= 1.2, 7.6 Hz, 2H), 7.08-6.96 (m, 4H), 6.82 (t, J= 8.7
O O . Hz, 4H), 6.68-6.59 (m, 8H).; 3C NMR (CDCl3, 100 MHz) 6 161.5 (d, J =
O 247.0 Hz), 160.9 (d, J = 245.8 Hz), 139.5.0, 138.5 (d, J = 3.7 Hz), 136.4,
F 135.9 (d, /= 3.6 Hz), 133.5 (d, /= 7.9 Hz), 132.8 (d, J = 7.8 Hz), 131.7,
131.5, 130.3, 129.8, 126.7, 125.7, 123.3, 115.3 (d, J = 21.3 Hz), 114.1 (d, J = 21.4 Hz); YF NMR
(CDCl3, 100 MHz) 6 -115.4 (s, 2F), -116.4 (s, 2F).; HRMS (APCI) m/z: [M+H]" Calcd for Cs2H24F>

604.1887; Found 604.1824.
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4. Computational Details

All density functional theory (DFT) calculations were carried with the Gaussian 16 program
package.S® The hybrid density functional method based on M06%” with a standard 6-31g* basis set
(LANL2DZ basis set for Rh) was used for geometry optimizations. The 6-311+g** basis set (SDD
basis set for Rh) was used to calculate the single-point energies because it was envisaged that this
strategy would provide greater accuracy with regard to the energetic information. The solvation effect
was examined by performing single-point self-consistent reaction field (SCRF) calculations®® based
on the polarizable continuum model (PCM) for gas-phase optimized structures, if necessary. Geometry
optimization and vibrational analysis were performed at the same level. All stationary points were
optimized without any symmetry assumptions and characterized by normal coordinate analysis at the
same level of theory [number of imaginary frequencies (NIMAG) 0 for minima and 1 for TSs]. The
intrinsic reaction coordinate (IRC) method was used to track minimum energy paths from transition

structures to the corresponding local minima.%’

Table S3-1. Summary of Gibbs-free energies for the [2+2+2] cycloaddition.

G (hartree) G (hartree) imaginary frequency
[@6-31g* & | [@6-311+g** & SDD | (cm)
LANL2DZ] +PCM] [@6-31g* &
LANL2DZ]
IM1b -1497.240111 -1498.657681 None
IM2b -1724.46996 -1725.940479 None
IM3b -2262.141994 -2263.752194 None
TS3b_4b -2262.134546 -2263.743492 -282.0400
IM4b -2262.171651 -2263.776821 None
IM5b -2801.059787 -2802.807867 None
TS5b_6b -2801.044794 -2802.791567 -351.5203
IMéb -2801.092326 -2802.837963 None
TS6b_7b -2801.071225 -2802.814589 -306.9486
IM7b -2801.152746 -2802.896474 None
diphenylacetylene | -538.878591 -539.008144 None
diyne -1076.57864 -1076.834941 None
cod -311.619866 -311.704206 None
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Figure 4.1.1. Application of organoboron compounds.
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Figure 4.1.2. Molecular transformation via organoboron compounds.
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Figure 4.1.3. Transition metal catalyzed C—H borylation.
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Figure 4.1.4. Proposed reaction mechanism of Ir-trisboryl complex catalyzed C—H borylation.
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In(V) $&R2 5 C-B fEGINETHINEEST 5 2 & THIER VHRLAWEEKRT 5, 2k
S>THAT D (NN)Ir(H)(Bpin), $5A1% Bopiny & KUt L, HBpin 23R erIBLEES 5 & [RIREZ Ir-
NU ARV IEERETAET S Z & TSy A 7 V2T 5,

TAVE THAS SR C-H RS AR U FEEOSIE, TDIEEAERT L— D
C(spH)-H fEAR VRIS TH D, RIS Cp’)-H AR VRS H B < s S
NTWD, CspH)-H FEG AU RISE & el U TSN D720, ZHUuIE< o7 vh
VPSR EE S o R E LRV TE) CH FATEMLRIS S ETREECH D =
SNTEKT B0, 207w, IR C(sp’)-H AR E LGOI EfEm L, ZhE
TR FF & R EE O MBS b I ROGEREI T C&E e, 22 CTUT T O B
MEAFIH L Csp’)-H #EG 7 7 RbIZI 1T 2 Al o SR > REF] 2k~ )
2 @ EmMEEFIHT D Csp))-H fEE A v FE T IT Dl L ORERFHI W TEE
IR U N B

4-1-3. EEREZALVEL C(sp’)-H #EATRHYRIERI
1999 4|2 Hartwig H1%, Cp*Re(CO); Z MM T THWAD T L L FEHD C(sp’)-H
AR U FBLS &S L7z (Scheme 4.1.1) 11,

Cp*Re(CO)3 (2.4-5 mol%) I Me :
R—H + B,pin, - R—Bpin ' Me Me
hy, CO, 25°C 7 examples ' Me | “Me
up to 100% Re,
: ~ ] co
OoC co
Me i Cp*Re(CO);
Me Me R R Rl
MeRI Me
1\ Bpin
oC ‘ ;
oC Bpin

Scheme 4.1.1. Cp*Re(CO); catalyzed C(sp*)-H borylation of linear alkanes under irradiation of
ultraviolet light.

ZHUTIR B BRI e TV VHED CspP)-H FEE R U RIS TH D, Re O LR
= VBT % R S B D T OIS RS A B S 5, £ 2T 2000 A2 Cp*Rh( 7y *-
CoMes) iz VN, SRAMEIRISSEICR 2, 150 °C ITMBAVT D40 F T 7 & U5 DEEH
TN D CspP)-H FiAH U RIS & LM, Z0%, Cp*Rh(n*-CeMeg) fillfi %
WD ROSRICKR L, BREREER I L OFEBRE R 722 SOSBEREMRENT 2317 du, Cp*RhH(Bpin)s
BER MBS R CH D Z L ARIB S LTV D (Figure 4.1.5) 13
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E—Bpin Me,
Me Me
Me I Me
(pin)B Bpin
H R
Me Me 16e~ complex
Me Me Me Me
Me E-Bpin Me
RI e —C MZ /RIh\Me
3 676 H™y Bpin
(pin)B Bpin Me
MeﬁMe
E = H or Bpin
- e
or . / \FR
o bond methathesis B(pin) H
Bpin

Figure 4.1.5. Proposed reaction mechanism of Cp*Rh-catalyzed C—H borylation.

2008 4F|Z Hartwig H1%, I-NN RN A2 HW 2 IERIZ LD b v UFFERO~
VV/V&%?RE"J C(sp’)-H #EEH v ELS 2 WS Lz (Figure 4.1.6) 14, A5 Tix, AE
DSLRFFNENC X o TRIGONLEEIRTE (C(sp®)-Hvs C(sp?)-H) BERD L DD, m-F L
RAVTF LU ERHWDEE T, BWRY DIUNEIRE TR v B LRSI TT 5

[Ir(cod)OMe], (1 mol%)

dtbpy (2 mol%) .
R H - R Bpin
Et;SiBpin (1 equiv)

80°C,12h

F

. : . F .
\©/\Bp|n ! Bpin Bpin
: F F
Bpin . F
86% H 95% 79%

89 : 11 .

Figure 4.1.6. C(sp*)—H borylation with benzylic C—H bond using silylboranes.

AT, r-ZFERE L— NUENL & O B RMER SRS C(sp’)-H fEE A 7 FRIbK
JRCx L CHMAATEE TH D 2 L &2 m LIS EBRN 2 lEH Th 5, S HIT 2015 FI
Hartwig X, B ANER 7 =F > MU UEINL T Z2BFE L, Fix OFEEITx L TRy DAL
C(sp’)-H FEA~OBRIVENBIFIZ M B35 2 & A #A L7 (Schemed.1.2) 140
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! Ar
; SIEt
catalyst (1 mol%) ' : N I 3CI CF; ;
dtbpy (2 mol%) : l"lr"“‘\
H > Bpin ; N \H Ar = E
Et3SiBpin (1 equiv) : ~
MeCy, 100 °C ; '
16 h : Ar CFs 1
r L 2
catalyst

Scheme 4.1.2. Regioselective C(sp*)-H borylation of benzylic position catalyzed by electron deficient

phenanthroline-Ir catalyst.

INHOHEZLE Y & LT Hartwigh*M 2y U F@F19] Schley!™™ Sz k- T
FEx DT NVI Yy, TAFLT—T VB IOT VXTI HEEONERO S ~ v fE 7
IS SR DSBAFE S 417 (Figure 4.1.7),

catalyst

R-CH3 > RABpin
B,pin,/ HBpin, 80-150 °C

catalyst

F
N, «Bpin Bbi
et +Bpin

I
'’ |\Bp|n N;/ r\Bpin

Bpin 7 ‘\
~
Hartwig Hartiwg Schley Kuninobu

Suginome

Figure 4.1.7. Transition metal-catalyzed non-directed C(sp*)—H borylation of linear alkanes.

FRELISN DER AR AR 2 o & LT, Chirik HIZ XK T Co iz fHW e~
ML L ORERDANLD C(sp’)-H FEG A U RIE b @E S ThaI Zh b o
Ba RN B C-H #E 2T b 2 BRI Z L8 TSR IS SRR HE T ¥
HNEAT SH, HAT BBV L7 CH AR VRIS bHE I NIZLH TN D,

HAT BEHEIZ K D C(spd)-H #EGF v RIS OB 72 # & F & LT, 2020 F12
Aggarwal OIIVERRHT (390 nm) | {LFEFHED N-(2,2,2-trifluoroethoxy)phthalimide % Fu >
% C(sp’)y-H & 7 FALE 2 S LT % (Scheme 4.1.3) 17,
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CIB(cat) (20 mol%) ; 0
K N-(2,2,2-trifluoroethoxy)phthalimide (1 equiv) K : Cl—B,
< >—H > < >—Bpin : 6]

MeCN, 390 nm LEDs - : CIB(cat)

then pinacol, Et;N 54 examples, up to 59%

: o) :

— 'OD — ; N :
O—B, + . : ~0"CF;

Fc— O cl : *

, 0 .
N HAT L N-(2,2,2-trifluoroethoxy) |

phthalimide
Cl, O
l.,B/ .)
Fsc” 0" ‘o:©

__________________________

Scheme 4.1.3. HAT catalyst mediated C(sp*)—H borylation of alkanes.

N-(2,2,2-trifluoroethoxy)phthalimide 73 390nm Y& WL L CRhEIREZ K L, F U HR
AEA~—BABIENT D2 LT R TICT A ax e I DN ERT S, 20T L afkxy
T VI Cl-B(cat) ~MIINT 25 2L TT VIR EEHR T L L EX LN TND, 2D
DI IVEERD S ISR T B v u T U VBROGIEER E 7V . C-H G % HAT
BRI & o TISMEAL T 2 BSOS RNIRIB SN T2, ERGFZ ML LTV iEk0E
B RmAE 2 -2 BOGHR LT R0 R T CAERRT 5 Cl 7V EiERT 58772
FOGRRFHT L0 . D TR SUGEHT T Csp’)-H Fiah v BUGHEITTT 5, £
—FH T, KIS TRIMEZEREHN N TND 7 XA I FHEORIAERDBE L 5 72D
TRHEMEDEDIHRECTH o7, ZHUTK L CGIEFETIE, Cu X° Fe ZZ ikl & 53K
JSRNEH S, HAT  #IBICSH L 72 Csp’)-H FEA R U BLRSDNHE Shvhd T D

[18]

o

ERO X, KIEEDZ LT X LAY D C(sp’)-H a7 v R LG AR L
7o R MR AR 2 i S AU C & T, PER OISO R DAL ESEIRME I, — RIS EE ONLR
b3S KOG A RBE= 1 L X — I K 0 Hlf S D72, K C(sp)-H FEEBEEEMIZHR Y
FbEhd, £O—FHT, 53FHND C-H fEEDOH T, MARANIRAE - T 2 R IR
R UFET HITIE, BEARE T OIS TR ERER A WD FEREHTHH 2
ENHBND, WETIHEAMEERERZ WD C-H AR T FRSIZ W TRER 5,
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4-1-4. BEEEZR IS C(sp®)-H EARIRIERE

m%%%%V~%MM&%%ﬁw5%ﬁ¥i(H{@Afﬁfkﬁﬁlﬁbﬁwﬁﬁﬁ
PERTZ I EROEY THD, ZO—F T, ZOMMBERGR TIIIEERN 16 & 185K

> (NN)Ir(Bpin); 54K TH 0 | h¢uiwmu%%1oLW%k@m ZD7=, B ED
BREEE OB A H VD54 (NN)Ir(Bpin)s $EAICIE N ENLT 5 2 & TR AL FIfE %
T 5, ThRbb, C-H S EIEHET S f_&w%@m%% L7270, Bl e A R
T 2A0ERIRG C-H SR v R LTI T L7220 (Figure 4.1.8, path a), = DA
BOS OALE BRI — B 72 C-H fEa 7R U R SOR & RIRRIC, SEAREFICLVHE SN D
(Figure 4.1.8, path b) 19, Z D728 Ir Hl~ & SR ENZEUNL T 5 B 552 O DAL BRI
C-H #5677 FSIGITIE (NN)Ir(Bpin)s SR 2 15 HEFE & 7 2 il % % 38 JH T & 720,
T, 2 DDZEENISG A b O R SUSTEYERE A . RIS CTAER T E DB TR L ORE
AR SN T E T,

RI
" 7\
HI \ DG
H
R, ( N.., yp: «Bpin —>—>  no borylation
7/ \ r
/ C‘ N/ |\Bp|n
%] H H Bpin
( N.,, «Bpin My 18e~ complex
AN
N Bpin R,
l P path b “o e DG
Bpln \ / N -
R HIE H ——> sterically controlled
16e~ complex "'.c 7\ N, & wBpin ? borylation
p— DG ( T
H }_‘ N~ |\Bpin

Figure 4.1.8. Ir-trisboryl complex catalyzed C—H borylation of alkenes with directing groups.

Bk z A5 C-H AR U ESICBW T, 2 E Tl Sz s % % X

AR FHERES T LSBT D L Figure4.1.9 O X DT/ b, B FaXFHIE R LaMUsR E L
T, ORI i W HEE R - 2 IV % FiE, @ Hemilabile Y RN A2 IV D TRk,
@ LX BB T2 WD TIE 2000 B, ZHHIEZEENISE 2 o6 Ir $5AR &G MERE
ETDRIGRRFCTH D, Fe, REREE LTEIC, @ X BEmEEZAVDTE b
. AFETIE (NN)Ir(Bpin); @ Bpin ﬁﬂﬂ%%% O X BOF I LT H LT, %L
BNz 5H 952 72K It FICEENENM TE 5, 2t O~ OB & I13R72 0 |
N TEIREY C-H S B R 7 FERSIC BN T 2 DD BN S &2 VB L LR WRSRETHh D,
TR AT, FEEAERKAMMEERZ VS C-H fBaR v H RS b MG S s T
B, Al FERICA U2V AER 2T U7 AR FHC X 0 ROSPER KO E s
FREBRHE SN TS, ZRHIZOWTARETHEMERRD,
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BARERCHIF Hemilabile —FEELAIF LXBYEL LT X BUfgra &

[t L—|.| H’c/)
Lo, “‘\Bpin Lo, “\\Bpin

Bpin N, | X
. , I I < Ir < "I,
(;gc_t:_lvg species v i\B oin e 'i\Bpin x” IO N Ii\Bpin

,,,,,,

Bpin Bpin Bpin Bpin
C(sp?)-H borylation O O @) O
C(sp®)-H borylation O x O @)
EHBHRSHEREIER
H,C \\\\ L Bpin_ L,\ C—
No,, | BPIn ( N, | BPIN S N, | wBPin
Active species IrS -~ I'N\H "I
(C—H activation) ( N~ |\Bpin N7 | \('; N ( N |\Bpin
. D
Bpin Bpin \j" LA Bpin
C(sp?)-H borylation O O @)
C(sp®)-H borylation X O X

O : many reports  X: no report

Figure 4.1.9. Catalyst and substrate design strategies for functional group directed C—H borylation.

(1) BRIV DTk
2009 4EIC A 1L & E I, BTN IR O EEAR 2 7 ¢ UEUE T A S
T LT MERERELAAL LT HAERRE Csp’)-H MG A YRS EHE L7
(Scheme 4.1.3) %, ARG 2SR D Lewis HLIEME 2% 3Bl S 2 O T AL BN 2k &
FALBUE O fe b S BRI 21T o 5.,
OR! [Ir(cod)OMe]; (1.5 mol%) OR

o P[3,5-(CF3),CgH3] (3 mol%) . o
@ H B,pin, (1 equiv) @ B

ocatane, 80 °C pin

(R51 iq;:l’yn 16 examples, up to 99%

‘ o N
AI'F3PI,,' ?“\\Bpin E PAFF3 =P E

'.Ir“ 1 1

Npg H H

El/ | Bpin : CFy /3 !

Bpin e e ——————— H

Scheme 4.1.3. Oxygen-directed C(sp®)-H borylation with Ir-monophosphine catalyst systems.

HIER AT 4 L ORENS, N 7 = =LKk AT 4 ¥ (PPhy) &AW 35E TS AME
WRERD DD, AV ML C-HMEPELEMICRYFEbSND, £/o, A PFUEOX
DIRBFHEGEEZ SO MY T U —IRAT 4 (PA) TiE, IERE LOUREN R E <K
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TT5ZERDoTD, Sl FOSHE TR S TRV, BN OEWE B
TR AT 4 VENL T E VDA BUSRF T (R3P)Ir(BPin); (n=2,3) 2T 5 7= OISR
BIOEBRENMETToEEZ2 05, —FCVMEMICEmE L, BT RERARRAT 0 VAL
TEHAND Z L TR OfEEENMEE S L, 14 BEEATH D (RsP)In(BPin); $51K % E%h
RPPERTE B, Thbb, MEAMEEREN Ir FOICEN LiEERE AR L TR v #
EIEDHEITT D720 IS AV MIEIRIICHEITT D B2 b b, £RFEE LI, %
(2B T & LT AsPhs & VW5 2 & CREBEME2 M B U, TR/ 3B IS0 A © & 2 Al
JE TR A BRFE L 721200,

— TR BIE, U DHERE ) R A7 ¢ (Silica-SMAP) EM %49 % Rh fililii %
W2 A0 MIBRE) C(sp?)-H fEA A VRIS EZ#E L TWD, RIS RITA LS &
FEE. EEWHERMN 2N 28T 14 EF2RTLEATAROSTEHRENEL 57
B, NEEZERIC C-H #EA A 7 RILUSHHEITT BRI,

ARFEL Csp’)y-H FAFUVRBISIC B SN TR Y, 2012 FITEFN HIZT U B
FE/RATZ7 4 0 &HFTHRh fllEEZ AT, 7 I FOU L7 EBRER R E R Z B
& T 5 Csp))-HAEEGA U FEEZHE LT % (Scheme 4.1.4) 122,

[Rh(cod)OMe], (0.25 mol%)

0 Silica-TRIP (0.5 mol%) o
B,pin, (1 equiv)
R 2FT2 R
\XJ]\N/\H - \XJLN/\Bpin
' hexane, 60—100 °C, 1 h !
R R
2 equiv 12 examples, up to 184%
[ - Bpin ]
pinB S e
NS i
F{Ih,Bpln b
; T
(I j@ simes Y
SiMe S,' . .
O O _Si _Si
' ' 7o 48
_Si _Si
73t 798 | |
Silica-TRIP

Scheme 4.1.4. Oxygen-directed C(sp®)-H borylation of amides catalyzed by Rh-Slica-SMAP system.

FEAR 72 SUSBEREMEAT I ZAT DAL TRV, AR R, SRR E@mWAR AT 1
BN T2 WD 2 & C 14 BISERASOSIEER S L, C-H EATEHEEAEIT LT D &
ZEzbhb, EREEDAMNCHERFLICEAICENMT 28U DA EIMIEE L Cil i
AHETH L Z &b STV D (Scheme 4.1.5),
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[Rh(cod)OMe], (0.25 mol%)
Silica-TRIP (0.5 mol%)

H\’___\\ B,pin, (1 equiv) pinB --
Ny No’ hexane, 80-100 °C, 12 h > Na No
® J
2 equiv 4 examples, up to 197%

Scheme 4.1.5. Pyridine-directed C(sp*)-H borylation catalyzed by Rh-Silica-SMAP system.

Z DR SRICB W TER SR THE A2 Rh (A, Ir 25 2 & CHRE i FH#H A
KIBIZHER STV D, 2013 B LN 2014 FIZ, 2-T T VE Y DD f NLERRE
C-H A& U FELUG 2 L (Scheme 4.1.6a)22>¢1 2016 £E101F_ 0V A F 4 — Lo
VISFT = VEOANT aR R L T A OBEHB LOBIRT v IcH L, A
BRI R T ECRISDEITT 5 2 & b HE LTV % (Scheme 4.1.6b) 221,

(a)

[Ir(cod)OMe]s, (2.0 mol%)
Silica-SMAP (2.0 mol%)

| N B,pin, (0.3 mmol) | ) Bein : P
N? R > W R [%j :

L TBME, 60 °C 5 : s”

i SiMes [ :

3 equiv 7 examples : CI) @) ;

up to 109% v | | ;

(b) b A-Sig ~Sic,
[Ir(cod)OMe], (2.0 mol%) : /OO’ ? /OO’ C{ :

Silica-SMAP (2.0 mol%)

. P |
B,pin, (0.2 mmol '
A~ THF, 50-80 °C AN : Silica-SMAP

R X R e ——————- H

X
(X=NMe, S, O)
13 examples
3 equiv up to 112%

Scheme 4.1.6. Ir-Silica-SMAP system catalyzed C(sp®)-H borylation of (a) 2-alkylpyridines and (b)

1,3-azoles.

IHNDDEEWEEER R T ¢ VBN O DR R O BRI, ZERN A 2 o
60 14 B EERETIGMERE & 3 SRR GT ThH D720, BHERERED L ROl m
W OALEERG C-H #E A VR RIS~ TE 5, FrICEM O OfEERFHL, Blm
HEEHAWD Cspd)-H fEERUHRIEE U TR B IEERNZRFITH D | I8 IAWEEE R L O
A Je 3t ATRE 70 iR T D, 2D — T RUGOEITIZIIME A B L U RIS SRR
FEORE/p2-v0 ) ) UEE WAL A IIEESEEENELE T 5,
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(2) Hemilabile BB 1% VD Tk
2011 A2 Lassaletta ©13, N,N-dibenzylhydrazone B %2 B9 % Ir il L5 2-7 =
=B Y UUBEOAMERIRY C-H #E6F VR LG E#E L7z (Scheme 4.1.7) 23,

Z [Ir(cod)OMe], (0.5 mol%) z
- Ligand (1 mol%) o |
N > N
@ B,pin, (1 equiv) @
HBpin (5 mol%) Bpin
THF, 50-80 °C 23 examples
up to 95%
— Bn~N/Bn i [t D it
| 7\
S Bpin ! _ N Bn
LN, | Bpin : N-oON=N
H/"'Ir“\ . : o i
| Bpin i hemilabile Ligand !
&N
\
— / —

Scheme 4.1.7. Nitrogen-directed C(sp®)-H borylation catalyzed by Ir-hemilabile NN ligand system.

AESIE, —EKAIICHWO N BB Y VU EOEFRRF L— MU TR IZB T 5 —
FOEFENE, BNLAIDZ Lk KTV o~ EE B fEERGCTH D, T7hbb, K
ISR R TCEAL S D2 LWVEEFEERALAS — FRAIC AR L. JRE oRLa A & B g5 2 &
TEBHOICEENRNLTE D, TOD, EFEHRF L— MU TR 1% 2 iR 1
BT, U UAED LS B O EICEAL T D EM A A VD A ALE BRI A U %
ERIE~HEATE T D, ATIEIL Csp?)-H AR UHEORICHEA SN TR, [
RO FiEE F T2 C(sp’)-H 5 G 7R U B LN EHE STV 7R0,

(3) LX BUELNT -2 DTk

2014 42 Smith 5%, SiP JEENL T2 G35 Ir 85K % WD RS EGEHT L 0 |
T AT NVEOBRFEERELZEMILE T2 CspH)-H fEA v RLRIEE#4 L7z (Scheme
4.1.8) %l
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O .OMe [Ir(cod)OMe], (1.25 mol%) O .OMe :
L1 or L2 (2.5 mol%) ; y
B,pin, (1 equiv) Bpin ! ©iSI'PI'2H
R R R E
THF, 80 °C, 16 h ; P(p-tolyl),

\

23 examples : L1
up to 95% :
B ] X
p-tol P>
F ptol - N
7 SilPraH
i .
P S, | Bpin L2
iPr I,
7 | TBein |l
L O _

Scheme 4.1.8. Oxygen-directed C(sp?)—H borylation catalyzed by Ir-SiP bidentate ligand system.

B 7 Si-H #5& 7Y (L)Ir(Bpin)s (ZEA{EAIMTIN L, HBpin 23ECHIBEET S Z & T Si
KX R LARAT 48 LB B Ir FOISE b— MBI L7IEMRENAE TS B X
bivd, 77205, filliyEMERE S LT 14 EFHEAETH D (Si)P)r(Bpin), 2AELT, Z DTEME
FRIZEBWT It FUNEZERN %2 2 Db o= Otz E WV DAL EEIRK C-H fiah v
ERISIZHEHTE 5,

SiP B2 A, 7 U CBIENL T (L2) ZHV 5 2 & TR A IR TE AL
BB B2 2 ENHE SN TND, S HIZ 2019 42 Clark HiE, L2 & Ir filtfif
R Csp’)y-H #EG 7R 7RG & #i L7z (Scheme 4.1.9) 241,

[Ir(cod)OMe], (1.25 mol%)

0 L2 (2.5 mol%) o)
B,pin, (1.5 equiv)
R 2PIN2 > R
o NP N— RN N
| R’ 1,4-dioxane, 120 °C, 20 h ' R’
4 examples
up to 96%

Scheme 4.1.9. Amide-directed C(sp®)-H borylation catalyzed by Ir-SiN bidentate ligand system.

AEEERITT 2 RBX O LT S0 A E~EA TE 22, MISOEITI T EIRKGNE
#%%Ek#éoé%’ SEARREE D K X 7 VG Tiﬁﬁ@ﬂﬁ#%b<ﬁT#é Eb
Mo TRV HEEHEEPHICHIRAFIET 5,

2017 A2 Li BlE, B DA T ==L VT MO NB RN 2G5 Ir fillli
ciéoﬂﬁﬂﬁﬁfmﬁﬁ%ﬁibt@mmwm¢m%ommmﬁ%%@3o@9%
10@an%u%%NB%u%@T)»ﬁqX@)T WX T BERFCH D, b

R TAERT S 14 B 1HKRD (NB)Ir(Bpin), $S5AIZELMIVEERELLSEAAL L 721G MERED
%ﬁﬁm%ﬂ?iétbu\@Eﬁﬁwm:C41%€ﬁ€@%M%EﬁLﬁﬁéo
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DG
O \
DG [Ir(cod)OMel, (1-2 mol%) DG OJLR -
NB ligand (2—4 mol%) Bpin
B,pin, (1-2.5 equiv) N-OMe N=
51 examples é W/,
up to 98%

‘ ‘ ; 5 N. ;-NH
' 1
' N i
Q\l/" ||||||||| ||Bp|n : = SlMezph

B in + MeO
MeO P - NB ligand

Scheme 4.1.10. Functional groups-directed C(sp®)-H borylation catalyze by Ir-NB bidentate ligand

system.

KRN B0T D BB HEH O KT ATV, 73 FEOMBEREREST T A
RV VU T EEOEFRRERELENIL L T D Csp?)-H FARYFE IS TH D,
—4 . 3BIDF C(sp’)-H KA U EMFUSA A S TR Y | A 5 O Ir-Silica-TRIP fill i
Bt & RIFEEE DR THEITS 5 Z L3> T b (Figure 4.1.10),

2-pyridilamine substrate

z z
Bpln Bpin Bpin

70% 71% 80%

Figure 4.1.10. Application for C(sp*)-H borylation of 2-aminopyridines.

2019 FZ Xu B, ¥ 7/ NB _J#EL 1 (CBL Bz 1) ZBA% L., Ir iz L% >
ra7 a7 I REORFE Csp’)y-H A AU R bRIGZ A Lz (Scheme 4.1.11) 264,
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[Ir(cod)Cl], (5 mol%)

o CBS ligand (10 mol%) 0 :
Ar: iNRZ B,pin, (1 equiv) . Ar: tNRZ . Ph ;Ph
H H THF, 60 °C, 36 h (pin)B H N> \N BU
32 examples : / A \Il?./
0 [ '
up to 95%, 94% ee : \ =N SiMe, R

: ph”
?] N E R=
E]'/Ir\ / .
pinB B—N :
me / !
R Ny, '
RS}

Scheme 4.1.11. Amide-directed C(sp®)-H borylation catalyzed by Ir-CBL ligand system.

FEO Li & EFBRIZRF T (NB)Ir(Bpin), Z1EMERE & U CAERKT DR FaXEHT LD |
7 I NEOBRBEERELABME L TARENEZICK LT, mUWMIE R X ONEARRIRME T
C(sp’)-H #EER U RSN EITT S Z L 2@mE LT 5,

AFEDOHKRIZ Xu DI, CBL BN L7V — Vs FEAReid o2t Trrurn
BT I RET TR, UVT, B—R_A— ] =—TFT AR 13-7 V= VEEHT LB
FEICHR L BN ARRIRMER L OUER T C-H AR UHRREAEITT 5 2 L 285 L
TWb, £1T I HESCHFAT o 3 — Ml & LI ARINE Csph)-H fE&H v HEl
FOSZ b TZ % (Figure 4.1.11) P — 5 CARAEER X, A O Li HORIGHR &I
R0, BV VVEDO LD It FULICHRENZENLT D EREEEZ AT OEED C-H fiah
U FACSOG T TR0,
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urea-directed 1,3-azole-directed

n O .
C i y
N_ _N. N pin Y /R
\n/ R N R R\/K/N

Bpin O R‘r}l’go Bpin
R
amide-directed

0}
Bpin O Bpin O g R R2N\”,O -
’ , SSR
R\)\)LN'R %LI}I'R O A Y /A\
IIR’ R Me R’ (pin)B H (pin)B H

2 .
ether-directed C(sp”)-H borylation
.0
Bpin IIDI - )\CFg

Me’o JAr Bpin (?)Me Bpin NMe, .
ine” O

Figure 4.1.11. Application for another directing group-directed C—H borylations.

2017 4RI Yu BIX.FTAT I AF LAYV ) VENFEFT5H Pd filtic L5y

s 7B DARF Csp’)y-H fEaA U RIS % #E L7z (Scheme 4.1.12) 27,
F

F

CF3 CFs
F Pd(CH3CN)4(OTf), (10 mol%) .
10 Ligand (30 mol%) le)
E . . F
H R B,pin, (2 equiv) H R
/N > =/ N
H F KoHPO, (2 equiv) HoF
CH3CN/ DCE/ H,0 Bpin 15 examples

H o
0,,80°C, 15 h up to 78%, 98% ee

Scheme 4.1.12. Amide-directed enantioselective C(sp’)-H borylation catalyzed by Pd-chiral

aminomethyl oxazoline ligand system.

TIAFNAAFH YU UM T I RER X)) BLOF YU U%EHR (L)
T Pd FOMZEAMNET D LX BB & UCTERT %, ARRIGEREHTIE, HE OB ML L
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BT Pd HUDMZHRECENL T E 2720, @mWLER L ONLIRE (2T U FESUE A
TToLELLND,

2021 412 Chattopadhyay © (%, 2-thenlpyridine 35 X8 2-furylpyridine BfiZ ¥ (CBS Efir
Ty #HT5 Ir fillElc X% C-H #AF VRIS E#HE LT 5 (Scheme 4.1.13) 28,

DG
DG [Ir(cod)OMe], (1.5 mol%) DG o \ o
Ligand (3 mol%) Bpin N—
> P g-oJLR g_/ —Q
B,pin, (1-2.5 equiv) R
R ,N-OMe X=
B
B 7 X=NH, S, 0
X
NG Y
7 |r/Bpm
/ \| - S
| \N . Me \ ’\1 \ X
P Bpin
Ligand (X =S, O)
Me | Emmmmmmmmmmmmmmmmmmmees

Scheme 4.1.13. Functional group-directed C(sp?)-H borylations catalyzed by Ir-CBS ligand system.

WE SN TWAEEEHEHOKE /31X, = AT/, TI R, =" A—- YT
FalmELT5 CeprHEARYRIIETH D, —FH T, BV ONVEERMEL TS
C(sp’y-H AR VRN HHEATRETH Y . MWIETHETT 2 2 &0 WEL TV
(Figure 4.1.12),

C(sp®)-H borylation

RJ;TiN Bpin N Bpin
Lv*{§ E:kJﬁij E:K)\/\

n pln)B
(n=1,2,3)
92 % 61 % 59 %

Figure 4.1.12. Application for C(sp®)-H borylation of 2-aminopyridine and 2-alkylpyridines.

ARTFETIL (L)Ir(Bpin); @ Bpin B 7% o FF—MEDO@EW X BIFNL - CEE 2D
Z&T, BFEENOZERNMGE 2 Db ORINEFENER IS, T OISR
C(sp’)-H fEB R 7 FLIE~ B S TR | Filx ORLEIEE V2 RS % 23 B
IhTWb, —FHT, KeOHETIZIE 60 C LLEICIET 2 XERH Y | IR/ S5
DN T E DAER 2 BRR T 512, EEME O ERKETH DL L EZ BND,
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(4) X BUEd [ B e WD F1E

2013 A4Z Hartwig Hid, X BEdAzEE LTOTAX/(T U —) v ULz b
VIR C(sph)-H F5E AR U RS2 8 E L7 (Scheme 4.1.14) 2% Z ik, B4
JBHONT L B TR T D EECIRE RO BRER L TR | X BTN T 2 ERREEZ AT
HIEEEHONDORISEFTH D, TR H, 1EkD (NN)Ir(Bpin); Tlx7e <, Bpin BNLF &
FE (HSiR3) 23BN 7-2#A U CAE U 2 Al 4FE  (NN)Ir(Bpin)(SiRs) 72> 6 A U LG A3
AT D720, NMEERA C-H S48 B LRENHEITT 5,

[Ir(cod)OMe]; (0.5 mol%) PTTTTTTTTTmT T

tmphen (1 mol%) Bpin ; Me Me
©\)\/R B,pin, (1 equiv) @(\/R : {Qjﬁ
' Me 7 N Me
,H 3 . ' \
si THF, 80 °C o : Y

|

=N N
7/ /
\ \ tmphen
18 examples
up to 95%

Scheme 4.1.14. HydroSilyl-directed benzylic C(sp*)-H borylation catalyzed by Ir-phenanthroline

ligand system.

AREOG OREE BOGHERE % LU FIC R 9 (Figure 4.1.13), 16 85K (NN)Ir(Bpin); 542 J:
B o Si-H &2 Abefin L., HBpin 2A@ECHIBEET 5 2 & T 16 & 8k
(NN)Ir(Bpin)a(SiR3) A% AT 25, T OFKIZI O TEEN Ir .02 X BTN 5
LT, I MNEZERANIS A 2 o b B, C-H i AR U B LSS EEIRAEI T 5,

R

R N"h..l wSiMe;
re
H < N/ I\Bpin
Si’

N\ Bpin

Figure 4.1.13. Proposed reaction mechanism of silyl-directed C(sp*)-H borylation.
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Z Dk, 2016 FIT Hartwig H1E, FRITEE HW T Cspd)-H FEER U HRCIEZBF L
72 (Scheme 4.1.15)?°l, E@E W7 = v hu U VBN 2G5 Ir iz, Ao HR
% Bopim (XA, U NRT Y (BSiBpin) &5 & TTAFALTT D y (ALRIRAYR
UEEUS B WA LT D,

"""" R
Ir catalyst (2 mol%) P e
SiHEt, _T"catalyst {2 mol SiHEt, .

2 Et,SiBpin (1.3 equiv) 2 X N':.!r{nH

H : > in)B , ' 4 cl
R isooctane, 80 °C (pin) R ' ~ N

R 16 h R ; R =
17 examples
up to 85% : Ir catalyst

Scheme 4.1.15. HydroSilyl-directed y-selective C(sp*)~H borylation catalyzed by Ir-phenanthroline

ligand system.

RO E LT Bopiny WA TIISUSHHRRE LETT LN &b UL
RT U ERURRET DI ERARMBEROETHD, Fo7=Fr brl VBN EOE
BIEONFITA SN IR TOWRNDR, EXELIET7 =F b7 ) — e Ny
THEADIGECTES LTS LT D,

2014 41T Shi Hi%, Pd filiftz HW-E 2 ) o7 2 FaEEmEE T 2% Csp’)-H F
BT FECRISE#E LT 5 (Scheme 4.1.16) 3%

0 Pd(MeCN)4(OTf), (10 mol%) 0
728\ iPr,S (5 mol%) 78\
=N NH B,pin, (2 equiv) . =N NH
‘v Lio,CO3 (2 equiv), LiF (3 equiv) e
COMe NaHCO3 (1 equiv) COMe

MeCN/PhCN (15:1) .

H 0,, 80 °C, 15 h. Bpin

15 examples
up to 82%

Scheme 4.1.16. Amide-directed remote C(sp*)—H borylation.
AREOSIE, EEFOEY P2 N &7 I FEDO N A Pd b~ LX BCHIEZ A

i35 Z & T, C-HIEGARYBEICHAERINIICHEITT 5, ZDH%, Maiti HIZX->T
AR 7o IR SOS R DN S AL, BRM e ROSHEREARAT 31T AL 72 (Scheme 4.1.17) B
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Pd(OAC), (10 mol%)

ngand (20 mol%) RO
r B,pin, (2 equiv) N A
3 R |
MeCN, O, M "N
80 °C, 24 h. ©
Bpin ...
25 examples 1
wptosl% 1 [

' R R : Z :
Me : N "OH '
o) ' ) :
/N v Ligand (=L) :
. _Pd R ERREREt
pinB \ ~n7 \
—

Scheme 4.1.17. Amide-directed remote C(sp*)-H borylation.

Maiti (%, FEEOABESUS RIZI W TREER T XA 7 VIR Z AL, Z oHH
%%ﬁw%%%ﬁm%@ﬁbkk’%TW%M%%%W%T%%M%*&%ﬁibfmé
F72. H/D ZHIFBERRS KIE EBR) D C-H FEATEMEALITARE S TIXRW 2 LRI S
TWb, ZOZ Eenb, KEISOAGHEER L Pd-OAc & Bpin @ﬁﬂ{i%é&?ﬁi\ F721% CB
A ORI CH 5 L THRIN TN

LUE D SOESRIFBRL PR B RE M 2 AV 2 FIEIC K - T (LEERIIC C-H fahy
RIS ET T 2G5 TH D, T b AFETIIRMMEERER) S —E DO HREEICALE
T5 C-H fia 2RI AR VR TE 5, BN ER SR T OICHIEICRAL T | B
WRBICBWTLIERA X TH A 7NV ETER T E DALE TERIEMICSUS D ETT 5720, 5
BB OA N MLETIXT VIR AED y (LD C-H FEEDBEWIGIEZ R 2 &3
bd, — T, ZNHLONELSND C-H #id 2 RN BRI T 5121E, Maiti 5D
&9 R I A A IO D S R RGN L 72 D, T DITHE L. R A
HAEMZHFM LT ROSRRGT 21T 9 2 & TR EERGH 2 LB L8 RISOMES
FONARZHETE 2 Z &b, ZHERM LIeA U RERISHHE S TV D,

(5) FEILBER A AERZRATHFE

AR EMMEENZFAT S C-H #arvFRosL LT (1) KEHE ()
Lewis f&-Lewis XA ANEN 3) #EMAEIEH (4) CH/r HHAMEHA E 721308125 L
T RESR S HEs STV D,

(1) KFEFEAEHND C-H AR RS

IKFREG Z R T DALEZREY C(sp?)-H FE A UV RIGE, © B F2AKFR-ET
IS — LR LR & @ B TKERE N e R DRI T b D, KR
FEOISI I LA E IR R v RbROG E LT, @ OFRUL Smith <2 Phipps H 12 k-
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THEINTEY, QOEXILEER Reek HDIZL > THEINTWS, 2 B2\ TLL
TIZFEM &R ) D

O BN AZKRBREET 787 2 — DRGSR
2012 A2 Smith B, EF E% Boc tRiE L7 =V 2 HWBD AL MIERF) C-H
fEE AU B Z#HE L7 (Scheme 4.1.18) B,

[Ir(cod)OMe], (2 mol%) Bpin
0,
NHBoc dtbpy (4 mol%) NHBoc
R*@ B,pin, (1 equiv) - R
HBpin (0.2 equiv)
MTBE, 50 °C 12 examples
up to 95%
Bu ~ Bpin
! = NI

,,,,,,

Scheme 4.1.18. Hydrogen bonding-mediated ortho-selective C(sp?)-H borylation.

Ir- b U ARV SEKIZ BT D Bpin B FDOREFHE & | IWE OB NH k& DR DKER:
A (NH/O) |2 K0 (A7 E s RIS HIH S 4L, mnoA v Mﬂ%%#ﬁé’a CROGHETT 2, EEHD
1%, Fix OB IS 2 R EREZEA L) DURM 2V, C-H #EEhvH
BSOS 21T > T %, Bpin @Efi?i@ﬁﬁ;ﬁ@iﬁ%f X, It FLo D OWtE O K &

SIKAFT D Z A bI, BFEEREM T2 HWEEEIC It FLrboMfifth K E
<&ét@%%iﬁ% Emk&éo;®%ﬁ+ kwftt)//mu%m CER R NLVAN
EHEL AN LT TERIRENIZ LA ERBE T, —HFTETFEEREMRELEAL
I e Mn%?ﬂéz’wﬁiﬁ“é ZEDBDbroTnD, SHIZ, N EEAF LT
EEERNW L A A ZNCRIRAICA VRGO REIT L2 Z LD BUGD AL Mk
PRUEFERYE NH EICEVHIE I THD Z ENBBNZ STV D (Scheme4.1.19a), = 6
(2. NH E% D AL EZ AW TRE 2T o728 24, D N L2 95%DE KR
WEENDZ LRI > TS (Scheme 4.1.19b), ZHHDOFERIL, N 28 X BT Ir Huls
F£721% Bpin ~ENIT BB TIEARL . BED NH EENIFRABREETHZ LT, K
ONLERIREDHIFE SN TND Z EE2RB LTV D,
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[Ir(cod)OMel, (2 mol%) cl
0,
@ 0 dtbpy (4 mol%) _ o
J_su HBpin (0.2 equiv) . J_su
N™ "O . - pinB N™ "O
) B,pin, (1 equiv) 1
Me MTBE, 50 °C Me
meta selectivity > 99%
cl [Ir(cod)OMe], (2 mol%) cl
0,
) o dtbpy (4 mol%) . o
J\ [Bu HBpin (0.2 equiv) J\ JBu
N0 ! . N” 0
1 B,pin, (1 equiv) 1
D MTBE, 50 °C Bpin D

95%

Scheme 4.1.19. Control experiment for substrates.

2017 #£|Z Phipps S, KEHEEEZHWET L—r Lo X ZAOEIRE C-H fEA KR #E
bR Z#HA5 LT D (Scheme 4.1.20) B2, KFEFREST 787 % —L LTALFR— L%
BALZEY Y PUBMEAEZRRE L, 20BN FE Ir it s & IS Z L TRUDL
T X URBERD CspP)-H FEA R U FELEIGN A Z BRI HEITT D,

10 CF, [Ir(cod)OMe], (1.5 mol%) JL
JL Ligand (3 mol%) F5C N @
N ‘ > H
H @ B,pin, (1.5 equiv)
THF, 50 °C 37 eamples
upto97%  PinB

FoCX), CF3 10=S

/ 10 7
e : <
O p|nB|,-|~ .Bpin : Lingad

PSR

Bpin

Scheme 4.1.20. Hydrogen bonding-mediated meta-selective C(sp*)~H borylation.

NI ZnAa AFAT I FETT R EORELIZLE, A ZNOERIC C-HEG R Y
FACEPEITT D, —FH T, TEFNESH —RF— b TIILEERENE LK T 5
ZENDNoTEY | NH EOBMEENRIRMEICETE G T 5 2 EDRBINTVND, EICARK
S CILFEBRIN 72 SO RENT AT TR Y | BifL 7L FEH D CDsCN %D "HNMR
END NH O7'1 b ATHERT DV 7T AR, B FOHOYE L i L TRE < E{bT
L2 EPBREINTND, ZOZ D, SFRFITHBNTHEN T & HEOMITKER-E
DFETDHEEZEZOLN TS, EEOER EZT7 VXL LT EZHWEREE21To 72
LA, ux%m&r#m)m: BEENKESIETT 22 EBHLMCER TS, Zh
D O FBRHE RIS DAL EFARMER K FE B LIV HE S TWD Z L 2R L T 5D,
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ZD XD kb R OROIEIE RS VER BEEH TH 5 XHm B oOKFEREES (X=0,
N) ZFIH L7z C-H AR vRITz, CHO MEMERD X S 2inkERKEEZFIHL
TR R b STV D

2012 #£1Z Hartiwg H1%, 3,4,7,8-7 87 AF /7 = ha U (tmphen) BN %H T
% Ir iRt 2 AW 28I — 7 VIO C(sp’)»-H FEAH v ELSZHE L7z (Scheme
4121 KIS TIE, fix OBRRT—FT LB IOT I ok LT C-H fEA R v H#EK
JERAST B0 B ALERRICHEITT 5 2 3@ S h T,

(n®-mes)Ir(Bpin)z (4 mol%)

tmphen (4 mol%) :
(Xy B,pin, (1 equiv) f,XZ ; Me Me

[ o - - . Ir"'l: . - :
neat, 120 °C, 14 h apin | ping” | /BRI Me ==
' Bpin =N N
9 examples ;
_ _ up to 90% E(r)e-mes)lr(Bpin)g, tmphen
Me rU/ oo
WX s
Me S HAA(“'O

Scheme 4.1.21. CH/O interaction-mediated C(sp*)-H borylation catalyzed by Ir-tmphen system.

2014 42T Hartwig O 1E, FEBRAFiLER L OBEGREIRIC ;5%m@ﬁmﬁﬁﬁﬁ%ﬁof
W5, KIE EBRH D ARG OREBEIT, C-H MAaTEMILBRE TH L 2 L 2B 52T
W5, ETEVTFNNAFILT IR 3-AF IR H L EEDOIED A F LD C-H ’f*/\f
1372 <, =FAEORKM C-H MADERICR Y FLENDHEARA LN TN D, 2O
EBRMEOEPR A B 5202 T X< C-H FATEELERE OB R RBIZ S\ CHlimFH A & H
W TR BUSHRSRRAT M T LT, =T 07 I VDB IC G ENHRERLEHEN,
Ir E® Bpin FAL DR T FEHLE Lewis B8-Lewis Ykt 23 228, MHAEH= RV
—IIIEFINERETH Y, FENNSVWEBZ BN TS, —FHT, =FLED CH
a7z hr ) CVEALFO C-H #5672 Bpin BT LR & EEEFT T CH/O
FEERZERT 5 2 EPNRB I, 2R ERIREORR CTH D LB 2 5T B30
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@ B 7 aKBREA R — T DRGSR

2015 FICEE & B OI%, B 7 & B OMOKER A EZFIHT 5 A X8R C-H
AR T BCRSEWE LTV 5 (Scheme 4.1.22) B4, KRS TIE Y LT EREHLAZE A LT
Y UM E WS Z & T, E OB (DVAR=VEER) E U LT B NH
HEMOAFZRESICLY It POOEEICT L—2 0 C-H fEAIMLE L, A7 FE LG A
AR HETT T 5,

Q [Ir(cod)OMe], (2 mol%) Q

N~ Ligand (4 mol%) pinB NT

B,pin, (1 equiv)
p-xylene, 25 °C, 1 h

36 examples ! 9]
up to >99% | JLN /O

Cl

B f0) 7] ':l h
L0 "o
N N
|\ H", s‘H
I,—'\N V. I() N= |
P"?B";.[r{_‘:é N ™ Ligand
pinB | N PR
pinB  ({ _

Scheme 4.1.22. Hydrogen bonding-mediated C(sp?)—H borylation.

B & B OIREMIZH LT HNMR JIEAAT 272 & 2 A, U LT HIO NH IZHRT
éyﬁ%wﬁﬁm%v7%?é;&ﬂﬁ@éhfﬁéo:/ﬁu~w%%_%wf\ﬁm%
DY LTERD 250 NH ON 1 2% AF ML LB A2 HWe & 2 A, (B SR e
LR TFT A2 RTINS, BT, BV Y DURMF & v LT 20T 2 KRS
Tl dtbpy BN DI %E W T=5E & RO ERIRME CROGBEIT L2, chbpZ b
B, NH 0% 2 2OFT 20 LT 08 Ir Pl Dbl e EEc AL E S 2 2 & T KISONL

BERRERHE S TV EEZ BN TN D,

2019 T Reek HIE, A > R—A 7 I REfLEEA LYY DU 2B L, Z

& I il & HICHWD Z & T, ZRITFHFHET I RO C(sp?)-H FiH R U RILILN
AV MEERIRIICHEITT 5 2 & 2% LT\ 5 (Scheme 4.1.23) 35,
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(0] [Ir(cod)OMel, (1.5 mol%) O
Ligand (3 mol%)
NHR > NHR
B,pin, (1.5 equiv) .
THF, 50 °C Bpin
— 26 examples
up to 99%
7 NH :
NH N N
7 N )i
o) — =/,
Lingad

Scheme 4.1.23. Hydrogen bonding-mediated C(sp?)—H borylation.

AKBOSTIEA » F=nT7 2 FERLEEEOKRZRAITNA, BEDO K7 I RO NH &
Bpin BUNLF EOBEFINLAKBRA 2B T 52 Z LA BESH TS, £2T, FEHDLIX
etk NH #6727 7 I RELIFZATAEZRNWTHREFLIEE Z A, AXATIERLS AL
MR R T RIEBEITT 22 B> TS, 2D Z & DB ARG DAL E R
TVHE LA v R— 7 2 FEB LW Bpin BN~ EOBESE & ORI OKEFR-EEIZ LD HlHE S
NTnsEEZ LTV,

LU E DRSS TIEIFLERE SR EAEH O ¢, ZELT R F—D KR E 22 KFEHE
AR HEZHIE L, RSO EBRPEZ I3 555 Ch D, ARG R ITE S i
LA S, Csp?)-H FEA A 7 RIS OAL BRI OHIEN X LIER ICETH D
23, C(sp’)-H #E G A U FALIE~THEH TE T,

(2) Lewis fiz-Lewis RO AAEHZ WD C-H 5 &Y RS

Lewis é-Lewis A AAEM 2 AW D AESOSRGETE LT, @ AU FEEDOZED p #uE
ZIEHT 2R @ Lewis BRfibii A W2 bR B Lewis B A A 9 2 Bfr 1% H
WD SR 3BT & D, Lewis FE-Lewis AR AAERICSIE L 7o fr @SR IREY C-H 5678
v E bR E LT OOFEAOHIE, Chattopadhyay 5@ HIC L - TGS, @B XD
QDERDHIL, FELIZE > THEIN TS, U TIZEEKREER 2R~ 5,

O Bpin BN EDZED p #LEE WDl R

2016 (T Chattopadhyay ©1&, Ir-NN BRI 2 WD HH/IRT VT & RO X Z A7k
R C-H FEE R VRS & #HAE LTV D (Scheme 4.1.24)B0) ARJSIEZT VT B KL —ik
T ISR TERT DA I DEFE L Bpin & OMEIERAZH#LE T 5 KGR T
b5,
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Oy " (i) 'BUNH, (4 equiv), DCM, rt, 4 h oM

" > Bpin
(i) [Ir(cod)OMel, (1.5 mol%)

tmphen (3 mol%)

B,pin, (0.7 equiv), HBpin (5 mol%)

0 42 examples
THF, 90 °C, 12 h up to 99%

Bpin_ e
1 :N“"“ “‘\\\BPIIE) ; Me Me E
Z --H ' Me N ) Me
Y : =N N :
y) -tBu '
E tmphen

H  d Mmoo -

Scheme 4.1.24. Lewis acid (boron)-base (nitrogen) interaction mediated C(sp*)-H borylation.

01728 H I Lo T Fa— LRI VEE OB ) DU T2 HWD 2 ETT
U=V AT 4 ROA L MLEIREY C-H #6748 7 FLRIS0HAE 7z (Scheme 4.1.25)

[37]

o

[Ir(cod)OMel, 3.0 mol% Bpin

SR Ligand (6 mol%) SMe
a9l -
B,pin, (0.5 equiv)

p-xylene, 55 °C, 24 h

Scheme 4.1.25. Lewis acid (Boron) —base (Sulfer) interaction-mediated C(sp*)-H borylation.

AT 4 R ED Lewis RN 2 /R TR EIR 1725, B 20D Lewis BEMED AR 7 B ~ELM]
T 52 & TRWAIL MOBRIEDNIBLT 5, B FORA 7 ) —=2 7R 6, Bpin 2 X
OANTARBEE D /NS 72 B(neo) % HWTHALERIIENZENL L2WA, U 7t e 251
HABATHZ & TRIENRIEIZA ET5Z ERNRINTWD, ZOZ ek, B+
DRV IVHED Lewis BAVEN, C-H G A VRIS OO ERIRIEICKRE LS TFETHLE 2
bivd,
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@ Lewis ﬁ?ﬁﬁﬁ%%%b\éﬁﬂﬁ?ﬁ

2017 FICHROIE, Ir L Lewis Mtz HIV 5 2 & TRUUAT I FEB LU
UVVE®A7MAﬂwﬁCHfb“T?fkﬁﬁ%ﬁWtbfwé(&MmﬂﬂZ@””wa
Fefilidt & U C AIRs (R=Me, ‘Bu) & HWeHE TIIKISOIERE L ONERMEME T L, MAD
(methylaluminum bis(2,6-di-tert-butyl-4-methylphenoxide)) % H % Z & T\ IR & 7 (& 158
PFRYECRIGHETT 5, XRUVAT I RELTEI VY, ERr— AT 47 = EDA~T 1
REATHEEICKH L THOEHATED Z R TND,

[Ir(cod)OMe], (1 mol%)

(0] Ligand (2 mol%) O
MAD (20 mol%)
EtzN ’ o EtzN
B,pin, (1 equiv), hexane, rt
Bpin
26 examples
o up to 100%
pinB S Bpin | R mmmmmmmmmommsmmsmsmmsmmsmmsmsseoees
=Num,,,, I!.““\Bpg pinB Bpin
SN e I\~
pinB @ © = N7
Ligand

Scheme 4.1.26. p-selective C(sp?)-H borylation catalyzed by Ir-MAD system.

"H NMR HIZEIZHBWT, MAD &XU U7 2 RA 1 OSEERE BT 5 2 & Bl E
NTEY | SR FIZENTHEEN Al FULICENLT 5 2 & T, Lewis iE-Lewis ¥
MEAEHPRAELTND EEBEZ LTV, M T, KRISRIZE Y PO 4 (LR
Csp’y-H AR U EMSIZH LTHBEARRETH D Z EN R STV 5 (Scheme
4.127),

[Ir(cod)OMe], (1 mol%)
dtboy (2 mol%)

NN iBAB (20 mol% —@—UA' —@-
|Het Het . Bu ’Bu Bu
Bpin :

Z Ny Bapin, (1 equiv), hexane, rt

MAD (Lewis acid)

8 examples
up to 86%

Scheme 4.1.27. p-selective C(sp*)-H borylation of pyridine derivatives catalyzed by Ir-MAD system.
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@ Lewis FEEAL 2 A U 72BN 12 FH U 5 iR
2019 FFIZHE H1E, Lewis BEERNL A2 © D BB T2 BR L, Ir illflic K A5~ v uTr
I RO A XA C(sp?)-H #EGH 7RG E#HE LT % (Scheme 4.1.28)P%,
[Ir(cod)OMe], (1 mol%)

O Ligand (2 mol%) 0
MAD (20 mol%)
Et2N r EtzN
B,pin, (1 equiv), hexane, rt
Bpin
26 examples
- up to 100%
pinB x Bpin o e mmmmmmsssssssssseeooooes
~Nu,,, I‘ \\Bp'" ' pinB Bpin
r. '
S N/ \\ : VA =
. \ /
pinB : =N N
; Ligand

Scheme 4.1.28. m-selective C(sp®)-H borylation of benzylamides catalyzed by Ir-Lewis acid

bifunctional catalyst.

ay ha—LERIND, Lewis BRI Z b 7272 OB -2 W 2854 T, IR &R
NHPEFIET T2 E0NHLN LR > TS (Figured.1.14), X512, BB DU 7L
AlOcts %ﬂ%b\é%ﬁﬁ IZBWT, HFEERO A XN TR AV MIBFE U RS- ERY
MDEIZH/ELNTWD, LLENDS | RRISIZEWT Lewis FEERALIL, Tr FFLh & ) 7 HiflC
NETDHENDH D Z ENHLNITR> TN D,

ortho borylaiton

low selectivity & low yield

Figure 4.1.14. Control experiment.

2, ARIGRIZEBWT S Lewis ML 2GS 5 Z & T, B U VU O E R
C(sp?)-H FEE R UL ~EH ST\ 5, Lewis EEfilfit - LT MAD Z#H\WAHR U HE
EEOG TR, BU P 4 fEREIRICHA U RS D —FH T, ARISHETIE AL IR R,
Lewis BYEORE 2T AXINARINVEEZGT 57 = F 2 L UVBFE WS Z T,
VYO 3NNERINNCHA TR END Z &z LT D (Scheme 4.1.29),
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[Ir(cod)OMe], (1 mol%

) o
NI N Ligand (2 mol%) N )N(j/Bpm , /
R Z B,pin, (1 equiv) R = :

1,4-dioxane, rt

17 examples
up to >99%

Scheme 4.1.29. Lewis acid-base interaction mediated m-selective C(sp?)—H borylation of pyridines.

PLEX Y Lewis We-Lewis HIEMANEHIT, FHEBEILEWD A X B X ONTALERIRD
C(spH)-H FEER T FEISIZH LA TH D Z E R LTV D, AR SR 1, C(sp?)-
H #EAHR v E LIS A, ME®RIRA Csp’)-H fEaR vHG~biEA ST\ 5,
FZEH HIE, 2023 U2 -7 =F > b U Uit MAD #0ffH+ 22 Ccrnl %
DEIFEIRT I D B ALERIRA C(sp’)-H 56 A U FRILRGZ #HE L7z (Scheme 4.1.30)
B8l FEx OBEMHEAFTHER Y VS ERTFVUVBIONTERVEOHRIINZ, BF
FOBRMEAWICH L THEWLERIRIE T C-H #AHR VRGN T 5 2 & 21
SN L TV 5,

[Ir(cod)OMe], (5 mol%) _
tmphen (10 mol%) Bpin

Z’n ! MAD (10 mol%) (?—jn
N

B,pin, (3 equiv) N

Y

1 1
Piv 2,2 4-trimethylpentane Piv
80-120 °C 14 examples
up to 76%
B =~ Bpin '
L =N, | .Bpin ' Bu Al By
= L ar—Cg—o0 A
NN O B —0" Ot—Q—Br
> H-- T : Bu gy B
O° =
tBu\n’N ; MAD (Lewis acid)
T ] s
Bu H Bu
Bu Me Bu

Scheme 4.1.30. S-selective C(sp*)—H borylation of saturated heterocyclic compounds catalyzed by Ir-
MAD system.

AR Lewis BRE F TR T LU AT v R Z LB DED Z L2k AF
C(sp’y-H AR U EKIENER SN TWD (Scheme 4.1.31), 7V —L B VA V7
2 eV UL (TIPS) ZEAEAL, 7V — /i EOE#IEL R) % Bu EnbT7 X~ T
(ad) &T 52 LT, = F U FAEREDPRESMETLHZEEZHLNIZL TN D,
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[Ir(cod)OMe], (5 mol%) Bpin
. tmphen (10 mol%) ( *
2’“ 5 Al(Bu); (11 mol%), chiral acid (10 mol%) "

N o N
1 B,pin, (3 equiv) 1
Piv 2,2,4-trimethylpentane Piv
80°C 5 examples ;
up to 63%, 75% ee

chiral acid
(R = 1-adamantyl)

_________________________________

Scheme 4.1.31. Asymmetric C(sp>)-H borylation of saturated heterocyclic compounds catalyzed by

Ir-chiral acids system.

DB A OB L, @RS K OSZEREIRME T C-H #5& R U RSN ETT 5
ZENHEESN TV D (Scheme 4.1.32) 33

[Ir(cod)OMe], (5 mol%)
" tmphen (10 mol%) \ Bpin
MAD (10 mol%)

N B,pin, (1.5-2.0 equiv) N
Piv isooctane Piv
40-100 °C 11 examples
up to 96%

Scheme 4.1.32. Asymmetric C(sp>)-H borylation of saturated heterocyclic compounds catalyzed by

Ir-chiral acids system.

ZIB X Ir(Bpin)s $5AF OFR U FEFLOZEEE, F21E Lewis RO T LI =7 A
Hl &V RN < RO EAER 2R B SOERRETH Y . HHREORE REE O
Bl % [HE T & 572 C(sp’)-H fEGA 7RG~ H ST\ b,

(3) FFEMAENZNND C-H ARy FELIG

FHEMAAERZFIAT 2 CH #ah R EORIE, Of F M QMR @1 4
—FEHE R OMIZH < HHAEAEHZFIH U7 S R TE D, 20O X ) efREM
HAERICSEM L7 C-H #567A v RBRIG & LT, OlE Phipps HIC K> THE S, @ B
LV @ 1 Smith <° Chattopadhyay 512 L - THiE STV 5, LUFICEERZ G Z 50
#HT D,

O AFHEOMESEMEMMT S C-H faRY RS

2016 A2 Phipps X, 7=F U HEREZEA LY VUM 2555 L. #E
MEERIZ L D A XALERIRE C-H FEEH 7 FLRIGZ2#4 L7z (Scheme 4.1.33) %,
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[Ir(cod)OMe]; (1.5 mol%)
Ligand (3 mol%)

Y

B,pin, (1.5 equiv)
dioxane, 50 °C, 16 h

®
AN
//N/\QH
©) vy
O /O(pin)B,,,,‘.,' «Bpin

o

S

Bpin

Bpin
e
N
LR
30 examples@OTS
upto 97% .
Bu,N® i
Qi
N N= S=0
7\ N
_/ N/ °
Ligand :

Scheme 4.1.33. Electronic statistic force-mediated m-selective C(sp?)-H borylation of tertiary

ammonium cations.

ZOFETIE, AVER— MM EAETLEE Y U UBA T EBUHRT E=0 AA A
v OBEMAEEMIC LV RE 2T S 2L T A ZLEIRN C-H #A S Y FELG%
ER LTV, ZORIGEEE & O TEE VT, 2018 FEIC 7 = R F/LT X s RBP]
2019 AT DIVR AR =T DED A ZALRIRA) C-H #E6A VRIS Z ZnE s

L TV 5 (Scheme 4.1.34) 3%
(a)

[Ir(cod)OMe], (1.5 mol%) Bpin
I Ligand (3 mol%) l
N - N
® . ) = @ 7 e
B,pin, (1.5 equiv)
eoTS dloxane, 50 OC, 16 h eOTS BU4N o
15 examples o)
up to 97% N N= S=0
iMe— Y )0
(b) ; =
[Ir(cod)OMe], (1.5 mol%) Bpin i
® Ligand (3 mol%) @ . Ligand
PMes > PMes
B,pin, (1.5 equiv)
s dioxane, 50 °C, 18 h S
6 examples
up to 89%

Scheme 4.1.34. Electronic statistic force-mediated m-selective C(sp?)—H borylation.

S DIZHFEE BT 2020 2% TV RMMB IS 2 AV 5 2 & TX ZLEIRIAF
C(sp?)-H fE& AR v FLRUGZFEBL L T D (Scheme 4.1.35) 3%
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CF; CF3 :

: o :

HN"0 HN"0 : g ;
i 0© :

SAs ICACENG: s
pinB ' \ N '

[Ir(cod)OMe], (1.5 mol%) 14 examples : N@ '

Ligand (3 mol%) up to 84%, 91% ee ! j N Ar

> . N = ., '

O A B,pin, (1.5 equiv) e A ) N, [ ©OH 5
P-N’ dioxane, 50 °C, 16 h P-N : ;

H H : Ar
@ @ o U
pinB : ;

8 examples . Ar = E '

up to 80%, 88% ee ' :

Scheme 4.1.35. Asymmetric C(sp*)—H borylation catalyzed by Ir-chiral phase-transfer catalyst system.

ARG TIHEMBEMMEE L L CU Re X =—XfF8 iz AV 581, FFROICEW
TS UFAEPENRIT D Z LN Do TN D, B OIXFEHIZR SRR 24T > T
BYO.N EZAF U LTEEEE AW & ZARIGMER LT F o FABRIRED K& <K
T2 LBbhroTND, £lo, ZANVKRX— MILAZ bTZRVWEE Y PURfiF &% T 1
HFF RN TAERITT 2 IR E LTSI, SRR L2, BLE X
V. WEMAEHB L OKBR-EED, R C-H #EEAR U RIS I T 2 s M & 708
PHEICRELSTFETDHZEEHALNITLTVD,

@ M PUwA-F8 BAEHZ WD RD FLROG
2017 4EIZ Smith HIL, 7 = / — /L DAL MLERIE ¥ F LG %2 #HE L7z (Scheme

4.1.36) 14081,

(i) [Ir(cod)OMel, (1.5 mol%)
OH dtbpy (3 mol%), Byeg, (1.5 equiv) OH

NEt; (1.5 equiv), PhMe, 80 °C, 2-3 h Bpin
@ (ii) pinacol (3 equiv), CHClj, rt, 40 min @
_ 16 examples

up to 100%

S

Scheme 4.1.36. Electronic statistic force-mediated o-selective C(sp?)-H borylation of phenol

derivatives.
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PR & 2 ROSHIEfRIT /N & . FUSRP CAMT 5 OBpin & EFARREREEY
T UBML T ORI EMH A ERDFET 2 2 E PR INTVD, B RIIEZEA
L7ce ) DUE a2 W E ZARISHEME T T2 D0, A /v MEERME M =9
LHZENHLMNERSTVS, ZHIUTAICHET S OBpin K&, EICHET LSRN FL O

MICEFEMHAERNTET 2 2 L 2TRBT 587 TH 5,

RO GEEFHE, 2018 4EIZ Chattopadhyay ©IZ &> T7 =V VFFEARD AV ML
BRI AR 7 FALEROG~ & &7z, (Scheme 4.1.37) 4001
(i) [Ir(cod)OMe], (0.5 mol%)

NH, B,eg, (0.5 equiv) NH,
THF, 80 °C, 10 min

_ Bpin
@ (iii) [Ir(cod)OMe], (2.5 mol%) B @

dtbpy (5 mol%), B,eg, (2.0 equiv)

. S 24 examples
NEt; (2 equiv), THF, 80 °C, 120 |73,
Beg
, | +Beg
'u..lr‘ 0
SN

Scheme 4.1.37. Electronic statistic force mediated o-selective C(sp?)-H borylation of aniline

derivatives.

AREIZ B W T & BERGFHEIC L 5 MO M T T Y. NH ¥t v Fa— b
DEEFH L ORI TKER/EZERT A TR, FRROT7 = 7 — )VHEO AV MEIR
R FALRG & RO AR B X OSSR CHITT5 Z L AVRIBR STV D,

2021 4|2 Chattopadhyay Hi%, hU 7A@ A X AR NVEREFTT L7 =) UiFHE
RO A 2RI C-H A AR U BALRES 2 # A LTV 5 (Scheme 4.1.38) 41,

[Ir(cod)OMe]l, (1.5 mol%) 0
gco 1,10-phenanthroline (3 mol%) goo
'}l’ \CF3 plnB '}l 3

“TSCF
B,pin; (0.5 equiv
Et zprzH( 40 og ) 55 examples Et
’ up to 98%
— o5+ -
Bpin
S
! ~Nu,,, I \‘Bpln

Ir\
=
@) 1 HO
o—
o
SN

FC & a

Scheme 4.1.38. Electronic statistic force-mediated m-selective C(sp?)~H borylation of sulfone amide

derivatives.
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v b= VERNS T = b ) VRN FIC= e EREE A LA A2 VTS
BITBIEN A 32— F T, 34,787 h T AF AT =Fr bl ook ) RETHEE
BBATDHERICDAZERFEDZ LUR T T D2 Do TnND, ZOZENBAR
iR Tk, EEOANK =NV EOBFEFLE BT ARBREFRREN T & ORIZET D
HEMAMERIC L > T, KIEOMEBRFENFIH SN TN EE2 6 TND

@ ITFALIEILEE X EOBOMEEERAZ WS C-H #EHRY RIS
2017 #£IZ Chattopadhyay HI&, W F A LEREOIFLFE 3 & OHEEMZFIH L
T BT AT VRO /R TAEHRE C-H fEA AR U B LRSZ @ L7 (Scheme 4.1.39) 142
[Ir(cod)OMe], (1.5 mol%)
EtO,C Ligand (3.5 mol%) EtO,C
KO'Bu (4.5 mol%) Bpin

B,pin, (1.0 equiv)

Y

THF, 50-80 °C, 12 h 36 examples
up to 98%
Bpin ' - -
Canel AR
— : N N
N, I : N
PILN ' \ 7/
plnB Bpln ' :
K : Ligand HO :
H 5 K--0 a2
@\(O\

— OEt -

Scheme 4.1.39. Cation/n interaction mediated C(sp*)-H borylation of esters.

AR FBNT KOBu & HWW 2356 Cld, NI ALEIREY DD SR CROG I EITT 5
—J7C, LiOBu X NaO'Bu % HW/=35A CIIMLERIREL LOWNERKRE K TT 5, 2
AUT K28, Lit °Na® Ll L THAR =V ORESE & i b 2 BRAIC BB EE 5 =
LICHRRT D EEZ BN TS, ZOZ & EFEMIHmFTT <<, KT OFRZ MyF& LTH
5315 18-crown-6 Z BRI L= & Z A, MEERENKREIK T L, 728
W Eoe Foax i @Rz 6l#+ 5 ECREARRRTHLZ EbbhoTna,
PLEX DA C-HFER YRS OAERIRIEIL, DV R= ViR EOIEILHE X &N
U hAF U BOMBEERICE > THIEl S TS EEXHNTND

X 5HIT 2018 HlZ AT A LI ﬁﬁ%ﬁ&®mﬁwm%ﬂﬁbtﬁ*ﬁ7 REHD A
SRR R ¥ FALSOG & S L7z (Scheme4.1.40) ¥ ARSI, Fix OFFFHKET 2 FE
Az, BV YRt n—L, FET 2 U HEA~LHEANRETHDLZ ENTRENTND
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CONPr, [Ir(cod)OMe], (1.5 mol%) CONPr,
Ligand (3.5 mol%)

KO'Bu (4.5 mol%) B

B,pin, (1.0 equiv) Bpin
THF, 80 °C, 12 h

51 examples
up to 95%

_________________________________

Scheme 4.1.40 Cation/n interaction-mediated C(sp?)—H borylation of amides.

B 7 LDt Faxi i A F Lzt Y DUV T2 HOE5E TlEEiR T)
JEDHEITT 208, BRIENIZ E A ERBL L7220, INVAR= VK E LW UL T I %
AW CIEEIRMERRESIET T2 8o TS, S BITEMmMAERE A Huv -
BEHZEB W T, PR L OMSIRMEICBHE R 2N O NN 2 D, KRNI T4 /%
FOMBEERZH#E L, MERIRESHEB S T D EE 2O TW5D,

BB EAER O X 5 299 W AVERICSE L2 C-H #5GHR o BLROSIEHE ~ it S
TWAHN, MHAEHTRLE—/NS W HBEEDOR X 727 L LAY OB % [ &
THZELEIWEETHD ETREND, LEER-> T, AEMERAEZ AW Cspd)-H FiA s
U BN IR T STV,

(4) CH/n BIOVHAEERZ WS C-H #EERU FEE S

Rl TR _7= X 912, CH/n FHAAEMX> vander Waals FHAEEH X, FEILAHE S A A
EH® 5 b b9 WHAERICIE ST bitd, —FH T, C-H fER o RIT0FAHIC
B GENDTD, GHT 2 ERERBEENMMEFEMCTRVEDL, S BT, ~T rRTF%
DR PR EREEZ LI L Lo, BHAEZEAT 5 2 &2 ARG AIEM
ZRH U7 MR 2 EECE D LI s LD, T, 2RO OBVHAEMNEZRMM Lz C-
H GG R U REEHE S RO TEH Y, LUTIZ Chattopadhyay 50 Ilies 512 & - T
SN ARG 2 281 D,

2023 42T Chattopadhyay Hld, B R ¥ LA EA LYY OB & Ir il a2
WARIGEHFHCE U, 7= 2 — VFEERD A X LRI R ¥ FAL OGS &2 35 L 72 (Scheme
4140 HE Eoe R RoR#EE L TTAFVESCT BT VHE, I—FRx— ME
AR LIZE A, AZALBRIEDNE T3 2 2 ENDhoTWD, — T, ¥ U VRIR#ESL
ZHWD Z L TAZLERIEDRRELS M ETLHZERREESNTEY, PV A YT rEL
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UV (TIPS) £& W56 108 b mWINER R L ONERIRYE CROLDEITT 5 Z & 3 boe
S>TCTW5,

OSi(Pr) [Ir(cod)OMe], (1.5 mol%) 0si(Pr)
Ligand (3.0 mol%)

@ B,pin, (0.8 equiv)
CyH, 40°C, 24 °C Bpin

A5 e

: N N=
H N— : OH
B’O Ir\ ' Ligand

me Bpin |  TToTmTTnToTmmmTmTetetes
Bpin

Y

Scheme 4.1.41. Dispersive interaction-mediated C(sp?)-H borylation of phenol derivatives.

ARISHETIE, BBV PUEfLF~E Rr¥ U EAEATLH & T, A XNLRIRPER K
ELMET D2 ERP LTSI TN D, 7R SOCHIE AT ORI SOG R H CRUNLT -
Ot Fa X0 Ir- b U AR U ASEKRD Bpin BN 1% 5| &8k < 2 & TR 038 7 AL
S, THADRETENERE & 72 0 RUSDSEIT T 5 Z LR o T, S HICHGmRHEICE D
FGHEAEFEAT N D | BOR A CTAE L DB T D OBpin B3 XN Bu i, HEO TV VIO
B EAERDNAET 5 2 E PR INTWD, RIS, (REENS NV A Y e v UL
EOGEIT, PHHAEERORERRRE R | @A ZACRIRER BT H LB 2 6N
TWa,

2024 FZ Tlies H 1, A RMEE U 2 B 7--Ir fIREERIZ 3N C CH/r FH AAER 25 H
L7z C(sp?)-H fiia R v FE RIS 2 8E LT 5 (Scheme4.1.42) ™, ARG TIERERD C-
H 68 U RO BT DR Tk, R Z LS EHAN#ECTH - IcETFEERT
L— O C-H G R U RO L, mWBEE 2 "9 2 Lo T D,

NMe; [Ir(cod)OMel, (2 mol%) NMe
SpiroBpy (4 mol%)
HBpin (2 equiv) :
Me:N H dioxane, 50 °C, 16 h M%lemmmimn

up to >99%
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Scheme 4.1.42. CH/x interaction mediated C(sp®)-H borylation of electron-rich arenes.

FBr & BT RS L D ROSHIB TN D, A R- 7 LA LB ED o*(CH) L& T
7 L—ry ko o EROMIZ CH/r FHEAERANA T, C-H fATEMAL LR @ﬁﬁﬁxﬁbb
WEFEISIND Z EDRBENTWND, FH/ll7 BOSHEREAITIZ OV TIEATR D 4-10 FITFL
W5,

DX MR AEEREDTORA/ERICSI L. C-H fEA R 7 ELROSIE, T
RAZHESNII D TND P, FEFICHVHEEEH TH L7200, T D X 57 BHE
DRE R FEE~NTEARETH D L B2 DD,

U bo X 5 I ta kAR EERZ A5 C-H AR RIS, 1EROME R
TR 2 R B0, BB ERIRN A v E LIS ~EHATE 5, 2hb VS
C-H AR T FLIGIE, 2012 0 Smith 52 2015 HFEDEIE 5 O JEBRAY 7245 % K 1)
DELT, ThE THxOBERMBBEINTEZ, Ll BEFOMBRIIEERILEY
® C(sp?)-H FiAR U FELISERE LD TH Y . Cspd)-H FiA R v TS~
T DR RIE. FREO D Lewis Bi-Lewis HIEAHAEHAZHWE 2 BRSNS,
ZIUTHBENKE S EREEMENEEZ: C(sp’)-H fEEZ2 R vFELT DIT1E. Lewis BE—Lewis
WHRARAAEREOMRCE AR 2 L, EEZ M OFFHIR EET 5 MNENHLH 2 &
ERELTWD, Led> T, CH/r MHAEMEHSHHIEDOT A EREZHWSI5E6T
X, BEEE T O EAER 2RI T 5 @S ER SRR NE L 20 RRETHLEEZD
N5,

LA D 4-2 #iLARE TR 5 AT IV THERZ L, BLhLF D 3 IRICHI 7R SRR 2 15
THIET, OLBPHOHAEMEMNE L TESITOND CHr fHAERZFIH Liz#Hi-72
C(sp’)-H & A U RS DOBHFE I LTz,
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4-2. SFl-Ir(cod) &AM ERL & MERE

3FE T X 91T, YHFFEEMBIFE L7z SFI-Rh(cod) $EAI1L, XUV T 2 O
BRENTY C(sp?)-H i & A 7 FEALKIITH L CEWMBEE 2 -T2 bho TN 5
(Scheme 4.2.1) 11,

Me. Me 5mol% L9-Rh(cod)  Me. Me

N" H B,(pin), (2 equiv) N" Bpin
1,4-dioxane o
blue LED, rt :
10 examples
up to 93%
SFI-Rh(cod)
[L9-Rh(cod)]

Scheme 4.2.1. Photoinduced C(sp*)-H borylation of benzylamine derivatives catalyzed by SFI-
Rh(cod) (Our previous work).

AR ISR Tl SOSHEDZ LW DT 2 0 Cspd)-H fEa A v F IS, &
ST IR & O D TRAIZR FOGERIFIC TH#EITT 5, 20— C, B HEMHEN
HfliZp U7 I VBRICIRE S, SEREEORE RIEEEOKGEDZ Ly C(sp’)-H
FEANTHEATE TV, 22T, 250K v HE N BE ~ T & 287 2 it
RISFROHEEEZ BIE L., MG OB 217 > 7=,

BEFD C-H AR U FIRIRTIE L AV S, 1 om OGRS IR T& 5 Ir b
A U RZ AR TENIE, Rh 5K & il U CRBEE RN K& <M B4 5 2 & 27,
% Z T3 E TR LIEREIZIEVWE R L7 Spiro-fluorene-indenoindenyl (SFI) Bz 1~ (L9-12)
2, BEETHDHVF TV LAEA(RNY AF L U7 2 K (LIHMDS) % 2 YE&/FEH I,
T 0.5 M ED [Ir(cod)Cl]r $E5K% V2 85k & Mt L7 (Scheme4.2.2), Rh $&{K & [F]
RIZ, ZVA LB RIOA 7 = VEMLIC 2 OE#E A H T %5 SFl-Ir(cod) $51A (L9-12-
Ir(cod)) %, FREMNGEINETHL Z LN TE TN D,
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R1

O O (1) LIHMDS (1.5 equiv)
’g THF, rt, 10 min N
O ’ (2) [Ir(cod)Cll, (0.5 equiv)
THF, rt, 2 h

L9-Ir(cod) (R% = H) / 48% L12-Ir(cod) / 48%
R! L10-Ir(cod) (R2=F)/ 43%
R? L9-12 L11-Ir(cod) (R2 = OMe / 74%

Scheme 4.2.2. Synthesis of SFI-Ir(cod) complexes.

L9-Ir(cod) DX B URHRIZHRT L, ~F VU RR A SES 2 L THEREGDL Z &
DT, HAES X B REERNTIC LV S5O Z [FIE L7z (Figure 4.2.1),

Figure 4.2.1. X-ray structure of L9-Ir(cod).
IHiZ, A7 NA L FRHKE S T2/ 5,10-Dihydroindeno[2,1-a]indene (L14) 3 X O

indene (L15) ZENL7-& 325 Ir SEERIC OV T H[RAERO FIEIZ TERL L7 (Scheme 4.2.3),
Z DOFER, L14-Ir(cod) I LT L15-Ir(cod) $51K % Z L ZIRINER THET-,
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. . ZJ
(1) LIHMDS (2 equiv) ~7
(@) ag THF, rt, 10 min >
[/ A Ir
(2) [Ir(cod)Cl]5 (0.5 equiv) S
A THF, 1, 20 &6
L14-Ir(cod) / 16%
(b) (1) LIHMDS (2 equiv)
3 THF, rt, 10 min -~ ﬁ
(2) [Ir(cod)Cl], (0.5 equiv) Ir,
THF, 1t, 2 h (z)ﬂ

L15-Ir(cod) /9%

Scheme 4.2.3. Synthesis of L14, L15-Ir(cod).

L14-Ir(cod) DR P ARIKIZH L, ~F Vo R KA SE 2 2 &L CHfEL 255 2 &
AT, HRES X R A AT IC L v $AOMEE & R E L 72 (Figure 4.2.2),

Figure 4.2.2. X-ray structure of L14-Ir(cod).

PLETERR L Ir $8IKICx L, A B-T V4 L U EBEOBAEEZE LT, B
MREZIToTe, A 0T =NVENL 20T 2 BB REERIT »* BIO p° OERNIER DR
(N H Y, A T =R o=V L LTHBLNLD (Figure 4.2.32) 2, Zhiz X
VIEBBEETODICERN G E O DT ENTE, v /a2 =)L (Cp) Bfift&ZbHD
ERSEA L i U, MUEYEOm B TE 5,

—WIZ P S P ~RY v RX—=TUF B 2 LT EBAE T BN OE AR AAE
APPSR D Z emmbng, TDD, BESET.ONA 7 =V F~ p T TH
MTHHADPKBEETHY , ZOFERREWVIELEEDEG N LERT, 1 T =V
SEARDBENLITERITA Y v "= /3F A —% (A) | Hinge angle (HA), Fold angle (FA) 12XV
At S 41D
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(a) Indenyl slippage H
5 Mo

' M
n° mode H n® mode
(more Stable) (less Stable)

(c) Hinge angle (d) Fold angle
s
\f"‘ /r\\l
/’(\\ :\\ .
L Y I'
Mi M
A= (M—d ) — (M—d3 4)
dy2=1/2(dy-c1 + du-c2) n° coordination
d3 4 1 1/2(dy—c3 + dv-ca) A:0.11~0.42 A, HA : 7~14°, FA : 6~13 °

Figure 4.2.3. (a) Indenyl slippage (b) slippage parameter (c) Hinge angle (HA) and Fold angle (FA).

ZDARY w_X—=URT A =% (A) OEIZERFTLAEERKSE (Cl, C2) MOEHEDY
i (dip) 2HEEPO-BEEERFE (C3, C4) BIOHEBEOEHEOETRIND, AMEN 0 1
TVVEE & DIEE, BRFLNY T B ¥ Px = VEN - OB R FBMICNLE TS Z &
27220 MENOEARDOTFTENREL 8D, Thbb, A WHEREEZ L DIFEREBETO
EBRNL T OMOE TR AEERNEL B o &EERIIL eSS, —F T, A ©
ENRKREIE% & HEREAOSE, SR ODITE L) DBEERFE (C3,C4) HIThET 5
e, P R OTFSNRREL 8D, ThbbH, A PDREREE L DIFTE p° BENL
DEFHED/NESL 720 | BRSERIIARLESND, T 0 & BN OE B 72/ AVER
BT 5 9 2 ToA T =/VEREOFEME S BER/RT A—ZThDHZ L0 LI, Hinge
angle (HA) & Foldangle (FA) OfERHWVHID, ZAUHOEA A:0.11~042 A, HA7~14
FA: 6~13° LR 585A801%. v° BoOBNIERE L5 Z L Rnmbnbbl,

Z I TAER-INF L ERBEEEROZEE~RIETTRELZHOLMNCT 5720, ERET
AR L7z L9-Ir(cod). L14-Ir(cod) 3 LT L15-In(CoHy) W I L TR Y o =P85 A —X
(A). Hinge angle (HA) & Fold angle (FA)DfE % #H L7~ (Table 4.2.1.),
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Table 4.2.1. Slippage parameter, HA, and FA of Ir complexes.

(A) L9-Ir(cod)  L14-Ir(cod) L15-Ir(CoH3),

Ir complex :

M-C1 2.324 2.366 2.355 ;
M-C2 2.394 2.371 2.374 = :
M-C3 2177 2.198 2.199 1 ;
C4 '

M—C4 2.295 2.258 2.212 ;
0 Ir. g !

M—C5 2.256 2.253 2.210 Moz i
N ;2

A 0.123 0.141 0.159 Z :

HA 7.30 9.58 - L14-Icod)  LA5-Ir(CoHy)p
FA 3.82 9.50 - 5

L9-Ir(cod) $&5(AD AL, JEATHFZE TAM I TV % L9-Rh(cod) 1K (A= 0.10) & kbl
LTRERMEEZ LD FT, ACB-TALF L UEKEZ S22 Lld-Ir(cod) $5K I LY
L15-Ir(CoHy) $8K & LE_KRIEIZID 92 2 E R L N o72, £72 HA BXO FA T8
WTHAER-T LA L UEEZ S D L9-Ir(cod) $HAK7Y L14-Ir(cod) $&5(A & bl L CT/h & 72
fEERL, FrEPRES M EL TS Z ERNbooTe, L7 > T L9-Ir(cod) #5(4 ED
AV B-TVA L EREIEA Y VUL BN OB TR AR 2R RO R EMN A
RELMESHETWD EEZDBND,

BT, AER-T LA L U BREREERO IR T 52 F 542 50T < RINA
7 M VOREZEIT- 7= (Figure 4.2.4), 1.0X10° (M) O 1,4-dioxane ¥, L TARK L
72 Rh BEDQ Ir EEOWINAR T MV OREZIT ST & ZAH, WTHDFERIZINTH A
BRI IZ & CIR D M8 IRV & 7R~ LTz,

15 350 370 390 410 430 450

250 300 350 400 450 500

wavelength (nm)

OMe

N S

1a-Ir(cod) 1a-Rh(cod) 1d-Ir(cod) 1e-Ir(cod) 1f-Ir(cod)

Figure 4.2.4. UV-vis spectra of SFI-Rh(cod) complex and SFI-Ir(cod) complexes in 1,4-dioxane.
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L9-Ir(cod) $EMAIX 430 nm fHITIC FE TIAN AMEIAWVIINZ 77 L, L9-Rh(cod) $HAIEL 366
nm MK &9 5 EARAREL 8.30X10° M em™ WL A R L7z, SFI-Ir(cod) $EMAIZRI L
T, IIVFA VAR A R VA HT 5 L12-Ir(cod) S5V T HRIE 3 L O
REFE DN R E BB R oo Tz, —HTAER-TALAF LB E TR0
L14-Ir(cod) ATl L9-Ir(cod) #EA L G L, RIERERONZWINTE HZ En3biro
72o & HIZ L15-Ir(cod) $HATIX Lld-Ir(cod) $&1K & bhiie U ORI Bl Rilg 7 28 ki
NS DD, WHARK DR E 2RI Z R~ LT, BLEDSERIE LV | AAFFETH AL L 72 SFI-
Ir(cod) #f141%. SFI-Rh(cod) SEIRFIERIZ FIHDEA UL L, HfIRIEZTEMR T & 2 2 L AVRE
STz, & 2T, SFl-Ir(cod) SERIZIWT S F A 2D B72 72 EEREVR G HE & R SUG AS
FHTEDHEEZ, BT,

4-3. C(sp’)-H #EEHRVRIERIE: REEHRE

4-1 i CRUR L7 A U VU A3 < O CH AR YRSV S TE
BEBRERBRTHETHY ., BUVMBLEEZRTZ ENMBNS, 2D, AFRICTER L
SFI-Ir(cod) SERIINEA D ARIES IS R TIESUSED Z LW EE ~ FH AIRE 72 81 7- 72 C-H #5 &
RUFEBHIETE D LWL, Csp)-H MR VRO DMF 21T o7, & 2 Tk
?O C-H #EER VR SEETIERIBEELLEL T 2-tr )Y )Y P (47a) ZET
NEE L L, flix OB T HEEB KORIGEIIZ T Csp’)-H #EEH U E RIS ORE 21T -
7= (Table 4.3.1),

Table 4.3.1. Screening of boron sources for C(sp*)—H borylation.

SN catalyst SN Bpin
boron source |
C> e

1,4-dioxane (0.2 M)

48a
entry catalyst (mol%) boron source (equiv) conditions yield (%) @
1 L9-Ir(cod) (5) (pin)2B2 (2) blue LEDs, rt, 24 h 0
2 L9-Ir(cod) (5) HBpin (2) blue LEDs, rt, 24 h 0
3 L9-Rh(cod) (5) (pin)2By (2) blue LEDs, rt, 24 h 3
4 L9-Rh(cod) (5) HBpin (2) blue LEDs, rt, 24 h 0
5  L9-Rh(cod)(5) HBpin (2) 40°C, 24 h 0
6  L9-Ir(cod) (5) HBpin (2) 40°C, 24 h 75

a 14 NMR yield

SEATHRSE L [FlEE. 5 mol% @ SFI-Ir(cod) $HfA & Boping ZH VN, HFENEMHK T H5KM4T
C(sp)-H B R U HFMRISORF E1To7- & 2 A, RUSTELHEIT LR 572 (entry 1),
ARUFEIE LT Bypim (2182, HBpin &AW HEIZBWTHRTEONTIEIT LR -
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72 (entry2), — T, _UULT 2D Csp?)-H FidH v HFRIG E REEIC, L9-Rh(cod)
fili i & Bopiny ¥£721% HBpin ZHWTHELRS L7z 2 A, RILERN S C(sp’)-H EHE
RO BRSNS TT 5 Z LR - 72 (entries 3 and 4), LA EDZ B FELEE T T
I Ir 3 X O Rh 85(K1E C(sp’)-H fEE A U RCRISITR L, 13 & A EMIEEMEA RS e 2
ERboole, FITHENET ., MBS T T Cspd)-H AR VRGO 41T
77o R FEIEE Boping & LT 40 C. 24 BEIINES 5 Sk iWVC\L%h®ijbiU\L9
Rh(cod) #51K% HWTH C(sp)-H fEE A VRIS T AT L7202 572 (entries 5 and 6),
— 5T, L9-Ir(cod) fillftz FH\N, R V%A Bopiny 12184, HBpin & Liz& 2 A, C(sp’)-
H #EGH 7 FALIERET L, IEE 75% I TT VX AR n VT A7 )L (48a) #1537
(entry 6), ZIHDOMFIN LA UHEIAE HBpin & ED, k217> 72 (Table 4.3.1),

Table 4.3.2. Screening of catalysts for C(sp®)-H borylation.

SN catalyst l SN
‘3 HBpin (2 equiv) _ P b

1,4-dioxane (0.2 M)

40°C,24 h 48a
entry catalyst (mol%) yield (%) @ L9-Ir(cod)

1 L9-Ir(cod) (5) 75
2 L10-Ir(cod) (5) 62
3 L11-Ir(cod) (5) 56
4 L12-Ir(cod) (5) 58
5 [Ir(cod)OMe], (2.5) + dtbpy (5) 0
6 [Ir(cod)OMel, (2.5) 18

2 1H NMR yield

EFETAR L7z SFI-Ir(cod) ${A% 5 mol% HWTHEEAR 7 ) —=2 7 % Tolc & 2 A,
AT NN T VA KB I ORA MU EEH TS L10-L11-Ir(cod) $HA TITULZEN
ORI T L72 (entries 2 and 3), £72, /AL UERKICA ¥R EAEA LT L12-I(cod)
AR Z WG AT OV T HIEN R E KT L7 (entry4), ZDOFEFR LY | A SFI-Ir(cod)
FEOTNFLBEOA T =0 EOBEHELT, METEEEZ RS ETEED 2 Enbne
272, C-H K& R U FACG T @& WS P 2 773 (NN)Ir(Bpin); A R TAHEL S
[Ir(cod)OMel-dtbpy B F-1Z & DR 2w H L7223, PFrEO s TiER <, v U Ui |
® C(sp?)-H #EENF RS NTERD 2157 (entry 5), —J7 T, dtbpy BT VT
2.5mol% @ [Ir(cod)OMe], & /= & 2 A RILE/ZR R S C(sp’)-H #hE A v RS
ITT5Z ERNboroTz (entry6), ZDZ Enb, Brl Py ko Cisp’)-H A 2RI
RUFET HITIE, BV OLVEROEEE AU U0 AFDITENL S 5D SRR T2 R A
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KThHDHZELBnbholz, LLEOKRFNE, L9-Ircod) & Hamfibit & L CED, SRNAEB D
FEt &2 1T > 72 (Table 4.3.3),

Table 4.3.3. Screening of solvents for C(sp*)—H borylation.

SN L9-Ir(cod) (5 mol%) SN ;
HBpin (2 equiv) | Bpin

Z N > Z N
40°C

47a 48a

entry catalyst time (h) yield (%)?
1 1,4-dioxane (0.2) 24 75
2 1,4-dioxane (0.4) 24 72
3 1,4-dioxane (0.2) 48 74
4 n-hexane (0.2) 24 33
5 toluene (0.2) 24 37
6 N,N-dimethylacetamide (0.2) 24 41
7 CH3CN (0.2) 24 50
8 methoxycyclopentane (0.2) 24 37
9 THF (0.2) 24 70

a T4 NMR yield

FPEEIRE A 0.4 M (entry 2), F70IICRFH %2 48 FEfH (entry3) & L CTHRFT L7223,
WERITM E Lo te, ~FH 2 (entry4), Rl (entry5) ZEDIFBIEABESL NN- 2
FATE T IER (entry6) °7 & b= F U/ (entry7) ZEDMIEIEPE, A hF 7 mly
% (entry 8) R°7 N7k K77 (entry 9) DT —T7 /LR Z HWTH IR IEM E
Lo tz, LEORRI LV 14-U4 590 & oliaii & e iz,

SHRHNEDM EAZHIEL, HBpin 23 ¥ &EE L THREILIZE Z A, 92% DOETT
XA B VR AT )V (48a) H 43T, SOGIRE 2 S|IRICE T, ROGCKRER 2 72 FEfE &
L2 ZAhA, IZEEEMICT VR LA VIR ATV (482) NEOLNHZ 2R LT
(Scheme 4.3.1),

SN L9-Ir(cod) (5 mol%) SN
| HBpin (3 equiv) |
N > N

temp, time

47a 48a
40°C, 24 h/ 92%
rt, 72 h/ 98%

Scheme 4.3.1. Further optimization of reaction conditions for C(sp*)-H borylation.
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4-4. C(sp®)-H &RV FRERIE: EEEHASKEE DR
43FHiT2-¥r ) YU VD C(sp’)-H FEaH v FE LRSI BT D s 21577
D, BE NP OGRS 21T > 72 (Table 4.4.1),

Table 4.4.1. Substrate scope for 2-aminopyridines.

L9-Ir(cod) (5 mol%)

HBpin (3 equiv) R—:/§N
> \/\@)n

D)" 1,4-dioxane (0.2 M), rt, 72 h
47 48

Me
00 2 L0

48a / 44% (98%) 48b / 67% (>99%) 48c / 38% (>99%) 48d / 88% (>99%)
/Q\ Bpin Bpln SN Bpin | SN Bpin
Z N)\
me L_o
489/ 51% (66%) 48h / 55% (58%)
48e / 81% (>99%) 48f / 76% (99%) 70% (72%) (40 °C, 24 h)  73% (71%) (40 °C, 24 h)

Isolated yields were shown with TH NMR yields in parentheses.

B U UV AT L (48b—d) °A FFX AL 48e) DL ) B G AEA L
[Z2WT, C(sp’)-H G R VRIS NZIEERANIET Lz, Er ) Y idmas, BXY
Ty (48f) X°T BN (48g), BLR U v (48h) FEOFE A2 QBRI T I ISk LT b Al
BRTHY, BIFRINETT AR AR VAT VEG X, FTENARY) VEREET D
EE TR BOSIREZE 40 C 1295 2 L CIERM LT 25 2 Lidbnol, BIRY I /K
Eo C(sp)-H fEEF U FSIENFELRAET, BRCETT 28Ik hEciE s
Tk%?&KﬁHmw)%W@@Méfhéoﬁﬁ%®I&&Mw%MP%ﬁfm\Tfﬂ
VEOBRBEORE T B BRICEHT 512X 100 C ([SMET 20N H 550, F7-
BoOHEFTIE, Br) VE %@ﬁh& EIRIICA 7RI TE 503, 80 C DMES
ez B L3 50 2 512k LT, L9-Ir(cod) izt U D0 mb T B0 D X 9 75t
KBS E R OWERIR T 2/ HoD C(sp’)-H #EG & =il &0 ) iied TIRFZe RS SRR v #Ei b
TE, WD TEWMELEEZ2H 325 Z L Bhbotz,

WIZ 40 C BLW60 C CTOREEHHIPHZ~7 (Table 4.4.2), Boc R L7 T Y
VERICBW TR TIHEN R TH -T2 b DD, 40 C ITMEALT- & Z AEINRICTHY
Y @8i) 5 x7-, FAEEICELT60 C ICHIE L THIERITM E L2272,
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U EOREEBRFHIBWT, B OV EABTIGEZEA LA E CIEENE TR YR
(ER ST DA BT, WRICE U DL EOE TN E O R &2 i ~< | &
TFARERE Y DR, HEMDOZ LW Ne~T 0B 44T 5 WEICK L TREE1To 72,
U DNVED IAZ RY Tt a ATV (CF) REBALLEEAZHV, CHEAFRYHR
EIG Z Rt L7223, 5 mol% @ Ir fillfEz VT 40 °C (ZHNZET 2 KOG G TR R
(~40%) &7potz, T2 T, Ir filliEZ 10mol% & L THFIEITo/mE 2 A, Ernl Y (48))
BLOERY D Ft (48Kk) 12k L TRIGE TH U B LIS AHETT L7z,

Table 4.4.2. Substrate scope for 2-aminopyridines.

L9-Ir(cod) (5 mol%)
HBpin (3 equiv)

D)n 1,4-dioxane (0.2 M), 40 °C, 72

47

h

| SN Bpin | SN Bpin
= N)H 4 D
Me K/N“Boc CF;

48i / 52% (79%) (40 °C, 24 h) 48) / 49% (75%) 48k / 59% (74%)
76% (82%) (60 °C, 24 h) [ L9-Ir(cod) (10 mol%), 40 °C, 24 h] [ L9-Ir(cod) (10 mol%), 40 °C, 24 h]

Isolated yields were shown with 'TH NMR yields in parentheses.

FEWNT, BV DNV DOA~T a A2 AT 5 WE~OuEH A fat L7z (Table4.4.3), BV
IV A8l) BEOX U @8myn) O XD RENIOZ LWE AR T HERY Vv
WZxf L, 60 C IZHIRT 2 Z & TRURIGRIZTHIIWM Z 15T, —HFTERT VU BEDR
U FALETIE 60 C IZHIE L, 72 10mol% Dz H 5 = & TRilllRIz TR v #Eib
ISHHEITT 25 2 & Bbinotz, /7 U v aRAEL T DAD Csp’)-H AR Y
FALSONZHR L TH @ WARBEE 2R L, TAF LR e VR 27 )L (480) % EINERTH

277

299



Table 4.4.3. Substrate scope for 2-aminopyridines.

X L9-Ir(cod) (5 mol%)
SN HBpin (3 equiv)

)n 1,4-dioxane (0.2 M), 40-60 °C, 24 h

47
N .
(\)N\ Bpin I SN Bpin SN Bpin Z N OH
7~
NN Z ,\@ ~ N)\ X
N.
K/ Boc
481/ 35% (52%) 48m / 44% (68%) 48n/ 75% (91%) 490/ 80%? (80%)
(60 °C, 24 h) (60 °C, 24 h) [ L9-Ir(cod) (10 mol%), 60 °C, 24 h] (40 °C, 24 h)

Isolated yields were shown with "H NMR vyields in parentheses.

PLED X D ITARIZEIC BV TRR%E L2 L9-Ir(cod) $EKIL, Fix D 2-7 2 /U VD
C(sp®)-H #EG A U FALEUGT R LT, D TR 72 BUSSIFI T e 4 7k L7,

WRICT T FugYx ) o EeGT 288 47p OV FECEISEBE LT,
Chattopadhyay © @ 2-(3-thienyl)pyridine-Ir filtli--% Ti, 80 C &9 mRIGSEAET . KX
IR O NARBEE D/NS 72 3020 C-H A DERINICR VLS D 2 &b T D
(Scheme 4.4.1) [

SN OH N
I 1 [Ir(cod)OMel, (1.5 mol%) Q Bpln
= m Ligand (3 mol%)
H™3 B,pin, (1.5 equiv), 80 °C

pinB
47p poTTTTTTTIIIETTIIITTS 48p / 39% 48p/nd
Me— ~ |
e / \
\ N S
Ligand

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

Scheme 4.4.1. Regioselective borylation of 1,2,3,4-tetrahydro-isoquinoline catalyzed by Ir-CBS

ligand system.

47p (TR UARMIERZEH L7 2 A, 40 C 2B T 25 Z & T, ®IERIZT C-HEA
R FEACBOSAEITT 5 2 & &2 A L7 (Scheme4.4.2), AHE H13 L9-Ir(cod) filfi:)s S THF
ZEDfREE L el U, mORBEE 295 Z L AR TR & B X TV D, UG ON BRI M
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WLIEATHFSE & 720 . 1AL C-H FEAIMEMNCE U RIS S, T ONLERRED#
L DO SNTIRR S ICIRK T A L E LTV,

SN H L9-Ir(cod) (5 mol%) SN Bpin
| A\ 1 HBpin (3 equiv) Oij ):j@
/k‘ I ) B
A pin

43% (63%)
(48p/48p’ = 60:40) (40 °C, 24 h)

Scheme 4.4.2. Regioselective C(sp®)-H borylation of 1,2,3,4-tetrahydro-isoquinoline catalyzed by
L9-Ir(cod).

EEYDNIED 3 AU AFNAEEZ AN LT 47 20T E 25 BUSOIERE
K OMLEZRPEA M E L7- (Scheme 4.4.3),

SN o L9-Ir(cod) (5 mol% ) SN Bpin | N

_ 1 HBpin (3 equiv) P . = m

N - N

—di Me

MeH'si : ’ ’ ’ Me t : pinB

479 : : 48q 48q’

83% (95%, 48/48q’ = 84:16)
(40 °C, 36 h)

Scheme 4.4.3. Regioselective C(sp®)-H borylation of 1,2,3,4-tetrahydro-isoquinoline catalyzed by
L9-Ir(cod).

4-5. C(sp?)-H #EERVRIERIG: RGFHRE
S A A2 R Cspd)-H FEAHR U ELICORR 21T o 72, — %I T 2

TV ONVHEEOEERZ~T R LML T, EBERE T OICHTDEMINZ L
EMIBND, TDH, NUUAT I VEOT X AR E T DA SMLRIRT
C(sp?)-H FEA A T FRBISIE, —MiZ 60 C UL EO@RKISGREZLE LT, —5T
%ﬂ%%f@[&mmw)%%ﬂ\&/V»T:/£®(ﬁﬁH{ﬁémﬁﬁmﬁm:ﬁb
FOERE T, |REICTEROWBEEE 2R 2 L2 R LTS, Los L, ZE0wE A
RN | B RBIFESRINS i W B IR SN2 3o T b, I
RPN 2 ODT 2= )VEEEHTD NN-VAFN-11-PT == )L A X T 2 (49a)
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2k U T a2 R S e, ZOREZHWD Cspd)-H #iHH vRRIGIE, FeAThF
FEDOFMIES S RIZIENT S 80 C UL EDEIRISEEEZ VB L L, FRICRUSHENRZ L
HELTmonDB, 22T Csp’)-H FEEH ¥ RLUS MRS T @G 2 7~ Lz
L9-Ir(cod) $5AZH VD Z & T, HEIEBIOMEELE L /2N LT I VO C-H
FEA R UFLBUSHRRE TE D LB X T,

NN-UAF I 1-V T 2=V A X T 22 (49a) 126 L 5 mol% @ L9-Ir(cod) it &
HBpin % 2 Y&, |IRIZT 12 FFERG S8 25 THgt L7 (Table4.5.1), & DfES,
MBI C(sp?)-H FEG AR 7 RSO EIT L, IR 84% ([CTHEDT Y — /LR e ViR X
TV 50a = f37= (entry 1), — 5T, L9-Rh(cod) fMEIIARIGERMICBWTHIGMEZ RS2
Mo Tz (entry 2), fBMRGTIE LCTA VT VORI 7 VA R IR A PV HEZEA LT
Ir fitfi (L10, L11-Ir(cod)) (entries 3and 4) X°, 7 /LA L U HEIZ A X VA E AL L12-
Ir(cod) filiftz =& Z A, WERNMETT 52 END-o72 (entry 5), C(sp’)-H fEEH D
TG & TR0 | Ir-dtbpy R Z W TRET 2T 72 & 24 C-H fEAR UELRE
NEHEIT LD o7 (entry 6), ZD—J5T, dibpy BfL 7% W [Ir(cod)OMe], DA%
MWz 2 AHREDOIR TR Y FCRISNEITT 5 2 L NbhoTz (entry 7). LLEDOK
FHC &V | ARRUSHAEITT 12T 7 2 2 308 Ir PUOISENL S8 B 5 RS S AR /]
RTHDHZEDTRBRENT,

Table 4.5.1. Screening of catalysts for C(sp*)-H borylation.

Me\ ,Me Me\

N catalyst N’
HBpin (2 equiv)
1,4-dioxane
49a ,12h 50a
entry catalyst (mol%) yield (%)?

1 L9-Ir(cod) (5) 84
2 L9-Rh(cod) (5) 4

3 L10-Ir(cod) (5) 66
4 L11-Ir(cod) (5) 44
5 L12-Ir(cod) (5) 65
6 [Ir(cod)OMe]; (2.5) 49
7 [Ir(cod)OMe], (2.5) + dtbpy (5) 0

@ 1H NMR yield

PLEDORED S L9-Ir(cod) fililit 2 2 SUSSRIFIZE W T, b EmWINETHIY % 5-
LT EMbholz, 22T, &6 EDOM EEBIE L CAERGF 21T -7 (Table
4.52),
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Table 4.5.2. Screening of solvents for C(sp?)—H borylation.

Me. -Me L9-Ir(cod) (5 mol%) Me N Meapin
HBpin (2 equiv)
O O solvent, rt, 12 h O O
49a 50a
entry solvent time (h) yield (%)?
1 CH,Cl, (0.2) 12 75
2 n-hexane (0.2) 12 42
3 toluene (0.2) 12 4
4 CH4CN (0.2) 12 31
. . : \ 0 Ir. ;
5 N,N-dimethylacetamide (0.2) 12 25 . ' ‘:)‘ﬁ !
: l"\a :
6 methoxycyclopentane (0.2) 12 38 }  L9-Ir(cod) :
7 THF (0.2) 12 87 Sommmeemommenooeeed
8 THF (0.4) 12 98
9 THF (0.4) 24 >99
214 NMR yield

ANBF LV RIBEEROANF Y MV D KD 7R IEMRIE VAR B CIE SR O NME T L
(entries 1-3), F£7-T7 B F=KMU AL NN-UAFNLT & N7 I RO L 9 7RBMEREE 2 H 72
BE b RISDOIEEDME T L7z (entries 5and 6), IRICT=—T LV RIBEDORGTI 21T o728 2 A,
ARFT 77X H U TERBIZIEMET LEZDN, 7 I8 k7 I ra2Hnize Z
AIENE LT 52 Enbhotc, SHIZ, REZ 04M 352 & TIERRELSMmEL
(entry 8), FUGKFM A 24 FEfH] & 55 Z & CEEMICT U —AR v VBT AT L 50a 21572
(entry 9), ARG Z oSt & ED, FEEMEAFHEOR 21T -7,

4-6. C(sp®y-H #EAERVFRIERIG: EEBREEDRET

FOSEMEOBM PO RERUENRHA SN E Rozlzd, HEEAHEORMNEZ1T- 12
(Table 4.6.1), 728, ARFOLERM THLT V—NARe VBB AT I U A7 NVH T A
rna~ b7 74— THEELTLE S L, mig{bKE KT b Y 7 A TEGLIES
L ETT =/ —VRNGEER, BT & LT,

B AE 1220 EE 49a TR — AT v FICHEHAFRETH V. 1 mmol A5 —/L
DRFHIIBW T, filllfiE&% 2.5 mol% KT I E7-5E6 CTHEREMIC C-H #iHH U HRIK
ST T 5 Z ElbhoTz, RINLT AT IVEE (51b) X0 tert-7 F VI (51c) ZEDE T
BEAFTLHEER, 7=V EEETHHE (51d) IZBWTH C-HFEA R U RERISH
EEMICHEIT LI, SHIC7 T (5le) 7 nufk (51f) 74wk (5lg) O L H7%
g UBEBBEEARTAEEICEN TS, ENHEER ) 2R EEMIZ C-H EEARY
FALSOEPHEIT LTe, —F CETFRBIETHD MY 7t a AF LR EHEAN L LE (51h)
TIHNEPMET L2 b DD, 82% IZTHR Y FURILHEIT LTz, A ZALOEHIL S T Nf
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ERBRICE TAESE (S1) B X OETKR5IE (51, 51k) 26T 2 G xF L T BAFZR IR
THEWE G 2T, W CIERRRINE 2 F D ALERIRE) C-H A A ¥ FRS & Biat
L7ze —HOT7T V= NVHEDIMBIOSAICA v EEZEALEZEE (S1m) 2 VWi
AL EBEHREE L7200 T U — L ECALESEIREIC AR U FACRIS S EIT L, BAFRINETT
V=R a U BeAT NV EB 2T, STV —LVEIRZ, v 7~ vefFT 58S
~NEAZBRF L2 E 2 A IERITET L2, 7 U — 3 E O EERIIC C-H fEahR Y
FALRIEDETT D Z b nol (51n) F72 NN-DAFNARUDLT I ARG SR
WA L7 & 2 A, 1mol% O EIC UIIETEEMICT UV —Aha VR AT VNG 6
HZ L ERH LT (500, 500%), E3KD L9-Rh(cod) fifilii 2 F\ 2 fil A Tk, Rh filliiz 5
mol% FWEESEIRE 2 40T T, C(sp?)-H FEA R v HELIG 74% DOULRIC THEFTT
L EEWE LN, 2ot LT, AR CIEHE LA LE L L B EIRTUARY
MEERIES (500°) HHEATT 2 Z &30 | KRIISAMBYEMED M L L7 2 ERREnie, £
To. RUUNNT I VD C(sp?)-H G AR U FELRIE A EIR CHEITT AT S S TR S
7, L9-Ir(cod) $EMAITIATHIZE TH BT D fili & brli U -Cliied C i O ARk 2 7
ZEnbnolz,
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Table 4.6.1. Substrate scope for benzylamine derivatives.

RIWR Lo-Ir(cod) (5mol%)  Rin-R'g RLGR G
. in
HBpin (2 equiv) P H202, NaOH

R2 > R2
THF (0.4 M), rt, 24 h THF
0 °C, 10 min

49 51
Me\ Me‘N’MGOH Me. 'MeOH
‘)\‘ MeMe tBu’Bu
51a/63% (>99%) 51b / 99% (>99%) 51c / 74% (>99%)

97% (>99%)
[2.5 mol% L9-Ir(cod) for 63 h, 1 mmol 49a]

Me‘N'MeOH Me“N'MGOH Me\N,MeOH
Ph’ ll 'I Ph Br- ll il Br Cl” ll 'I Cl

51d / 92% (>99%) 51e / 77% (>99%) 51f / 75% (>99%)
Me~ Me‘N'MGOH Me‘N'MeOH
“ ARG AS
FsC CF3
Me
519/ 75% (>99%) 51h / 65% (78%) 51i / 86% (96%)
Me\ Me. M
51j / 75% (88%) 51k / 72% (82%) 511/ 82% (>99%)

\

Bpm

Me\ Me
Bpln
MeO | | l f
500’pinB

500 + 500’/ 95%, 500/500’ = 86:14
51m / 77% (86%) 51n/44% (58%) [1 mol% L9-Ir(cod), 0.5 mmol 490]

Isolated yields were shown with '"H NMR yields in parentheses.
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FROIED C(sp>)-H fia A v FE(LRUGR I, Chattopadhyay® 55° Xu 5B (2L~ Thl
BGR A O D ARIBER BBEICHAS ST\ D, & 2 C. L9-Ir(cod) flME DAL 2 BT & M T
T BEFEOMPEER SR TIREH TE RWEE 2 AW AR 7 E LRGSO B LT,
Xu HRME L RIZBNTC, Er Y Y RO REHWYCT AT I ) Ky
AI52EETEATERNZ R T0nBE, 22T N RigERWEREEZHT 5
YUNT IO C(spP)-H FEAR ?#’%ft}im%*ﬁﬁ L7 (Table 4.62), v'1 U/ fEaxf7
HRVNT I TR 40 CICIMBAT 2L ERNH DL DODOEWINETHMZ 5 272
(51p). & HICNMRAIICE B IRUSED EY P 2 Blq) BEX Yz F 7 2 Mk
(51r) BT HHEETIE 60 C IZHIRT S Z L CRBRIETHEITT A Z L2 R L,

Table 4.6.2. Substrate scope for benzylamine derivatives.

Rl .R! oy Rl R R! _R! 5 i
*N° L9-Ir(cod) (5 mol%) *N° Bpi *N” " OH ' :
HBpin (2 equiv) PIM H,0,, NaOH © N\ o> Ir. ;

R2 > R2 — ™ R2 ' Z ' :
THF (0.4 M) THF ' :
49 50 0 °C, 10 min 51 '+ L9-Ir(cod) :

Me Me
51p / 71% (72%) at 40 °C 51q/52% (71%) at 60 °C  51r/ 32% (44%) at 60 °C for 48 h

Isolated yields were shown with TH NMR yields in parentheses

BRI S | TERDMESORR TIPS HELT L 22 W25 U, L9-Ir(cod) filifit 2
WOARMER AT 2 Z LIk HEE P A KIE IS IER T & 7,

4-7 PFABLUH FRIREER

AP 3V CTRLFA IR OB F) & RO BRI 2 B 5 223X < 4y TR R A 17
S, 2-¥ Y YV 47a) ERXUUAT 2V (49a) 45 0.1 mmol, 5mol% @ L9-
Ir(cod) fillit & HBpin % 3 &V, 40°C (TG 2 RS TR Lo, BOGKREZ 10
R & L7t A, XUUAT I U TR 2.8 P /7 B T2 47a) @ C(sp’)-H #f
AR FACRIE MBS HETT L, 81% IS TR vHE W ERM A 5 2 7= (Scheme 4.7.1),
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Me.  .Me L9-Ir(cod) (5 mol%) Me. .Me
| N N HBpin (3 equiv) | =N Bpin N° Bpin
4 + > = +
ORI S MOAD
40°C,10h
47a 49a 48a/81% 50a/8%  ('H NMR vyield)
(0.1 mmol) (0.1 mmol)

Scheme 4.7.1. Intermolecular competition experiment.

ERRRE R A SOSRIZE W T, o fEG MRS KE REAEE b OMEIE E RGN A
W2 L ERLTWD, ZHITEE —RIEORBFHI RN T, B DVRICEFREEAZEAL
SHAICROSIEER KR E < W EL, —F CETAEREMEE W55 IS SOSTE MK
TULIAEREFIE LR,

W CHBE ISR U BALRUG ST LIS D C-H fEa 285k b S B ox Loy TN dr
FEBR %17 -7 (Scheme 4.7.2), 2-7 2/ U T (52) IZ%F L 5 mol% ¢ L9-Ir(cod) filifids
&Y HBpin % 3 &MV .40 C ITMES 2 A1 T C-HREA A U RBUS & et Lz,
ZOREFR, TV —VEED CH A FE oL A uF b, Kifi A F LB L O
UMENR RSN, THUT2-TI BT VY (82) ITBWTT R TR, B
UNHERMILE T D CH AR UVBERISHEIT L2 L 2R L TWD, 12K A F
NIE DAL C-H FERITB T R URLIED 9:1 OTHEITTHZ 03000,
TR E OREAIREE T R X —B L OV REEOZICERNT AR EEZTND,

ES L9-Ir(cod) (5 mol%) B N H N Bpin H,
| N M He HBpin (3 equiv) b Ho P
Z N
T e h@ 0
Ha 40 QC 24 h p|nB

52 53b

7% (59%, 53a/53b = 90:10)

Scheme 4.7.2. Intramolecular competition experiment of C(sp®)-H borylation of 2-aminopyridine 52

catalyzed by SFI-Ir(cod) system.

52 Wiz C-H #EA U HRIGIT ZiVE T Ackerman &, Chattopadhyay © 12 XK -
TENENHE STV D, 2017 £EIC Ackerman Hix, HARFT T — MRALFE2HT S
Ru ${& % AV, 110 C ITMEAT D RUSERMIC LD C-H fEa R v LIS Z#E L T D
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(Scheme 4.4.6) ¥, AR ISRIZBNTHET X 7 ETIERS Y UV LT 5 VHEK
JODSERAIZHEIT L, IR 69% T53a & 53b & 2:1 DL THTWA,

Ru catalyst (5 mol%)

| SN Hy H B,pin, (0.7 equiv) | SN H, He | SN BpinH,
Z > Z N + s N
)N 1,4-dioxane, 24 h ) )
H, 110 °C pinB H,
52 53a 53b
: Me_@;,;r ; 69% (53a/53b = 2:1)
MesCO Ru(“”JO I
2 PAN :
0 Mes!
Ru catalyst :

Scheme 4.4.6. Intramolecular competition experiment of C(sp®)-H borylation of 2-aminopyridine 52

catalyzed by Rh-carboxylate system.

—J57C, 2021 4£|T Chattopadhyay o1&, 2-(3-thienyl)pyridine-Ir fifigt 2 Fiv 2 il i )5 4
IZT 70 C IS HMT, 2-7 2/ B Y U2 (52) O C-H FEE KR 7RIS K A
FOVHGRINPIHEITT D Z & 25 LT\ % (Scheme 4.4.7) 1,

[Ir(cod)OMe], (1.5 mol%)
Ligand (3 mol%)

| SN Hy He B,pin, (1 equiv) | SN H, Hc | SN Bpin Hg
= ? = P
)N 1,4—dioxane, 24 h )N )N
Hg 70°C pinB Ha
52 53a/68% n.d.
Me—( N
e / \
\ N S
Ligand

Scheme 4.4.7. Intramolecular competition experiment of C(sp®)-H borylation of 2-aminopyridine 52

catalyzed by Ir-CBS catalyst.

U EDOSATHIZEL, ROk A F LD C-H fEEEvHEIT 70 °C FRE OB
THAITT D 5T, RRFEONDNANALD C-H FEAEZRTFELT DI 110 'C v )
FD TR 72 OGS th A B L 25 2 2R LTV D,

b &l L C, SFI-Ir(cod) il A F D ARG R TR ITORCE T 5L 00,
40 C &\ 9D TR BUS G TREGD A F LRI A T, KISHEDOZ Lo
MDD C(sp’)-H B 2R VFEILTEDLZ LRI TED . Z UL L9-Ir(cod) filtfiEo &\ i
IEMEZ R T O TH D EEZTND, U EOBRNS, L9-Ir(cod) $&AIINERD C-H #%
BR T FACSSIZ BT D AR & bl U Cid TR WS MR 2 R 2 E S B E R0
Z OEPRZ A ST L USRI 217 > 72,
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4-8. RICHEIERRMT
AFJENTE T D A B aBEN 7O EFHRB L O W AREEPE O IR 2 B 5 223~ < KOG
FEAERRAT 21T o 7o AREOCOAEICHEE A4 773 (Figure 4.8.1),

HBpin

Oxidative
addition

Figure 4.8.1. Proposed reaction mechanism of C(sp*)—H borylation of-2-aminopyridines.

L9-Ir(cod) $&EARIZKI L, 47a DY DIVEENA U U7 AHULA~EL L, cod BN T A3 iR
T5ZLTI-v U Yy (L9-In(py)) BfrglihzEas 5, A EMAIZ HBpin ASER{LAIAIN
L. SRR L AE S D L9-In(py)(H)(Bpin) S8R Z T 5, —Mkic C-H fif&A YR
BB T C-H fEATEHAL DB TH D Z LN OND T, AMBLLISRICE N TS
FECHD EE 2T, £ 2T, SEPBAIT LI-Ir(py)(H)(Bpin) $&ATH L EMBESL, 2D
FHEND CH fEEEEPET T 256 0RKIGKREIT 2 2E 265, LY-
Ir(py)(H)(Bpin) $£{A1Z HBpin 235FF ONERILAIAIIN L7212, AKFEDECHINEE L THERRT 5
L9-Ir'"'(Bpin), FENEMFRE & 720 | C-H #GTEMHAGIIS ST T 5 #2 ¥ (path A) &, L9-
I(H)(Bpin) S5 TEIERL L 722 C-H S SITELEUSAEN T 5788 (path B) DU T2
DR TR EITT 2 LES NS, £ 2T, ARISICEIT 5 C-H fEATEM LB M 1B
D B 7 RN L2 15 2 X ROGHEREMRNT 24T - 7,
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4-8-1. RItEBHR

SEATAIFZE D SFI-Rh(cod) flfiiiz K 5 L7 2 o O R[HEERENR C(sp?)-H fit & A 7 %
BT F0 T induction period 23l <4172, Z @ induction period |FJFEHEAIZ T £ D
cod FLNZF25iFfE L. Rh FLONCEENEL T 2R TH D Z LAVRIEES TV D,

Z ZCARKISD REHE R X ORSHEIZHT 5 cod B TFDF G2 6T <
BOGSBBN 24T > 72,

0.1 mmol DX U /LT IV 49a 1Tk LT 2 ¥ ED HBpin & 5mol% @ LI9-Ir(cod) il
Z T, 1,4-dioxane HEIRIC CRIGBIIZ1T > 72 (Figure 4.8.2), & DfEF., AL )&
AT T induction period B AL, cod BUAL 23 SR HIZ TSI REET 5 2
DRI T,

Me. .Me L9-Ir(cod) ( 5 mol%)
N HBpin (2 equiv)
THF (0.4 M), rt B}
time
49a
time (h) 50a (%)
'H NMR yield
0.25 2
0.5 5
0.75 7
1 12
1.5 22
2 27
4 64
6 96
10 99

Figure 4.8.2. Kinetic profile of C(sp*)-H borylation of benzylamine 49a.

FEEHZIRERT (h), M7 U — AR e U= 27 L0 THNMR I (%) & LT ER%E
7ry hT5HZ 8T, LLTFIZART kinetic profile #7572 (Figure 4.8.3),
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100 N
90
80
70
60
50
40
30
20
10

50a (%)

0 2 4 6 8 10 12
time (h)

Figure 4.8.3. Kinetic profile of C(sp*)-H borylation of benzyl amine 49a.

UEXY | BEISIZEWT cod Bl OMREBFRIIVEEIIZL A ERELZEZ T K
JBRAAM & 72 < AREYEMERE A A U TS EF 2 bId, 20 cod B FOMERREE, B X
N resting state [ZBd 3 DML Z G5~ KINEBMEZIT -7,

4-8-2 it I It 0D F &R
AT ET 5 resting state Z B9 <<, in-situ NMR (2 & B &R P8I 21T -
72, (Figure 4.8.4 —4.8.6)

(1) C(sp*)-H FEERY RIS I31T 2 B % R ELHI

0.1 mmol ® 47d (2% LT 5 mol% ¢ L10-Ir(cod) A & 3 24 &0 HBpin ¢ THF-ds IA
TR C UG % BB L 7= (Figure 4.8.4 and 4.8.5),

FOSZHFOBLINEL 0 . SISBSAD D 10 43 TIXHOITBLIC X 9, L10-Ir(cod) $&14 &
HE 47d OAPER iz, —FH T, 24 BERZIZIET A v R e U BRT ATV 48d O4
SRR S AL, [AIRFICJFORHE (R L10-Ir(cod) HBUHAITX 72, S HIT, 36 KREHREE TIEA
U RAR 48d OERENEEINL, KK E L TREER L10-Ir(cod) 238U ST, BLED
FERMND . ARIGD resting state (% L10-Ir(cod) FETH 5 Z & BRI 7,
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L10-Ir(cod) (5 mol%) :
| =N HBpin (3 equiv) | SN Bpin :
= > — :
N N H
Me Q THF-dg, rt Me :
47d J-Yong NMR tube 48d :
47d 47d 47d
L10-Ir(cod) + 47d + HBpin, A 48q. L10-Ir(cod) L10-1rcod) |
1,36 h 1‘[‘ — I\ﬂ” rl L10-Ir(cod)
i T — ‘
o ul' [\_ I J ’M A s A AR ,J L‘NMJJ‘]' \—v.\/'wzj ”ul\-uj\h‘h'\/ﬁ,'wj j,wﬂf.# ’ljl f‘-"*.g.n MJIJLVW' L\ )
L10 Ir(cod) + 47d + HBpin,
L10-Ir(cod
t, 24 h ‘ 48d r(cod) L10-Ir(cod) ‘I L10-Ir(cod)
| ! [ /
U\J‘ I il Al\ . i | /
— Y lt ‘Ji‘l{‘\a‘ P ,“4“\ AL } ‘ N Yl lJ I l\"u"/‘f'h ‘./. .'u\"‘.h~'~“u"“r'.'v'kt‘u,; wl ‘('l"""“”,‘n m“*l‘vli"‘-‘"l | ‘ l‘\’—' SN \\’ PO S \ i
L10 Ir(cod) +47d + HBpln . L10-Ir(cod) ‘ R
t. 10 min ‘J ‘ L10 Ir(COd)fb ‘ ! . L10-Ir(cod) ‘
R ol R Y T
B ~ J Il | \\A L er “U HW ," | ﬂg ,‘," ‘.“ ‘\‘l\ ’”‘ ) Mrll'luy “ Ul
L10-Ir(cod) i S —
QU Wb b M 1l

I T T T T T T T T T T T r T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 [ppm

Figure 4.8.4 'H NMR of the reaction mixture of C(sp*)—H borylation.

TI-1130-1 10 1 /Users/tomonori/NMRdat . | Sooe < fsoo0 veuse-seh 38 [ [fmerroenertnemanca
L10-Ir(cod) + 47d + HBpin, THF THE
rt, 36 h 48d \ \
\ ) ‘ \
I |
(il / \ b L
T PN 1 O P | NS P e o .Y \“_,LH,,WAM,,,]ﬁ v ),v\ﬂ,w_,'u“—'-vl’ EVIW NV
L10-Ir(cod) + 47d + HBpin, THE | THE Sl s B.5o00 T s 20h 16 |1 |fnerhreomnartpemdeea ]
rt,24 h r‘ ‘ 48d ! ‘
| ~_ | ‘ ] [ /|
B | | | 1 Y
. hmmee e T AR Y.L N YT S LY | N ,;\,‘\-AN.MA-J\ KPR »:L‘v ) i ’ w .
L10-Ir(cod) + 47d + HBpin, THF THE e e ) e
rt, 10 min { | )
|
P | | ‘ | ‘
. e ‘ pyof |
A - - - A b e L e e N A Wit N o) \ W .
L1 O-Ir(cod) THF THF [ —— )
I |
- i J L — o lex ,,xww/\»\ S |
T T T I T i T T 1 v
4.0 3.0 2.0 [ppm]

Figure 4.8.5. "H NMR of the reaction mixture of C(sp>)-H borylation.

PLEDORGEN S, cod BUNLFI1E HBpin 12 & 2 b Ruk v B bRIntd, B LN 48
Had 25 Z & THOMNIHET D EHESND, BVJIOZ LWRUNLT I U2 HWDY
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AITBWTYH, RO THITT 5 2 & 2R 5720, Csp?)-H Fiar v FEK
NI LT H RSB AT o 72,

(2) C(spH)-H &G AR FALSIN I D iR HHELH]
0.1 mmol ® 49a & 5mol% @ L10-Ir(cod), 2 *§&0 HBpin &M% C(sp’)-H &7+
U FASOZ BT THF-dy B85 ChOG 22 BBF L 72 (Figure 4.8.6),

Me Me L10-Ir(cod) (5 mol%)

N HBpin (2 equiv)
J-Young NMR tube
49a
T1-1130-1 10 1 /Users/tomonori /NMR{ia) cale : 32.4p TI-1127-2 10 1 /Users/tofonhri/Nmdatil
L10-Ir(cod) + 49a + HBpin E L10 Ir(cod) /503 a2
m2h L10-Ir(co \ \ ,
I\ JI |
AN L AL UM,
1/NRdatql

Scale : 2.838 TI-1127-1 12 1 /Users/todol

L10-Ir(cod) + 49a + HBpin, L10- Ir(cod) 49a

AP ‘// / \ | s0a AN
LT Lol

\

Scale : 4.7%7 TI-1138-1 18 1 /Userp/tomonor:

S b #

M~

L10-Ir

I T T T T T
8.0 6.0 4.0

Figure 4.8.6. '"H NMR of the reaction mixture of C(sp?)-H borylation.

FOGR R OB ORE R, FOGBRIEHE 10 23 TldA v HE A 50a OARATHRTE ., [FFF
ZIREHEAR L10-Ir(cod) HBIHIS -, 612, 2 ReEfHE Tk, AU FEBE 50a D4
FREDHEAN L, KSR E L CREMER L10-Ir(cod) MM Sz, YLEDOFER NG, C(sp?)-H
FEAAR T FELISZIBV T resting state 1%, L10-Ir(cod) FETH 5 Z & BRI T,

PLEX 0 ARRISICBT DY A 7 L@ firststep 1 Ir F~DIEEOBNLE cod B
NFDIRBESOE TH D EBZ B D, FToRMAEBEIEIZEBNT C-B a2 EcibiftL., 7
XNT V=R a VB AT OVEER LT, B cod 28 Ir FUOITEMLT S 2 & Cfid
YA 7 VBB T D & B 2 B, Figure 4.8.1 (28 L7 AESOGHERE & 7 L2 WS R T
oo,
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VN T, RSO Th D C-H fATEMHEACEERSICEET 23 2R A 2155 ~ <,
BOSHEREIRAT 24T > 72,
4-8-3 RIGEMEDETE: C(sp®)-H HEARIRIERIE

AREOGDOHEERETH D C-H fESTEMACEUS OVEMERE 2 FrE 4~ < | RS AAT 217
o7z, BAFFEE N HE L7c SFI-Rh(cod) fitii 4 Fv 2 AT EERENR C-H #&& 7R v B LG
[ZBWT, C-H R ATEMALBS OTEMERRIL, SUSRH T Rh HUIT Boping 25BR(LAYAHINL
T U % SFI-RhBpin), i TH D LB X DI TWD, RS RIS T HIEMHFED SFI-
Ir(Bpin), $5(ACTH D72 H1E, AUFEFE LT Bypin & HWZHEIZ Ir FULMT Boping 238
LAY L CTARS 2% SFI-Ir(Bpin), &AM 3 2K T C-H #ia A v ELRISHEITT 5
EEZT,

Z 2T, 5mol% @ L9-Ir(cod) it & 0.1 mmol D 2-E'r U ¥/ Y Y (47a) (2% L.
HRUFEPE LT Bypim & 2 U EHANDZ L1 L V., SFI-Ir(Bpin), Z#:H 9% C-H v HEAk
Bt DRet 217 > 72 (Scheme 4.8.1), 60 C DINESLM: T THigt 21T - 72 & 2 A KIEIZINER
ERRETEEME T L, TAXRAR R VBT ATV E 5% 2T, SOICKIGEES 80 C
WZHIRT D 2 & T 53% QUM EL72A3, HBpin & V72 il S & bl L CTRIEIC
FRIETEPEDME T U7z, ARERIL, AU FEIE LT Bopiny & VD 50T U 2 flitis M Al
& HBpin & MWD EESME T ORI N D MENEHRENRR 5 2 L 2R L TWnd, T
72 h Bopinp & HWTZGAITAE U2 s HFE X SFI-In(Bpin), T 0 AL DL C-
H FEEIEHEEEIT T 5121E, 80 C L EOEBRENMLETHLHZ EERL TS, L
Toid o T, AREEEROSRICE T D ROGTEMEFEIL SFI-Ir(H)(Bpin) $5(KCTHDH EHE 2 LD,

@ A . L9-Ir(cod) (5 mol%) I\N Bpin
P b + B,ypin, > (- ,b
47a

1,4—dioxane (0.2 M)
24 h
(2 equiv)

48a /0% at rt
5% at60°C :
53 % at 80 °C

Scheme 4.8.1. Control experiment using Bypin, instead of HBpin as the boron source.

IZ HBpin OZhEZ I 5 06T < RO IRT 217 - 72, Hartwig 512 £ 2 USRS
fEFTIZ LV . & HBpin 2145 2 & T (NN)Ir(Bpin)s &4k 2@ 21245
ZEPAMBINTNAI Z AUIAREERTEIAIZE D cod BN OfFEEEFRAY, HBpin (2
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FVREIND EEZEZONTND, £ 2 TARMBSRIZIWNT 2 ED Byping 12N, filifi
#0 HBpin & W T C-H AR 7 FELRIS OB 21T > 72,

5mol% O L9-Ir(cod) fififit & 0.1 mmol D 2-t' 1) 2/ U 20 (47a) Tk Lk EJR &
LT2Y%ED Bypiny & 20mol% @ HBpin % i7" 5 505 CTRIGOMET 21T > 72 (Scheme
4.8.2), ZORIEFRMHICB TSI 8% H#ITL, F*fﬁﬂﬁkkttﬁ,ﬁx L CRIEIZINERAME T L
72 T 705 HBpin (FGTEMERED AL RELRE Tl <, BB ChH D C-H fATEEl
FISEREL TS EEZLND,

L9-Ir(cod) (5 mol%)
C"lj\ H HBpin (0.2 equiv) | SN
_ . - P
b + Bypiny 1,4-dioxane (0.2 M) N
40°C, 24 h
48a (2 equiv) 48a /8%

Scheme 4.8.2. Control experiment using Bapin; and catalytic amount of HBpin as the boron source.

LEDOFER LY RRISIZEIT D C-H #EETEMHECEIS OIENEREL L9-Ir(H)(Bpin) fET
oD Z L DIRME ST, RICASOS ORE B 2 K523 % 72 912, KIE (kinetic-isotope-effect)
gﬂégﬁ ;E??/) f:o

4-8-4. Substrate-KIE E&&

RESGIC BT HAGRBPE A R ET RS NN-V A FN-LI-V T = =)V A H T I (49a)
BEOENN-TAF N1V T 2 =)V A X T 2 2-dyg (49a-dio) % V% parallel-KIE FZ5R
ZAT - 7= (Figure 4.8.7)y NN-PAF)-1,1-V 7 2 =)L AZ T I (49a) % N5 D
PR kn=1.36X 10—5(M/s) Tholz— T, NN-DAF -V T 2= )L AR T I
-dvo (49a-di0) & FAWTZE . ROGOPIEEIL kp = 646 X10°(M/s) L72o72, ZhbHMND
KIE (= ki / ko) ’i’%ﬂﬁé L2143 720, Cspd)-H AR UFLEISICHENT C-H A
TEVEAL OGNSR P IC S E N T D Z ERA LT -T2, 72 Cspd)-H FiA A vHEL
FOSIZEB W T B FEIERIC C-H FEATEME LA FREBE TH L B2 bivd,
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Me\N,Me
L9-Ir(cod) (5 mol% )
HBpin (2 equiv)
49a (0.1 mmol) >
Me.-Me THF (0.4 M), rt
ky lkp = 2.13
49a-d4g (0.1 mmol)
time (s) [50a] (M) [50a-ds] (M)
900 0.00838 0.00476
1800 0.0209 0.00890
2700 0.0305 0.0159
3600 0.0460 0.0218
0.050
0.045 ke
0.040
S 003 iy = 1.36E-05x - 4.16E-03 "
S 0.030 e
=3
1o,
5 0.025
3 0020 e N e .
oo’ | T e o
0.010 o kyy = B.AGE-06x - 1.69E-03
0.005 Pt
0.000
0 500 1000 1500 2000 2500 3000 3500 4000
time (s)
Initial reaction rate (M/s) KIE (kn/kp)
ku 1.36 x 107
2.1
kp 6.46 x 10°°

Figure 4.8.7. Determination of KIE on substrate for C(sp*)-H borylation.
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REEOEEEBED C-H FEATEMALBRE 2 & Te7= IEMHRY LY-Ir(H)(Bpin) FE T
AUR RS 3R E 3 L O HBpin (IZxF L T—k & s & PEINS, £ 2T C(sp’)-H b
BT RSN F 1T 2 BOSTEMERE R X OSUSHEIZBI T2 K 0 a2 i 215 5~ < X
SRR AT o 72,

4-8-5 RIGEMEOE: RIGRERR

%9 HBpin (ZXk3 5 USRI DIE 24T - 7=, 0.400 (M), 0.500 (M) 5 X O 0.600 (M)!IZ
BT DWEEDOREEIT-72L Z A, THE 4.58 x 10* (M/min) ((HBpin] = 0.400 M), 6.21
x 10~* (M/min) ([HBpin] = 0.500 M), 8.56 x 10~* (M/min) ([HBpin] = 0.600 M) T ~ 7= (Figure
4.8.8),

[HBpin] (M) Initial reaction rate (M/min)
0.400 0.000458
0.500 0.000621
0.600 0.000856

0.0012
0.001
= y = 1.99E-03x - 3.50E-04
£ -
S 0.0008 .
2
E “"'.
5 00006 L
B -
T 0.0004
E
0.0002
0
0 0.1 0.2 0.3 0.4 0.5 0.6

[HBpin] (M)
Figure 4.8.8. Determination of reaction order for [HBpin].
ASEDRSIEEE L HBpin (Z%f L C—RTHDH Z N0 | Tk C-H #EETEME(L

B OTEMEFEDY SFI-Ir(H)(Bpin) FECH 2L Z EA/RIEB L TWD, L7eRn-> T, EFEOMEEK
ICHERE 2 SRR T ARER LV 2 D,
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WA FE N3 T D SRR DI TE 24T > 72, 0.100 (M), 0.150(M) 3 LT 0.200(M) 2
FBUEEDORIEEI T2 Z A, TNEH 7.10 x 107 (M/min) ([47d] =0.100 M), 7.64 x 10~
4 (M/min) ([47d] = 0.150 M), 8.56 x 10~ (M/min) ([47d] = 0.200 M) T& 7= (Figure 4.8.9),

[47d] (M) Initial reaction rate (M/min)
0.100 0.000710
0.150 0.000764
0.200 0.000856

0.0012

0.001
y = 1.46E-03x + 5.58E-04

00008 | T

0.0006

0.0004

Initial reaction rate (M/min)

0.0002

0 0.05 0.1 0.15 0.2
[47d] (M)

Figure 4.8.9. Determination of reaction order for [47d].

FE DOWFEICKRITAHEEEL T v b L& A, A Csp’)-H FEE R 7 FE RSO
JERENIIEEISH L TR TH D Z LB bnoTe, UL EDORIGHEEERIIA Cspd)-H Fid
RO TS BT D SOSEEREY L9-Ir(H)(Bpin) fE CH L Z L2 XFFL TV 5,

4-8-6. RIGEMIEDIFE: C(sp?)-H #EEHRIFRILRIG

C(sp?)-H fEG A U RS DN T b AR D SOSHREMRAT 21T > 72, 5 mol% ¢ L9-
Ir(cod) filf & 0.1 mmol DX U7 I 49a IZXF L, AUHKRPE LT HBpin (LA,
Bopiny % 2 M &AW THHA1T 72 (Scheme4.8.3), 40 C Tix C-H fiEd A v FE LIS
EHEITLRD 728,80 C IZHIRLIZE 25 2% OUCR TR U FELRISAEITTT 5 2
LRbinotz, ZHBH O Baping & MW BEHT B CRUETEERLIE L9-In(Bpin)y, Th 0 |

318



ARPFEANS C-H #EATEMHAESET T 2121%.80 C LLEDOERSHNVETHDL L E X
bND, LD T, AR SRICEIT D ONEERE S C(sp’)-H FEE & v R b & (R
k. L9-Ir(H)Bpin) $EACTHD EEZ HILD,

Me. .Me N’ i
N L9-Ir(cod) (5 mol%)
+  Bapin, THF (0.4 M), 24 h

(2 equiv) 50a/0% (
49a 72% (

\

____________________

Scheme 4.8.3. Control experiment using Bpin, instead of HBpin as the boron source.

S HIZ 5mol% @ L9-Ir(cod) fREEE 0.1 mmol DX TLT I 49a [ZxF LAV HERE
L T Bypimy (ZH1% T, & (20 mol%) @ HBpin % RINT 5 &k THa 24T - 7=
(Scheme 4.8.4), ZDf5HR, HEIWIZ 8% G Hiv, IEAESME & Hfg U CRIEIZ ARMETE M 2MEK
TToZenbhol, 7705, Csph)-H AR Y FELIGIZIHN TS HBpin [ZRGTE
PEFEDERBPS 2R L TV D D TidZe < (Rl RS L IE S LD C-H THMELBRS & (2 ite
LTWbEEBEZLND,

Me. -Me Lo-Ir(cod) (5 mol%)
. HBpin (0.2 equiv)
+  Bapin; -
1,4-dioxane (0.2 M), rt, 24 h
49a (2 equiv)

Scheme 4.8.4. Control experiment using Bapin; and catalytic amount of HBpin as the boron source.

C(sp’)-H FEA A U TS & RIS, Csp?)-H F5E 7 7 HBALSUS TR U C RS E £
%17 - 7= (Figure 4.8.10), F£9 HBpin (Zx7 5 RIGIKEDREZIT> 7, 0.769 (M), 0.962
M) BER 115 M) IZBT2HEEDREEITo7T2E 2 A, TNEH 8.15 x 10* (M/min)
([HBpin] = 0.400 M), 1.06 x 10~ (M/min) ([HBpin] = 0.500 M), 1.19 x 10~ (M/min) ([HBpin] =
0.600 M) TH - 7=,
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[HBpin] (M) Initial reaction rate (M/min)
0.769 0.000815
0.962 0.00106
1.15 0.00119
0.0014
g 0.0012 y = 9.75E-04x + 8.42E-05 .
S 0.
= 0.0010 a
2 .
Y
c 0.0008 e
S
-og K
® 0.0006
S
=
'€ 0.0004
0.0002
0.0000
0 0.2 0.4 0.6 0.8 1 1.2 1.4
[HBpin] (M)

Figure 4.8.10. Determination of Reaction order for [HBpin].

I C(spH)-H a7 ¥ FBALEUST Rk U TN xET D SIS IRER DU TE % 1T - 7= (Figure
4.8.11), 0.769 (M), 0.962 (M)F LN 1.15 MIZHK T HHHEDOREEIT-T2E 2 A, i
Z1 8.15 x 107 (M/min) ([HBpin] = 0.400 M), 1.06 x 107> (M/min) ([HBpin] = 0.500 M), 1.19 x
103 (M/min) ([HBpin] = 0.600 M) T > 7=,
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[49a] (M) Initial reaction rate (M/min)
0.384 0.000815
0.577 0.00120
0.769 0.00149

0.0018
y = 1.76E-03x + 1.56E-04
0.0016 |
."‘..
0.0014
0.0012 o
0.001

0.0008 T

Initial reaction rate (M/min)

0.0006

0.0004

0.0002

0 0.2 0.4 0.6 0.8 1
[49a] (M)

Figure 4.8.11. Determination of Reaction order for [49a]

HHEOWBEEIC L CRISHIEEEZ 7o v hLizE 25, A Csp?)-H AR 7 LS DK
JERENIREI R L TR CTh o 7o, LA EORISHEFERIL, A Csp’)-H fEHH v HFIK
SR B ROSTEMERESY L9-In(H)(Bpin) FECTH 5 Z & & KT KR TH D,

L b D ROSHIEREAT» AR C-H K5 &7 7 F(LRUG A, SFI-Ir(H)(Bpin) fi 2 1EMERE & T 5
FOSHRETHEITT 5 Z L 2R LT 5, It RU ReAZ KRBT %5 C-H fEah v #E
FOSIFETH Y . C-H FEATEHALS I L TRWIEEZ R T Z LR b 5, 1999 42
Smith 512 X - T Cp*Ir(PMe;)(H)(Cy) % HBpin 777E F, 95 C (2T 5 Z & TR
O C-HFEE R SIS NETT 5 Z ENHE LT D (Scheme 4.8.5) 12l

Bpin
CeDs, 150 °C @/
—_— + d5

(6 equiv)

Scheme 4.8.5. C—H borylation of C¢Ds via Cp*Ir-hydride species.
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2024 42 Manna HIZL > T It RU K $EKREIEMERETH, A XD C-H fEIE
PEALRS S A ST A0 2225 503 L-If(H)(Bpin), (2 A 2 > AAALEOAH N4 5 K&
MERE AR L TR0 . ERHEIC L 0 YRR IS TV D,

H H H\ /H
Egﬁ H~c—H H-c—H H-G A
..... Bpin =Nu/ 7 SBpin = / .Bpin
- H H Ve
N |I H \EN/llr\ —>\EN/ |\H

Scheme 4.8.6. C—H borylation of methane catalyzed by Ir-hydride species.

L-Ir'"(Bpin)s $fA % SOGNTEVERE & § 2 iR L ik LT, A X D C-H fE&HR U R
JEOBIEER K E <\ BT 5 2 EAME S TWD, Ziude KU RENL T2 Bpin BT
F RO BB MENZ LITERE T2 EZ2 6N TEY | A XD C-H fETEHER
MCET T EE XN TV D,

SFI-Ir(cod) filiE % W2 ARBUGR T, B FOAEB-TAF L U FKICHKT D I
IR D B W ENE & RIE e SRR D= 9DI12, mRNME -k R U REMEEZ R CTE 5 L&
ZTCW5, ZOFMKEMBTEER L 325 2 & T, R TIEmiagt: >80 C) g L+
% C(sp’)-H FEATEMALSIG S, S|IR &\ 5 Wb TR GG TH#IT T2 B2 6N 5,
ZAUX Bpin & L COVRMISEm MRS, ORBRED o 54N EZETHE RY R
B D@ WRSTEICERK 5 B 2 5415 (Figure 4.8.12),

C-H activation

via Ir-H species
path A: favored

via Ir(Bpin), species
paht B : unfavored

Figure 4.8.12. Proposed reaction mechanism of C—H activation of SFI-Ir(cod) system.

WIZAE B-T)VF L U ED B R Z B ICHEF< <, Scheme 423 THK LA R
&z L7220 Ir $5RIC DWW T, C-H #5573 U RIS xT 2 MO 2 ik L7,
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4-9 REO-FILA L UBHROESR

A T-T VA L RGO EENE A 50T 5720 L1d-Ir(cod) &K %Z WV THF 24T
STr, BEEMIZE VT L9-Ir(cod) $5AIZIA A, Smol% @ Lld-Ir(cod) fli 4 VN CTHagt
L7zl ZA, RIGOIERN 22% L7xoT-, 2T L9-Ir(cod) AREEIZIIT DA —-T LA
L UEEDS, C-H TG A U RS O BTS2 Rl m LS TnD 2 & 2RI R
Thd,

L14-Ir(cod) (5 mol% ) 5 <3 i

B HBpin (2 equiv) | N Bpin (g :
Z N > Z E 0 Ir :
Q 1,4-dioxane (0.2 M) N : g

40°C, 24 h : :

4 48al22% 1 Lddir(cod) |

Scheme 4.9.1. Control experiment for ligand structure for C(sp*)—H borylation using L14-Ir(cod).

A T =)V O 1 RZROFEEZR ST AL, Ir il E LT 5 mol% @ L15-
Ir(cod) filit 2 TG 21T > 72 (Scheme 4.9.2), = D& H L14-Ir(cod) fill 2 HTIT-
7= Bioamt & RFREE OISR TR o BRI T LT,

L15-Ir(cod) (5 mol%) ]
| N HBpin (2 equiv) @ Bpin ' ﬁlr
ZaN > Z b : @‘g
Q 1,4-dioxane (0.2 M) .

40°C, 24 h ,
47a 48a/22% +  L15-Ir(cod)

Scheme 4.9.2. Control experiment for ligand structure for C(sp*)—H borylation using L15-Ir(cod).

RS | MRS T A A T = A EE D 1 HEEROF LIS, An
SINF VBN O#ETH D Z EER LTV D,

C(spH)-H FEA R 7 HFISIZE WO T H RO B R 21T A B a i OB % B
SN LT ETRUULT 2 2k L 5mol% @ L14-Ir(cod) filfit & 2 24& D HBpin %
HAWTER TGS EZ A, CH AR U FLRIS OIS KIBIZAL T L7 (Scheme
4.9.3),

: zJ

Me. .Me L14-Ir(cod) (5 mol%) Me. .Me . < 4 ;

N HBpin (2 equiv) N Bpin : [CY :

- : 0 Ir. E

THF (0.4 M) : ]

O O t, 24 h O O i (’)p :
492 s0a/20% i ooood)

Scheme 4.9.3. Control experiment for ligand structure for C(sp?)—H borylation using L14-Ir(cod).
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—J5C, L15-Ir(cod) filff A FHW 235 TR v B Ee N < AT LN 2 & 25 52
\Z72 > 7= (Scheme 4.9.4),

Me., .Me L15-Ir(cod) (5 mol%) Me. .Me .
N HBpin (2 equiv) N"" Bpin | .
THF(04M) ; (}l‘j
rt, 24 h :
:  L15-Ir(cod)

49a 50a /0% el

Scheme 4.9.4. Control experiment for ligand structure for C(sp?)—H borylation using L15-Ir(cod).

DL DRSS OfE R, A -7 LA L UGS HT 5 Ir 8575 C-H fE&aTE ML
FORIZ%E U CTHRD T W STEE 2 R 2 E 2B ST Lz, 2 C, fillyE M2 KiEls
M b U7z i 2 B 5 2008 T < RN SOSHIE AT 21T - 72,

4-10 Ligand KIE
4-10-1. CH/n & CD/n fHHAEH

D (FH/KFR) 1 TKRFORERMAKTHY | EEEN 2.014 DLFETHDH, C-H (D) HiEE
2B T DIREE (VB L IRE) =1L X — (Eo) FLLTORTEIND,

1 k __mym,

V= E E w my+m, (mIZCaNzo""mzzH’D”')

m, 2 BEAKFE (D) OLGATIIKSE (H) L L TEEPN2HIC0572D, C-D #H
IZBWCHHERENC S T 2R8I v (X, C-H S Ll L CUNSfliz & 5, £ 7o {BfEE
O X —HENIE Eo=(n+Dhv (n=0,1,2,3...) TEINDZ M6, CH AL C-D
fEEOEB R (n=0) =R/LX AT

Eo(C-H) > Eo(C-D)
L72%, C-D FEEIE, CH #E LV EeA (n=0) =R LF—DWANERNTZD,
E2A CH ALY 0005 A 2N Enmbn s, CH/r FAAVEH O EIEH =
FAF—X C-H fE L o FHEHOERIIRE UKRFEL. BEEENE L 2D X EMAER /N
S b ERMbND, LTen-> T, CD/RMHAMEMIL, CHRMHAEEH XY AHAELEHD
§9< . BEALD/INE WY,

2019 AR B 1X, ~FHT V= _B I FRE A AT D MBSy F O TR TE R
FRIZI T, CH/CD-n FHAAER O P 5% EERAVICH 5202 LT\ 5 (Figure 4.10.1) 13,
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GSA nanocube

Figure 4.10.1. Formation of discrete aggregates from gear-shaped amphiphiles (GSAs).

KT ORMHATE OB ER 23\ Tor B ALVEH] & B O /3 iR 0 BFRME 4 314l L T3
V. X=CH; & X=CD; DHEIZBNTEF T A= RN F—24 (AG) OENFRRE & 72512
LD LT, XL —2 L (AH) BL Oz ho =21k (AS) ICBWTHEE RN
RonsZ LE2#HELTWD (Table 4.10.1),

Table 4.10.1. AG, AH,and AS for the formation of the nanocubes.

X AG (kJ/mol) AH (kJ/mol) -298  AS (kJ/mol)
CH; ~130.1£ 0.0 —781%06 —52.0+0.6
CD; -130.6 £ 0.0 —74.8+0.5 -55.8+0.5

UL X=CHs DEAEIZHBWT CD; LR L T, = LV E—/IZARITH L0, —F
Ty b E—RICAFNZAR D Z LA /R LTV, C-H fifd & C-D A TIEomRiT kR
EL B LN LD, ERROB)FRIREITDBIIOEICKIET 5 EEZ DB TWD,
bbb CH/m M EAERIL COm M A/ER & ik L T 2L e — /R TH 25— 5 T,
T MR E—MICAFITHDL B X HND,

2024 A2 Tlies B, AR EE Y U UEN I itz AW ETFEERT L— 8O
C(sp’)-H #e A U RS2 i LTc, AREOSORBREM L C-H FEIEMHLEUSTH Y |
ABRRIZBWTCAEYR- 7 VA LB EO C-H fEG L HEED o &1 & DOMIC CH/r #
AAERNAEL, EBIRENLEL SN D 2 & NERIE L ORI & 5 ROSHEmRT
Lo TOREINLTWD,

C-H fA1E C-D fEA L L TEAED 0.005A BERWZ L35, CH(D)/r
AAERIZEBT HD)-n $UEMOERENEL 78 b 720 REMMEEERN NS 8b, 2T
EFELIT, AR DU FE AR E R Y U dg B A V% Ligand KIE
TEZ1T\VN, CH/m AR EAEH % EERAICEII L T\ 5, 70°C TiX LigandKIE 728 0.78 T -
7=DIZ%f L, 80°C TIE 0.71, 90°C TiX 0.67 LiRE EH & & HITENNEL Y HE
ZEMREL 2D T EMNHEIN TS (Scheme 4.10.1) U4,
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[Ir(cod)OMe], (1 mol%)

NMe, SpiroBpy or SpiroBpy-dg (2.1 mol%) NMe,
HBpin (2 equiv)

’

Me,N H 1,4-dioxane (0.1M) MeyN Bpin

Ligand KIE
0.78 (70 °C)
0.71 (80 °C)
0.67 (90 °C)

Scheme 4.10.1. Ligand KIE experiment of C(sp*)-H borylation catayzed by Ir-spirobipyridine system.

Z AU differential Byring plot (Z&Z > TULFDO X IR N TS, A EREY PV
BN F 2 W58 OEREZ ky, AR EE Y P -dy BT Z AN T2 58 OFNEE %2
kp &35 & In[KIE (=ku/ kp)] (FELTFOXTEREIND,

ke AAH! 1, AASH
MR TR

(AAH"t = AHp — AHp, AASH =ASy—ASp)
AH*: {EMAb= o Z e —2k, AS*T: &b e E—21 bk, T: IRJE. R [AEEE

FRXOKIEZ UTIZX LT ey hT5ELUTFOLXSIZ7% (Figure 4.10.2),

1T (K1)

0.09274 0.00279 0.00284 0.00289 0.00294
0.05

0.1
-0.15

0.2

In(ke/Ko)

0.25 y=990.25x-3.1335 .. .
2 —
0.35

0.4 e

-0.45

Figure 4.10.2. Differential Eyring plot for ligand KIE of Ir-spirobipyridine system.
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HEB LU NLEBREICBIT S 2L E—21 (AAHY) BL U=y hrb—
AL (AASY) DFEEKRD D L
AAH% p=-2.0£0.8 kcal mol™!, AAS* p=-6.2+2.2 cal mol ! K™!
LD, THUIAERERE Y DUEMNTFEHWDSGAIL, ArRrEY Y U ids B & H
WL T 2L E—ICARI THDH —FH T, = hrE—MICAFITH D Z & &R
LTV, 2L EFEo CH/n *EE{’EH% & CD/m FHAAERIZR oA & —EH L TEY

Z ORISR O C-H AT LB 123 ERIRRED CH/r MHAEERIZ LIV ZEfkS LT
WA Z EEREL TS (Figure 4.10.3),
CH-1r interaction CD-1r interaction

Entharpy (AH?*) fabvored Enthoropy (AS?) fabvored

Figure 4.10.3. Proposed reaction mechanism on C—H activation of Ir-spirobipyridine system.

A C-H ARV FENHIETEH, ACE-TAF L BHRIZE > TRIGMEESNS = &
b%xcmnﬁEW%%@%wﬁﬁwmﬁﬁm%ﬁﬁbfwék%zko%:fJﬁhmm
PEARD A B 7V A L A OB A . ER JOPEREIAIC L0 BRI RET LT,

4-10-2 Spiro-fluorene-indenoindenyl-ds & & U Ir SEAD A K

Hies HOHE LFKICAE B-T LA L B ZBEKF LRV FB IO Ir $5kx 5
% L 7=, Spiro-fluorene-indenoindenyl-ds (L9-ds) 3 L O Ir $5K DA kR 2 LLFIZRT
(Scheme 4.10.2),

Br 56 (1.2 equiv)
ds * ds 1,4-dioxane / HZO
Br 80°C,16h

PA(OAC), (10 mol%)
[ Xphos (22 mol%)
65% Cul (12 mol%)

B(OH), Pd(PPh), (5 mol%)
Ko,CO3 (1.3 equw) Br

53 54 NEt;, 70 °C, 16 h
O 95% D 43%
AuCI(SMes) (5 mol%) ds
{BuXPhos (5 mol%)
dy O Il AgNTf, (11 mol%) ’g
S >
A5 (CHCI),, 1t, 16 h ’ D (40% D
O 31% ds (40% D)
€
27-dg L9-dg

Scheme 4.10.2. Synthesis of deuterated SFI Ligand (L9-ds).
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2-7 BE-11-E 7 = =/1-2'3,34,4,5,5,6,6-d (55) 1% 1,2-7 0~ E-3,4,5,6-ds (53)
E(T7 == b-ds) R PR (54) INOEAR-EIHZ a Ay T TRISICE D G LIZ, &
L7 aET L—r DA 2 (56) (2% L, PA(OAc)-Xphos 35 KT8 Cu(l) fillit A FHV N 2 T
AN v 7V RO EAT D 2 & T, BALRTERIR (27-do) Z UL 43% THF7- (Scheme

4.10.3),
Pd(OAc), (10 mol%)
Xphos 22 mol%)
Br Cul (12 mol%)
NEts, 70 °C, 16 h
43%

56 (1.2 equiv) 27-dg

Scheme 4.10.3. Synthes1s of 27-do.

BONLF-RIBRIR 27-do (ZxF L C, 3 FE Ttk L7z Au(l) filfit % 2% Friedel-Crafts o
BALBOG ATV, L9-ds IR 31% Tz, B, BILRISOBBR Ty /e~ 2yr=

IVEBRED A F L o fR3E 78 40% DAL SN TN D Z L A3 > 72 (Scheme 4.10.4),
95% D

O AuCI(SMe5) (5 mol%)
{BuXPhos (5 mol%)
AgNTF, (11 mol%)
ds Il >
S (CHCI),, t, 16 h ’ D (40% D
o~ 31% O (40%D)
) O )

L9-dg

27-dg

Scheme 4.10.4. Synthesis of L9-ds.

LR TEAA LB T L9-ds 12%F L, LIHMDS % 1.3 4 8(EH &4, [Ir(cod)Cl], $5ik%
HWBEETZRRIZ LV . L9-ds-Ir(cod) SEIRZ UL 70% TIH-, 728, A¥BR-T/LA L F
¥ ED D LR THNMR HIEIZEL Y 95% & HH L7= (Scheme 4.10.5),

95% D

LiIHMDS (1.3 equiv)
’g [ir(cod)Cll; (0.5 equiv)
(30% D THF, rt, 12 h
70%

L9-dg

Y

Scheme 4.10.5. Synthesis of L9-ds-Ir(cod) complex.
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4-10-3. Ligand KIE D BIE

FFTAR L7z L9-Ir(cod) B L TN L9-ds-Ir(cod) #&{A% VY, C(sp’)-H #E S A v HFAL UG
\Z81F 5 LigandKIE OHIE%Z1T>7= (Scheme4.10.6), 7235, Ligand KIE |Z331F 5 #JH B 1%
2 R OFEEEZ R LTV D,

N L9-Ir(cod) or L9_—d8-lr(coq) (2.5mol% ) N Boi
| HBpin (3 equiv) [ pin
Z N N
Q 1,4-dioxane (0.13 M) é
Me
47d

Y
\

Me
48d
ki kp = 0.63 (40 °C)
kH IkD =0.90 (I't)

L9-dg-Ir(cod)

Scheme 4.10.6. Measurement of Ligand KIE.

- Y U Uy (47d) ISk LT 2.5 mol% @ L9-Ir(cod) F72id L9-ds-Ir(cod) &
KZEHV, 0.13M @O 14-UA4FH i RRBI O 40 °C 1281 5 SISO 2 JIE L
77

FPRIEICBIT S Ligand KIE ORIEEAT > 7=, L9-Ir(cod) filifh 2 F\ N 2 S TlIpIEE
23 k= 2.04X10°(M/s) . L9-ds-Ir(cod) filifE % N5 50Tl kp=2.26X10°(M/s) TH -
2o INHDBL=EIRSEMICEIT S Ligand LIE 1% 0.90 EHH LT,

Table 4.10.2 Determination of Ligand KIE at rt.

Initial reaction rate (M/s) KIE (ku/kp)
(average of two runs)
kn 2.04 x10°°
0.90
kp 2.26x10°

fEVNT 40 C 1281 % Ligand KIE ORIEZAT > 72, L9-Ir(cod) Rl A 2 St TidA)
A ky = 3.76 X107 (M/s), L9-ds-Ir(cod) filtfiE % VN5 50Tl kp = 5.93X10°(M/s) T
bol, TIHMNEH 40 C I2F1F 5 Ligand LIE 1% 0.63 EH ML,

Table 4.10.3 Determination of Ligand KIE at 40 “C.

Initial reaction rate (M/s) KIE (ku/kp)
(average of two runs)
ku 3.76 x 10°°
0.63
kp 5.93x10°
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KRGS R CTRIGIRE 2@ < $5 &, LigandKIE 23N &7z & AEEABH S h, =
AT lies HO AL B EE Y L -Ir iR THUHI S 4172 Ligand KIE OfA & —E L T\ 5,
Thbb, ABUGRIZKIT S Ligand KIE FEENS, A w-T70A L gk B C-HES
CHEO n BT OSMHEMEAT S Z LT, CH BEIEHEAMEE SN TND Z & 2RI LT
W5,

52 Ligand KIE JIEIC & » TR S 7z CH/ = M EAEH OFF/E &2 BAH1T 5 <<, NBO
T 24T > 72,

4-10-4. NBO &4

C-H {EMEALSIZ 31T D L9-Ir(py)(H)(Bpin) FEAIZXT L, DFT Bd%c& LT M06, HJE
BE% & LT 6-311G** (C, H, N), SDD (Ir) %\ T 14- A FH P CokiEikiiEb 217 -
77

FOSHRMEICIIT D NBO T OfE SR, A a-7 LA L BKBO 1 LD o*(CH) LtV
VNV ED 7w (C5=C6) DREIZ CH/n FHAAERMNFEL, £ DT R /LF —IL 0.95kcal/mol &
B &S (Figure 4.10.4),

7 o (- substrate Q/’r‘i
= N

Tc_c — O*c-_H (substrate — ligand)
0.95 kcal mol!

Figure 4.10.4. NBO analysis for intermediate of C—H activation.
Flo, ACB-TNLLF L FEEO 2D o*(CH) &V D n(C4=C5) DIz, it

FEAAEM & el U CRECMBEER OKRE 7 CH/n FHAAERDFET 5 2 LR S,
Z DT FRF—|L 222 kcal/mol & HH ST % (Figure 4.10.5),
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C-C...H-C
i 2.94 A
B(pin)
spiro
ligand +

: N '\
substrate

}ﬁ) jﬂ—\

Tc_c — O*c_H (substrate — ligand)

2.22 kcal mol"

Figure 4.10.5. NBO analysis for intermediate of C—H activation.

EOFGREEIC X D SUSHRAT 5. C-H R ATEILRUS O F KIS BV T CHR
MEAERAPGAES 2 2 & 2RI 5 R Sz, Ligand KIE ORIERREZES D &,
AKRIGIZB T A ACR-TAF L o BROBERIZLTO X 5 IR TE 5,

Ligand KIE OMFEIZ LY . AAHp<0 730 AASHip<0 ThHhDHZ EREHLMNTRY
C-H fEBTEMEALEUE OBBARBICE T CH/n MIEERBEIET 5 2 L RIS Nz, &
72 NBO f#HTIZ LY C-H #EAIEHELIGIZI T D L9-Ir(py)(H)(Bpin) FEAICIHWNT, 7
VALY ED 1RO 6%(CH) LB P20 n(C5=C6)) & 2D o¥(CH) &Y P rd
n(C4=C5)| & DORIT CH/n FEAEMMAFET D 2 LRI E 4172, L9-Ir(cod) fill4 v
TSR T AL E—HICHRITH 5 2 L BB+ 5 L. L9-Inpy)(H)(Bpin) TR
BWORESNTE CH/n MAEMD, CH RETTHEISIIB T 2 BBIREICE W THE
MREL Y BERENZEMSND EIRTE 2, TRAARMBRISRIZBNT, A
-7 L BRI L D CH R ATELRIEMEE SN TV B Th D L BEX IS,

LU EDBGHEREREAT 8 0 . ARBOS OFERE SUSHEE 2 LT IZ R (Figure 4.10.6),
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Proposed mechanism

-

Oxidative
addition
of H-B

key intermediate

CH-1r interaction

Figure 4.10.6. Proposed reaction mechanism of SFI-Ir(cod) catalyzed C(sp*)-H borylation.

JFEHER D L9-Ir(cod) $EAICIE MNENLT D Z & T cod BN T-HNECHONIFREEL, BV
TV UBNEERE AU D, HBpin BNERILMAINT 5 Z LI X v EF K TH D LY-
Ir(py)(H)(Bpin) Z AT %, AHMEEICBN T, HRGFENL 7 VAL D 1AL C-H #E
HLIEED C5=C6 © n #iE, M T2L0 C-H FEA/LIEED C4=C5 ® n #iE & DM
2 CH/n FMHEAERD R SN, AFRRENS C-H fEATETLEIG OB IRREIC 2T T,
CH/n fHEAEHOFGNRE L 720 IHHEm 3L F—NME T 5729, C-H fESTHHELK
JISDMEE S D, it T C-B fEADOEICHIMBENEITT 52 & T 7%/ 7 U —LARn
VR AT VISR L, cod BONAL TN Ir NS HEERNLT D 2 & THEDY A 7 VA2 RS
D

4-11 #5

ARE T, ACR-TNVA VAT /AT =)0 (SF) BN 72 H T2 Ir $85K% fuvi-
C(sp’)-H #EAHR 7RIS OB, B X ORRISMEtE S BRI E B 52§~ < U
FBREFRIT 24T S TR R R RIS D TH D, WEROIFLAR-ESMEMEEH A FIHT 5 C-H
FEE R T FAEE DO RIZEB W T, Csp)-H e ~EEmATE T D LDEHED,
Hartwig HIZK > THESNTWDL DD, FUSDEATITME A LB L LTz, ABFZEIC
BOWCEHRIZ, ACR-TLF LA T /AT =)L (SFI) BALF2AT 5 Ir $RZH
L. It NV RER A SRR & 92 FOSERFHT T, C(sp’)-H #io A v R L% =
IRTHEH LT,
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4-2 #iClX SFI-Ir(cod) $EARD AR, 36 L OV HHIE Js K UMEE AT DA% F % 7~ L7z, SFI-
Ir(cod) $EERBLRAE B-T VAL B E L7270\ Ir 85K Z PR S BAF 720 T
Too TNHDEERD G IREZIT T2 & T A WTHUTIBW TS ARG F TR 218
JRDVRINZ 7R Lz, & BIT X BfG IS fENT OFE R SFI-Ir(cod) $ERITIERD A T =)L
I R L R L CREMNA E L TWD Z VRIS, A r-T LA L U HEED
BAECTHD LB R,

4-3 Fi L 4-4 HiTlX, SFI-Ir(cod) $EK%Z 7= C(sp’)-H FEAH 7 FALED S5
Reatds X OUEE R O A 21T - 7o, USSR O R 21T o7& 24 5mol% @ L9-
Ir(cod) filitz VN, AU FEPRAZ HBpin 3 M) L3252 & T, 2-7I /Y UUFHEAKRD
C(sp’)-H FEAR T FLUGNER CTHEITT 5 2 L& A L, EEEARHAOME, v e
Yoo R Uy TERVEOFA DBRIRT I IKICHEATE 22 E¥bhrotz, .
BN ) DZ LDWE A EE 2 W RRE CIImEAZ LB & T2 0, HEROARBER & il LR
INRICCHMME G2, £12, —HOEEICB O T, JeATHIZEO R & 135720 507 & B3R
PECRISNEITT A 2 R . ZhZA Y -7 4 L U isEoSiEsmiEichk+ 5 &
B2 oD, MERORBLRIZEBWT, Cspd)-H #EG7HR 7RISR THEITT 2 611%,
a7 ENVEEORIGHEDOEW Csp’)-H fia %z b OMEIZRESIND, —FH T, Afil
BRI, ErY PR Cro k) R EM Cspd)-H fiG & =i Th v HL72Y)
DTOFITH D, T, A a-TNF L B EAT DB DOEA A IR LT
W5,

458 & 4-6 HiTIE, RUPAT I UHO Cspd)-H FEE R BSOS SE MR B
FORE AP OMEZIT o7, XUV 2 DD T ==V EEHTH NN-V A F /-
LI-V7 2=V A Z T X UFFEIR 49 13, TEROARESR TIX 80 °C FREDMEAZVEL L L
TWe, ZHUET 2 VOB W o 5L 2 2D 7 = = VD K& I AARREE SRR T 5
EEZLND, RIGEEOK#ELEIT>T28 2 A, Smol% @ L9-Ir(cod) fillfEz v, Fm
FWA HBpin(Q ¥ &) £ 252 LT NN-VAFN-11-TVT 2=V A X T D Csp?)-
H A5G R U RGN ER CTHITT 2 2 & 2 R Uiz, FEEE P & f A U7 fE R, e
DEBIEE AT 5B U CAMBCR N EHTRECHH Z L& LTz, £, VATV
TR T TR MEROMBERTITEATE RV ER Y U RO UK VT
NT R FEEB OB L TCHOEMAARETH D Z EE R LT,

4-7 #iTIE, B KO FNBES IR ATV B #PA S X OBUSHEEICBET 5
MR, S FRBAERTIE, It HOICHRENCEMICTE D 2-7 2/ B U DU MBS
IR RIND ZENDhoTe, IHIT, FA—aFRNICARY#EILIND C-H #a 1 EEK
HLGEITBNTH It ~OEN BN ENE ) DL EER R E TS Csp’)-H HErvE
{EEOS MBS LT LT,

4-8 i/ 5 4-10 FIZHNF T, SFI-Ir(cod) $EIAD @ IRBLEME DB 2 Fi &3~ < | IR
RSN 21T > 72 A Csp’)-H B I C(spd)-H FEAHR v HEISITB W T, mUHREE
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HBpin (28 %, Bopiny & L7234, B ZESESIZIE 80 °C ITMBT M E R H-T=, =
DI END AR T B BETEEREIL -t FY FEHATH D Z AR SNz, £7-,
KIE FEBR) D AR OFGRBPED C-H AT 2 G 2 LR L e oTe, #
T, C-H fEATEMHCBEBEIC BT D A a- TV L U B O R 2T 5T~ 42
ECTAR LAY 0- T LA L B E b2 Ir il AW RSO 2172, %
DFER, C(sp’y-H BEV C(sp>)-H FEGA U FELFUSIE I <ARILER UAEITHE T, KIE I fi
BEEMEPMET L, 202 e, AV B-TVF LGN C-H KA TEIELBRS 2 R
LTWOETHD Z L EW BN LTz, C-H EETEMELDMEE S 2 B 2 35/ a3
R AR C(spP)yH FEAR U FLUSTx LT, LigandKIE ORIEEIT 72, ZOFER, &
Er ERSED 28 T — 40 C)& & b, Ligand KIE 23/ NS 7ol & 72 D03 A BT,
ZHVXEATRRZEIC BT D, CHA MAERAIC L 0 USHAEE S D R TAHA LT
Ligand KIE Ofm & —EH LTV, AEO C-H AL CH/A FAEERIZEZ VE
HEINTNDLZ ENRBINT, £72, NBO ffTEICL>Th, AV B-TLA L F L
D C-H ALV o0 nBUEDEIC CH/n HEERNFEET D Z LRS-,

VI E. 4 Tl SFI-Ir(cod) $ERDBIN & CH/m FHAAMER ZFRIH L7=Hi7-72 C(sp’)-H B
LN C(sp?)-H AR UFIIEDRREEI T2, 2D X H 7 CH/m FEMERIZ L DS
% Cspl)y-H fEERURMINEIINE THE SN TE LT, AEFICEREN LB
ZTW5D, Fio, REEEMPR LRI, MIERA Y 2-7 VA4 L B0/ T 5 FRT)
IRNCARBREEICHIR T 2 & 0 L AE S 4L, SERE RIS b BIRIR W, fPROEZE L LT, A
H-T VAL B EEMT H 2 LT CH/r AHEMERR. £ OMoIEIAGRE AR A/EH %
FIR LAk, hri@E, = o F &R C-H A B RERALUS~D RN S5,
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Experimental section

1. General

1-1. Instrumentation

'H, B, 13C, and "°F spectra were obtained on Bruker AVANCE III HD 400 spectrometer. Samples
were recorded in CDCIs or CsDs at room temperature. Chemical shifts are expressed in 6 (ppm) values.
'H and 3C spectra were referenced to tetramethylsilane (TMS, d = 0.00 ppm for 'H and '*C NMR),
residual CHCl; (d = 7.26 and 77.0 ppm for 'H and '*C NMR, respectively), or residual C¢HDs (d =
7.16 and 128.06 ppm for 'H and '*C NMR, respectively) as an internal standard. The following
abbreviations are used: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. ESI
and APCI mass spectra were measured on a Bruker micrOTOF spectrometer. Ultraviolet-visible
absorption spectra were recorded with a JASCO V-650 spectrophotometer. Single crystal X-ray
analyses were performed with a XtalLAB Mini II diffractometer equipped with a Hybrid Pixel Array
detector or a Rigaku XtaLAB Synergy-DW diffractometer with a HyPix-6000HE HPC detector.
Melting points were determined with a Mettler Toledo MP50 One Click Melting Point System and
uncorrected. Photoreactions were performed using Kessil A160 WE Tuna Blue (/ir. = 465 nm). All the

reactions were performed under an N or Ar atmosphere.

1-2. Materials

Unless otherwise noted, materials were purchased from Sigma-Aldrich Corporation, FUJIFILM Wako
Pure Chemical Corporation, Tokyo Chemical Industry Corporation, and Kanto Chemical Corporation.
Dehydrated 1,4-dioxane and THF were purchased from Wako and used as received. HBpin was
purchased from Wako. [Ir(OMe)(cod)]2 was purchased from Umicore AG. Flash column
chromatographic separation was performed with Silica Gel 60N (Kanto Chemical). Merck Kiesel gel
60 Fass plate (0.25 mm thickness, coated on glass 20x20 cm?) was used for analytical thin layer
chromatography (TLC). Wakogel B-5F coated on glass in a thickness of 0.9 mm was used for
preparative TLC (PTLC).

1-2. Synthesis of SFI-Ir(I) Complexes

SFI-Ir(I) complex L9-Ir(cod)

L9 (354.4 mg, 1.000 mmol) provided L9-Ir(cod) (315.8 mg, 0.483 mmol, 48%
yield) as a yellow solid. "H NMR (400 MHz, CDCls): § 7.86 (d, J= 7.6 Hz,
1H), 7.77 (d, J= 7.6 Hz, 1H), 7.64 (d, J= 7.6 Hz, 1H), 7.47-7.43 (m, 2H),
7.34-7.29 (m, 2H), 7.24 (q, J= 7.7 Hz, 2H), 7.01 (t,J= 7.5 Hz, 1H), 6.93
(t,J=17.5Hz, 1H), 6.74 (t,J= 7.6 Hz, 1H), 6.64-6.59 (m, 2H), 6.36 (d, J=
7.6 Hz, 1H), 6.11 (d, J= 8.6 Hz, 1H), 5.81 (s, 1H), 3.63-3.58 (m, 2H), 3.05—

337



3.01 (m, 2H), 1.92-1.71 (m, 4H), 1.67-1.61 (m, 2H), 1.46-1.39 (m, 2H); '3C NMR (100 MHz,
CDCL): 5 152.3, 148.8, 146.6, 142.2, 140.5, 137.4, 128.1, 127.7, 127.4, 127.3, 126.9, 126.6, 126.4,
124.0, 123.9, 123.4, 123.3, 121.6, 120.3, 119.7, 119.6, 119.0, 112.2, 108.0, 102.0, 100.8, 62.3, 61.3,
55.8,51.1, 33.5, 32.5; HRMS (APCI): caled for CseHaolr™ [M+H]" 655.1971, found 655.1966.

SFI-Ir(I) complex L10-Ir(cod)

L10 (186.2 mg, 0.500 mmol) provided L10-Ir (144.5 mg, 0.215 mmol, 43%
yield) as a yellow solid. "H NMR (400 MHz, CDCl;): § 7.86 (d,J= 7.6 Hz,
1H), 7.79 (d,J= 7.6 Hz, 1H), 7.61 (d,J= 7.6 Hz, 1H), 7.48-7.42 (m, 2H),
7.34-7.30 (m, 2H), 7.26 (t, J=7.3 Hz, 2H), 7.03 (td, J=7.5, 1.1 Hz, 1H), 6.96
(td,J=17.5, 1.0 Hz, 1H), 6.64 (d, J= 7.6 Hz, 1H), 6.58 (td, /= 9.1, 2.4, Hz,
1H), 6.38 (d, J= 7.6 Hz, 1H), 5.74 (s, 1H), 5.67 (dd, J= 9.8, 2.3, Hz, 1H),
3.74-3.69 (m, 2H), 3.11-3.07 (m, 2H), 1.93-1.66 (m, 6H), 1.46-1.39 (m, 2H); *C NMR (100 MHz,
CDCl3): 6 160.5 (d, J=242.9 Hz), 152.2, 148.2, 146.2, 142.2, 140.7, 137.2, 128.2, 127.7, 127.6, 126.9,
126.8, 126.3, 126.1 (d, J=10.6 Hz), 124.1, 123.2, 120.3, 119.8, 119.7, 113.77, 113.76, 112.2 (d, J =
28.5 Hz), 104.1, 102.6 (d, J=4.4 Hz), 101.7 (d, /= 11.8 Hz), 100.3 (d, /= 23.4 Hz), 61.8, 61.2, 56.5,
51.1, 33.8, 32.3; YF NMR (377 MHz, CDCl;): § —115.2 (s); HRMS (ESI): calcd for C3¢HasFIrNa®
[M+Na]" 695.1696, found 695.1687.

SFI-Ir(I) complex L11-Ir(cod)

L11 (96.2 mg, 0.250 mmol) provided L11-Ir (127.0 mg, 0.186 mmol, 74%
yield) as a yellow solid. "H NMR (400 MHz, CDCl): § 7.86 (d, J=7.5 Hz,
1H), 7.78 (d,J=7.6 Hz, 1H), 7.73 (d, /= 7.5 Hz, 1H), 7.46 (td, /= 7.5, 1.1
Hz, 1H), 7.37-7.32 (m, 2H), 7.27-7.20 (m, 2H), 6.98 (q, J= 7.5 Hz, 2H),
6.61 (d, J=7.6 Hz, 1H), 6.48 (dd, /=9.2,2.3 Hz, 1H), 6.45 (d, J=7.6 Hz,
1H), 5.74 (s, 1H), 5.19 (d, /= 2.2 Hz, 1H), 3.55-3.50 (m, 2H), 3.33 (s, 3H),
2.81-2.77 (m, 2H), 2.01-1.92 (m, 2H), 1.88-1.79 (m, 2H), 1.66-1.59 (m, 2H), 1.54—1.47 (m, 2H); 1*C
NMR (100 MHz, CDCl;): 6 157.9, 152.3, 148.2, 146.8, 142.1, 140.7, 137.4, 128.0, 127.7, 127.4,
127.3, 126.9, 126.5, 125.9, 124.0, 123.5, 120.2, 119.53, 119.50, 115.8, 111.1, 102.4, 101.9, 101.8,
93.8,61.7,60.9, 56.5, 55.0, 50.6, 33.5, 33.1; HRMS (APCI): calcd for C37H3,IrO" [M+H]" 685.2077,
found 685.2098.

SFI-Ir(I) complex L12-Ir(cod)
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L12 (207.3 mg, 0.500 mmol) provided L12-Ir (173.1 mg, 0.242 mmol, 48%
yield) as a yellow solid. "H NMR (400 MHz, CDCls): § 7.66 (d, J = 8.3 Hz,
1H), 7.57 (d, J= 8.3 Hz, 1H), 7.44 (d,J= 7.2 Hz, 1H), 7.28 (td, /= 8.5, 0.9
Hz, 1H), 7.24 (td, J= 7.5, 1.1 Hz, 1H), 7.09 (d, /= 2.3 Hz, 1H), 7.02 (td, J =
7.5. 1.1 Hz, 1H), 6.97 (dd, J = 8.3, 2.5 Hz, 1H), 6.77 (ddd, J=8.5, 6.6, 1.1 Hz,
1H), 6.73 (dd, J= 8.3, 2.4 Hz, 1H), 6.67-6.62 (m, 2H), 6.21 (dd, J= 8.5, 0.8
Hz, 1H), 5.82 (d, /=2.3 Hz, 1H), 5.78 (d, /= 0.6 Hz, 1H), 3.81 (s, 3H), 3.66—
3.62 (m, 2H), 3.50 (s, 3H), 3.19-3.15 (m, 2H), 1.90-1.73 (m, 4H), 1.70-1.64 (m, 2H), 1.42-1.35 (m,
2H); *C NMR (100 MHz, CDCl3): § 158.80, 158.76, 152.4, 150.5, 147.9, 137.4, 135.3, 133.4, 127.4,
126.5, 124.1, 123.8, 123.2, 121.9, 120.2, 119.44, 119.35, 119.2, 113.2, 112.9, 112.6, 111.7, 109.2,
108.5, 102.3, 101.5, 62.3, 61.3, 55.6, 55.3, 55.2, 51.4, 33.8, 32.2; HRMS (ESI): calcd for
C33H33IrNaO," [M+Na]" 737.2002, found 737.2000.

1-2. Synthesis of Indenyl-Ir(I) Complexes
Indenyl-Ir(I) complex L14-Ir(cod)

O (1) LIHMDS (2 equiv) ‘0
’ THF, rt, 10 min >

’ (2) [Ir(cod)CI] (0.5 equiv) ~ CF Ir,

O THF, 1t, 2 h (;)ﬂ

L14 L14-Ir(cod)

In an Ar-filled glovebox, to a solution of 5,10-dihydroindeno[2,1-a] indene (204.3 mg, 1.000 mmol)
in THF (2.5 mL) was added LIHMDS (1.3 M in THF) (1.5 mL, 2.0 mmol) at rt, and the orange solution
was stirred at rt for 10 min. To the reaction mixture was added a suspension of [Ir(cod)Cl]2 (335.9 mg,
0.500 mmol) in THF (2.5 mL) and stirred at rt for 2 h. The resulting mixture was diluted with THF
(ca. 3 mL) and evaporated in vacuo. The residue was subjected to column chromatography on basic
alumina using THF/n-hexane (1:1) as an eluent to give the crude mixture. The crude mixture was
washed with THF (2 mL) and n-hexane (2 mL) three times under Ar, respectively, and reprecipitated
from THF/n-hexane to give L14-Ir(cod) (81.3 mg, 0.161 mmol, 16% yield).
'"H NMR (400 MHz, C¢Dg): 5 7.37 (d, J = 7.4 Hz, 1H), 7.15-7.13 (m, 4H), 7.06-6.97 (m, 3H), 5.34
(s, 1H), 4.01 (td, J= 7.4, 2.9 Hz, 2H), 3.21 (td, /= 7.4, 3.4 Hz, 2H), 3.03 (d, /= 19.7 Hz, 1H), 2.75
(d, J=19.7 Hz, 1H), 1.74-1.64 (m, 2H), 1.61-1.38 (m, 6H); *C NMR (100 MHz, C¢Ds): & 145.6,
139.2, 127.3, 125.8, 125.6, 123.6, 123.5, 121.8, 119.8, 119.3, 113.1, 112.6, 106.8, 92.9, 62.4, 56.1,
52.1,33.8,32.6, 29.1; HRMS (APCI): calcd for Co4HosIr" [M+H]" 505.1502, found 505.1515.

Indenyl-Ir(I) complex L15-Ir(cod)
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(1) LIHMDS (2 equiv)
‘ THF, rt, 10 min g
> Ir
O (2) [Ir(cod)CI] (0.5 equiv) ()ﬂ
THF, rt, 2 h
L15 L15-Ir(cod)

In an Ar-filled glovebox, to a solution of indene (58.2 mg, 0.501 mmol) in THF (1.3 mL) was added
LiHMDS (1.3 M in THF) (0.77 mL, 1.0 mmol) at rt, and the orange solution was stirred at rt for 10

min. To the reaction mixture was added a suspension of [Ir(cod)Cl], (167.9 mg, 0.250 mmol) in THF
(1.3 mL) and stirred at rt for 2 h. The resulting mixture was diluted with THF (ca. 3 mL) and evaporated
in vacuo. The residue was subjected to column chromatography on basic alumina using THF/n-hexane
(1:1) and reprecipitation from THF/n-hexane to give L15-Ir(cod) (18.8 mg, 0.0452 mmol, 9% yield).
The spectroscopic data agreed with those in the literature.5?

'"H NMR (400 MHz, C¢Dg): 5 7.15-7.12 (m, 2H), 7.09-7.06 (m, 2H), 5.94 (q, J = 2.5 Hz, 1H), 4.91
(d,J=2.8 Hz, 2H), 4.01 (br, 4H), 1.88-1.83 (m, 4H), 1.73-1.67 (m, 4H); *C NMR (100 MHz, CDs):
6 123.1,119.7, 113.76, 113.73, 92.84, 92.78, 76.64, 76.60, 67.8, 67.7, 31.8
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2-1. Optimization for C(sp*)~H Borylation

General procedure : In an Ar-filled glovebox, In an Ar-filled glovebox, a catalyst (2.5-5 mol%) and
47 (0.100 mmol) in solvent (0.12—0.25 mL) was added to a Schlenk tube. To the mixture was added a
solution of HBpin (25.6 mg, 0.200 mmol or 38.4 mg, 0.300 mmol) in solvent (0.12—0.25 mL) and the
Schlenk tube was capped and removed from the Ar-filled glovebox. The reaction mixture was stirred
at rt in an oil bath for 24-72 h. The resulting mixture was diluted with EtOAc and evaporated in vacuo.
The NMR yield of product 48 was determined by 'H NMR analysis in CDCls using 1,1,2,2-

tetrachloroethane as an internal standard.

2-2. Substrate Scope for C(sp*)-H Borylation
L9-Ir(cod) (5 mol%)

| SN HBpin (3 equiv) | SN Bpin
~ > Z
’\D 1,4—dioxane (0.2 M) N
rt, 72 h
47a 48a

Typical procedure for borylation of 47a: In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050
mmol) and 47a (14.7 mg, 0.0992 mmol) in 1,4-dioxane (0.25 mL) was added to a Schlenk tube. To
the mixture was added a solution of HBpin (38.4 mg, 0.300 mmol) in 1,4-dioxane (0.25 mL) and the
Schlenk tube was capped and removed from the Ar-filled glovebox. The reaction mixture was stirred
at rt in an oil bath for 72 h. The resulting mixture was diluted with EtOAc and evaporated in vacuo.
The NMR yield (98%) of product 48a was determined by "H NMR analysis in CDCl; using 1,1,2,2-
tetrachloroethane as an internal standard. The residue was purified by column chromatography on
basic alumina using n-hexane/EtOAc (3:1 to 1:1) as an eluent to give alkylboronate 48a (11.9 mg,

0.0434 mmol, 44% isolated yield) as a white solid.

Alkyl boronate 48a

The spectroscopic data agreed with those in the literature reported.5?°

| N - "H NMR (400 MHz, CDCL): § 7.92 (d, J = 5.6 Hz, 1H), 7.49 (ddd, J=8.7, 7.0,
1.6 Hz, 1H), 6.52 (t, J= 6.0 Hz, 1H), 6.41 (d, J = 8.8 Hz, 1H), 3.45 (td, J= 9.6,

2.4, 1H), 3.08 (q, J= 8.9 Hz, 1H), 2.76 (g, J = 6.0 Hz, 1H), 2.18-1.96 (m, 2H),

1.89-1.83 (m, 1H), 1.52 (qd, J = 12.0, 7.2 Hz, 1H), 1.24 (s, 12H); ""B NMR (128 MHz, CDCL): &
10.5 (brs); 3C NMR (100 MHz, CDCL): & 159.0, 141.1, 139.6, 111.1, 108.1, 79.2, 56.9, 47.2, 28.9,

27.2,26.0,25.9.

Alkyl boronate 48b
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Me N Bpin 47b (16.2 mg, 0.0999 mmol) provided 48b (19.4 mg, 0.0673 mmol, 67%
P isolated yield; >99% NMR yield at rt for 72 h) as white solid after
purification by column chromatography on basic alumina using n-
hexane/EtOAc (3:1 to 1:1) as an eluent.
M.p. 110.1-110.8 °C; 'H NMR (400 MHz, CDCl;): § 7.71 (t, J= 0.94 Hz, 1H), 7.35 (dd, /= 8.7, 2.0
Hz, 1H), 6.38 (d, /= 8.8 Hz, 1H), 3.43 (td, J=9.5, 2.4 Hz, 1H), 3.04 (q, /= 8.9 Hz, 1H), 2.74 (q, J =
6.0 Hz, 1H), 2.16 (s, 3H), 2.13-1.94 (m, 2H), 1.87-1.81 (m, 1H), 1.49 (qd, J=11.9, 7.2 Hz, 1H), 1.24
(s, 12H); "B NMR (128 MHz, CDCls): § 10.4 (brs); 3*C NMR (100 MHz, CDCl;): § 158.4, 143.1,
138.0, 120.8, 108.1, 79.1, 48.0, 29.0, 27.4, 26.2, 26.0, 17.4; HRMS (ESI): calcd for Ci¢H2sBN,O,Na*

[M+Na]* 311.1901, found 311.1895.

Alkyl boronate 48c
N Bpin 47¢ (16.1 mg, 0.0992 mmol) provided 48¢ (11.0 mg, 0.0382 mmol, 38%
Me | = N isolated yield; >99% NMR yield at rt for 72 h) as a white solid after

purification by column chromatography on basic alumina using n-

hexane/EtOAc (3:1 to 1:1) as an eluent. The spectroscopic data agreed with
those in the literature reported.>*
'"H NMR (400 MHz, CDCl3): 6 7.77 (d, J= 6.2 Hz, 1H), 6.35 (dd, J = 6.2, 1.3 Hz, 1H), 6.20 (s, 1H),
3.42 (td, J=9.5, 2.4 Hz, 1H), 3.06 (q, /= 8.9 Hz, 1H), 2.74 (q, J = 6.0 Hz, 1H), 2.26 (s, 3H), 2.15-
1.96 (m, 2H), 1.87-1.81 (m, 1H), 1.50 (qd, /= 12.0, 7.3 Hz 1H), 1.23 (s, 12H); "B NMR (128 MHz,
CDCl3): § 10.2 (brs); '*C NMR (100 MHz, CDCl3): § 159.3, 153.2, 138.7, 113.3, 107.6, 79.1, 47.3,
28.9,27.3,26.0,25.9,21.6.

Alkyl boronate 48d
N Bpin 47d (16.2 mg, 0.0999 mmol) provided 48d (25.3 mg, 0.0878 mmol, 88% isolated
| = yield; >99% NMR yield at rt for 72 h) as a white solid after purification by

N
Me column chromatography on basic alumina using n-hexane/EtOAc (3:1 to 1:1) as

an eluent. The spectroscopic data agreed with those in the literature reported.5*
'"H NMR (400 MHz, CDCl3) § 7.84 (dd, J= 5.9, 0.7 Hz, 1H), 7.28 (d, J= 7.0 Hz, 1H), 6.50 (t,J =
6.5 Hz, 1H), 3.75 (td, J=9.1, 1.6 Hz, 1H), 3.27 (q, J = 8.9 Hz, 1H), 2.82 (q, /= 6.1 Hz, 1H), 2.29 (s,
3H), 2.16-2.10 (m, 1H), 2.06-1.94 (m, 1H), 1.90-1.84 (m, 1H), 1.57 (qd, J=12.2, 6.6 Hz, 1H), 1.23
(s, 12H); "B NMR (128 MHz, CDCl): § 9.72 (brs); '3C NMR (100 MHz, CDCls): § 159.5, 142.0,

137.0,119.9, 112.1,79.1,49.7,29.7, 27.2, 26.1, 18.7.
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Alkyl boronate 48e
| N Bpin 47e (17.8 mg, 0.0999 mmol) provided 48e (24.6 mg, 0.0809 mmol, 81%
MeO = N isolated yield; >99% NMR yield at rt for 72 h) as a white solid after

purification by column chromatography on basic alumina using n-

hexane/EtOAc (1:0 to 1:1) as an eluent.
M.p. 97.6-98.6 °C; 'H NMR (400 MHz, CDCL3): § 7.74 (d, J = 6.9 Hz, 1H), 6,13 (dd, J = 6.9, 2.3
Hz, 1H), 5.70 (d, /= 2.3 Hz, 1H), 3.82 (s, 3H), 3.42 (td, /=9.5, 2.2 Hz, 1H), 3.05 (q, /= 8.9 Hz, 1H),
2.74 (q,J= 6.0 Hz, 1H), 2.17-2.09 (m, 1H), 2.04-1.94 (m, 1H), 1.84 (quin, J= 6.1 Hz, 1H), 1.51 (qd,
J=12.0,7.2 Hz, 1H), 1.22 (s, 12H); !'B NMR (128 MHz, CDCl;): § 9.79 (brs); 3C NMR (100 MHz,
CDClz): 6 169.6, 161.1, 140.3, 102.7, 88.5, 79.0, 55.6, 47.4, 28.9, 27.3, 26.0, 25.8; HRMS (ESI):
calcd for C16H25sBN203Na* [M+Na]* 327.1850, found 327.1851.

Alkyl boronate 48f
SN Bpin 47f(17.5 mg, 0.0993 mmol) provided 48f (22.7 mg, 0.0751 mmol, 76% isolated
(‘;\ '\@ yield; 99% NMR vyield at rt for 72 h) as a white solid after purification by column
Me chromatography on basic alumina using n-hexane/EtOAc (3:1 to 1:1) as an eluent.
The spectroscopic data agreed with those in the literature reported.>®
'"H NMR (400 MHz, CDCls): § 7.82 (d, J= 5.2 Hz, 1H), 7.17 (d, J = 6.7 Hz, 1H), 6.35 (t, J= 6.5 Hz,
1H), 4.42 (d, /= 13.1 Hz, 1H), 3.21-3.14 (m, 1H), 2.37-2.24 (m, 4H), 1.88-1.86 (m, 1H), 1.81-1.77
(m, 1H), 1.69-1.67 (m, 1H), 1.52-1.35 (m, 3H), 1.20 (s, 12H); "B NMR (128 MHz, CDCl5): 5 9.20
(brs); 3C NMR (100 MHz, CDCl3): 5 155.4, 143.4, 137.3, 116.5, 109.7, 78.9, 56.9, 47.1, 27.7, 27.3,
26.6,26.3,25.5,21.6.

Alkyl boronate 48g
| SN Bpin  47g (19.1 mg, 0.100 mmol) provided 48g (16.0 mg, 0.0506 mmol, 51% isolated
¥ N yield; 66% NMR yield, at rt for 72 h), and 47g (19.0 mg, 0.0998 mmol) provided
Me 48g (22.0 mg, 0.0696 mmol, 70% isolated yield; 72% NMR yield, at 40 °C for 24

h) as a white solid after purification by column chromatography on basic alumina
using n-hexane/EtOAc (1:0 to 1:1) as an eluent.
M.p. 128.2-129.5 °C; '"H NMR (CDCl3, 400 MHz): 5 7.80 (d, J= 5.1 Hz, 1H), 7.20 (d, /= 7.0 Hz,
1H), 6.37 (t,J= 6.5 Hz, 1H), 4.13-4.07 (m, 1H), 3.54-3.48 (m, 1H), 2.49-2.47 (m, 1H), 2.37 (s, 3H),
1.95-1.89 (m, 1H), 1.81-1.70 (3H), 1.67-1.62 (m, 2H), 1.53—1.45 (m, 2H), 1.32 (s, 3H), 1.19 (s, 6H),
1.15 (s, 3H); "B NMR (128 MHz, CDCL): § 9.36 (brs); *C NMR (100 MHz, CDCl;): § 157.3,
143.4,137.2, 117.5, 110.2, 79.3, 78.9, 49.7, 31.6, 28.9, 28.23, 28,18, 26.7, 26.4, 26.2, 20.8; HRMS
(ESI): calcd for CisH20BN2O2Na* [M+Na]" 339.2214, found 339.2213.
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Alkyl boronate 48h
SN Bpin 47h (17.8 mg, 0.0999 mmol) provided 48h (16.6 mg, 0.0546 mmol, 55% isolated
| = N)\ yield; 58% NMR yield at rt for 72 h), and 47h (17.8 mg, 0.0999 mmol) provided
Me O 48h (22.2 mg, 0.0730 mmol, 73% isolated yield; 71% NMR yield at 40 °C for 24
h) as a white solid after purification by column chromatography on basic alumina
using n-hexane/EtOAc (1:0 to 1:1) as an eluent.
M.p. 110.7-112.0 °C; 'H NMR (400 MHz, CDCls): § 7.86 (d,J = 5.9 Hz, 1H), 7.25 (d,J= 7.0 Hz,
1H), 6.46 (t, /= 6.5 Hz, 1H), 4.23-4.15 (m, 1H), 4.05 (dd, J=12.1, 3.8 Hz, 1H), 3.91-3.84 (m, 1H),
3.58 (t, J=12.1 Hz, 1H), 3.57-3.48 (m, 2H), 2.71 (dd, J=11.9, 3.7 Hz, 1H), 2.35 (s, 3H), 1.21 (s,
12H); "B NMR (128 MHz, CDCl): § 8.97 (brs); '3C NMR (100 MHz, CDCls): § 155.5, 143.9,
137.2, 116.7, 110.8, 79.2, 704, 66.4, 53.4, 46.8, 26.7, 26.1, 21.1; HRMS (ESI): calcd for
Ci6H25sBN2O3Na” [M+Na]* 327.1850, found 327.1852.

Alkyl boronate 48i
| SN Bpin 47i (27.3 mg, 0.0984 mmol) provided 48i (20.6 mg, 0.0511 mmol, 52%
= N)\l isolated yield, 79% NMR vyield at 40 °C for 24 h), and 2i (31.2mg, 0.112

Me K/N“Boc mmol) provided 3i (34.5 mg, 0.0855 mmol, 76% isolated yield, 82% NMR
yield at 60 °C for 24 h) as a white solid after purification by column
chromatography on basic alumina using #-hexane/EtOAc (1:0 to 1:1) as an eluent.
M.p. 142.3-143.7 °C; 'H NMR (400 MHz, CDCls): § 7.86 (d,J = 5.7 Hz, 1H), 7.27 (d,J= 7.0 Hz,
1H), 6.47 (t, J= 6.6 Hz, 1H), 4.27 (td, J=12.8, 3.0 Hz, 1H), 4.07-4.04 (br, 2H), 3.39 (br, 1H), 3.00-
2.86 (m, 2H), 2.52 (dd, J = 12.4, 3.4 Hz, 1H), 2.37 (s, 3H), 1.47 (s, 9H), 1.23 (s, 12H); "B NMR (128
MHz, CDCl3): § 8.86 (brs); '*C NMR (100 MHz, CDCl3): § 155.8, 154.9, 144.0, 137.3,116.9, 111.1,
79.6,79.3, 46.3,28.4,26.7,26.2,21.3; HRMS (ESI): calcd for C21H34BN304Na™ [M+Na]" 426.2535,
found 426.2539.
Alkyl boronate 48j
| SN Bpin 47j (21.6 mg, 0.0999 mmol) provided 48j [16.8 mg, 0.0491 mmol, 49% isolated
> N yield; 75% NMR vyield at 40 °C for 24 h using 1a-Ir(cod) (6.6 mg, 0.010 mmol)]
CF; as a white solid after purification by PTLC deactivated with triethylamine using
n-hexane/EtOAc (1:1) as an eluent. The spectroscopic data agreed with those in
the literature reported.?°
'"H NMR (400 MHz, CDCl3): § 8.14 (dd, J= 5.8, 1.1 Hz, 1H), 7.86 (dd, J= 7.5, 0.8 Hz, 1H), 6.57
(dd,J=17.2, 6.2 Hz, 1H), 3.64 (t,J=10.2 Hz, 1H), 3.33 (q, /= 9.4 Hz, 1H), 2.93 (dd, /=124, 5.9
Hz, 1H), 2.26-2.20 (m, 1H), 2.15-2.03 (m, 1H), 1.95-1.89 (m, 1H), 1.66 (qd, J=12.3, 7.0 Hz, 1H),
1.24 (s, 6H), 1.23 (s, 6H); "B NMR (128 MHz, CDCl3): § 9.80 (brs); *C NMR (100 MHz, CDCl;):
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5153.6,144.2,140.9 (q,J=5.8 Hz), 122.8 (q, J=270.9 Hz), 110.5 (q, J = 34.2 Hz), 109.3, 79.5, 59.6,
479 (q,J= 5.2 Hz), 29.4, 26.5, 26.3, 26.1; ’F NMR (377 MHz, CDCL3): (| —57.0 (s).
Alkyl boronate 48k
| SN Bpin 47k (23.0 mg, 0.0999 mmol) provided 48k [21.1 mg, 0.0592 mmol, 59% isolated
Q\ '\@ yield; 74% NMR yield at 40 °C for 24 h using L9-Ir(cod) (6.6 mg, 0.010 mmol)]
CF, as a pale-yellow solid after purification by PTLC deactivated with triethylamine
using n-hexane/EtOAc (1:1) as an eluent.
M.p. 110.4-114.4 °C; '"H NMR (400 MHz, CDCL): § 8.14 (dd, J= 5.8, 1.2 Hz, 1H), 7.86 (dd, J =
7.5, 0.8 Hz, 1H), 6.50 (dd, /= 7.2, 6.2 Hz, 1H), 4.10 (d, J=13.7 Hz, 1H), 3.16 (t,J=12.3 Hz, 1H),
245 (d, J=12.7 Hz, 1H), 1.90-1.84 (m, 2H), 1.75-1.72 (m, 1H), 1.58-1.36 (m, 3H), 1.24 (s, 6H),
1.21 (s, 6H); "B NMR (128 MHz, CDCl;): § 9.27 (brs); 3C NMR (100 MHz, CDCl3): (] 152.0,
144.1, 141.7 (q, J = 6.6 Hz), 123.2 (q, J = 270.4 Hz), 108.4 (q, J = 34.0 Hz), 108.1, 79.4, 56.6, 47.3
(q, J = 5.9 Hz), 28.0, 26.7, 26.4, 26.3, 25.2; ’F NMR (377 MHz, CDCls): § —56.7; HRMS (ESI):
calcd for C17H24BF3N2O;Na* [M+Na]" 379.1775, found 379.1721.

Alkyl boronate 481
FN Bpin 471 (16.3 mg, 0.0999 mmol) provided 481 (10.1 mg, 0.0349 mmol, 35% isolated
| /)\l\@ yield; 52% NMR yield at 60 °C for 24 h) as a white solid after purification by
column chromatography on basic alumina using n-hexane/EtOAc (1:0 to 1:1) as
an eluent. The spectroscopic data agreed with those in the literature reported.S!!
'"H NMR (400 MHz, CDCL3): § 8.35 (dd, J = 4.4, 2.4 Hz, 1H), 8.13 (dd, J = 5.8, 2.4 Hz, 1H), 6.38
(dd, J=5.8,4.5 Hz, 1H), 4.36 (dd, J=12.9, 4.3 Hz, 1H), 2.89 (td, /= 12.7, 3.3 Hz, 1H), 2.46 (dd, J
=12.2,3.1 Hz, 1H), 1.92-1.88 (m, 1H), 1.82-1.71 (m, 2H), 1.53—1.33 (m, 3H), 1.22 (s, 6H), 1.21 (s,
6H); ''B NMR (128 MHz, CDCl:): § 9.20 (brs); *C NMR (100 MHz, CDCl:): § 163.7, 158.0, 149.5,
106.6, 79.4,42.4,27.4,26.4, 26.0, 25.8, 25.2.

Alkyl boronate 48m

47m (21.3 mg, 0.100 mmol) provided 48m (14.9 mg, 0.0440 mmol, 44%
SN Bpin isolated yield; 68% NMR yield at 60 °C for 24 h) as a white solid after
l _ ,\@ purification by column chromatography on basic alumina using n-

hexane/EtOAc (1:0 to 1:1) as an eluent.
M.p. 190.3 °C (decomposition); "TH NMR (400 MHz, CDCl;): § 8.79 (d, J =
8.6 Hz, 1H), 7.80 (d, J=9.4 Hz, 1H), 7.56-7.49 (m, 2H), 7.19 (t,J=7.5 Hz, 1H), 6.73 (d, J=9.4 Hz,
1H), 3.89 (d, J=12.9 Hz, 1H), 3.11 (td, J=12.5, 3.1 Hz, 1H), 2.44 (dd, /= 11.3, 3.3 Hz, 1H), 1.91-
1.82 (m, 2H), 1.77 (d, J= 10.4 Hz, 1H), 1.55-1.44 (m, 3H), 1.31 (s, 6H), 1.29 (s, 6H); "B NMR (128
MHz, CDCl;): § 11.1 (brs); *C NMR (100 MHz, CDCl3): § 156.2, 141.7, 141.6, 130.5, 127.8, 122 4,
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122.1, 120.1, 107.6, 79.2, 44.7, 27.3, 27.2, 26.4, 25.2; HRMS (ESI): caled for CooH»/BN,O:Na*
[M+Na]* 361.2058, found361.2058.

Alkyl boronate 48n
47n (31.4 mg, 0.100 mmol) provided 48n [32.8 mg, 0.0747 mmol, 75%
| SN Bpin isolated yield; 91% NMR yield at 60 °C for 24 h using L9-Ir(cod) (6.6 mg,
= N )\ 0.010 mmol)] as a white solid after purification by column

K/N‘Boc chromatography on basic alumina using n-hexane/EtOAc (1:0 to 1:1) as
an eluent.

M.p. 218.7 °C (decomposition); 'H NMR (400 MHz, CDCls): 6 8.77 (d, J = 9.3 Hz, 1H), 7.90 (d, J
=9.3 Hz, 1H), 7.61-7.55 (m, 2H), 7.25 (t, J = 7.0 Hz, 1H), 6.75 (d, J = 9.4 Hz, 1H), 4.20 (br, 2H),
3.76 (d, J=12.5 Hz, 2H), 3.27 (br, 1H), 3.01-2.93 (m, 2H), 2.61 (dd, J = 12.1, 3.5 Hz, 2H), 1.49 (s,
9H), 1.33 (s, 12H); "B NMR (128 MHz, CDCls): § 10.5 (brs); *C NMR (100 MHz, CDCl): §
156.6,154.9, 142.3, 141.3, 130.9, 128.0, 123.1, 122.4, 120.0, 107.2, 79.7, 79.5, 43.6, 28 .4, 27.5, 27.0;
HRMS (ESI): caled for C2sH34BN3OsNa' [M+Na]" 462.2535, found 462.2551.

Quinolin-8-ylmethanol (480°)
Z>N OH 470 (14.3 mg, 0.0999 mmol) provided 480 (12.7 mg, 0.0798 mmol, 80% isolated
N ! yield; 80% NMR yield (480”) at 40 °C for 24 h) as a colorless oil after oxidation
with H202/NaOH (same procedure as 49a) followed by purification by PTLC using
acetone/CH>Cl; (1:9) as an eluent. The spectroscopic data agreed with those in the
literature reported.5?!
'"H NMR (400 MHz, CDCl3): § 8.87 (dd, J = 4.2, 1.7 Hz, 1H), 8.20 (dd, J = 8.3, 1.7 Hz, 1H), 7.76
(dd, J=8.2, 1.1 Hz, 1H), 7.59 (d, J= 6.8 Hz, 1H), 7.49 (dd, J = 8.0, 7.2 Hz, 1H), 7.44 (dd, J = 8.3,
4.3 Hz, 1H), 5.21 (s, 2H), 5.06 (brs, 1H); 3*C NMR (100 MHz, CDCl3): § 149.0, 147.1, 138.1, 136.8,
128.5,127.7,127.4, 126.4, 121.2, 64.8.

Alkyl boronates 48p and 48p’

| SN Bpin | SN Bpin 47p (21.1 mg, 0.100 mmol) provided a mixture of 48p
Z '\EID + Z N and 48p’ (48p /48p’ = 60:40, 14.5 mg, 0.0431 mmol,
43% isolated yield; 63% NMR vyield at 40 °C for 24 h)

48p 48p’ as a pale-yellow oil after purification by column

chromatography on basic alumina using n-hexane/EtOAc (1:0 to 1:1) as an eluent. The spectroscopic
data agreed with those in the literature reported.>'!

'"H NMR (400 MHz, CDCl): § 8.03-8.00 (m, J = 9.1 Hz, 1H), 7.84 (d, J= 7.8 Hz, 0.6H, 48p), 7.55
(ddd,J=8.7,7.1, 1.6 Hz, 1H), 7.23-7.11 (m, 2.2H), 7.06-6.98 (m, 1.2 H), 6.62 (d, /= 8.8 Hz, 0.6 H,

346



48p), 6.54-6.50 (m, 1.4 H), 4.57 (d, /= 16.0 Hz, 0.4 H, 48p*), 4.43 (d, J= 15.9 Hz, 0.4 H, 48p°), 3.86
(s, 0.6H, 48p), 3.78-3.73 (m, 0.6 H, 48p), 3.60-3.53 (m, 0.6 H, 48p), 2.99-2.91 (m, 0.6H, 48p), 2.86—
2.75 (m, 1.4 H), 2.71-2.67 (m, 0.4H, 48p®), 1.40 (s, 4H, 48p), 1.33 (s, 4H), 1.29 (s,4H); "B NMR
(128 MHz, CDCL): § 9.76 (brs); *C NMR (100 MHz, CDCL): 5 157.7 (48p), 156.5 (48p°), 141.63
(48p), 141.58 (48p°), 139.7 (48p), 139.6 (48p”), 139.2 (48p), 137.7 (48p°), 133.3 (48p), 131.6 (48p°),
129.4 (48p°), 128.1 (48p), 127.4 (48p), 126.5 (48p°), 126.11 (48p), 126.06 (48p*), 125.7 (48p°), 124.9
(48p), 110.8 (48p), 110.4 (48p°), 106.5 (48p), 105.9 (48p*), 80.1 (48p), 79.4 (48p*), 44.8 (48p°), 42.3
(48p), 31.0, 29.7 (48p), 27.9 (48p), 27.0 (48p°), 26.4 (48p*), 26.1 (48p°), 25.8; HRMS (ESI): calcd
for C20H2sBN,0,Na* [M+Na]" 359.1901, found 359.1897.

Alkyl boronates 48q and 48q’
SN Bpin SN Bpin  47q (22.5 mg, 0.100 mmol) provided a mixture of 48q
Q\ Q\ and 48q° (48q/48q° = 84:16, 29.2 mg, 0.0834 mmol,
83% isolated yield; 95% NMR vyield at 40 °C for 36 h)
48q as a pale-yellow oil after purification by PTLC
deactivated with triethylamine using EtOAc as an eluent.
'"H NMR (400 MHz, CDCls): § 7.93-7.89 (m, 1H), 7.79 (d, J = 8.0 Hz, 0.84 H, 48q), 7.31-7.27 (m,
1H), 7.21-7.14 (m, 1.32H), 7.07 (d, J = 4.8 Hz, 0.16H, 48q’), 7.03 (t, /= 7.4 Hz, 0.84H, 48q), 6.97
(d, J=17.3 Hz, 0.84H, 48q), 6.50-6.44 (m, 1H), 5.27 (d, /= 15.9 Hz, 0.16 H, 48q°), 4.79 (d, /= 16.0
Hz,0.14 H, 48q’), 4.37 (qd, /= 13.4,2.9 Hz, 0.86H, 48q), 3.89 (s, 0.84 H, 48q), 3.72-3.65 (m, 0.84H,
48q), 2.89-2.83 (m, 1.18 H), 2,74 (td, J=15.8, 3.7 Hz, 0.84 H, 48q), 2.62 (t, /= 8.0 Hz, 0.16H, 48°),
2.49 (0.48 H, 48q°), 2.44 (s, 2.5 H, 48q), 1.36 (s, 6 H), 1.26 (s, 6H); ''"B NMR (128 MHz, CDCl): §
9.37 (brs); *C NMR (100 MHz, CDCls): 5 157.2 (48q), 156.3 (48q’), 143.9 (48q), 143.8 (48q’),
139.3 (48q), 137.5 (48q°), 137.2 (48q), 133.3 (48q), 132.8 (48q”), 129.2 (48q’), 128.0 (48q), 127.6
(48q), 126.4 (48q’), 126.0 (48q), 125.8 (48q°), 125.6 (48q’), 124.7 (48q), 118.2 (48q), 117.2 (48q"),
111.4 (48q), 110.8 (48q°), 79.9, 79.3 (48q’), 74.9 (48q), 57.5 (48q), 56.8 (48q’), 48.1 (48q’), 45.1
(48q), 30.9 (48q°), 29.8 (48q), 26.7, 26.2 (48q’), 26.0 (48q), 24.8, 21.1 (48q”), 20.7 (48q); HRMS
(ESI): caled for C21H27BN,O2Na* [M+Na]" 373.2057, found 373.2062.

2-3. Optimization of Reaction Conditions for C(sp?)—H Borylation

General procedure In an Ar-filled glovebox, a catalyst (2.5-5 mol%) and N,N-dimethyl-1,1-
diphenylmethanamine (49a, 0.100 mmol) in solvent (0.25 mL) was added to a Schlenk tube. To the
mixture was added a solution of HBpin (0.200 mmol) in solvent (0.25-0.50 mL) and the Schlenk tube
was capped and removed from the Ar-filled glovebox. The reaction mixture was stirred at rt for 12—

24 h. The resulting mixture was diluted with EtOAc and evaporated in vacuo. The yield of product
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50a was determined by '"H NMR analysis in CDCI; using 1,1,2,2-tetrachloroethane as an internal

standard.

2-4. Substrate Scope for C(sp*)-H Borylation (Figure 3b)

Me.  .Me 0 Me. .Me Me.  .Me
SN° L9-Ir(cod) (5 mol%) N "®Bpin N "“OH
HBpin (2 equiv) P! H>0,, NaOH N
Ph > Ph - — > Ph
THF (0.4 M), rt, 24 h THF, 0 °C, 10 min
49a 50a 51a

Typical procedure for borylation followed by oxidation of 49a: In an Ar-filled glovebox, L9-
Ir(cod) (3.3 mg, 0.0050 mmol) and benzylamine 49a (21.1 mg, 0.0999 mmol) in THF (0.10 mL) was
added to a Schlenk tube. To the mixture was added a solution of HBpin (25.6 mg, 0.200 mmol) in
THF (0.16 mL) and the Schlenk tube was capped and removed from the Ar-filled glovebox. The
reaction mixture was stirred at rt for 24 h. The resulting mixture was diluted with EtOAc and
evaporated in vacuo. The yield of 50a was determined to be >99% by 'H NMR analysis in CDCl;
using 1,1,2,2-tetrachloroethane as an internal standard. To the crude residue was added THF (2.0 mL)
and 3N NaOH (4.0 mL). 30% aqueous H»0» (2.0 mL) was added dropwise at 0 °C and stirred at 0 °C
for 10 min. The reaction was quenched with saturated aqueous Na»S,04 (5 mL) and extracted with
EtOAc three times The combined organic layer was washed with brine, dried over Na;SOs, and
evaporated in vacuo. The residue was purified by PTLC using n-hexane/CH>Cl (1:1) as an eluent to

give the corresponding phenol 51a (14.2 mg, 0.0625 mmol, 63% isolated yield) as a pale-yellow oil.
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2- ((Dimethylamino)(phenyl)methyl)phenol (S1a)
Me\ The spectroscopic data agreed with those in the literature reported.5!?

'H NMR (400 MHz, CDCL): 8 12.3 (brs, 1H), 7.41 (d, J = 7.0 Hz, 2H), 7.32-

O 7.23 (m, 3H), 7.11 (td, J= 7.7, 1.7 Hz, 1H), 6.89 (dd, J = 7.6, 1.6 Hz, 1H), 6.86

(dd,J=8.1, 1.1 Hz, 1H), 6.69 (td, J=7.4, 1.2 Hz, 1H), 4.37 (s, 1H), 2.29 (s, 6H);

13C NMR (100 MHz, CDCls): § 157.0, 139.8, 128.9, 128.7, 128.5, 128.4, 127.9, 125.7, 119.0, 116.9,

77.1,43.4.

2-((Dimethylamin0)(p-t0lyl)methyl)-S-methylphenol (51b)
Me\ 49b (24.0 mg, 0.100 mmol) provided 51b [25.4 mg, 0.0995 mmol 99%
isolated yield, >99% NMR yield (50b)] as a pale-yellow oil after
purification by PTLC using n-hexane/EtOAc (9:1) as an eluent.
Me 1y NMR (400 MHz, CDCl3): 6 12.2 (brs, 1H), 7.28 (d, J = 8.0 Hz,
2H), 7.10 (d, J= 7.8 Hz, 2H), 6.75 (d, J=7.7 Hz, 1H), 6.68 (d, /= 0.8 Hz, 1H), 6.50 (dd, J="7.7, 1.0
Hz, 1H), 4.33 (s, 1H), 2.30 (s, 3H), 2.27 (s, 6H), 2.24 (s, 3H); *C NMR (100 MHz, CDCl;): § 156.8,

138.3, 137.5, 136.9, 129.3, 128.7, 128.5, 122.9, 119.8, 117.4, 76.3, 43.2, 21.1, 21.0; HRMS (ESI):
caled for Ci7H2NO [M+H]" 256.1696, found 256.1705.

5-(tert—Butyl)-2-((4-(tert—butyl)phenyl)(dimethylamino)methyl)phenol (51¢)
Me\ 49¢ (32.4 mg, 0.100 mmol) provided 51¢ [25.0 mg, 0.0736 mmol, 74%
isolated yield, >99% NMR yield (50c)] as a white solid after
purification by PTLC using n-hexane/CH>Cl, (1:1) as an eluent.
Bu M.p. 104.9-106.1 °C; '"H NMR (400 MHz, CDCl3): § 12.2 (brs, 1H),
7.31 (s, 4H), 6.88 (d, J=2.0 Hz, 1H), 6.80 (d, /= 8.0 Hz, 1H), 6.70 (dd, J = 8.0, 2.0 Hz, 1H), 4.34 (s,
1H), 2.26 (s, 6H), 1.29 (s, 9H), 1.26 (s, 9H); *C NMR (100 MHz, CDCL): § 156.5, 151.7, 150.6,

136.6, 130.9, 128.8, 128.38, 128.36, 125.4, 122.8, 115.9, 114.0, 76.1, 43.3, 34.5, 34.4, 31.31, 31.28;
HRMS (ESI): calcd for C23H33NONa' [M+Na]™ 402.1828, found 402.1826.

4-([1, 1'-Biphenyl]-4-yl(dimethylamino)methyl)-[1,1'-biphenyl] -3-o0l (51d)
Me~ 49d (36.4 mg, 0.100 mmol) provided 51d [34.9 mg, 0.0920 mmol,
92% isolated yield, >99% NMR yield (50d)] as a white solid after
purification by PTLC using n-hexane/EtOAc (9:1) as an eluent.
Ph M.p. 104.9-106.1 °C; "TH NMR (400 MHz, CDCl3): § 12.4 (brs, 1H),

7.57-7.50 (m, 8H), 7.43-7.36 (m, 4H), 7.33-7.27 (m, 2H), 7.14 (br, 1H), 7.00-6.94 (m, 2H), 4.46 (s,
1H), 2.34 (s, 6H); 13C NMR (100 MHz, CDCL): 5 157.2, 141.6, 140.8, 140.7, 140.5, 138.7, 129.2,
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129.0, 128.8, 128.6, 127.41, 127.35, 127.2, 127.0, 126.9, 124.7, 117.9, 115.5, 76.4, 43.4; HRMS
(ESI): caled for Co7HosNONa' [M+Na]™ 402.1828, found 402.1826.

5-Bromo-2-((4-bromophenyl)(dimethylamino)methyl)phenol (51e)
Me.-Me 49¢ (37.0 mg, 0.100 mmol) provided 51e [29.7 mg, 0.0771 mmol, 77%

N“ OH
isolated yield, >99% NMR vyield (50e)] as a white solid after
Q O purification by PTLC using n-hexane/EtOAc (9:1) as an eluent.
Br B Mp. 11451163 °C; 'H NMR (400 MHz, CDCl): 8 12.5 (brs, 1H),
7.45 (d, J= 8.6 Hz, 2H), 7.26 (d, J= 8.4 Hz, 2H), 7.02 (d, J = 2.0 Hz, 1H), 6.82 (dd, J= 8.2, 2.0 Hz,
1H), 6.70 (d,J=4.2 Hz, 1H), 4.31 (s, 1H), 2.27 (s, 6H); *C NMR (100 MHz, CDCl;): § 158.0, 138.1,
132.0, 130.1, 129.9, 124.2, 122.22, 122.20, 122.0, 120.3, 75.9, 43.2; HRMS (ESI): calcd for

CisHi6BraNO' [M+H]" 383.9593, found 383.9588.

5-Chloro-2-((4-chlorophenyl)(dimethylamino)methyl)phenol (51f)
Me\N 'MGOH 49f (28.0 mg, 0.0999 mmol) provided 51f[22.3 mg, 0.0753 mmol, 75%
isolated yield, >99% NMR yield (50f)] as a white solid after purification
O O by PTLC using n-hexane/EtOAc (9:1) as an eluent.
Cl Cl' Mp. 98.8-100.9 °C; '"HNMR (400 MHz, CDCl3): & 12.5 (brs, 1H),
7.33-7.26 (m, 4H), 6.87 (d, J=2.1 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 6.67 (dd, J = 8.2, 2.1 Hz, 1H),
4.35 (s, 1H), 2.27 (s, 6H); *C NMR (100 MHz, CDCl3): § 157.9, 137.7, 134.07, 134.04, 129.8, 129.6,
129.0, 123.7, 119.3, 117.3, 75.7, 43.2; HRMS (ESI): calcd for CisHisCLNO" [M+H]" 296.0555,
found 296.0552.

2-((Dimethylamino)(4-fluorophenyl)methyl)-5-fluorophenol (51g)
Me\N 'MeOH 49¢g (24.7 mg, 0.0999 mmol) provided 51g [19.6 mg, 0.0744 mmol, 75 %
isolated yield, >99% NMR yield (50g)] as a colorless oil after
O O purification by PTLC using n-hexane/EtOAc (8:2) as an eluent.

F F' 14 NMR (400 MHz, CDCl3): 5 12.7 (brs, 1H), 7.36 (dd, J=8.7, 5.3 Hz,
2H), 7.01 (d, /= 8.7 Hz, 2H), 6.78 (dd, /= 8.7, 6.7 Hz, 1H), 6.57 (dd, /= 10.5, 2.6 Hz, 1H), 6.40 (td,
J=8.4,2.6 Hz, 1H), 4.39 (s, 1H), 2.27 (s, 6H); 3*C NMR (100 MHz, CDCl3): § 164.0 (d, J= 69.0
Hz), 161.6 (d, J="71.6 Hz), 158.6 (d, /= 12.3 Hz), 135.1 (d, /= 2.7 Hz), 130.2 (d, /= 8.1 Hz), 129.7
(d,J=10.3 Hz), 121.3 (d, /= 3.1 Hz), 115.9 (d, J= 21.4 Hz), 104.2 (d, J= 23.9 Hz), 75.4, 43.1; °F
NMR (377 MHz, CDCl3): & —113.9 (s), —114.0 (s); HRMS (ESI): calcd for CisHi¢FoNO' [M+H]
264.1195, found 264.1195.
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2-((Dimethylamino)(4-(trifluoromethyl)phenyl)methyl)-5-(trifluoromethyl)phenol (51h)
Me. _Me 49h (34.7 mg, 0.0999 mmol) provided 51h [23.7 mg, 0.0652 mmol,
oo 65% isolated yield, 78% NMR yield (50h)] as a colorless oil after
O O purification by PTLC using n-hexane/EtOAc (7:3) as an eluent.
FsC CF3 'H NMR (400 MHz, CDCls): § 12.5 (brs, 1H), 7.57 (q, J= 8.4 Hz,
4H), 7.12 (d, J = 0.9 Hz,1H), 7.00-6.94 (m, 2H), 4.47 (s, 1H), 2.32 (s, 6H); *C NMR (100 MHz,
CDClz): 0 157.1, 143.1, 131.2 (q, J = 32.5 Hz), 130.6 (q, J = 32.7 Hz), 129.2, 128.6, 128.5, 126.0
(q,/=3.8 Hz), 123.89 (q, J/=272.2 Hz), 123.85 (q,J=272.1 Hz), 115.9 (q, J=3.9 Hz), 114.4 (q, J =
3.8 Hz), 76.5, 43.5; F NMR (377 MHz, CDCl): § —62.8 (s), =62.9 (s); HRMS (ESI): calcd for
C17H16FeNO™ [M+H]" 364.1130, found 364.1130.

2-((Dimethylamino)(m-tolyl)methyl)-4-methylphenol (51i)

Me~N'M90H 49i (23.9 mg, 0.0998 mmol) provided 51i [22.0 mg, 0.0862 mmol, 86%
Me isolated yield, 96% NMR yield (50i)] as a pale-yellow oil after purification
by PTLC using n-hexane/EtOAc (9:1) as an eluent.
'"H NMR (400 MHz, CDCls): § 12.0 (brs, 1H), 7.25-7.15 (m, 3H), 7.06
(dd, J=17.3, 0.6 Hz, 1H), 6.89 (dd, /= 8.2, 1.8 Hz, 1H), 6.75 (d, J = 8.2
Hz, 1H), 6.70 (d, J= 1.9 Hz, 1H), 4.22 (s, 1H), 2.32 (s, 3H), 2.27 (s, 6H), 2.15 (s, 3H); '*C NMR (100
MHz, CDCl3): 5 154.3 140.4, 138.3, 129.3, 129.0, 128.86, 128.59, 128.56, 128.0, 125.54, 125.45,
116.6,77.5,43.7,21.5,20.5; HRMS (ESI): calcd for C17H2NO™ [M+H]" 256.1696, found 256.1696.

g
=

4-Chloro-2-((3-chlorophenyl)(dimethylamino)methyl)phenol (51j)

Me.‘Meoy  49j (28.0 mg, 0.0999 mmol) provided 51j [22.3 mg, 0.0753 mmol, 75%

isolated yield, 88% NMR yield (50j)] as a white solid after purification by
PTLC using n-hexane/EtOAc (9:1) as an eluent.
M.p. 126.0-126.7 °C; '"H NMR (400 MHz, CDCl;): § 12.1 (brs, 1H), 7.39
(s, IH), 7.32-7.25 (m, 3H), 7.07 (dd J = 8.7, 2.6 Hz, 1H), 6.86 (d, J=2.5
Hz, 1H), 6.80 (d, J = 8.6 Hz, 1H), 4.25 (s, 1H), 2.29 (s, 6H); *C NMR (100 MHz, CDCl3): & 155.4,
141.4, 134.7, 130.2, 128.6, 128.47, 128.44, 126.46, 126.43, 123.7, 118.5, 76.3, 43.5; HRMS (ESI):
caled for CisHiCLNO" [M+H]" 296.0604, found 296.0604.

Cl

:

Cl

2-((Dimethylamino)(3-(trifluoromethyl)phenyl)methyl)-4-(trifluoromethyl)phenol (51k)

Me.‘Mesy 49k (34.8 mg, 0.100 mmol) provided 51k [26.3 mg, 0.0724 mmol, 72%
isolated yield, 82% NMR yield (50k)] as a colorless oil after purification
by PTLC using n-hexane/EtOAc (9:1) as an eluent.

FsC

it
94
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'"H NMR (400 MHz, CDCL3): § 12.7 (brs, 1H), 7.64-7.63 (m, 2H), 7.58 (d, J = 8.1 Hz, 1H), 7.47 (t,
J=17.7Hz, 1H), 7.40 (dd, /= 8.5, 1.9 Hz, 1H), 7.14 (d, /= 2.0 Hz, 1H), 6.95 (d, J= 8.5 Hz, 1H), 4.47
(s, 1H), 2.31 (s, 6H); 3C NMR (100 MHz, CDCl3): § 160.0, 140.0, 131.6, 131.3 (q,J = 32.4 Hz),
129.7,126.3 (q, J=3.7 Hz), 126.0 (g, /= 3.8 Hz), 125.3 (q, J=3.8 Hz), 125.2 (q,, /= 3.6 Hz), 125.0,
124.3 (q,J=271.0 Hz), 123.8 (q, J = 272.4 Hz), 121.5 (q, J = 32.6 Hz), 117.6, 76.4, 43.4; '°F NMR
(377 MHz, CDCl3): 5 —61.4 (s), —62.7 (s); HRMS (ESI): calcd for Ci7H;sFsNO" [M+H]" 364.1130,
found 364.1130.

3-((Dimethylamino)(naphthalen-2-yl)methyl)naphthalen-2-ol (511)
Me\N,MeOH 491 (31.1 mg, 0.0999 mmol) provided 511 [26.8 mg, 0.0819 mmol, 82%
isolated yield, >99% NMR yield (5015'?)] as a pale-yellow solid after
OO O purification by preparative TLC using n-hexane/EtOAc (4:1) as an

O eluent.

M.p. 157.1-158.5 °C; 'H NMR (400 MHz, CDCl3): & 12.7 (brs, 1H),
7.89 (brs, 1H), 7.85-7.82 (m, 1H), 7.80-7.78 (m, 2H), 7.69 (dd, J=8.6, 1.6 Hz, 1H), 7.64 (d, /= 8.2
Hz, 1H), 7.55 (d, /= 7.9 Hz, 1H), 7.49-7.42 (m, 3H), 7.31 (ddd, /= 8.2, 6.9, 1.3 Hz, 1H), 7.25 (brs,
1H), 7.17 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 4.78 (s, 1H), 2.37 (s, 6H); 3C NMR (100 MHz, CDCl): §
155.4 137.1, 134.3, 133.3, 133.0, 128.7, 128.4, 128.2, 128.01, 127.95, 127.7, 127.6, 127.3, 126.3,

126.2, 126.1, 126.0, 123.0, 111.2, 77.4, 43.5; HRMS (ESI): calcd for C,3H2NONa" [M+Na]"
350.1515, found 350.1515.

2-((3,5-Dimethoxyphenyl)(dimethylamino)methyl)phenol (51m)
Me.‘Meoy  49m (27.1 mg, 0.0999 mmol) provided 51m [22.2 mg, 0.0773 mmol, 77%

MeO isolated yield, 86% NMR vyield (50m)] as a pale-yellow oil after
O O purification by PTLC using n-hexane/EtOAc (7:3) as an eluent. The

spectroscopic data agreed with those in the literature reported.5!?

'"H NMR (400 MHz, CDCl3): § 12.2 (brs, 1H), 7.10 (ddd, J = 8.0, 7.4,

1.6 Hz, 1H), 6.91 (dd, J= 7.6, 1.6 Hz, 1H), 6.84 (dd, /= 8.1, 1.2 Hz, 1H), 6.68 (td, J= 7.4, 1.2 Hz,

1H), 6.61 (d,J = 2.2 Hz, 2H), 6.35 (t,J= 2.3 Hz, 1H), 4.24 (s, 1H), 3.75 (s, 6H), 2.30 (s, 6H); *C

NMR (100 MHz, CDCl3): 6 160.9, 156.8, 142.5, 128.9, 128.4, 125.5, 119.0, 116.9, 106.4, 99.5, 77 .4,

55.3,43.5.

OMe

2-(Cyclohexyl(dimethylamino)methyl)phenol (51n)
Me.‘Mesy  49n (21.6 mg, 0.0994 mmol) provided 51n [10.3 mg, 0.0441 mmol, 44% isolated
yield, 58% NMR yield (50n)] as a pale-yellow oil after purification by PTLC

using CH,Cly/acetone (9:1) as an eluent.
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'H NMR (400 MHz, CDCL): & 11.7 (brs, 1H), 7.14 (ddd, J=8.1, 7.3, 1.7 Hz, 1H), 6.82 (dd, J="7.5,
1.7 Hz, 1H), 6.78 (dd, J= 8.1, 1.1 Hz, 1H), 6.73 (dt, J= 7.2, 1.2 Hz, 1H), 2.99 (d, J= 3.4 Hz, 1H),
2.34 (s, 6H), 1.95-1.89 (m, 2H), 1.72-1.68 (m, 2H), 1.58-1.53 (m, 2H), 1.32-1.10 (m, 2H), 1.00-0.79
(m, 3H); 3C NMR (100 MHz, CDCly): § 157.9, 130.4, 128.2, 122.5, 117.9, 116.1, 77.1, 43.6, 41.0,
31.7,26.8, 26.4, 26.2; HRMS (ESI): calcd for C1sHxNO* [M+H]* 234.1852, found 234.1852.

Alkyl boronates 500 and 500’

Me.\-Meg i Me<n-Megin 490 (67.6 mg, 0.500 mmol) provided 500 +500” [131.8 mg 0.473
+ mmol, 95% isolated yield, 500/500° = 86:14] as a pale-yellow

pinB solid after purification by column chromatography on silica gel

500 500’ using n-hexane/EtOAc (1:1) as an eluent. The spectroscopic data

agreed with those in the literature reported.5*
'"H NMR (400 MHz, CDCl): § 7.64 (d, J = 7.3 Hz, 0.28H, 500°), 7.53 (d, J = 6.5 Hz, 0.86H, 500),
7.22-7.15 (m, 1.9H), 6.99 (d, J=7.0 Hz, 0.86H, 500), 4.15 (s, 0.28H, 500”), 3.83 (s, 1.7H, 500), 2.60
(s, 0.84H, 500°), 2.54 (s, 5.2H, 500), 1.30 (s, 10.3H, 500), 1.29 (s, 3.4H, 500’); ''B NMR (128 MHz,
CDCl3): 5 22.1 (brs), 15.3 (s); *C NMR (100 MHz, CDCl3): § 146.1(500°), 139.7 (500), 134.4,131.4
(500), 127.4 (500), 127.2 (500), 126.3 (500°), 123.0 (500), 81.5 (500”), 80.3 (500), 66.5 (500°), 65.3
(500), 45.7 (500”), 45.6 (500), 26.5 (500), 25.8 (500°).

2-(Phenyl(pyrrolidin-1-yl)methyl)phenol (51p)
Z S 49p (23.7 mg, 0.0999 mmol) provided S1p [17.9 mg, 0.0707 mmol, 71% isolated
N OH yield, 72% NMR yield (50p) at 40 °C] as a white solid after purification by PTLC

O O using n-hexane/acetone (1:9) as an eluent. The spectroscopic data agreed with

those in the literature reported.5?

'H NMR (400 MHz, CDCl3): § 12.3 (br, 1H),7.46 (d, J = 7.0 Hz, 2H), 7.29-
7.19 (m, 3H), 7.09 (td, J = 7.7, 1.7 Hz, 1H), 6.95 (dd, J = 7.6, 1.6 Hz, 1H), 6.84 (dd, J=8.1, 1.0 Hz,
1H), 6.69 (td, J = 7.4, 1.1 Hz, 1H), 4.37 (s, 1H), 2.64 (br, 2H), 2.49-2.48 (br, 2H), 1.85-1.81 (m, 4H);
13C NMR (100 MHz, CDCl): § 156.6, 142.1, 128.7, 128.3, 128.2, 127.7, 127.6, 126.6, 119.1, 116.8,
75.7,53.2,23.4.

2-((Diethylamino)(phenyl)methyl)phenol (51q)
Me Me 49q (23.8 mg, 0.0994 mmol) provided 51q [13.1 mg, 0.0513 mmol, 52% isolated

y

N™ OH yield, 71% NMR yield (50q) at 60 °C] as a colorless oil after purification by
O O PTLC using n-hexane/acetone (4:1) as an eluent. The spectroscopic data agreed

with those in the literature reported.5**
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'H NMR (400 MHz, CDCl): 5 12.6 (br, 1H), 7.43 (d, J = 6.9 Hz, 2H), 7.34-7.27 (m, 3H), 7.11 (td,
J=17.7,1.6 Hz, 1H), 6.83 (d, J= 1.1 Hz, 2H), 6.66 (td, J= 7.5, 1.2 Hz, 1H), 4.90 (s, 1H), 2.76 (sext,
J=17.0 Hz, 2H), 2.58 (sext, J = 6.9 Hz, 2H), 1.08 (t, /= 7.1 Hz, 6H); *C NMR (100 MHz, CDCL):
5157.6, 138.8, 129.1, 129.0, 128.6, 128.3, 127.8, 125.7, 118.8, 116.8, 71.0, 42.9, 11.1.

2-(Phenyl(piperidin-1-yl)methyl)phenol (51r)
O 49r (25.1 mg, 0.0999 mmol) provided 51r [8.60 mg, 0.0322 mmol, 32% isolated
N~ oH Vield, 44% NMR yield (50r) at 60 °C for 48 h] as a white solid after purification
by PTLC using n-hexane/CH>Cl, (1:1) as an eluent. The spectroscopic data
O O agreed with those in the literature reported.5*
'"H NMR (400 MHz, CDCl3): § 12.5 (br, 1H), 7.39-7.38 (br, 2H), 7.32-7.23 (m,
3H), 7.10 (td, J= 7.7, 1.7 Hz, 1H), 6.88 (dd, /= 7.6, 1.5 Hz, 1H), 6.84 (dd, /= 8.1, 1.2 Hz, 1H), 6.67
(td, J = 7.4, 1.2 Hz, 1H), 4.47 (s, 1H), 2.40 (brs, 3H), 1.67-1.46 (m, 7H); *C NMR (100 MHz,
CDCl3): 0 157.1, 139.4, 129.2, 128.8 (br), 128.7, 128.3, 127.8, 125.5, 119.0, 116.8, 76.5, 26.1, 24.1

2-7. Preparative Scale C-H Borylation

Me Me.  .Me
Me. - L9-Ir(cod) ( 2.5 mol%) Mesn-Megpin N
HBpin (2 equiv) H20, / NaOH O O
—»
THF
OO g | OO [
i, 63 h [ 0 °C, 20 min
49a (1 mmol, 211.2 mg) 50a / >99% NMR yield 51a/221.0 mg, 97%

In an Ar-filled glovebox, L9-Ir(cod) (16.4 mg, 0.0251 mmol) and 49a (211.2 mg, 0.9995 mmol) in
THF (1 mL) were added to a Schlenk tube. To the mixture was added a solution of HBpin (255.9 mg,
2.000 mmol) in THF (1.6 mL), and the Schlenk tube was capped and removed from the Ar-filled
glovebox. The reaction mixture was stirred at room temperature for 63 h. The resulting mixture was
diluted with EtOAc and evaporated in vacuo. The yield of 50a was determined to be >99% by 'H
NMR analysis in CDCl3 using 1,1,2,2-tetrachloroethane as an internal standard. To the crude residue
was added THF (20 mL) and 3N NaOH (40 mL). 30% aqueous H>O, (20 mL) was added dropwise to
this mixture at 0 °C, and the mixture was stirred at 0 °C for 20 min. The reaction was quenched with
saturated aqueous NaxS>04 (5 mL) and extracted with EtOAc three times. The combined organic layer
was washed with brine, dried over Na>SOs, and evaporated in vacuo. The residue was purified by
PTLC using CH,Cla/n-hexane (2:1) as an eluent to give the corresponding phenol 51a (221.0 mg,
0.972 mmol, 97% isolated yield).
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45
2-5. Intermolecular Chemoselective C—H Borylation
Me\ .M L9-Ir(cod) (5 mol%) O\ ) Me. .Me
HBpin (3 equiv) N~ ~Bpin N* Bpin
- +
SN “ 1.4—dioxane (0.2 M) N
40°C, 10 h _

47a (0.1 mmol) 49a (0.1 mmol) 48a/81% 50a /8%

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and 47a (14.7 mg, 0.0992 mmol),
benzylamine 49a (21.1 mg, 0.0999 mmol) in 1,4-dioxane (0.25 mL) was added to a Schlenk tube. To
the mixture was added a solution of HBpin (38.4 mg, 0.300 mmol) in 1,4-dioxane (0.25 mL), and the
Schlenk tube was capped and removed from the Ar-filled glovebox. The reaction mixture was stirred
at 40 °C in an oil bath for 10 h. The resulting mixture was diluted with EtOAc and evaporated in vacuo.
The yields of 49a (81%) and 50a (8%) were determined by the '"H NMR analysis in CDCl; using

1,1,2,2-tetrachloroethane as an internal standard.

2-6. Intramolecular Chemoselective C—H Borylation

N H H L9-Ir(cod) (5 mol%) SN N N Bpin H
| HBpin (3 equiv)
Z N
) 1,4—dioxane (0.2 M )
H 40°C, 24 h plnB

52

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and N-benzyl-N-methylpyridin-2-amine
(52, 19.8 mg, 0.0999 mmol) in 1,4-dioxane (0.25 mL) was added to a Schlenk tube. To the mixture
was added a solution of HBpin (38.4 mg, 0.300 mmol) in 1,4-dioxane (0.25 mL) and the Schlenk tube
was capped and removed from the Ar-filled glovebox. The reaction mixture was stirred at 40 °C in an
oil bath for 24 h. The resulting mixture was diluted with EtOAc and evaporated in vacuo. The
combined yield of 53a and 53b (59%, 53a/53b = 90:10) was determined by the '"H NMR analysis in
CDCl; using 1,1,2,2-tetrachloroethane as an internal standard. The residue was purified by PTLC
deactivated with triethylamine using EtOAc as an eluent to give 53a and 53b as regioisomeric mixture
(18.4 mg, 0.0567 mmol, 57% yield, 53a/53b = 9:1). The spectroscopic data agreed with those in the
literature reported.52°

'"H NMR (400 MHz, CDCL): § 7.99-7.97 (m, 1H), 7.59 (ddd, J =8.8, 7.0, 1.7 Hz, 0.1H, 53b), 7.46
(ddd, J=8.7, 7.1, 1.6 Hz, 0.9H, 53a), 7.33-7.24 (m, 2.8H), 7.20-7.18 (m, 1.8H, 53a), 7.15-7.11 (m,
0.2H, 53b), 7.07-7.05 (m, 0.2H, 53b), 6.57-6.53 (m, 0.2H, 53b), 6.51-6.47 (m, 1.8H, 53a), 4.52 (s,
1.8H, 53a), 3.60 (s, 0.1H, 53b), 2.81 (s, 0.3H, 53b), 2.56 (s, 1.8H, 53a), 1.22-1.21 (br, 12H); ''B
NMR (128 MHz, CDCl3): § 9.64 (br); 3C NMR (100 MHz, CDCls): § 158.1, 141.89 (53b), 141.85
(53b), 141.4 (53a), 139.6 (53b), 139.6 (53a), 136.0 (53a), 128.8 (53a), 127.81 (53b), 127.77 (53b),
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127.5, 127.0 (53a), 125.3 (53b), 110.5 (53b), 110.2 (53a), 106.1 (53a), 105.6 (53b), 79.3, 52.0 (53a),
45.6 (53a), 32.3 (53b), 26.3 (53b), 25.9 (53a), 24.89 (53b), 24.80 (53a).
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3. Single Crystal X-Ray Analyses

Single crystals suitable for X-ray analyses were grown by diffusing n-hexane into benzene solutions
of L9-Ir(cod) and L14-Ir(cod) at room temperature under air.

Single crystal X-ray diffraction data for L9-Ir(cod) were collected using a XtaLAB Mini II
diffractometer equipped with a Hybrid Pixel Array detector using graphite monochromatized Mo-
Ko(0.71073 A) radiation. Single crystal X-ray diffraction data for L14-Ir(cod) was collected using a
Rigaku XtalLAB Synergy diffractometer equipped with a HyPix-6000HE Hybrid Photon Counting
(HPC) detector with graphite-monochromatized Mo-Ka (0.71073 A) radiation. X-ray crystal
structures of L9-Ir(cod), L9-Rh(cod), and L.14-Ir(cod) are shown in Figures S4-1 and S4-2. Details of
the crystal data and the summaries of the intensity data collection parameters for 1a-Ir(cod) and 1le-
Ir(cod) are listed in Tables S4-1 and S4-2.

Crystallographic data have been, deposited with the Cambridge Crystallographic Data Centre:
Deposition code CCDC 2385264 [1a-Ir(cod)] and CCDC 2385266 [1e-Ir(cod)].
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Table S4-1. Crystal data and data collection parameters of L9-Ir(cod).

L9-Ir(cod) / CCDC 2385264

Empirical formula CsgHoolr
Formula weight 653.79
Temperature / K 169.99(10)
Crystal system orthorhombic
Space group P21212;

alA 9.2078(3)
b/A 14.5079(4)
c/A 19.1207(4)
VIA3 2554.25(12)
VA 4

Pealcd/g cm > 1.700

u/ mm’! 5.251
F(000) 1288.0

Crystal size / mm®

0.15 x0.08 x 0.07

Radiation

Mo-Ka (0.71073 A)

26 range for data collection/°

3.524 to 61.242

Index ranges

-13<=h<=12, -20<=k<=20, -27<=I<=27

Reflections collected

60702

Independent reflections

7723 [R(int) = 0.0599, R(sigma) = 0.0494]

Data/restraints/parameters

7723/0/335

Goodness-of-fit on F>

1.027

Final R indexes [/ > 20(])]

R1=0.0340, wR> = 0.0621

Final R indexes [all data]

R1=0.0459, wR> = 00652

Largest diff. peak/hole / e A~

1.86/-1.02

Flack parameter

0.479(11)
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Figure S4-1. X-ray crystal structures of L9-Ir(cod) showing thermal ellipsoids at the 50% probability

level.
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Table S4-2. Crystal data and data collection parameters of L14-Ir(cod).

L14-Ir(cod) / CCDC 2385266

Empirical formula CasHoslr
Formula weight 503.62
Temperature / K 100.00(10)
Crystal system monoclinic
Space group P2i/c

alA 10.2454(2)
b/A 21.9783(5)
c/A 7.54200(10)
p/° 90.317(2)
VIA3 1698.25(6)
VA 4

Pealc/g cm > 1.970

u/ mm’! 7.865
F(000) 976.0

Crystal size / mm®

0.08 x 0.06 x 0.02

Radiation

Mo-Ka (0.71073 A)

26 range for data collection/°

4.386 t0 50.692

Index ranges

-10<=h<=12, -18<=k<=26, -9<=I<=8§

Reflections collected

7896

Independent reflections

3015 [R(int) = 0.0175, R(sigma) = 0.0209]

Data/restraints/parameters

3015/0/226

Goodness-of-fit on F>

1.092

Final R indexes [/ > 20(/)]

R1=0.0181, wR> = 0.0435

Final R indexes [all data]

R1=0.0203, wR> = 00440

Largest diff. peak/hole / e A~

2.01/-1.01
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Figure S4-2. X-ray crystal structures of L14-Ir(cod) showing thermal ellipsoids at the 50%
probability level.
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4. Experimental Mechanistic Studies

4-1. Role of HBpin: Identification of Reaction Intermediates

L9-Ir(cod) (5 mol%) )
N B,pin, (2 equiv) | SN Bpin

4 N > Z N
Q 1,4-dioxane (0.2 M)
40 °C /60 °C /80 °C, 24 h

47a 48a
0% at 40 °C
5% at 60 °C
53% at 80 °C

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and 47a (14.7 mg, 0.0992 mmol) in 1,4-
dioxane (0.25 mL) were added to a Schlenk tube. To the mixture was added a solution of Bopin, (50.9
mg, 0.200 mmol) in 1,4-dioxane (0.25 mL), and the Schlenk tube was capped and removed from the
Ar-filled glovebox. The reaction mixture was stirred at 40 °C, 60 °C and 80 °C in an oil bath for 24 h.
The resulting mixture was diluted with EtOAc and evaporated in vacuo. The yields of 48a (0% at
40 °C, 5% at 60 °C, 53% at 80°C) were determined by the "H NMR analysis in CDCl; using 1,1,2,2-

tetrachloroethane as an internal standard.

L9-Ir(cod) (5 mol%)

| SN B,pin, (2 equiv), HBpin (0.2 equiv) | SN Bpin
Z N > Z N
Q 1,4-dioxane (0.2 M), 40 °C, 24 h
47a 48a /8%

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol), 47a (14.7 mg, 0.0992 mmol), and Bpin,
(50.9 mg, 0.200 mmol) in 1,4-dioxane (0.25 mL) were added to a Schlenk tube. To the mixture was
added a solution of HBpin (2.6 mg, 0.0203 mmol) in 1,4-dioxane (0.25 mL), and the Schlenk tube was
capped and removed from the Ar-filled glovebox. The reaction mixture was stirred at 40 °C in an oil
bath for 24 h. The resulting mixture was diluted with EtOAc and evaporated in vacuo. The yield of
48a (8%) was determined by the '"H NMR analysis in CDCl; using 1,1,2,2-tetrachloroethane as an

internal standard.

Me.. .Me L9-Ir(cod) (5 mol%) Me. .Me
N B,pin, (2 equiv) N Bpin
1,4-dioxane (0.2 M), rt/ 40 °C / 80 °C, 24 h
49a 50a
0% at rt

0% at 40 °C
72% at 80 °C

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and 49a (21.1 mg, 0.0999 mmol) in 1,4-
dioxane (0.25 mL) were added to a Schlenk tube. To the mixture was added a solution of Bopin, (50.9
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mg, 0.200 mmol) in 1,4-dioxane (0.25 mL), and the Schlenk tube was capped and removed from the
Ar-filled glovebox. The reaction mixture was stirred at rt or 40 °C and 80 °C in an oil bath for 24 h.
The resulting mixture was diluted with EtOAc and evaporated in vacuo. The yields of 50a (0% at rt,
0% at 40 °C, and 72% at 80 °C) were determined by 'H NMR analysis in CDCl; using 1,1,2,2-

tetrachloroethane as an internal standard.

Me.,-Me L9-Ir(cod) (5 mol%) Me\N,MeB .
B,pin, (2 equiv), HBpin (0.2 equiv) pin
THF (0.2 M), rt, 24 h
49a 50a/ 13%

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol), 49a (21.1 mg, 0.0999 mmol), and Bpin,
(50.9 mg, 0.200 mmol) in THF (0.25 mL) were added to a Schlenk tube. To the mixture was added a
solution of HBpin (2.6 mg, 0.0203 mmol) in THF (0.25 mL), and the Schlenk tube was capped and
removed from the Ar-filled glovebox. The reaction mixture was stirred at rt for 24 h. The resulting
mixture was diluted with EtOAc and evaporated in vacuo. The yield of 50a (13%) was determined by
the "H NMR analysis in CDCl; using 1,1,2,2-tetrachloroethane as an internal standard.

4-2. Experimental Rate Law Determination for C(sp®)-H borylation of 3d

| ~N L9-Ir(cod) (5 mol%) | SN Bpin
HBpi
Me
47d

1,4—dioxane, 40°C Me
48d
General procedure: In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and 47d in 1,4-
dioxane (0.25 mL) were added to a Schlenk tube. To the mixture was added a solution of HBpin in
1,4-dioxane (0.25 mL), and the Schlenk tube was capped and removed from the Ar-filled glovebox.
The reaction mixture was stirred at 40 °C in an oil bath. The resulting mixture was diluted with EtOAc
and evaporated in vacuo. The yields of 48d were determined by the "H NMR analysis in CDCl; using

1,1,2,2-tetrachloroethane as an internal standard.

"H NMR spectra of the kinetics samples were acquired with an extended relaxation delay (10 s) to
improve the integral integrity compared to the internal standard. The formation of the borylation
product was quantified using the integration of the aryl peak of 48d at 6.50 ppm and compared to the
integration of the methylene peak of the 1,1,2,2-tetrachloroethane internal standard at 5.93 ppm.
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4-2-1. Initial Reaction Rate vs. HBpin Concentration

The initial reaction rate was calculated according to the kinetic profile to be 4.58 x 10 (M/min)
([HBpin] = 0.400 M, Figure S4-3), 6.21 x 10~* (M/min) ([HBpin] = 0.500 M, Figure S4-4), and 8.56
x 107* (M/min) ([HBpin] = 0.600 M, Figure S4-5).

(1) [HBpin] =0.400 M (HBpin: 25.6 mg, 0.200 mmol, 47d: 16.2 mg, 0.0999 mmol, 0.200 M)

time (min) [48d] (M)
15 0.00341
20 0.00626
28 0.00944

0.01200
0.01000
y = 4.58E-04x - 3.24E-03

0.00800

0.00600

[48d] (M)

0.00400

0.00200

0.00000

0 5 10 15 20 25 30 35
time (min)

Figure S4-3. Reaction profile ((HBpin] = 0.400 M).
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(2) [HBpin] =0.500 M (HBpin: 32.0 mg, 0.250 mmol, 47d: 16.2 mg, 0.0999 mmol, 0.200 M)

time (min) [48d] (M)
15 0.00630
30 0.0156
35 0.0187
0.025
0.02
y =6.21E-04x - 3.03E-03 o
_.0.015 me
=3
=1
o
<
= 0.01
e
0.005
0
0 5 10 15 20 25 30 35
time (min)

Figure S4-4. Reaction profile ((HBpin] = 0.500 M).
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(3) [HBpin] = 0.600 M (HBpin: 38.4 mg, 0.300 mmol, 47d: 16.2 mg, 0.0999 mmol, 0.200 M)

time (min) [48d] (M)
15 0.00729
20 0.0118
35 0.0245

0.03
0.025 o
y = 8.56E-04x - 5.46E-03 .
0.02
s
5 0.015
0
o
.""
0.01 '
o
0.005
0
0 5 10 15 20 25 30 35
time (min)

Figure S4-5. Reaction profile ((HBpin] = 0.600 M).
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4-2-2. Reaction Order for HBpin

The reaction rates increased at a first-order dependence on the HBpin concentration, demonstrating

that the rate law is first-order in HBpin (Figure S4-6). The reaction rate constant was calculated to be

1.99 x 10~} (M/min) vs. HBpin concentration.

[HBpin] (M)

Initial reaction rate (M/min)

0.400 0.000458
0.500 0.000621
0.600 0.000856
0.0012
0.001
= y = 1.99E-03x - 3.50E-04
£ o
= 0.0008 .
o
©
5 0.0006 -
‘.6 .
5 0.0004
E
0.0002
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
[HBpin] (M)

Figure S4-7. Reaction order for HBpin.
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4-2-3. Initial Reaction Rate vs. 47d Concentration

The initial reaction rate was calculated according to the kinetic profile to be 7.10 x 10~* (M/min) ([47d]
=0.100 M, Figure S4-8), 7.64 x 10~* (M/min) ([47d] = 0.150 M, Figure S4-9), and 8.56 x 10~* (M/min)
([47d] = 0.200 M, Figure S4-5).

(1) [47d]=0.100 M (47d: 8.1 mg, 0.0499 mmol), HBpin (38.4 mg, 0.300 mmol, 0.600 M)

time (min) [48d] (M)
15 0.00710
20 0.0111
45 0.0286

0.03
0.03 y = 7.10E-04x - 3.36E-03 o
0.025

0.02

[48d] (M)

0.015

0.01

0.005

0 10 20 30 40 50
time (min)

Figure S4-8. Reaction profile ([47d] = 0.100 M).
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(2) [47d]=0.150 M (47d: 12.2 mg, 0.0752 mmol), HBpin (38.4 mg, 0.300 mmol, 0.600 M)

time (min) [48d] (M)
15 0.00623
20 0.0101
30 0.0182
45 0.0291
0.035
0.03 o
0.025 y = 7.64E-04x - 5.10E-03 "
= 0.02
=3 o
) ’
g 0.015
001 ..'.,.....
'3 .
0.005
0
0 10 20 30 40

time (min)

Figure S4-9. Reaction profile ([47d] = 0.150 M).

(3) [47d] =0.200 M (47d: 16.2 mg, 0.0999 mmol), HBpin (38.4 mg, 0.300 mmol, 0.600 M)
This data is identical to Figure S4-5.
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4-2-4. Reaction Order for 47d
The reaction rates increased at a first-order dependence on the 47d concentration, demonstrating that
the rate law is first-order in 47d (Figure S4-16). The reaction rate constant was calculated to be 1.46

x 1073 (M/min) vs. 47d concentration.

[47d] (M) Initial reaction rate (M/min)
0.100 0.000710
0.150 0.000764
0.200 0.000856

0.0012

0.001
y = 1.46E-03x + 5.58E-04

00008 | T

0.0006

0.0004

Initial reaction rate (M/min)

0.0002

0 0.05 0.1 0.15 0.2
[47d] (M)

Figure S4-10. Reaction order for 47d.
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4-3. Reaction Profile for C(sp?)-H Borylation of 49a

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and N,N-dimethyl-1,1-
diphenylmethanamine (49a, 21.1 mg, 0.0999 mmol) in THF (0.1 mL) were added to a Schlenk tube.
To the mixture was added a solution of HBpin (25.6 mg, 0.200 mmol) in THF (0.16 mL), and the
Schlenk tube was capped and removed from the Ar-filled glovebox. The reaction mixture was stirred
at room temperature for a specified reaction time. The resulting mixture was diluted with EtOAc and
evaporated in vacuo. The yields of 6a were determined by the 'H NMR analysis in CDCl; using
1,1,2,2-tetrachloroethane as an internal standard.

In contrast to our previously reported L9-Rh(cod)-catalyzed C(sp?)-H borylation with B,piny,5! the
induction period was absent in the kinetics profile of L9-Ir(cod)-catalyzed C(sp*)-H borylation with
HBpin (Figure S4-10).

time (h) 50a (%)
0.25 2
0.5 5
0.75 7
1 12
1.5 22
2 27
4 64
6 96
10 99
100 °
90
80
70
~ 60
>
§ 50
40
30
20
10
0
0 2 4 6 8 10 12
time (h)

Figure S4-11. Reaction profile for L9-Ir(cod)-catalyzed C(sp*)-H borylation of 49a.
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4-4. Experiment Rate Law Determination for C(sp?)-H Borylation of 49a

General procedure: In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and 49a in THF
(0.10 mL) were added to a Schlenk tube. To the mixture was added a solution of HBpin in THF (0.16
mL), and the Schlenk tube was capped and removed from the Ar-filled glovebox. The reaction mixture
was stirred at rt. At the target time, the resulting mixture was diluted with EtOAc and evaporated in
vacuo. The yields of 50a were determined by 'H NMR analysis in CDCl; using 1,1,2,2-

tetrachloroethane as an internal standard.

4-4-1. Initial Reaction Rate vs. HBpin Concentration
The initial reaction rate was calculated according to the kinetic profile to be 8.15 x 10 (M/min)
([HBpin] = 0.769 M, Figure S4-12), 1.06 x 10 (M/min) ([HBpin] = 0.962 M, Figure S4-13), and
1.19 x 10~} (M/min) ([HBpin] = 1.15 M, Figure S4-14)

(1) [HBpin] = 0.769 M (HBpin: 25.6 mg, 0.200 mmol, 49a: 21.1 mg, 0.0999 mmol, 0.384 M)

time (min) [S0a] (M)
15 0.00838
30 0.0209
45 0.0305
60 0.0460
0.05
o.
0.045 y = 8.15E-04x - 4.16E-03 .~
0.04
0.035
5 0.03
T 0.025
a .
0.02 A
0.015
0.01 .
e
0.005
0
0 10 20 30 40 50 60 70
time (min)

Figure S4-12. Reaction profile ((HBpin] = 0.769 M).
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(2) [HBpin] = 0.962 M (HBpin: 32.0 mg, 0.250 mmol, 49a: 21.1 mg, 0.0999 mmol, 0.384 M)

time (min) [50a] (M)
15 0.00984
30 0.0198
45 0.0375
60 0.0567

0.060
y = 1.06E-03x - 8.63E-03 -
0.050
0.040

0.030

[50a] (M)

0.020 e

0.010 o

0.000
0 10 20 30 40 50 60
time (min)

Figure S4-13. Reaction profile ((HBpin] = 0.962 M).
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(3) [HBpin] = 1.15 M (HBpin: 38.4 mg, 0.300 mmol, 49a: 21.1 mg, 0.0999 mmol, 0.384 M)

time (min) [50a] (M)
15 0.00886
30 0.0292
45 0.0472
60 0.0626
0.070
- 03 . 03 %
0.060 y = 1.19E-03x - 7.84E 03
0.050
o
= 0.040
T
o
2. 0.030 o
0.020
0.010 &
0.000
0 10 20 30 40 50 60
time (min)

Figure S4-14. Reaction profile ((HBpin] = 1.15 M).
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4-4-2. Reaction Order for HBpin

The reaction rates increased at a first-order dependence on the HBpin concentration, demonstrating

that the rate law is first-order in Hbpin (Figure S4-15). The reaction rate constant was calculated to be

1.02 x 10~} (M/min) vs. HBpin concentration.

[HBpin] (M)

Initial reaction rate (M/min)

0.769 0.000815
0.962 0.00106
115 0.00119

0.0014
= 0.0012
€ y = 9.75E-04x + 8.42E-05
= o
< 0.0010 -
2
©
5 0.0008 o
3
©
® 0.0006
]
b=
€ 0.0004

0.0002

0.0000

0.2 0.4 0.6 0.8 1 1.2 1.4
[HBpin] (M)

Figure S4-15. Reaction order for HBpin.
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4-4-3. Initial Reaction Rate vs. 5a Concentration

Initial reaction rate was calculated according to the kinetic profile to be 8.15 x 10~ ([49a] = 0.384 M,
Figure S4-12), 1.20 x 1073 (M/min) ([49a] = 0.577 M, Figure S4-16), and 1.49 x 10~ (M/min) ([49a]
=0.769 M, Figure S4-17).

(1) [49a]=0.384 M (HBpin: 25.6 mg, 0.200 mmol, 49a: 21.1 mg, 0.0999 mmol, 0.384 M)
This data is identical to Figure S4-12.

(2) [49a]=0.577 M (49a: 31.7 mg, 0.150 mmol, HBpin: 25.6 mg, 0.200 mmol, [HBpin] = 0.769 M)

time (min) [50a] (M)
15 0.00775
30 0.0211
45 0.0365
60 0.0624
0.07
. .
0.06 y = 1.20E-03x - 1.29E-02
0.05
S 004
© [ J
[=3
0,
0.03
0.02 ®
0.01 ‘.
0
0 10 20 30 40 50 60 70
time (min)

Figure S4-16. Reaction profile ([49a] = 0.577 M).
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(3) [5a] =0.769 M (5a: 42.2 mg, 0.200 mmol, HBpin: 25.6 mg, 0.20 mmol, [HBpin] = 0.769 M)

time (min) [50a] (M)
15 0.00664
30 0.0219
45 0.0508
60 0.0713
0.08
L
0.07 y = 1.49E-03x - 1.80E-02 .-~
0.06 )
0.05 >
s
— 0.04
©
o
)
—0.03
0.02
0.01
°.
0
0 10 20 30 40 50 60 70
time (min)

Figure S4-17. Reaction profile ([49a] = 0.769 M).
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4-4-4. Reaction Order for 49a
The reaction rates increased at a first-order dependence on the 49a concentration, demonstrating that
the rate law is first-order in 49a (Figure S4-18). The reaction rate constant was calculated to be 1.76

x 1073 (M/min) vs. 49a concentration.

[49a] (M) Initial reaction rate (M/min)
0.384 0.000815
0.577 0.00120
0.769 0.00149

0.0018
y = 1.76E-03x + 1.56E-04
0.0016 |
."...
0.0014
0.0012 o
0.001

0.0008 T

Initial reaction rate (M/min)

0.0006

0.0004

0.0002

0 0.2 0.4 0.6 0.8 1
[49a] (M)

Figure S4-18. Reaction order for 49a.
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4-5. Substrate Kinetic Isotope Effect (KIE) Measurement
Me.,  .Me

Me. ,Me
N| °*N"" Bpin
49a L9-Ir(cod) (5 mol%) 50a
HBpin (2 equiv)
or > or
Me. .Me THF (0.4 M), rt Me. .Me
N (04M) ®*N"" Bpin
d5d5 ds Q @ ds
49a-dq, 503-0’10

In an Ar-filled glovebox, L9-Ir(cod) (3.3 mg, 0.0050 mmol) and 49a (21.1 mg, 0.0999 mmol) or 49a-
dio (22.1 mg, 0.0998 mmol) in THF (0.1 mL) was added to a Schlenk tube. To the mixture was added
a solution of HBpin (25.6 mg, 0.200 mmol) in THF (0.16 mL), and the Schlenk tube was capped and
removed from the Ar-filled glovebox. The reaction mixture was stirred at rt for a specified reaction
time. The resulting mixture was diluted with EtOAc and evaporated in vacuo. The yields of 50a or
50a-dio were determined by the the 'H NMR analysis in CDCl; using 1,1,2,2-tetrachloroethane as an
internal standard.

We determined the kinetic isotope effect using readily prepared 49a-dio by the above experiment. A
primary KIE of 2.1 (Figure S4-25), which is close to the values (2.4~2.9) of previously reported
C(sp)-H borylation reactions through Ir(III)(N-N)(Bpin)s,5* was observed between 49a and 49a-d
conducted in separate vessels, suggesting that the rate-limiting step may involve the C—H bond

activation step.
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time (s) [50a] [50a-d]
900 0.00838 0.00476
1800 0.0209 0.00890
2700 0.0305 0.0159
3600 0.0460 0.0218

0.050
0.045 .
0.040
2 0035 ke y = 1.36E-05x - 4.16E-03 .
S 0.030 .
(=]
B,
= 0.025
3 002 AT .
0015 | T e PR
0.010 o e o ko: y = 6.46E-06x - 1.69E-03
0.005 o
0.000
500 1000 1500 2000 2500 3000 3500
time (s)
Initial reaction rate (M/s) KIE (kn/Kkp)
1.36 x 1075
2.1
6.46 % 10°6

Figure S4-19. Substrate kinetic isotope effect (KIE) measurement.
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4-6. Role of Spiro-Fluorene Moiety on the Ligand

L14-Ir(cod) (5 mol%) < 1
| N HBpin (2 equiv) SN Bpin re>
2SN - Za N >, Ir
Q 1 4-dioxane (0.2 M) Ir,
40°C, 24 h
4ra 48a/22% L14-Ir(cod)

In an Ar-filled glovebox, L14-Ir(cod) (2.6 mg, 0.0052 mmol), 47a (14.8 mg, 0.0999 mmol) in 1,4-
dioxane (0.25 mL) was added to a Schlenk tube. To the mixture was added a solution of HBpin (25.6
mg, 0.200 mmol) in 1,4-dioxane (0.25 mL), and the Schlenk tube was capped and removed from the
Ar-filled glovebox. The reaction mixture was stirred at 40 °C in an oil bath for 24 h. The resulting
mixture was diluted with EtOAc and evaporated in vacuo. The yield of 48a (22%) was determined by
the "H NMR analysis in CDCl; using 1,1,2,2-tetrachloroethane as an internal standard.

L15-Ir(cod) (5 mol%)
| =N HBpin (2 equiv) | =N Bpin
Z Z 'Ir\
"D 1,4-dioxane (0.2 M) N @6
40°C, 24 h

47a 48a/ 22% L15-Ir(cod)

In an Ar-filled glovebox, L15-Ir(cod) (2.1 mg, 0.0051 mmol), 47a (14.8 mg, 0.0999 mmol) in 1,4-
dioxane (0.25 mL) was added to a Schlenk tube. To the mixture was added a solution of HBpin (25.6
mg, 0.200 mmol) in 1,4-dioxane (0.25 mL), and the Schlenk tube was capped and removed from the
Ar-filled glovebox. The reaction mixture was stirred at 40 °C in an oil bath for 24 h. The resulting
mixture was diluted with EtOAc and evaporated in vacuo. The yield of 48a (22%) was determined by
the "H NMR analysis in CDCl; using 1,1,2,2-tetrachloroethane as an internal standard.

Me. .Me L14-Ir(cod) (5 mol%) Me., .Me < <
N HBpin (2 equiv) N° Bpin [C
>~ A
SRR TIRES '
rt, 12 h
49a 50a /2% L14-Ir(cod)

In an Ar-filled glovebox, L14-Ir(cod) (2.6 mg, 0.0052 mmol), 49a (21.1 mg, 0.0999 mmol) in THF
(0.1 ml) was added to a Schlenk tube. To the mixture was added a solution of HBpin (25.6 mg, 0.200
mmol) in THF (0.16 mL), and the Schlenk tube was capped and removed from the Ar-filled glovebox.

The reaction mixture was stirred at rt for 12 h. The resulting mixture was diluted with EtOAc and
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evaporated in vacuo. The yield of 50a (2%) was determined by the "H NMR analysis in CDCl3 using

1,1,2,2-tetrachloroethane as an internal standard.

Me. .Me L1 5-|F(Cod) (5 m0|0/0) Me. ,Me .
N HBpin (2 equiv) N” Bpin I
- .
O O THF (0.4 M) O O &9
rt, 12 h
492 50a / 20% L15-Ir(cod)

In an Ar-filled glovebox, L15-Ir(cod) (2.1 mg, 0.0051 mmol), 49a (21.1 mg, 0.0999 mmol) in THF
(0.10 mL) was added to a Schlenk tube. To the mixture was added a solution of HBpin (25.6 mg, 0.200
mmol) in THF (0.16 mL), and the Schlenk tube was capped and removed from the Ar-filled glovebox.
The reaction mixture was stirred at rt for 12 h. The resulting mixture was diluted with EtOAc and
evaporated in vacuo. The yield of 50a (20%) was determined by the 'H NMR analysis in CDCl; using

1,1,2,2-tetrachloroethane as an internal standard.

4-7. Synthesis of Deuterated Ir(I) Complex 1a-ds-Ir(cod)
2-Bromo-1,1'-biphenyl-2',3,3',4,4',5,5',6,6'-dy (55)%%* and 1-ethynyl-2-(phenylethynyl)benzene (56)5!

were synthesized according to the literature procedures with 10 mmol scale.

Synthesis of 2-((2-(phenylethynyl)phenyl)ethynyl)-1,1'-biphenyl-2',3,3',4,4',5,5',6,6'-do (27-dy)
O Pd(OAC), (10 mol%) O
dy O Xphos (22 mol%)
Br I Cul (12 mol%) _ 4 O Il
NEts, 70 °C, 16 h X
Q) ¢
C L]

55 56 (1.2 equiv) 27-dy

To a mixture of Pd(OAc), (113.2 mg, 0.504 mmol, 10 mol%), Xphos (510.0 mg, 1.07 mmol, 22 mol%),
Cul (115.5 mg, 0.606 mmol, 12 mol%), and 55 (1.20 g, 4.95 mmol) was added NEt; (50 mL), and the
mixture was deoxygenated by bubbling with N> for 15 min. To the mixture was added 56 (1.22 g, 6.03
mmol), and the mixture was stirred at 70 °C for 16 h. The reaction was quenched with saturated
aqueous NH4Cl and extracted with EtOAc three times. The combined organic layer was washed with
brine, dried over Na,SOy, filtered, and evaporated in vacuo. The residue was purified by column
chromatography on silica gel using n-hexane/CH>Cl2 (100:0 to 99:1) as an eluent to give 27-dy (784.3

mg, 2.15 mmol, 43 % yield) as an orange oil.
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'"H NMR (400 MHz, CDCL3): d 7.71-7.70 (m, 0.11 residual H), 7.54-7.51 (m, 3H), 7.44 (s, 0.09
residual H), 7.41 (s, 0.08 residual H), 7.37-7.31 (m, 3H), 7.30-7.21 (m, 3H); 3C NMR (100 MHz,
CDCl): d 143.6, 140.1 133.2, 131.9, 131.8, 131.7, 129.4-128.5 (m), 128.4, 128.3, 127.9, 127.8,
127.6-126.5 (m), 126.0, 125.4, 123.3, 121.4, 93.33, 93.31, 91.0, 88.3; HRMS (APCI): calcd for
CasHioDo" [M+H]" 364.2046, found 364.2060.

Synthesis of Deuterated Ligand: 10'H-spiro[fluorene-9,5'-indeno[2,1-a]indene]-1,2,3,4,5,6,7,8-ds
L9-ds
~95% D

AuCI(SMe,) (5 mol%) d
{BuXPhos (5 mol%)
AgNTf, (11 mol%)

L
Ll

“t |
\\ (CHCl),, rt, 16 h J
4
2y O

27-dy L9-dg

D (40% D)

A mixture of AuCl(SMe») (0.0330 mg, 0.112 mmol) and ‘BuXphos (0.0486 g, 0.114 mmol) in
(CH2Cl)2 (3.0 mL) was stirred at room temperature for 10 min. To this mixture was added AgNTf,
(90.3 mg, 0.233 mmol), and the resulting mixture was stirred at room temperature for 5 min. To this
mixture was added a solution of 27-do (0.784 g, 2.16 mmol) in (CH2Cl), (3.0 mL), and the mixture
was stirred at rt for 16 h. The resulting mixture was concentrated and purified by column
chromatography on silica gel using n-hexane/CH>Cl, =99:1 to give L9-ds (0.242 g, 0.668 mmol, 31%
yield) as a pale-yellow solid.

M.p. 212.0-212.6 °C; '"H NMR (400 MHz, CDCls): § 7.89 (s, 0.1H residual H), 7.48 (t,J = 7.5 Hz,
2H), 7.37 (s, 0.11H), 7.29 (td, J = 7.5, 1.0 Hz, 1H), 7.09 (s, 0.1 residual H), 7.05 (td, J=7.5, 1.1 Hz,
1H), 6.99 (td, J=7.5, 1.1 Hz, 1H), 6.91 (td, J = 7.5, 0.9 Hz, 1H), 6.83 (s, 0.1H), 6.69 (d, J= 7.5 Hz,
1H), 6.27 (d, J= 7.4 Hz, 1H), 3.82-3.80 (br, 1.2H); '*C NMR (100 MHz, CDCls): § 154.7 (t, J=6.1
Hz), 153.3, 151.1 (d, /= 1.8 Hz), 147.1 (t, /= 3.1 Hz), 145.2, 142.0, 141.2 (t, /= 1.4 Hz), 139.1 (t, J
=3.7 Hz), 127.43, 127.6-126.9 (m), 126.5, 125.7, 124.6, 124.5, 123.4 (t, J = 26.1 Hz), 123.3, 119.7
(t, /=252 Hz), 119.4, 118.9, 63.0, 33.0, 32.7 (t, J = 19.9 Hz); HRMS (APCI): calcd for CosH;1Dg"
[M+H]" 363.1983, found 363.1981.
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Synthesis of Deuterated Ir(I) Complex L9-ds-Ir(cod)
~95% D

d
! O g LiHMDS (1.3 equiv)

[Ir(cod)Cl], (0.5 equiv)

g Q ’ D (30% D) THF, rt, 12 h
4

L-dg

In an Ar-filled glovebox, to a solution of L9-dg (180.7 mg, 0.498 mmol) in THF (2.5 mL) was added
LiHMDS (1.3M in THF) (0.50 mL, 0.65 mmol) at rt, and orange solution was stirred at rt for 10 min.
To the reaction mixture was added a suspension of [Ir(cod)Cl], (167.9 mg, 0.250 mmol) in THF (2.5
mL), and the mixture was stirred at rt for 12 h. The resulting mixture was diluted with THF (3 mL)
and evaporated in vacuo. The residue was subjected to column chromatography on basic alumina using
THF/n-hexane (1:1) followed by reprecipitation from THF/n-hexane gave the L9-ds-Ir(cod) (231.1
mg, 0.349 mmol, 70% yield) as a yellow solid.

'H NMR (400 MHz, CDCl;): § 7.86 (s, 0.05 residual H), 7.77 (s, 0.05 residual H), 7.64 (s, 0.06
residual H), 7.44 (d, /= 7.5 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 7.25 (td, J =7.5, 1.1 Hz, 1H), 7.01 (td,
J=1.5, 1.1 Hz, 1H), 6.93 (s, 0.06H residual H), 6.75 (ddd, J = 8.5, 6.6, 1.0 Hz, 1H), 6.64-6.58 (m,
2H), 6.36 (s, 0.04H), 6.11 (d, J =8.6 Hz, 1H), 5.82 (s, 0.39 H), 3.63-3.58 (m, 2H), 3.05-3.01 (m, 2H),
1.92-1.73 (m, 4H), 1.68-1.61 (m, 2H), 1.46-1.37 (m, 2H); 3*C NMR (100 MHz, CDCl3): § 152.3,
148.8, 146.5, 142.2, 140.5, 137.4, 127.4, 126.6, 124.0, 123.9, 123.43, 123.39, 121.6, 120.3, 119.5—
119.3 (m), 119.1, 112.2 (d, /=4.2 Hz) , 108.0 (d, /= 6.0 Hz), 102.0 (d, /= 4.1 Hz), 100.8 (d,J=1.5
Hz), 62.3, 61.2, 55.7, 51.1, 33.6, 32.5; HRMS (APCI): calcd for C3¢Hz Dolr" [M+H]" 664.25362,
found 664.2540.
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4-8. Ligand KIE Measurement

2.5 mol%
L9-Ir(cod) or L9-dg-Ir(cod)
| SN HBpin (3 equiv) | SN Bpin
Z N Z
Q 1,4-dioxane (0.13 M) N
Me rt/40°C Me
47d 48d

In an Ar-filled glovebox, L9-Ir(cod) (6.5 mg, 0.0099 mmol) or L9-ds-Ir(cod) (6.6 mg, 0.0099 mmol),
1,3,5-trimethoxybenzen (67.3 mg, 0.400 mmol), and a solution of 47d (64.9 mg, 0.400 mmol) in 1,4-
dioxane (3 mL) were added to a 13.5 mL screw cap vial, and the mixture was stirred at rt for 1 min.
To the mixture was added HBpin (170 pL, 1.18 mmol) using a microsyringe, and the mixture was
stirred at rt for 1 min. This stock solution was added to a 25 mL Schlenk tube using a syringe (0.5 mL
each), and the Schlenk tube was capped and removed from the Ar-filled glovebox. The mixture was
stirred at rt or 40 °C in an oil bath for a specified reaction time. At the target time, the resulting mixture
was evaporated in vacuo. The yield of 48d was determined by the 'H NMR analysis in CDCl; using

1,3,5-trimethoxybenzen as an internal standard.

"H NMR spectra of the kinetics samples were acquired with an extended relaxation delay (10 s) to
improve the integral integrity compared to the internal standard. The formation of the borylation
product was quantified using the integration of the aryl peak of 48d at 6.48 ppm and compared to the

integration of the aryl resonance of the 1,3,5-trimethoxybenzen internal standard at 6.09 ppm.

The ligand kinetic isotope effect (KIE) values were calculated according to the initial reaction rates

(average of two runs, Figures S4-19-22) to be 0.90 at rt and 0.63 at 40 °C.
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(1) Determination of Initial Reaction Rate kg at rt

time (s) [48d] 15t run [48d] 20d run
6600 0.00780 0.00793
8400 - -
10200 0.0141 0.0145
12000 0.0196 -
13800 - 0.0220

0.02500
-"
0.02000 o
y = 2.12E-06x - 6.51E-03 .~
__0.01500 &
E .:::'-"
= "y =1.95E-06x - 5.08E-03
= 0.01000
e
0.00500
0.00000

0 2000 4000 6000 8000 10000 12000 14000 16000
time (s)

Figure S4-20. Reaction profile of borylation of 47d with L9-Ir(cod) at rt (1st run: blue and 2nd run:
red).
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4 &
(2) Determination of Initial Reaction Rate kp at rt
time (s) [48d] 15t run (M) [48d] 20d run (M)
6600 0.00793 0.00727
8400 0.0115 0.0116
10200 0.0159 -
12000 0.0197 0.0203
13800 - 0.0238
0.03
0.025
.o
0.02 y = 2.20E-06x - 6.70E-03 :
5 0.015
s
‘._',..n‘"” y = 2.32E-06x - 7.95E-03
0.01 =
0.005
0
0 2000 4000 6000 8000 10000 12000 14000 16000
time (s)

Figure S4-21. Reaction profile of borylation of 47d with L9-dg-Ir(cod) at rt (1st run: blue and 2nd run:
red)
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4 &
(3) Calculation of Ligand KIE Value at rt
Initial reaction rate (M/s) KIE (ku/kp)
(average of two runs)
kn 2.04x10°°
0.90
kp 2.26x107°
(4) Determination of Initial Reaction Rate kg at 40 °C
time (s) [48d] 15t run (M) [48d] 2nd run (M)
1150 - 0.00227
1200 0.00210 -
2400 0.00760 0.00670
3600 0.0111 -
4500 - 0.0148
0.016
.'.
0.014 ’
0.012 .
)
__ oot y = 3.76E-06x - 2.09E-03 "
= o
§ 0.008 ..."“,“"
3 = = 3.76E-06x - 2.17E-03
0.006 Y *
0.004
0.002 <
0
0 1000 2000 3000 4000 5000
time (s)

Figure S4-22. Reaction profile of borylation of 47d with L9-Ir(cod) at 40 °C (1st run: blue and 2nd

run: red)
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(5) Determination of Initial Reaction Rate kp at 40 °C

time (s) [48d] 15t run [48d] 2nd run
2400 0.00570 0.00607
3600 0.0130 0.0133
4500 0.0180 0.0185
0.02
0.018 3
0.016
0.014 y = 5.93E-06x - 8.12E-03 ¢
_.0.012 g
=
5 0.01
=]
= 0.008
' y = 5.92E-06x - 8.60E-03
0.006 ¢
0.004
0.002
0
0 1000 2000 3000 4000 5000

time (s)

Figure S4-23. Reaction profile of borylation of 47d with L9-ds-Ir(cod) at 40 °C (1st run: blue and 2nd

run: red)
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(6) Calculation of Ligand KIE Value at 40 °C
Table S4-3. Summary of Ligand KIE mesurment.

Initial reaction rate (M/s) KIE (ku/kp)
(average of two runs)
ku 3.76 x 10°°
0.63
kp 5.93x10°

4-9. In-Situ-NMR Spectra
4-9-1. C(sp*)-H Borylation of 47a
L10-Ir(cod) (5 mol%)
| =N HBpin (3 equiv) | SN Bpin
4 > =
"D THF-dg, rt N
Me J-Yong NMR tube Me
47d 48d

In an Ar-filled glovebox, L.10-Ir(cod) (3.4 mg, 0.0051 mmol) and 47d (16.2 mg, 0.999 mmol) in THF-
ds (0.6 mL) were added to a J-Young NMR tube. To the mixture was added a solution of HBpin (44

pL, 0.306 mmol), and the J-Young NMR tube was capped and removed from the Ar-filled glovebox.
The reaction was monitored by "H NMR spectroscopy at rt for 36 h. Signals derived from the L10-
Ir(cod) were observed in the '"H NMR spectra, demonstrating that the resting state in the catalytic cycle
is the L10-Ir(cod) complex. Signals attributed to the C—H boronated product (48d) were also identified
in the '"H NMR spectra, the intensity of which increased with time at the expense of the starting

material signal.

4-9-2. C(sp>)-H Borylation of 5a

Me\N,Me L10-Ir(cod) ( 5 mol%) Me. .Me_ .
HBpin (2 equiv) N™ Bpin
THF-dg, rt O O
J-Young NMR tube
49a 50a

In an Ar-filled glovebox, L10-Ir(cod) (3.3 mg, 0.0049 mmol, 5 mol%) and 49a (21.1 mg, 0.0999
mmol) in THF-ds (0.25 mL) were added to a J-Young NMR tube. To the mixture was added a solution
of HBpin (25.6 mg, 0.200 mmol) in THF-ds (0.35 mL), and the J-Young NMR tube was capped and
removed from the Ar-filled glovebox.

The reaction was monitored by 'H NMR spectroscopy at rt for 2 h. Signals derived from the 1b-Ir(cod)
were observed in the "H NMR spectra, demonstrating that the resting state in the catalytic cycle is the

L10-Ir(cod) complex. Signals attributed to the C-H boronated product (50a) were also identified in
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the "H NMR spectra, the intensity of which increased with time at the expense of the starting material

signal.
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Figure 5.1. Concept and design of 4-phosphinoacridine ligand.
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Figure 5.2. Proposed reaction mechanism of C—O cross-coupling catalyzed by Pd-phosphinoacridine

ligand system.
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Scheme 5.1. [2+2+2] cycloaddition reaction catalyzed by SFI-Rh(cod).
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Figure 5.3. Proposed reaction mechanism of [2+2+2] cycloaddition of 1,7-diynes and diarylacetylenes
catalyzed by SFI-Rh(cod).
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Scheme 5.2. C(sp*) / C(sp*)-H borylation catalyzed by SFI-Ir(cod).
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Figure 5.4. Proposed reaction mechanism of C—H borylation catalyzed by SFI-Ir(cod).
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