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Ac: acetyl

Ar: aryl

Bn: benzyl

BPDCA: 2,2-bipyridinedicarboxylic acid
3BPDCA: 2,2’-bipyridine-3,3’-dicarboxylic acid
4BPDCA: 2,2’-bipyridine-4,4’-dicarboxylic acid
5BPDCA: 2,2’-bipyridine-5,5’-dicarboxylic acid
‘Bu: tertbutyl

n-Bu: n-butyl

ca: circa (approximately)

cat: catalyst

COD: 1,5-cyclooctadiene

COE: cyclohexene

DFT: density functional theory

DMA: N,N-dimethylacetamide

DME: 1,2-dimethoxyethane

DMSO: dimethylsulfoxide

dtbbpy: 4,4’-di-tert-butyl-2,2-bipyridine
dppf: diphenylphosphinoferrocene

EL: electro luminescence

Et: ethyl

GC: gas chromatography

ICP: inductively coupled plasma

IL: ionic liquid

Ir: iridium

IR: infrared spectroscopy

Pd: palladium

Pt: platinum

Me: methyl

m: meta

MS: mass spectrometry

M.S.: molecular sieves

NMR: nuclear magnetic resonance

o- ortho

Pin2Bs: bis(pinacolato)diboron



PinBH: pinacolborane

p- para

Ph: phenyl

Py iso-propyl

aPS: atactic polystyrene

iPS: isotactic polystyrene

sPS: syndiotactic polystyrene

TBPD: tributyltetradecylphosphonium dodecylbenzenesulfonate
THF: tetrahydrofuran

Tt: trifluoromethanesulfonyl

TPy: tetra-2-pyridylpyrazine
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1. SR —EHERS

BAR—EHOGIE, 197 OB INTE e AN v 7Y VI RISOHT The b ¥R
L7ZRED—>Th 5 (Scheme 1)1, ZDHELIZHEBE LT, Iy 7V I R—FF—Th
HERER T FCAEMDPEEIOKRERICZETH L ZENET bND, Fio, RITE Y ARk
T DRIAERDIIR VERE TH 0 BIESIRD TR &L KBECHM E R B cx 52 L
P AR —EHSTFEBRE L2 TR LERKTER SN TN D, SREHG
DI, FHEA U E LAY OB LB THEL LI A TRy, Z2HEZERET U —1
AT 2LEMDERNATREL 2> TV D,

Scheme 1. Suzuki-Miyaura coupling

B(OH), Pd or Ni cat R2
X
solvent base Rl_:
F
X =Cl, Br, I, OTf etc. Biaryls

BT U — VBRI B AT IR O i RSP A B EL 72 & OBEREMEM B D1, R R
A2 EHEAWGE THWO A TEYD . S8aARERINES R FEEICB O TH AR ROE K
V=Ll oTND,

Fig. 1 IZHEBRITEA—EHUSZ LD Bl SN e T U —/HbEambl 2R3,

Fig. 1 Biaryl derivatives synthesized using Suzuki-Miyaura Coupling
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N
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Valsartan Boscalid
TyvIPFAT UV UOREE (AT 1) BHK 7=V RREBEH
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2. AR T E S ORI G

AR T FCEMIL, R —EHEURTET T2 <. Scheme 2 1T/ K 9 ICHftIE A W57
=V UFHEEQDRT Y = =T @) DA LI HN LI TR Y3, ARGRIEL LT
DAED BN > TETW5,

Scheme 2. Conversion of arylborates to anilines and aryl ethers

by copper catalyzed coupling

0,
10 mol% Cu(OAC), 1 3 10 mol% Cu(OAc), RY NHAr
2eq.R3NH,1eq. KF R NHR 2
1 eq.ArNH, 1 eq. lutidine
MS 4A, CHsCN, Oy 20 mol% decanoic acid
- toluene, air , 2
RY BPin Rz ! R

1

\ R% B(OH), i eq. Cu(OAc),, 5eq. NEt; R OAr
2
R 3 eq. NalO,, 0.6 eq. HCI, \©/ ArOH, CH,Cly, MS 4A \©/

H,O/THF 3

R? R?

FTo Bl TIHEMTEEZ A3 208K U ZEEHOFIH G ST 5, #il 2 13, Fig. 2 12
<9 Bortezomib (Velcade) 1%, ZFMEEHEE (multiple myeloma) <0~ > h/UHifd U >/
AN THY AU RERDERS & L TREICEN ST\ 54, ZOMIC s EREEME L L
THIRBR U REAEMPZHERE SN TEY | ERSETH AR UG RO EEMEOH N
NP RIND,

Fig. 2 Example of a drug containing boronic acid

Bortezomib (Velcade)

DLk, ARGRIER OESEMD & L TOAHA o CBHEEROFAMHEICOWN TR TE 28, A
fibfi & U COFAHB S HE ST D, 2005 4, Tang HIIAR TR VR U EE T I 2 Offi
AR UCEI< Z 2 2 R L7256, RICHEE LCiX, LT X 21T VR Uk & Ry s —
HEEADZTER L, 73 EAIE LT I EHL TS 8D EEZ LTV D, ARG
TIHMANT A R lornZF oSl LW BRI ARE T, BIAEMIKORTHD 2
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b, 7Y —raOiE LTHEHEABSLTWS,

Scheme 3. Tang et al

10 mol% B(OH)3 N\/Ph
COOH + H,N” “Ph >
Toluene @]
reflux
;E\ B(OH); o/H\o
> | |
RL OH Rl)\o/ ~OH

F7-. Tang HOILDOUETEE L CTArnold 5 13A VEE# W L7=Scheme 4 (Z/RT L9727
U—LiRu g 4 il LTHWAS Z L TRV EMARIEE~0MMZ L L, F4EIC
Al-ZoubiH Xy 7N 2-3— K7 = =/vhn Vb # W TERICK T 57 X Mea T
LTI LT, 2O XD ITHEERYFEMIT TV —2 7 I A MU —ICH R BREER
R OGHEMEE L CHER 2TV D,

Scheme 4. Arnold et al

O 10 mol% cat 0

)I\ TN ph > )I\ N

OH Fluorobenzene Ph N
reflux H

X ABOH);
A X = F, OMe, NO,, CF
| _N__NiPr, » OME, N2, L3

4

Ph Ph

Al-Zoubi et al

@B (OH),
|

5

(0]
(10 mol%) O
OH 2 4AM. S., CH,Cl, Ph\)J\N/\ph

25°C H

3. AR BGOSR
2007 & . #8 H 5% 1,8-diaminonaphthalene 6 |2 L 5 ™ & RO IR 7o RFE L 2 BA%E L7-8,
Au e 6% b R TIENY 57217 TEREMIZHA 51 Hnaphtahlene-1,8-diamido 75
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RT3, SSREHSUSOSRMTH DWIEMERET TROTLETH Y . Ay 7Y v 7RIS
L2V, —J5, T IEBESRMECEIBEZITIKGRIZ L0 Ra VB~ B TEx 5, Z0Rn
VBV — IRELZTRET 5 Z & T E THINEE T & - /-teraryl (a, b), quarteraryl (c,
d), quinquearyl (&) FHEALHR T VEENEAINI-A Y 27 L — P EINEE THECATHE & 72
272 (Scheme 5), ZHH—HEDILAEWOEHKIZLY, RI T L—r07 0 R ~—72 EHil
MEIBFE DS RIEIC R T 2 6 O L HIFRFE 5,

Scheme 5. Suginome et al

6 |(1.0-1.1eq) N O

NH, NH, ,
ArB(OH), B(dan)= B

ArB(dan)

toluene, reflux ; HN Q
@\ \©\ /@EOMe Br
B(da”) B(dan) B(dan) Br B(dan) UB(da”)

(98%) (97%) (99%) (96%) (95%)

OM
OMe ¢

OMe OMe
B(dan) \©\B(OH)Z B(dan) B(OH) o
Me
B(dan) H H* ome B B(dan) O OMe O B(dan)
(OH)z
O CL, ‘/‘( D

B(dan)
OMe B(OH), B' OMe
—= e o
0 0

4. A U BROERKE

PLE, AR FEAEHOERAR, AHEICOWTHSTE 2D, RIZT UV —An VBOAE
FRIEIC DN TR 5,

T =R a BIIE DO ARIENMONTEYD . ZDOAKOKE 5713 Grignard il <0
mBuliZe EEER Lo a v — A X VWG W55 Téh % (Scheme 6) 9,
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Scheme 6. Traditional synthetic method of arylborates

Li
Br N
! B(OH)
N . 7 2
@ n-BuLi e 1. B(OR)s
—» ﬁ
R MgX N
» }:
/& R

R
Halogen-metal exchange reaction

IS OW IR A RRIEOMIT, ITEMBER R U BCENRE SN TE R, £O—2L LT,
B, AIEPARRBEAEE T, e AL T ) — vt A S aL— FYR e Y (PineBs) &
WH R T FLEE B L7z (Scheme 7)10, Z O FEOFA E LT, KRS Z L8 & L7
W2 &, SRR ATN = MIADOL D RERELA LIAEE~OEMARREE Wo T2 2
LR ENFET NS,

AL IXIE T OES A BRI X 2 505 & FERICE LB, ~Z 22 X Z Ak, BTk
DY A 7 W THEITT 5, ROSHEMEIZILL T Fig. 3 1R T 25, PineBe iy FHO R TFRIX, 225D
N1 D LRI S /e,

Scheme 7. Palladium catalyzed borylation

O&
j: :t B
X @ \O
~
PdCl,(dppf)

X=Br,I KOAc, DMSO, 80 °C

Fig. 3 Catalytic cylcle
X
'B~Ar
o >/> Pd(0) \{ ArX

Ar—Pd(Il)—BPin Ar=—Pd(ll)—X

o, AcO”
B=0Ac
Ar—Pd(ll)=—0Ac

LR S 7 FATED S 5 —oDf & LT, EFERFENEA TV D C-HIEMALIZ X D8 v FEH
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FFons, FEKRC-HA Y HIE 1999 412Smith HISIC & » THID THE S -1, #5
34V DT AR T, R icE S a—AaR Ty (PinBH) % 150 °C TRIGZTWILER
53% CXUEB DR TEEESED Z L1ITH LTz (Scheme 8), = O )& Tld, Scheme 6 (2
IR LTERERD B RIE TR LN DB OER R 72 < . BIAET D2 DIIKFEORTHH720, B
W3 D T 7 < JRF IO @ W B e SOS Td D,

Scheme 8. C-H borylation of benzene by Smith Ill et al.

e

H o (17 mol%) 0.,.0

0, M%J%Mn B
+ B-H - [ij
o

150 °C, 120 hr

Y. 53%
2001 225 2002 fEI2HNMT TSmith HISIZE S22k B L, 2D Y VEAN+ % iz
A VYU LA BRZE L=, AR E R, Hartwig 512 50 FISEMO @A BRI S

7= (Fig. 4)12,

Fig.4 Catalysts for C-H borylation developed by Smith and Miyaura-Hartwig

4 N\
/ 2
2 § S -
Rh (ﬁlré/ Q RIS

—p R
/\) R=H, t-Bu BPin

Smith 111 (2002) | {__ Smith Ill 2002)

Miyaura, Hartwig (2002) )

g

2 51% [IrCI(COD)] 2, 2,2-E B U JVENL T M O PineBe 2 HIEME e il 2 508 L L v ~ 1
IV R TRISEAT O Z L ITRE L T,

E BT S IE, REIGOIFEEFREO—2 LB 2 b 585K 8 Z il L, XHRIC X 2SI
L7~ (Scheme 9), 1 U T AIZ3HOEF a— LR U LVENES LTEAL Y D7 LK 8
I%. Scheme 10 (Z/R T Lo I2v 7 vAd 27 (COE) MR#ET 2 2 & T, BN ARF7Z2 85K 9
L, CHERUHEEMES D, £2, WHIXZOEKICR B U2 EHSES L RRICT
BOSET L, I 80% TAR W R 10 AR T 2 Z & 2R L TV D,
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Scheme 9. Active catalyst isolated by Miyaura and Hartwig

[Ir CI(COE)],
Pin,B,

Tris boryl complex X-ray structure

Scheme 10. Reaction mechanism of C-H borylation of benzene

~ O

~ N/,"’ “\BPin . 0 - .
7 e~ |/ ~BPin BPin = "Bb:C C-H activation
BPin
ﬂ COE ©,BP|n
10
/\ @ 7\ ¢ : 7 N
‘, \BPm =~ N, f‘\BPin = N"g Ry
7 /'r*BPm 20 W - e \N/Ir*spin
9 Bein =N" BPin i = BPin

Fo. WO IXFEEICHBERTEA CTH D [IrCI(COD)] 2D ClE 7 /b2 v FL I8 # L 7=

[IrOMe(COD)] 2% F\ 5 SUSSM2 L Uiz, REMTIE. A U ¥ AIERTBRIA & Pin2Be
D—BPEHDORISIZBIT D b7 AR Z AR EGIZEAITT 2720, KnZFIRIZTITR D,
C-H7R U FALLUS OMFEILEEMIC G S 4. Fig. 5 OUGHEHEDIRE ST 513,

Fig. 5 Proposed mechanism of C-H borylation

5 Ir(in=H

Reductive elimination

13
Ir — hydride complex

-10-
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FTILDOHDICA Y P (1) $EKEPINB2OISICE TR A (RU) AU VDA
(ITD) 11 $BRDERR T 5, e THBRIED R FE — KFFEAIZ 11 BSEALAMI LA U 27 A (V)
BEIR 12 MU, S DIETHBBESET L, AuFE A2 (RUv) 4V Yo (10D
b KU R 18 Mkt 5, 2ok FU FfE 18 OPineBe~OFR{LAGA NI e < 3EhIBiEEC
FVPInBHBAAL, hU A (RUL) 4V Vs (1) $K 11 8FAET S, 4 C7-PinBHIZ
B RY RFE 18 23 LAOFHIN L, SRerBilE CRSENER L, YA (RUL) 40 U0 A (D)
11 NHET D, 2D OFMSEDFTHEIC L0 T3 T, ZSEENPRFES LTV DH 14,
Fo. BHEHOIZES HICAMBRICKITS 2,2-t ) DL FOBBRENELERE L, FORE,
BIMGMEOBEBREZGETOIEE Y VANENM L LTEVANTHL Z Lx@RE LTS
(Scheme 11, Table 1)15,

xOBMBMOBRE, HoFERELEEOB ALY v FEL T,
4,4’-di-tert-butyl-2,2"-bipyridine Z &0, B & L THWTWD,

Scheme 11. Table 1. Substituent effect of 2,2’-bipyridine
bpy time conversion Yield
Rl RZ R R* (hr) (%) (%)
1/2 [Ir(OMe)(COD)],/ bpy (3 mol%) H H H H 4 100 90
@—H + PinyB, . @—BPin
25°C H Me H H 4 100 89
(60 mmol) (1 mmol) H H Me H 2 100 82
Me H H H 8 100 60
R, RiRi R, H H H Me 24 27 0
bpy; Re—=Q —& )Rs H NMe;, H H 2 100 89
N
Ry N R, H OMe H H 4 100 90
H tBu H H 4 100 83
H CIl H H 24 16 0
H NO, H H 24 46 0

5. C-HA&R U HE SO Hi6

b~ T&E72 CH AURMEURIC LV @mWRETF RO R v AN ER SN2 T
<, INFTHRMRETH 727 VU —Lha U ERORIERMNAREE 7o 7,

Bl Z 0%, AR S £5 3-amino-5-hydroxybenzoic acid (AHBA) [ HifliZa & TH
D0 BRICITZBREO TRA/NLETH ) 2 E TRRMREIEN 225> 72, 2006 T
Smith IS IEC-HA U # LA MWD Z & Th$7) 3 TR TAHBABME(LEGY) 16 DG L% Ak
L7 (Scheme 12)17,

.11.
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Scheme 12. Smith Il et al.

1. 1.5 mol% [IrOMe(COD)],, 3 mol% dtbbpy
2 eq. PinBH, n-hexane, r.t., 18 hr MeO,C NHACc
MeO,C Br N
\©/ 2. 1 mol% Pd,dbagz, 3 mol% xantphos
1.1 eq. AcNHy, 1.4 eq. Cs,COs, THF, OH

100 °C, 2 hr 16

3. oxone, acetone, r.t., 10 min,
then 1 eq. NalOy, 1-2 hr

T2, BROBIMESIFC-HRUFEIZ IV RV T 0 U B ORI 72 BALO KR 7 FAVITAL
DyL718, lHE D 5,15— VEHAR LT 4 U NIREF G, RIS T4 S mesofiZ I G D
T2 ZLDHMBNTNDR, C-HAR U FREUE Tl & AR ZEN TV D BALEIRAYIC
FOSMIHEST LTz, ZHUC K 0 ek EIREEC&H - 7= B — B linked diporphyrin 17 Z# X512 &
TX 5 & 5127 -7 (Scheme 13),

Scheme 13. Shinokubo et al

Ar Ar

H Pin,B, BPin Pd(OAc)z
1/2 [Ir(OMe)(COD)],/ dtbpy DPPP
H —_— H
\ 1,4-dioxane DMSO/tquene
meso fir
H t-Bu
o o
Bt
Ar t-Bu AT
y. 43% y- 65%

£72Baeb IR Y AF L ACCHAR Y RPORIT LV AU HEZEAL, < BLUSTE Fe
X UHADOEWS, ARKIEEANDT Y — OB NZpE) LT (Scheme 14)19, K Y ~—
BT D HEREORDFCONNERIRMEIL, £/ ~—IZHYET 527 A DR T FETIEA
Z o NTOWIELT @ 3ITx L, A ZNLONAKFEEFE DT A © 3 & /3T ORI A B
ENTWD, ZhbDOEHITIRY ~—Dtacticity|Z XY T, BEHREOBELRY v—L &K
UEIREOLLE T b — LT 52 ETRSICHIBEITE 5,

F7-. 2 ETHER STV 2 OH-functionalized sPS i34 &= 9.2 kg/mol &/hNEW DT
HoTeid, ZTOTFIRICE Y 437 & ca 26~30 kg/mol @ OH-functionalized sPS #4325 Z £ 73T
ETce NUYARAF LU DBEBEOY A XLMREITR Y ~ —DOfEAMESCBRHEIC K& B x 5.2
HTEMD, FTFEEZ R ORY ~— OB BHFEIN D,

Scheme 14. Bae et al.

-12-
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Pin,B, or PinBH
1.5% [IrCI(COD)],

Oxidation
3% dtbpy z
. N\
Cycl :octane Y | oH
150 °C, 6 hr \\

Polystyrene BPin
(aPS, sPS, iPS) PS-B(pin)
Suzuki coupling
H - |
H \\
e O Qa ’
aPS sPS iPS

6. Mo EY

WA, oY - FRIRIZEZR Zn Y7 F & LTRY RiF b, B & OB IRO A Z0F)
RIZBWTHERZED TS, FicHbeRz AV 2 BEEIFIck X, @RORICILAE
L@ A~DEEHAT CF R A AR A 72 TR T 0 U= 7 RAEE L, £ < OB TR S h
TW5,

C-HR U FISIZEBNTHWLND A U T A&RIE, Fig. 6 IR TXIICEICT 7 I AT
T FFORIERY E LTHEM S, ZOAFERIT 2006 4F7 — X2 L 5 & AR THERDT
DAt THVIEFICHDREBTHDL LN ZENTEDN, iz, TI7FTFORIEMRME LT
FEHINDZ b, A VYT LAOEERITT 7 F T OAEERICKRES EAIND ATEEN D
0. BIENICEBOMRLEREDH TALETHDL LB DND, ZOFFET, 4V U Ll
BEZ WD FOSIZHB W T RERBBETH Y | OB - FRIAR EA U 20 28RO AT
MRS EEN TN 5D,

Fig. 6 Production of iridium metal ( data for the year 2006)

Others 1.1t  Electro chemical 1.1t Chemical 11t Autocatalyst 131 t

Electrical 0.9 t Chemical 1.0 t Jewellery 50 t

ZDO L7, 2007 4, Zhu b 31 A MR Z A1 TC-HAR W H# ISR T Do U 4

-13-
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p=1100

S

A 7 V) L7z (Scheme 15) 21, {% & 3 tetra-2-pyridylpyrazine (Tpy) & A A4 PEEIK
(TBPD) OFF(EF . iridium (1) salicylaldiminato-cyclooctadiene complexesz fiftfi & L T, <o
B UAZPIineBe & G S/ T, RIGHE., RIS LAY Z 24 L, FEZHJHH L, 3 Blofit

BEV YA 7 V2 ER LTV D,

Scheme 15. Zhu et al.

Catalytic System

distilled

o _ 0 0
O+ X - ()
g o 2 mL CH,Cl, Y
3mL 1.0 mmol 80 °C, 21 hr
e

Catalytic System

@O/\:Ir(COD)
N
Z ~Bn

(1.5 mol%)

Ir precursor

BN

/\/\p
Py N\ Py _/__/ SOy
v &
Py” N" Py Zdodecyl
(3 mol%) (2mL)
TPy TBPD
(lonic Liquid)

L3 b, ZOHEIE, B & Al & OBECRIBED & 0 . B 2 XA DB SD5 m <
RETERWGE, MIED Y F A 7 VITARARETH D,
E7o, DT 2008 I Z OMBERICEK B ZMA, A A MEEES, 0 i ) YT LDT kL
TEMESTH LT, XU OPInBHAE W2 C-HA U RIS ZITV 6 [E Ol Y 31 7
JVITEE L7222, 613, A VP U AJRE L TZHERICLERE RY RA YUY LINVRT T
& % (PPh3)2Ir(H)(7,8-nido-C2BoH1) & fiVy, =F Lo 7Y a— v KFEIETLEZITV, 0 i
AV LDOF R EFEE LT, 5ol ) 2 ki1 % A 4 U MHRIA T & 5 [THTAP] IMS] Tl
M, =% /)=, PZFNT—T )b A F AWK AR TR ORI AT > T\ 5, Blfr
& LTIE, tetra-2-pyridylpyrazine (Tpy) 2 CH Y. 7 H > 7 —v 3 LT L Dl #AE
WD AT MR Z SBEL . 6 IO/ Y Yo 7 V2@l L T D, (B L, AR ITE TR
5 O¥—Rfiblt ([IrCI(COD)]2/2,2-bipyridine) (228 DR T RIS DU 47%
LRV, S HICE T a—R T o OB-HfEE OEMHAIIZNR L K EITT 525, PineB2DOB-Bi

B L DUERELS AT HEHE LTIPInBH UL MER TE Wb Wo e RAENR B -T2,

Fig. 7 Zhu's catalytic system
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Trihexyltetradecylphosphonium
methylsulfonate
(PPhg),1r(H)(7,8-nido-C,BgH; 1) [THTdP][MS]

O =8BH; Q =CH

— ., AROEBNSIZ., WIOD T U BF NV EZHEITHNZHERO (U 27 Ll

(Silica-SMAP-Ir) ZBH¥ L. HEEO ARY — R 2 AWz C-HA v FLIZk P L7z
(Scheme 16) 23, SMAP &L= /X7 b CHIE 7258 % F5 o T AEREIE N ZTLD AR A7 4 o Th
Do ZOfEERWD & REFBA TV CEAMEERERE (M) 2bo7 L— U B RE
ELTHWESGA, FRCEWRINEZ R LAV MBI A Y EB LS s, ZOBHEE L
TR THOHSMAPRE L Y DL L B ) BETh 5720, D ZEncFfipic = 27 L
HN directing group & L THIWTWAHDEEZ LD, £To. INERNKIGRET 1T —
Tar L, MEREIN IS, Lol B TR TR oM L, 1 B0 U A 7 L TlE
PEDS 8O%FEFE T 25 Z LA I TV D,

Scheme 16. Sawamura et al.

/
. |
o o Silica-SMAP-Ir (0.5 mol% BPin (ﬁ_
© + j: BB, ﬁ ( ) ©/ Silica-SMAP-Ir F!)r OMe
O [e)

80 °C, 3 hr ) [2

(30 mmol) (0.5 mmol)
y. 101% ISiMe3 Si
O O

| |
,0-Si-o 0-Si~o

CO,M -
2ve o o Silica-SMAP-Ir (0.5 mol%) COMe 0 v /o \
+ BB :@ @ I Si0, |
o o
BPin

hexane
(1.0 mmol) (0.5 mmol) 25°C, 2 hr

y. 89%

UIERNTERZESIZ, MP@BETHLA ) VU LOMERZ S ORI R BRE SO m £
DIZHD BT RIZIMBEO B - BRI PIRER K EE C-H A ¥ LA S\ T4
PO WROWS FIEFRH SN THWRWORIIRTH S,

-15-
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Z T, FELIL, CHAYRSISIZIIT ZEU - FRHARER DA U DU Ao R 2
Afs L. EBRastm L7,

AT T 3o0ENSHER SIS,
— BN - PR ATRE 7R C-H 7k 7 b filflt oo B %

B - A ATEEZ C-H R 7 R it ox v 7 7 ¥ VB —v 3 >
71— i~ D

# B W
o

FB—ETIX 2,2-e ) VAR Ui (BPDCA) ZEUL & L THWD Z & CRILFTHEZR
C-H AU R AL DOBRASE 21T > 72,

B _ETEE -ETHLNMEEOBMAENICET 2L MO X v Z 7 2 VB — 3 i
DWW EIT > T2,

BT, B-EI LOVE FE TR Lz|lX - FEE A ArRE Zp i A VN 7 v — ROS A~ BR
L7z,

PLFICFEMC iR T 5,
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F—E 22TV INRVEBPDCA)Z Y H FELTHW RV EYD CH A Y
FILRS

Wi 2,2-t U VUV H AR O

[B]UX ATREZ2 8T LWV 2 B 5 72012, FECTHRARZ LBV EHITEHON Y H U RELT
FRHLTWD 2,2-E U DUTmIEROEANZGHE L7-, BI6, BRI A X 5 fliEo v
FEORIENZ IR L, A ZE AWV WEBERREOSEROFMEZ B3 2 & & Lz, MfEike L
T, AFKROERBESGHEN DI NER X U VEERE LTz, IVRXFVLVEEZAETS 2,2-8F
YONAOHFTH 2,2-E8 Y AR (BPDCA) 1E, AFRHEEKEERSSELM B, R
U~ —7e EORBEMHILEMITHEA SN TRV UAFES THHZ L2rH, BPDCAZ Y v R
LCTHW., iR Z175 2 & & Lz (Fig. 8).

Fig. 8 Our strategy for recyclable iridium catalyst

o (O
7 QO \/\\ )§<
o, ] I ScoH <N, No, | B=g
2 K/ 202 -,

\B‘O
7 Ir o) |:> Ir‘ -Q
N N1 Ho,c / g
BPDCA o B 0 o o

s,
e,

BN A
Miyaura's isolated catalyst Insoluble catalyst?

(Our concept)

FTHOIC, EEY DU BRRICET D VR RO ELE O B A2 T2, Table 2 12777 &
DT 'E i — Hartwig b OEER IS FE TRICZEIT-> 72, B, EFFHX T, 1.5 mol%
[IrCl({COD)]2, 3 mol%BPDCAfELE . PinzB2 1.0 mmol& 60 mmold-X ¥ % 80 °C, 12 hr
IGESEz, VA RELTIE, 2,2-88 0 20-338-C /LR B (3BPDCA), 2,2-E 2D 2
4,4 T VIR B (4BPDCA), 2,2-Ev ) V-5 5-2 1 )VR g (5BPDCA)Z 2 Fh i
Wi,

ZO/RR, BH OO U H 2 R EHR10~20%00=1T5 5 6 DD, BPDCA LDV ARF VKT
FOGZEST 2 Z LR <WTR L RIGHEIT L, BRI TH LB OR U REEZ BIfF72
WERTHDLZENTETZ, SFOY HY ROFTABPDCA b @iltETh o7,
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Table 2. Substituent effect of BPDCA

[IrCI(COD)], (1.5 mol%)

o 0 / Ligand (3 mol%) 0
O - X - O
O O O

80°C, 12 hr
60 mmol 1.0 mmol

Ligand Yield Ligand Yield Ligand Yield
CO,H
DS GO2H COH HO,C A -COH
N T 7% m 86% m 78%
HOLC™ X NN N" N
(3BPDCA) (4BPDCA) (5BPDCA)
A R
N Y. 95%
N N

(Miyaura's Ligand)
ABPDCA Z U 7 RE& LTHEH L2 L ORT% Fig. 9 IZR LT,

Fig. 9 A reaction of benzene and Pin,B, using [IrCI(COD)] , / 4BPDCA system

80 °C
10 min

Flltratlon &

Evaporation

Pure product

Reaction After the reaction GC >98%
Ir precursor

Yields are shown in Table 2.
4BPDCA, Pin,B,,

Benzene

FOSHEZ 80 CITIEAT 5 & IR 70 CHUED D SSE DGR E AN S BRAEL LTz, 2o
DI Lb\ﬁﬁ!ﬂi‘éﬁﬁéﬁiiéhk: EHERLTWD, RN T, RONKREZGBH, #HiET 5 &
Fl BRE RS o3 (T VRS LA L 72 ICROSIEN BT D Z LN TE T2, AWERIEIC X fild
ZRRE LI, {@iﬁé‘%%@“é 7 ff GC i 98% LA DR 7 LKA G D Z LN TEI,

ARFPDA YT LDY —F 7 HICPTHHTLIzE 2 A, 4BPDCAL 5BPDCATIX, £ U
U LDOREEIL 1.0 ppm AN TH Y | EEANIAERL S AEINTE TWD Z &R ghoTe, — .
3BPDCAIZAHKIZ 1.0 ppm®D A U U LB SNz, TOREHE LTIE, Fig. 10 (IR T X9
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(2 3BBPDCAITHE ., BV U Vo= RAFEEICR DT R INT RN RNELE L 72 AR
WCEHLTWA LD EE X B AH25,

Fig. 10 Structures of BPDCAs and leaching of iridium metal

CO,H CO,H
- CO2H 2 2" Ho,C CO,H
| CO,H X X X S
= I I
N = | | P~ P~
(3BPDCA) (4BPDCA) (5BPDCA)
Ir leaching 1.0 ppm <1.0 ppm <1.0 ppm

RIZ BPDCA D4 J@ M A FA O BOE J OB Rl 55 DRI Z DU TG 21T 2 72,

BPDCA & Jg@Hfi s LT, Nali, KM, CalizMiaiL/z& 2 A, Cali TIISURHEIT Leh o
7eB3, Nafid KO K HIZHOW TS . TEAEYEO IR 5y O AR A RS S hu, BUS S [
72 <HEATT D Z END o7 (Table 3), Ca M CTHRIUSHHEIT L7 o 7R IK & LT, Catfiod
IR DR D TR S A U 20 LAREEHTERAR & DT E Z > TWieipo o 2 ENEZ b D,

Table 3. C-H borylation using BPDCA alkali salts as a ligand

[IrCl(COD)], ligand
(0]
o) 0 1.5 mol% 3 mol% B§
+ ,B‘B‘
(0] o] 80°C, 12 hr

60 mmol 1.0 mmol
Ca?t
CO,Na CO,Na CO,K  CO,K CO, COy
. A z
ligand | | |\ /| |\ /|
p/ 3 ) 3 p/ S
N N N N N
Yield Y. 78% Y. 81% Y. 0%
Ir leaching (0.3 ppm) (0.1 ppm)

WIZ 2,2 ) P2 EOTIIVR RN 1 DO8E, BOGOMETT & O Sy O BRI E D X5
IRHBE B ZDDHRDL L E LTz, 228U DU AR UERIZTR ST RN,
B EITo72, BlH, Scheme 17 (23T 8912, 27 Y =aF U BATF /LT AT)LE
V7Fn 2-BU D) RARIZLS Stille By 7V 7 TADVIZEDMKGIZED 2,2'-
BB U4 H VR R A Ak L T2 (Scheme 17),

NP DR UHFEEIGIZT 2,2 B Y P r-4- VR VBRDO Y T RE L COFMi &2 T 7= &
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Z 5. BPDCA & [AERIC RS R EIEATEE O AR BE RS A 5 U | B HUNER 83% T UGS HEST uto
ARFDOA VT LAEAEIT04ppm LTI TH -7 (Scheme 18), ZDFER LV, 2,2-8
Y V2 EDORNVRCERIT 1 DB IUITEEAREE O OFHELN ATEETH D T LAV LT,

Sceme 17. Preparation of 2,2’-bipyridine-4-carboxylic acid

“

NS
CO,CH3 N* "SnBug CO,CHs CO,H
zZ | 1 mol% PdCI,(PPhs), | A Z | 1N-NaOH RS a |
- > '
N al Toluene N/ \N 100 °C, 12 hr N/ \N

reflux, 3 days

Y. 52% Y. 59%

Sceme 18. Evaluation of 2,2'-bipyridine-4-carboxylic acid as a ligand

CO,H

nrciicooy), U L1s
N N 0
0 0 1.5 mol% 3 mol% B“/OQ
+ 'B‘B: >
O O 80 °C, 12 hr

(60 mmol) (2.0 mmol) Y. 83%
Ir leaching 0.4 ppm

VI E, CH & UEINI BT DD BIUII I VR I 1 SDTRWZ ENRHLENE -
7208 BN DB R OANFEORGHEDBLENG 2.2-8 ) P r-4,4-2H LR e (4BPDCA)
BRI &E L THWAL FTOMmEE2IT9 2 & & L,

B AU D AMERTER AR K OV U RS O RET

Frim Cib 7= X 9128, Hartwigb i3V 20 AfEERTERA & LT, [IrOMe(COD)]2 %
HERIENERTEITTAZ AR L TWS2h, 22T, BPDCABL IOV T
[[rOMe(COD)]2 & W TERIRIC TS T 20 & D 5 Z & & L, RUSIE, At 3 mol % F(E
T, RUB Y EPineBell & HEHER 72 S CHME L 7=, BRETOFER, Table 4 (TR T X H 1T
B S OB — RO SN L 1T H 2 0 R CRIGITHEIT LA - 7=, SRS O BA~DZELH
Bl SN2 &b ABPDCAD R B U ~DEEMRIEPMRW T, =i Tid 4BPDCA &
[IrOMe(COD)] 2 DEEF LN IL Z > TV D E b, —JF, KIGREE 80 Clz kif7z
EZA BONTHEIT L, R T6% TR U BMADNG bTc, Eo. BUSEEREAEA M O AR
FUWLREL, BOSRE AT DHZLICLOVRBITHEET 22N TE T, £70, AUHEREE
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PinsB2 DO VI XV 2l TdH 52 PInBHIZHR A THUG ZAT 2 7228, FARICBOS 3 HELT L, il
Doy S IR <AT AT,

Table 4. Other conditions for C-H borylation of benzene using 4BPDCA

Ir precursor 4BPDCA
(1.5 mol%) (3 mol%)

@ + Pin,B, or PinBH
12 hr

Y

(0]
60 mmol 1.0 mmol 2.0 mmol
entry Ir precursor Borane Temp. Yield
1 [IrOMe(COD)), Pin,B, 25°C trace
2 [IrCI(COD)], Pin,B, 25°C trace
3 [IrOMe(COD)], Pin,B, 80 °C 76%
4 [IrCI(COD)], Pin,B, 80 °C 86%
5 [IrCI(COD)], PinBH 80 °C 78%
6 [IrOMe(COD)], PinBH 80 °C 80%

BE ROSORRELROETRY T R & D

ZiE TBPDCAZ BN Al RE7Z2 C-HAR ¥ RAGABE DGR AR TH 5 Z & 2R TE 7228,
BPDCADEULT-& L TCOREN ZHEN D D~ B OO Y T e OiE gk Z1T o7, Zh
F T LFARRICAE 3 mol%fFfE N, v £ & PineBell K AR HEN 22 GetH I TR & i L 7=
(Scheme 19), Bz ¥ & LCTik, 4BPDCA L Ei# 5 D 4,4-di-tert-butyl-2,2-bipyridyl (dtbbpy)
EZNENSUSITHY, ERRZE L Z B LTz,

Scheme 19. Comparison of 4BPDCA and dtbdpy

[IrCI(COD)], Ligand

o 0, O
@ + Ping, 1.5mol% 3.0 mol% . @—B'\ ﬁ
(@)

80 °C
240 mmol 4 mmol
CO,H CO,H
@_@ ve ) (]
N N N N

4BPDCA dtbdpy

Z DFE R dtbbpy, 4BPDCAZ W = KOS TV & 2 BRI LI 5868 L T (Fig. 11),
F7-. 4BPDCAILdtbbpy|Z bb~ULER 86% TS DHEITME L L TWD SO D, [l OFHITEME
IXIFEAERIUTIEMEE LTUIBEERNZ ERghoTz, £7-. 4BPDCAfE IO SR D
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dtbbpylZlE~MEWEK & LT, BOSKE THICTERE L T < 2 AR5 12 Pine Bo 2 D 7R w7 32 )3 i
BEZRVIAFNTWD Z ENBLOND, (BIEED X v Z7 7 2 ) B— g 2OV TIEEHE
=i H5M)

Fig. 11 Time-course study of C-H borylation using 4BPDCA and dtbbpy

100
90 -

80
70 v
60

Yield (%)

30 —ill— dtbbpy

20
10

time (h)

T RO RET

BPDCADENL - & L CORZPENHERR TE 72728, RIS B v LIS 5H 5 R % il 7>
HHZ Ll L, KIGICRIEER AT L 7 a2 EEE L THEHAL, 1.5 mol% @
[IrC1(COD)]2 & 3 mol%® 4BPDCAfELE F. Pin2B2 1 mmol & F22 2 mmol% 80 CT 12 K]
¥R L, Table 5 12T L9 R A G-, A M R_RUB U TRHMICOEITRES, 1V PD
LDV —F 74 10 ppm EMOILE IR E D -T2, Zhid, A FFTEDOA Y DT A~DfL
AL L0 D — A NRICIEH LTeb D EEX oD, —FH, ZATAESOR Y F47
T, RV TIToD X RENHEOREICEBWTIIA U P T LD Y —F o B S e s
277,

B U FCON BB, SR BERELSZIT L EDnhoTRY, —BRMT L
— Y DORINE, AZRENTEREFTEFFRETH D 211 OHTH X, BHRENRFE L 1,2-B8 L0
1,3- BT L — OFINTHR—D A 2R Z 5.2 5 Z L VER HIZ X0 #E ST H 1zt 26,
FIMEER 5 BR~T T L—OBEIE, o fORE - AKEEADOEBEFEEMEL 2o TH
0. EREERA~OBBILIMINZIEIETH D70 a fLISHR 7 FIEBNHE T D126 26, —FHRIT L
— U THHARFIR_RUE L, N TIAFaRoB ATOWTILE D Oftl & [FEE /e ik R &
Roloin, BEFBA T VAZONWTIEA L —_TEAVER 1 0 1 ThH Y T OBRIED
WS iz, A ZALORRMENME T LIZBEHRICOWTII R TH 5203, fillit & B T 5
DOSRBEENELC TS O EHEII SN D, o 1,2-3 LN 1,3- @AY L—2 | MiaH 5
BEIZOWTITEH O OR R EFERICH—OFR VR KR Z G Z LN TE I,
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Table 5. Use of other arenes and heteroarenes in an [IrCI(COD)], and 4BPDCA system

[IrCI(COD)], 4BPDCA BPin

15mol% 3 mol% s N
R—:/ﬁ or @ + PinyB, - R_l /J or v BPin
AN \% Methylcyclohexane (2 mL) X
2.0 mmol 1.0 mmol 80°C, 12 hr
Ir Ir
Entry  Arene Product  Yield® Leaching  Entry Arene Product Yield® Leaching
CF; PinB CFs
OMe N OMe ob .
1 | N 19% 10 ppm 5 78%  <0.1ppm
BPin (0:m:p=9:69:22)° CFs CFs

COOMe ~-COOMe B ¢l PinB B cl
2 @ @/ 59%P° <0.1 ppm 6 -N -N 72%  <0.1ppm

BPin  (m:p=50:50)° cl Cl

CF. CF.
3 @’ : @/ ° sg%P <0.1ppm 7 @f? @—Bpm 68%  <0.1ppm

BPin  (m:p=65:35)°

Cl PinB Cl
4 @ \@ 71% <0.1 ppm 8 @ mBPin 69%  <0.1ppm
Cl Cl O (0]

a Yield was determined by GC using 4-ethylbiphenyl as an internal standard. ° Isolated yield
¢ Isomer's ratio was determined by *H-NMR

Table 5 [Z8BWT, Bx RIEE CTRISHET LI OOIERIFFRE TH -T2 LD, Kk
WM DB CIE A U V0 M ENL UTEPEZ AR T ST 5 ATRENE & OVREAPEfR L2 7R
UENRVIAEN TS AN RIE S NTZ, 202 &6, KIZ[IrCI(COD)]2. 4BPDCA &
PineBo% T 80 CTHEMEFE L, A2 08 U7 % E 2RI LR & 1T > 72, M. Pin2Be2
i i Bl Table 5 (& He~fREFHEL M L7 20 mol%/yiEl & Zp > T\ b, ZDfER, Table 6
WRLTEE DA I RUB U PANDT R TOREEIZEBWTNEN M L, BlpitEo A b
F NP TRERD A LN S22 2 E S RUSHIIC S D3 i S BAhr Lis T
ZRTIETCWDHO TR, PineBeffE HENHEML7ZZ EICXVIERRmELIEZLD EE X
bivd,

T EBERBATONTIEIA FF IR B U RO ZRBEFERA FLOEE, BT ED S 7
MoT=d, FY ZAFa AFARY ATOWTITHEE L 72 O BRI N A 2 0 85 =
65:35 705 58:42 IZZ (L LTc, ZAUX B ALL BALZ 2 DR U ENEASINTALEW IR 13%
THRRLE /BT RCEOBIEREN T EEE L2720 Th D, FRT MU 7Fdr 2T
HITEFWBMETH D10, B THDHE /A7 EES RSP B S D & HER S 512t
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Table 6. C-H borylation of arenes and heteroarenes under improved conditions

fremmmeoenmroeeoeeoesocasoaeoin BN
: : RQ or @ Pin,B
{[IrCI(COD)], 4BPDCA < v 2B2 BRI

. 0 015 mmol 0.03 mmol 2.0 mmol 1.0 mmol N
Pin,B, - > R //J or mBPin
Y

0.2 mmol Methylcyclohexane 1 mL) Methylcyclohexane (2 mL) KX/
' 80 °C, 5 min ; 80 °C, 12 hr
il LS
Entry Arene Product Yield?® Entry Arene Product Yield?
OMe S OMe ) CF3 PinB CF; .
1 @ Q 20% 5 95%
BPin (0:m:p=6:76:18)° CF3 CF;3
COOMe ~-COOMe < Pn
2 @’ Q 76%P 6 N N 84%
BPin (m:p=50:50)° Cl
3 ©/CF3 @,CFs 64—%b 7 mBPIn 86%

BPin (m:p=58:42)°%¢

Cl PinB Cl
0, \ i 0,
4 @[Gl ‘[:[Cl 83% 8 CY-sen  78%

3 vield was determined by GC using 4-ethylbiphenyl as an internal standard. ® Isolated yield

c
S
c
¢ Isomer's ratio was determined by *H-NMR

d 3,5-Diborylated compound was obtained in 13% yield based on trifluoromethylbenzene.

BT USROS

ZNET C-H AR YEDOSISTEE L U TIENIRIRIL KB ROEBETH D A F v 7 ma~FH
DTNy, —MRIAEIIR RAC KSR RSN k3 2 FEE OB MRYENR N T2 . BOG O
FEANRESND EWV SRR S D,

C-HA& 7 FCRISIZIIT D EEEZN ROV TUE, EFIMD TH 7 < Bl b O —fI T
H5, HilOIXC-HA VB EINZ BT DERN R A at L, SRS CdH 5 n-hexane % ]
WD ERJEREL, 1,2-F A FF v X U CDMF/ 8 OFIMEESE 2 D & SOSNED &
FHLTWDHIzh, fRIEERIC & - TR DB R D AR B Z DN DT, FH O OMEERT
& % [IrC1(COD)]2,/4BPDCAD % TN R A Et+ 5 2 & & Uiz, EfEtkoffu 2,6-DiClPy
G L UTERDY, il 3 mol%(F e ., flix OVEA VO PineB2lZ X 2 4 ¥ FL G % S L
7eo BUSOFHMIZGCTITVY, Table 7 (21T — 7 Z BN GCHEFE % 2 7idl L7z, LD
ITHER SNT- ROV TIEIGCIZ X B B &M &2 Ik L7,
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Table 7. Solvent effect for C-H borylation using [IrCI(COD)], and 4BPDCA system

[IrCI(COD)], 4BPDCA

Cla _ 1.5 mol% 3.0 mol% cl BPin

| + P|n282 - I

N £ N~
80°C, 12 hr
Cl cl
2.0 mmol 1.0 mmol solvent (3mL)
DiCIPy DiCIPy4BPin
GC area% (excepting solvent peak)

Entry Solvent DiCIPy Pin,B,  DiCIPy4BPin Yield® Ir leaching
1  Methylcyclohexane 10.5% N.D.P 84.7% 2% N. A€
2 DMA 58.3% 21.7% 4.1% N. A. N.ASC
3 DME 31.3% N.D.P 66.6% 46% 9.1 ppm
4 Dichloroethane 48.2% 51.8% N.D. N. A, N. AC
5 Acetonitrile 59.3% 34.5% 6.2% N. A. N.AC
6 CPME 10.5% N.D.P 84.6% 72% 0.25 ppm
7 THF 7.8% N.D.P 89.8% 78% N.AC
8 Mesitylene 7.4% N.D.P 88.2% 7% N.AC
9 Pr,0 7.6% N.D.P 89.4% 77% N.AC
10 Dioxane 9.9% N.D.P 86.7% 74% N.ASC

a Yield was determined by GC using 4-ethylbiphenyl as an internal standard.

b Not detected. ¢ Not analysed

i

it

BET ORISR, WERITRE S RISIERICHET D Z L3 pholc, Y 7nuxZ i Tidal
FOSET Lgro7z, DMA, 7k b=k UL TIIBOCIEREME S . K72 DMA Tl ity 58
B LTz, — 0, AV F Lo, Z=TARBERERHERE G T2, < DT—T )V REH
IMAF N7 anFY o LFEEOIERTH Y | AR TS = —7 Wi fE R SHEH T
LNl FHZ—T VRO T CPME 2 HWCEE, A VYT LD —F o 7vd

7ol BliF7eikRE 5 272,

WITHENGIEIRACKFZ R TH D ATF IV T a~FH o b A F Lo O —T )L % OB R
DORRIFEACZ TS5 2 & Clel elalit 2o 5 2 & & LTz,
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Fig. 12 Time-course study of C-H borylation in various solvents

~ * 100
§ 2 90 /”:%
O
4*6 E §80 /*/
230
° £
st 3:60 —e—THF
58 250 —B—CPME
g % 340 Mesityrene —
e = ®30 - Dioxane
2 209 —¥—iPr20
©s° —e—MCH
oS 10
O
S o0
0 2 4 6 8 10 12

time (h)

Fig. 12 \Z/R41@Y . AFES A W2 BOSORFZEERIZ LY . CPME 2R AF /Ly 7
X LIRERIEORELY 5 272, CPME X ¥y =T L= —7 L ORBIRE L LRI A
ENTHY, —BHNREEMITIIT DML SV, R Y =F L= —T L L) EnZ &
5, ERABOZERICEIAENLES TH Y, TEMNHER LT WERETH 5,

P EORFHZ X0 AR ICEB T 2 RE O AR KEICIA N Tt E 26D,
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BH_E [EIN - BEATER CHARUYRMMEDO XY F 75 V- a v

Frim Cli~_72i@ Y . A VP LIHADBR TH D T2D TENITA U V0 A2 V256,
fil i DRI K OFF AT EE R L 72 5, BRI SN TEE B TR~ TE 28, &
TETEAT -~ TROAERMBEOFBEM L OF v 77 2 U B— g o0 TiERD,

g R o P

NB 2 EPineBe AR S 5 il 2 HIvy, AR OB O ERR 2K Tz, B, EHRFMH
& F. [IrCI(COD)]2 1.5 mol%. 4BPDCA 3 mol% 7(E F. 240 mmoldD-<> ¥ KT 4 mmol
DOPin2Be #HWKISZAT o7z, RO T, MliEa A, P L 89 mgd BaERA 157,
AHUREN & 785 F CAT o 7o it 2 RO SOSITE A L7z & 2 A, BOSITE o 72 <EITET, ik}
BN &2 oTe, —J7, BRRKOVKA 1 ppmlh FICE B SN2/ v —T Ry 7 AN T AEENYL
AT, A AR Ls 2 A FEA 1 EH S OILERIT 98% & IEIFE BRI E Tl
EUL 10 B EOBERICHII LI, FWThOAKICHEA Y DU MRS TIZITER
BINZA U T ADBEI STV,

Table 8. Reuse of isolated catalyst
[IrCI(COD)], ligand 2

o o (2.5 mol%) (3 mol%) o
@ + B8 > @—B: + [ black powder
0O O 80 °C, 12 hr )

240 mmol 4 mmol Y. 85% 89 mg

reuse |
black powder -
o 0 0
O + o - O
0O © 80 °C, 12 hr o)

240 mmol 4 mmol

Cycle Yield Leaching Cycle Yield Leaching

98% < 0.1 ppm 6 99% < 0.1 ppm
98% < 0.1 ppm 7 99% <0.1ppm
98% <0.1ppm 8 96% < 0.1 ppm
99% <0.1ppm 9 99% <0.1ppm

99% < 0.1 ppm 10 99% <0.1ppm

aa h W N

FHEM TR D M B U2 #l il & LT, 3 — B8 =i TR~ 7o KO ([SBEC TR C & 5 PinaBe
RO B U FEAIED AV IAEN D Z & THIO DFUSDYLRN BT FIKT L2 Z E2”%E
Zbhd,
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T RIS O VEELZ B 5 SR

B —EH I CAROMREED 70 CHHED BRI BLA S iz 2 & 2k 7278 TR —

FEART AU, K VARVIRE TH RO ET T S AR H 5, £ 2T, N B, PingBe
Z W TR Z 3 mol% i L., 50~80 ‘CIZHl) 2 RIS DHEIT MR BIZE T2 L & LT,

(B fii D5 pfl _EFiTable 8 & [Al4R, Pin2Bz 4 mmol A 77—/ /L CRIGZITVY, 535 AL 7= fill it

90O mgx 7/ —7HRy 7 ANT 455 LT, BB, Table9 (2779 & 9 (ZPinzB2 1 mmol A 47

— LGl fitit 2 %) 23 mg (Ir 0.03 mmolfH24) Fv, RIS EIT- 7,

Table 9. C-H borylation of benzene at lower temperature using isolated catalyst

recycled Ir cat.

23 mg, 0.03 mmol O
O + oo, —Emsmmm (5
0

80 °C
60 mmol 1.0 mmol

Entry temp time Yield
1 50 °C 24 hr 82%
2 60 °C 24 hr 88%
3 70 °C 12 hr 86%
4 80 °C 12 hr 88%

All reactions were conducted in a glove box.

Fig. 13 Time-course study of C-H borylation using isolated catalyst

100

90 —
I I — —o
80
£ 60 [
= 5 pd ——50°C
0 = 60°C
30 —77!/// 70°C
20 80°C
10 |
oF
0 5 10 15 20 25 30
time (hr)

FALZ8Y | [BEEAE H S & 50 ClzBWTh UNTEIT L=, 2o Z &n, BPDCA
AU DT AARERTERR D S AR 28 LWL IIEER S <L B OB L T DR Y L
AV VT LEERD XD 7GR O —2>TH D AIREMED R S 7z (Table 9, Fig. 13),
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o—E B ICP 73

HEEB LR T FEHOBENI LY EIR S oA ) 0 AR RN ED X 51221
T HDHEND DL, mEtE To7e, XE L EPinBH, X LPingBe, 2,67 B
U2 EPInBHD 3 DO UG % AR U A5 U TAEE 5 mol% 7 E [ T{TV, 7 e—7 Ry
7 ANTAIBIZ L V15 57 il OICP/y#r %17 - 72 (Scheme 20),

Scheme 20. Isolation of catalyst

[IrCI(COD)], 4BPDCA
. (0.5 mmol) (1.0 mmol) O
@ + PinBH @B‘ + black powder A I
80°C, 12 hr (6]

600 mmol 20 mmol

\

ICP analysis

Ir 186 mg, B 24.5 mg
mol ratio

[IrCI(COD)], 4BPDCA Ir:B=1:23

(0.5 mmol) (1.0 mmol)

. O
@ + Piny,B, @—B‘ ; + black powder B .
80°C, 12 hr e}

600 mmol 10 mmol

Y

ICP analysis
Ir 190 mg, B 26.9 mg
Exp C mol ratio
(Ir:B=1:25)
[IrC(COD)], 4BPDCA o
) (0.5 mmol) (1.0 mmol) cl B-
G\ + PinBH > ZY © + black powder C I
N = 80 °C, 12 hr N
Cl MCH (60 mL) Cl ICP analysis
20 mmol 20 mmol Ir 201 mg, B 26.2 mg
mol ratio
(Ir:B=1:2.3)

ExpA~COIGHEIZBWNTWIN b7 a4 7 X o NGC TR SN, 202 Enb A )Py
LM BERTERAIrCIICOD) sl B &b v 7 udt s Z YV (COD) 134 U V7 Lo LfiRkf L
TWDZENghole, o, ICPORER, IGHEINE 2B ITWTh bRV RERER
S, AV TLEDENITH 1:2.3~2.5 TH o7z, EFa— /VIUGNE I TR S /s
WZENL, AYRIFIET AL =D TA U P TAIZRDVIAENRTHD EEZ LD,

LI E. BPDCA B 1- & LCTZ& AWz C-H & v RHLSIE T S AL 5 BB, 1FIZ R &
RUHFEGALTEBY, AU PTAIH LT 2325 HELEENTWEZ ENRHLNE -
770

FRBNZ AR T ENRIDIAEN TSR BIE, oA ELZ 2SI T 5 2 & T WENET
LAREMEDN S D, & Z TWRIZ[IrCI(COD)]2 & 4BPDCA% 1:2 OFE/ALTHEHAL, XUEBr %
VIR ROS I, R F LAl L L CPineBe & AV E % 0.5 ~40 mol% D #iPH Tt & Ehi
L7z,
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Table 10. Change of yield depending on catalyst loarding

CO,H CO,H
[Irci(CoD)l, (L

o 0 NN je
O o 80 °C, 12 hr o]

Y

»

Entry cat (mol%) Yield? Entry  cat (mol%) Yield?
1 0.5 91% 6 24 36%
2 1.0 90% 7 30 26%
3 3.0 85% 8 33 32%
4 6.0 7% 9 35 30%
5 12 59%

2 Yield was determined by GC using 4-ethylbiphenyl as an internal standard.

Table 10 (7R 5 12, BRI J 0 IRAEAL L 0.5 mol%|= il &2 M 5 &4t
A 91%F Tl L Uiz, BOGHT AR SN S5 LULRANE F5 2 L2SB L 2o e,
%72, Run3~6 CHONEMEEE 7 n—T Ry 7 AN THIE, B LFES Lo o5k 7 H#iL
BUSITH L & Z 50 PR b IR TR v #{Lika 5272 (Table 11).

PAEORE L Y | RS % BIE R C & 5 PineBo 7R 7 AR Y A FR TS 2 & 4%
ERTHAEN TS 2 LB TE

Table 11. Evaluation of isolated catalyst in Table 10

Recycled Ir cat.
3.0 mol% o
@ +  Pin,B, > Q_BI\ §
O

80°C, 12 hr
240 mmol 4 mmol
Entry? Recycled Ir cat. YieldP®
1 Cat A® 94%
2 Cat B¢ 96%
3 Cat C® 98%
4 cat Df 97%

a All reactions were conducted in a glove box.

b Yield was determined by GC using 4-ethylbiphenyl as an internal standard.

c Cat A; black powder prepared by the reaction of benzene and Pin,B, (Table 10 entry 3)

d Cat B; black powder prepared by the reaction of benzene and Pin,B, (Table 10 entry 4)

e Cat C; black powder prepared by the reaction of benzene and Pin,B, (Table 10 entry 5)

f Cat D; black powder prepared by the reaction of benzene and Pin,B, (Table 10 entry 6)
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FEVUE  BALFORRICEET 5 KR

WITEANL T- T 2 BPDCADRN R 2 fZRT 5 728D AL TR 0O 44 T [IrCl(COD)] 2 & & X
ROMBREZRHERDZ &L Lz, M, BEilbIE, X EPineBe % AW =C-HA 7 F LG
BT, [IrCI(COD)]2 & B THW-E, MBS A2 RS20 &2 H)E LT\ 526,

Table 12. C-H boryration of benzene without ligand

[IrCI(COD)], E&
© + Pin282 Ly @ ©
80 °C, 12 hr

60 mmol 1.0 mmol
Entry  Irloading?  Pin,B, recovery® Yield® Entry  Irloading® Pin,B, recovery® Yield®
1 0 mol% 100% 0% 6 35 mol% 21% 26%
2 3 mol% 95% 2.6% 7 40 mol% 14% 28%
3 12 mol% 62% 12% 8 45 mol% 9.4% 29%
4 24 mol% 35% 20% 9 50 mol% 6.2% 28%
5 30 mol% 29% 24%

@pased on Ir metal
b yield was determined by GC using 4-ethylbiphenyl as an internal standard.

Table 12 |Z/R"$ KO IZEHH O OWE L 20 | B FZERM L2 < THRNETIIH L H DD
BUOSHHEITT D Z E MR h o To REMHIZEWTRINKIE, 80 CIZTERWE—RIFIR & 725,
TROMEICHEWIER DS BEFR I 18 B35 23, 30 mol% i A SURDZAL 3 /NS < 720 40 mol%
VU ENSITIRROZEDBLONRL I oTe, TDOT LG, 5 B L IR0 IR L [F
BRIZ, ROSOHEITICIEA UV P LIZx L 2~3 5D R ENKETHDHZ ENBEZ LD,

WA B BERIN St RO &2 F2 it . BPDCA Z RN LA AT T & 5 e b % 2
bl Oy
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Scheme 21. Effect of the addition of ABPDCA

CO,H COH

1371 3.0 mol% &

N N

Q
B-O
@ + PinB, + [ICI(COD)], > > @ Ir leaching
80°C, 12 hr 80°C, 12 hr 1.5 ppm
60 I 1.0 [ . 0
mmol mmo 1.5 mol% v, 78%2

CO,H CO,H

3.0 mol%

Y-
. B-O
@ t+ PingB, + [IrCI(COD)J; > Ir leaching
80°C,1 hr 80°C, 12 hr 0.23 ppm

60 mmol 1.0 mmol Ir 1.5 mol%
Y. 80%2

2Yield was determined by GC using 4-ethylbiphenyl as an internal standard.

BN T-BEFRNINSOG 1 e & 12 BEf#% . 4BPDCA OIRMEITWIEE L=, WIhoHa b
BOSHHEEST U, BUSHE ., MRy 3 e LT, Al Aild L7=#%, ICPICL VA Y Y r AE%E
MELZEZA, WTHIE 1ppm HifE TH O KESDA Y P U AFEKE LTHEIRENATND
(Scheme 21),

L bEo3Es2 5, BPDCAZ AW C-HA ¥ FILKISIZH W T, KIS O 4] H BB T i
[IrCI(COD)]2 & Pin2B22» b4k L 7= 5 — R OSEA T EFR IS HEIT L, £ D% BPDCAN
B =2 ORICEIN T D Z & THEEY 7 ARED | OSHEITT b0 EZ BN,

S ILE RIS OO i R AT

WIZAR B 2 EPineBe DS D B B S 7= il OIR /347 21T - 72 (Fig. 14), 1710 cm? F
I COMHAFRENC kT~ 2 I ' — 7 3Bl S iz, BT Tdh D ABPDCADOTF ¥ — b &I
WL7ze 2 A, CORNDIRE 2> 7 NI S o7, 4ABPDCAIXEARIET, 751 M
THZIR L TEB Y DLARF U L— hORETHFEL TWVD Z & n, filliih ¢34 BPDCAD
TR VBRI B NDM L IR o T D EHEES LD, FTo, AR = VORI OIFED B KB
FDHNVRBRIIR T AL > TREILSN TN ERgoT,
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Fig. 14 IR spectrum of isolated catalyst and 4BPDCA

P
Insoluble Catalyst

C.OZH.(:-.02H ...q i B O f
13 WP
N” °N AT
4BPDCA | / |

® _ ._

N SN Ooe . L / I

@ _ )

g £ 1| CO (1710 cmY)

N \ : T

O

RIZ, BB DV B AT IVEREAZRO U T FTRIGZ 3 L7,

—

Scheme 22. C-H borylation of benzene using methyl 2,2’-bipyridine-4-carboxylate and ethyl
2,2’-bipyridine-4,4’-dicarboxylate as a ligand

[IrCl(COD)], | bpy-ligand ° /g<
0 ,o:: 1.5mol% 3.0 mol% B-g
© + B-B - @
O O 80 °C, 12 hr

CO,Et CO,Et

CO,CHs
~N 7 N -
| L] | L)
N" N N~ N

After filtration

-33-



WFRO Y ARSI TR 5 O & R LT A, RSB0 Y el
T Y HBEIERAT 5 T b AEIEEIL S A7 A o 72 (Scheme 22),

LI bR, IS IR L TULF O AN b7,

[ SN iEA Y U AR UENREENTEY, BRI Ir:B=

1:2.3~2.5 Th-oT-,

ORIz a—Tig s A ERH SN E B AR THEITE T 2 L— h O Tl
WZEA D,

IR DR, CO BN HER ST Z &b E A S 415 BPDCA O A1V R D KES
NIRRT TEITIN TV RWEHESND,

IR OfER. CO WINARY o ROWINER L ED LW b, U RERBRIC TV
ARET L —hEROTWDAREMERH D,
TATNVEERTHER Y DU TRIGEIT D &, BRRE— RS AR LT,

In situ THIEZ G LIS ZITO &0 BUSKRTIZY 7 a4 7 2 o PR ENS Z Lnnb,
A VULl ROy sty 2P (COD) 1HEEiL TWbh EEZBND,

ZINHDHIENS, LLFD Fig. 15 @ X 572 BPDCA DNV R U EREA UV VT AILDHRY A
U 7 ks L 700 2 & THWEAREIEDSEER L 7o T D EHERI SN D,

Fig. 15 Proposed polymeric structure of solid iridium catalyst

PSRN B, N RELE Th D Z & M OVERIENIRD TIRWZ & D, SERRREEREICIE
E o5 TR,
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f1i¢

B=F 7r—U7 75 —~DEH

B 7e—4r I A M) BT 5K

77— I AN —FZFERELLET TR LEAT B RIZBN T O SN HlFTh
%21, 70— RNy FRIG & e Bl E 1) BEORENE, 2) KISEAD & BREGE

3) HFHMZ BB ~DOW 28, 4) WHIAEFEIZ L VBB ATr—AT v TRAHER EDEL
OFENBZET B b,

rr7 )y VRFD Steven LeyB#RIIH bR I 70— I A MY —OMRETo TN D
HED—ANTHLN, HEHIFEICvA 77Xy 7 ) —Tn—7 4 AJMFD) ) 77 % —%

BT Z & TRINMEDRmWREEE Wb % — B 472 0 $ik g OEFERET) TRIGEITS Z
LITEB LTS (Fig. 16, 17)29,

Fig. 16 Microcapillary Flow Disk (MFD) reactor

c

— e P -
WA, a4 T O~ 7a7a— 0T 72 —3% OXUF ¥ —RENLRTEIND &
IZRoTETRY, "My M 7T P TRIZAEIEHSA TOWDHI b HTE TS
fE SR A2 7 n— Y 7 7 Z—TEET HEE. o FE TThns, Bib, U570,
TNIF, RYRAF LY D—aR 7 EOMRITHEE Uit a2 v b & @22 il 2 o 2
T 52 L ERRITAE T D 2 LN FTRE & 72 530,

—J, HE, BOETHRARTERMEY  FEE AR RO R WREED A U 2y Al o

P,

-35-



?“di
!
it

I LTc, L L, KL, 225, KICARLETH LT/ a—T Ry 7 ANT
DD PRI TH D, AMEE T 7 LE T T IR, AR 225K~ DO HEfil % F/ MR IS
25T ENTE, MEORLZEEZ TR TRV EEZTZ, 22T, ZOREBEEA Y DU A
fikltio> 7 v — KR~ O 2 Mt Uiz, W, CH SUELKEo7a—1 7 7 2 —TOKk
BHTEHE BT,

0 E RO

Scheme 23, 24 (2779 & 512, PinaBe [Tk LA 30 mol% % VN, B o 1 Tl 2
LT B & LTI 4BPDCAK M ONali Céh 5 Na-4BPDCA%Z /=, LA, 4BPDCA
WX &SNt A2 ABPDCA-cat, Na-4BPDCAIZ XV 155 iu7-fililt # Na-4BPDCA-cat &
FitT %,

4BPDCA-catD &L

Scheme 23. Preparation of 4BPDCA-cat

[IrCI(COD)], 4BPDCA 0/§<
806 mg (1.2 mmol) 586 mg (2.4 mmol) B-g
© + Pin,B, > | black powder + ©/
80°C, 4 hr

214 mL 2.03¢g 1.58¢g Y. 36%
(240 mmol) (8 mmol)

Ir leaching 10 ppm
ICP analysis of black powder (recovery 0.11%)

Ir 490 mg (EEim{E 461 mg)
B 58mg
| molarratio; Ir:B=1:2.1 I

Na-4BPDCAD 5 A%
Scheme 24. Preparation of Na-4BPDCA

[ICI(COD)l,  Na-4BPDCA O,g<
_ 592 mg (0.9 mmol) 508 mg (1.8 mmol) é,o
@ +  PinB; » | black powder | +
80°C, 4 hr
15.7 mL 1.49g 1.02g Y. 23%
(276 mmol) (5.9 mmol) Ir leaching 15 ppm
ICP analysis of black powder (recovery 0.13%)
CO,Na CO,Na Ir 386 mg (GRiR{E 338 mg)
1)1 B 19mg
N N | molar ratio ; Ir: B=1:0.9
Na-4BPDCA
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WO RIZEBW TS, AU VT ADAR~DO B AT 01%RETH Y | 1ZIFEEMIf
A RIS 5 Z LN TE T, BRI Z L2 4BPDCA & Na-4BPDCA 75 ARk S 105 filfiiic
BT, AU TV TALERYFZDOHICKE REORER S 7z (Scheme 23, 24), Na-4BPDCA @
Yitr. BUROEHLFEN ABPDCA O U FTHHZ b, Bigd AV VT A—FRUFE—
ANRABIZE DRy NI =T PRI TWDHLHDEEZ LD,

WAZAG & 7= ikl O 1 IRBE A BT % 720 SEM (2 L A il DR 5217 - 7=,

Fig. 18 SEM images of 4BPDCA-cat

4BPDCA-cat (500 {:%) 4BPDCA-cat (2000 %)

Fig. 19 SEM images of Na-4BPDCA-cat

Na-4BPDCA-cat (500 i) Na-4BPDCA-cat (2000 £%)

Na-4BPDCA TIHEME D X 9 2GRN —HEI > T a2 00, Wit sn v
~HFI 7 OMPNT BT 7 RROBEROEERTH D Z L3 i o7z (Fig. 18, 19).
TS DIRWERFE DO EER N ETEEICTE S L Tnbd b o b s,
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fi 5 D ZFAh
Iz B THE o -t (4BPDCA-cat. Na-4BPDCA-cat) DNy F i X 5 5 2 MR

flizdT5 2 & & Liz, #ER%ATable 13, 14 (T3 28, XU B &PineBaoll L 0 FH5 L 7o it
NUB DA OEEICHEAFETHY . WThb A VT LD —F o T30 2 L23sy
o 77, Na-4BPDCA-catTiX 1,2- 7 ua X PB U kORI RNy FF7 205
BELTHWESGA, OB EIRINER L 72572, F72. 4BPDCA-catTiL, XYV 77 DR
7 #AIZIE 17mol % @ﬁﬁﬁ%yﬁ%%proto
VL EORER IO Wfiic 31T 23y FHRAEIC
Z BT,

BT 5 HEE &P 4ABPDCA-cat @5 2550

Table 13. C-H borylation of various substrates using 4BPDCA-cat

4BPDCA-cat I

N

R—T R—5 =7BPin

s _ (3 mol%) 57

or + Plnsz > or
m Methylcyclohexane mspin
% 80°C, 12 hr %
2.0 mmol 1.0 mmol
(0.72 M) (0.36 M)
Entry® Substrate Product  Yield® ¢ Irleaching Entry® Substrate Product Yield® ¢ Ir leaching

BPin xCl PiNBLAC 77%
C 0 oT @ il e S
1 (88%) 0.4 ppm CIN CIN (71%) 0.3 ppm
cl cl BPin
2 1 X 2% O4pm 6 Q> C-een 8% <o1ppm
cl cl (78%) s S (83%)
cl cl BPin
87% @:\3 @f\pr- 59%°
3 \© @ (83%) 0.3 ppm 7 N JBPin @ N.AD
cl ol
FsC FsC BPin
87%
@ @ (83%) <0.1 ppm

CF3 CF3

@ Reactions were carried out in a methylcyclohexane solution of the substrates (0.72 M) and Pin,B, (0.36 M)
unless otherwise noted. P Yields were determined by GC using 4-ethylbiphenyl as an internal standard, except
that tetralin was used as an internal standard in entry 3. € Yields in parentheses are the isolated yield.

d Reaction was carried out in a benzene solution of Pin,B, (0.18 M). € Reaction was carried out using 0.36 M
of Pin,B, (0.18 mmol) and 0.72 M of benzofuran (0.36 mmol) in the presence of 17 mol% of catalyst. f Product
contained ca 5% of 3-borylated isomer as observed by *H-NMR. 9 not analysed.
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Table 14. C-H borylation of various substrates using Na-4BPDCA-cat

X Na-4BPDCA-cat s

R—,:\ P RT.\ /)—BPln

X ) (3 mol%)

or + Plnsz > or
@ Methylcyclohexane mein

Y 80 °C, 12 hr Y

2.0 mmol 1.0 mmol
(0.72 M) (0.36 M)

Entry® Substrate Product Yield® Irleaching Entry? Substrate Product Yield® Ir leaching

BPIn | D Cl PinB | D Cl
1¢ @ @’ 93% 0.1 ppm 5 N N 55% 0.3 ppm
Cl Cl
Cl Cl BPin
2 ]@ j@’ 6% <0.1ppm 6 @f\B m—BPin low N. Ad
Cl Cl S S
Cl Cl BPin
3 @ @ 85% <0.1ppm 7 m m—BPin low N.Ad

Cl Cl
F3;C F3C BPin
4 @ @ 90% 0.2 ppm
CF3 CF3

@ Reactions were carried out in a methylcyclohexane solution of the substrates (0.72 M) and Pin,B,
(0.36 M) unless otherwise noted. P Yields were determined by GC using 4-ethylbiphenyl as an internal
standard, except that tetralin was used as an internal standard in entry 3. ¢ Reaction was carried out in
a benzene solution of Pin,B, (0.18 M). ¢ Not analysed.

B va— Ty 2 —dE

T u—nEAT O 720, Fig. 20, 21 \ORTIEE A MANT T2, V77 4 —& L TIZHPLCH
HFNE LTEGICAFTRRAT L 2AE T T A (GLY A = 28 #4% 6.4 mm., N 4.0
mm, £& 30 mm) &HV, BT LOEIISOFHE A2 < BT 0.5 u mOBERE SR
T4 NH—EHEEL B =4 Lswedgelock THEE LT, BT L~OfiiEDFEHIT 7 0
— TRy I ANTITo72, vV VR 7 ESyrisstE Bl D Atras Vo VR T E2FEH L.
Atras software Ty, &R EZH L7, BRIER b, N7 KSR, KISKDO=Z R
FUTTRTT 7a ®F 2 —7 (SM% 1.6 mm, WNFE 0.8 mm) THEfi L7, UGarO e
X727 ) 7TV =y ar AMTAI T ey s (TARR) BEHAL, EEREXFERLERO 2 —
F~ T,
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Fig. 20 Continuous-flow system

— Reactor

4 T I—‘_—l

Syringe pump @ 30 mﬂ“\

|1 catalyst

f L f i N heating block
Solution of substrate
and Pin,B,
reagents products

(@ ____—— Stainless sintered filter
P (@) / (0.5 um)

Reduction union _—~Reduction union

Fig. 21 Column reactor

= = ot - —

Swagelock component

Sintered metal filter
(0.5 um)

HUE 7a—Y 77 ¥ —%HWiz C-H AR v R

4BPDCA-cat% 7= 7 1 — i

5 Hi Tk 72 E A VN 4ABPDCA-cat W7 v —h&E{T -7 (Table15), V77 #
—ZIIHE—Hi AR L7z 4BPDCA-cat 145 mg(0.22 mmol fH24)% 7' u—7 R v 7 AN (B3,
K4y <lppm) THRIELZ, RINKETH, WEAEETHBEITARISOEE S L < IZESD D
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BAZSTZDIZATF I 7 a~FY o 10 mL 2 W CTEg L=,

Table 15. C-H borylation using 4BPDCA-cat under continuous-flow conditions

Concentration (mol/L) Elow rate

Entry  Substrate® substrate PinyB, ( mmol h) Yield® ¢ Ir leaching®
1 0.1 85% (80%) <0.1ppm
2 O - 0.18 0.2  83%(79%) <0.1ppm

0.3 85% < 0.1 ppm
4 I 0.1 53% (49%) <0.1ppm
C
5 @[CI 036 0.18 02  43% N.AS
6 03  36% N.A.€
7 0.1  89% (81%)  0.4ppm
Cl
8 @CI 072 036 02  83% 0.2 ppm
9 0.3 70% 0.1 ppm
10 cl 0.1 88% (82%) <0.1ppm
11 @ 0.72 0.36 0.2 73% N.AS
Cl
12 0.3  63% N.A.€
13 CF3 0.1 93% (87%) 0.4 ppm
14 @CF 072 036 02  80% 0.6 ppm
15 ’ 03  76% 0.6 ppm
16 01" 75% (71%) 17 ppm
X
17 A 0.72  0.36 02 65% 7.9 ppm
18 03" 54% 6.7 ppm
19 @ 0.72 0.36 0.1 78% (75%) 1.5 ppm
20 S ' ' 0.1F  85% (78%) 2.7 ppm
21 D 0.72 0.36 0.1 67% (62%)% 0.6 ppm
O

2 Benzene was used as a substrate as well as a solvent (entry 1-3). ® Yields based on boron atom of Pin,B,
were determined by GC analysis using 4-ethylbiphenyl as an internal standard, except that in the reaction of
1,3-dichlorobenzene, yield was determined by GC analysis using tetralin as an internal standard. ° Yields in
parentheses are isolated yields. 9 The contents of iridium in the reaction mixture were analyzed by ICP. © Not
analyzed. f Cyclopentylmethylether was used as a solvent. 9 Product contained ca 5% of 3-borylated isomer as
observed by 'H-NMR.
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80 CITANER L7 7S FedE S 72 71 T B FOGE IS NHR FEE 36 L UPine B2 DK A 8451 13
WIE72, KsiZentryDIBIZHEWESE L7z, <> ¥ 2 Tl 0.1-0.3 mmol/hD#iFHIZ I\ Ttk
2L DIEROEENI R Hiieino72h3, oI E TIEPin2 Bl 723 0.18 MCIX UGS ED - 7
729, 036 MTUEZER LTz, £ VLT LDY—F 2 ZIZONTIE Ny FITHALMEA T
OB, BERY —F 7B SN R oTc, XUV T T AN TIE, ANy FERFIZBW
T L OfPEEN VI TH > 7-(Table 13, entry )3, 7 1 —5f TIZMIBIZ SIS LT LT,
HEAELETLHEE, ATF A7 anFHh ALV RGEITo 7M. BRGSO FE K OVE Y %
RBWET A ENTET, 72, 2602708 DUIAF AT g~ H KT A%
iR FE MR DIRIE S L CCPMEZEH L7223, A VYT LD Y —F > 773 17 ppm & WO
Elpode, TOXIRIEETIEH, BB N7 v T AT LERANDZLETA U DT ADEILELT
VENRHY | SHBBETETH D,

PLb A7 v —Z oL 1 » AR Efiliiiz 80 CIZIIENL CRIGEAT - 7oy, il DTs
PEOAR T 36 L OVAHEIC K 2 AMITBLIH S T, MO A R$ 2 LN TE T,

Na-4BPDCA-cat# H\ 72 7 1 — i

B Cik 7o & 2 H . 4BPDCA-cat & [Al#RIZ Na-4BPDCA-cat = V7= 7 0 — S & 1T
- 72(Table 16), U 7 7 ¥ —IZiX% —HiTH Ak L7z Na-dBPDCA-cat 170 mg (0.30 mmol 1)
Bru—TRy 7 AN (%, Ky <lppm) THRIE L, Gk, EEEEETT HEIERTK
JEDOIE S L ITERMOBAZ T2DIZ AT A7 a~FH 2 10 mL & HO S LT,
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Table 16. C-H borylation using Na-4BPDCA-cat under continuous-flow conditions

Concentration (mol/L) _
Entry Substrate® g pstrate Pin,B, (Frlr?r\g()rl?tﬁ) Yield® Ir leaching®

1 0.1 92% <0.1 ppm
2 © - 0.18 0.2 93% < 0.1 ppm
0.3 94% 0.2ppm

0.72 0.36 0.1 69% 0.9 ppm

Cl
5 ©\ 0.72 0.36 0.1 70% 0.2 ppm

Cl
CF;

6 @ 0.72 0.36 0.1 79% 0.5 ppm

CF3

| S
7 N 0.72 0.36 0.1¢ 71% 8.3 ppm
8 0.1 49% 1.8 ppm
Iy o7z o3

9 S 0.19 30% 2.3 ppm
10 @;} 072  0.36 0.1 4% NLA©
11 © 072 018 0.1 89% N.AC

a Benzene was used as a substrate as well as a solvent (entry 1-3). P Yields based on boron atom of Pin,B, were
determined by GC analysis using 4-ethylbiphenyl as an internal standard, except that in the reaction of 1,3-
dichlorobenzene, yield was determined by GC analysis using tetralin as an internal standard. ¢ The contents of
iridium in the reaction mixture were analyzed by ICP. ¢ Cyclopentylmethylether was used as a solvent. € not
analyzed.

Table 16 (279 K 9128y F Kt & [AREIC Na-4BPDCA-cat 1% 4BPDCA-cat | bt ~TE MM
WZ ENGol- E72.1,2-0 7 X0 BrBLl0N1,83-7 v XY o & Az o (Table
16, entry 4, 5) TlL, Ny FHEM LR KISKRPERRE O H H2BIERK 72 o 7-, Z IR
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FRANRAEOT BV T LEPEHLE UTERL, V727 2 —HNTEIREOKE LA,
—HEE OB AN S AEPEITL T D O LRI S D, Entry 11 THUBEMEZ M) D 5 X
KRB TRIGEATS T2, BEREEOE TIFBN IR ole, 7 mrXUEB ok
BT DREIRR (e s Ab) OfBIEE~DOEEI IR bhniehoTz,

Lk AU 20 LAEERTENA, ABPDCAFE SR KL O'PineBe/r bl S5 4BPDCA-cat® >
0 — e~ O A fRE L, i OTEE 272 5 2 & e S HERIICE < OB OFR U FELEIT
5T EITRkB LT,

fiiiEPE O 1 Cl% Na-4BPDCA-cat L ¥ & 4BPDCA-cat ® )52 < . Na-4BPDCA-cat Tl
N FTHREBEICEW T8N e S AEOS ORISR Z > TWnD Z &b,
Na-4BPDCA-cat L@ EDOKFHE L EN AT 5 7 0 —FFITITE I W& B2 b b,
4BPDCA-cat }¢ ' Na-BPDCA-cat DWT AL H 225, KITANLE 72 il T do 5 D3ANTEME AT A
FHK[RFTAT VARG T L) 77 2 —ICRELEATL Fe—T7Ry 7 24 TOHRME
WAMRETH VW EG RBETT7 v — IS N ERATRE TH 2 Z L AVHIE L7z,
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AF SRR U7 AR R, LR O = IR TE 5,

1. [BUR - R ATREZR C-H AR U F#E kA U 20 A BE 5
2,2 BB Y DA NVRFINVEELEA LT BPDCA R & LCHIMT 52 & T, [\
AlRE7e C-H A U F# A U 20 MDA P L7z,

[IrCI(COD)], (1.5 mol%)

o 0O / BPDCA (3 mol%) Jo!
@ + ! B-B, l > @—B\ l + ‘ Insoluble catalyst]
O O O

80 °C, 12 hr

60 mmol 1.0 mmol

HO,C COzH e FEasy separation
KX %

L)

N N ® Recyclable
BPDCA

A FAE AT RE T 10 B[R] CARBE 2 L CHRIET 2 2 RS RISEIT O 2 LN TE L,

2. AUV LMEOX YT 7 XY E—a v
B - BRI ATRE 2R D T R 2 £ L 0D LU T D@D,
ICP T DFE R, RUFENA Y P AIx LB T2 1~2.6 550 SN 5,
IR 3 Hr DfEF, BPDCA O A NVRF U AEDOXEFIER T AL > TRILSNTED
T HNRF T L — OB THAEL TV D IREMED RIE S U7z,
2,2 —EEUIUE ) ANVRUEETEH BPDCA & REERFERNGELND,
INHDT =20, MEEOREZLLTORY AU v 7 1Bk S HEE LTz,

le)

3. AU AfhED 70— S ~0E
KL A AT VAT T BMIFE LT E 2 A, EOIEMZHER 9 2 L7e < HEMIZE D
HEOR TR EITH Z LRI LT,



Experimental Section

General Information

All substrates including bis(pinacolato)diboron and pinacolborane were purchased from Aldrich and
Wako Chemicals and were used as obtained without further purification. Iridium catalysts were
purchased from Johnson Matthey. 2,2’-Bipyridine-3,3’-dicarboxylic acid (3BPDCA) and
2,2’-bipyridine-5,5’-dicarboxylic acid (5BPDCA) were purchased from Aldrich.
2,2’-Bipyridine-4,4’-dicarboxylic acid (4ABPDCA) was a gift from Koei Chemical Company Co., Ltd.

GC/MS analyses were carried out on a Shimadzu GCMS-QP2010 gas chromatograph-mass
spectrometer equipped with a DB-5 column (L 30m, i.d. 0.25 mm, 0.25 pum film thickness), and
auto-sampler AOC-20i (Shimadzu, Kyoto, Japan). Data were collected by the GCMS Solution software
(Shimadzu). The oven temperature was kept at 100 °C, then increased to 250 °C at 10.0 °C /min, and kept
for 7 min. The GCMS-QP2010 was equipped with a split/splitless injector (250 °C); injection volume, 1.0
ulL, in split mode (100:1); inlet pressure, 100 kPa; carrier gas, He; constant linear velocity, 43.0 cm/s;
interface temperature, 250 °C; MS ionization

GC analyses were carried out on a Shimadzu GC-2010 gas chromatograph spectrometer equipped with
a DB-17 column (L 30m, i.d. 0.25 mm, 0.25 um film thickness), and auto-sampler AOC-20i (Shimadzu,
Kyoto, Japan). Data were collected by the GC Solution software (Shimadzu). The oven temperature was
kept at 100 °C, then increased to 250 °C at 10.0 °C /min, and kept for 7 min. The GC-2010 was equipped
with a split/splitless injector (250 °C); injection volume, 1.0 pL, in split mode (100:1); inlet pressure, 100
kPa; carrier gas, He; constant linear velocity, 27.4 cm/s; detector temperature, 250 °C.

Inductively Coupled Plasma (ICP) was carried out on a Shimadzu ICPS-7510. The reactions using
recycled catalyst were performed under nitrogen in a glove box (DBO-1.5KP, Miwa Mfg Co. Ltd.) with
less than 1ppm water and oxygen. *H and **C NMR spectra were recorded in CDCl; solutions using a
JEOL JMTC-400/54/SS spectrometer (*H; 400 MHz, *C; 100 MHz) using Me,Si as an internal standard.

Atras syringe pump and Atras software were used for flow system, which were available from Syriss.
Reactor was heated by Apollo & Coachman which was commercially available from Techno

Applications

Representative procedure forquantitive determination by gas chromatography

Quantitative determination of (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (PhBPin) by

gas chromatography
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1. Calibration

A relative response factor (RRF= 1.3562) between PhBPin and 4-ethylbiphenyl was determined by the
following calibration curve.

Calibration Curve: Area ratio vs. quantity ratio

35
3
2 25 /
3 y = 1.3562x + 0.0159
S 2
°
® 15
e 1 //
<
0.5
0
0.000 0.500 1.000 1.500 2.000 2.500
quantity ratio (Ma/Ms)

Aa; GC area of PhBPin, As; GC area of internal standard (4-ethylbiphenyl), Ma; quantity of PhBPin,
Ms; quantity of internal standard (4-ethylbiphenyl).

2. Determination of Yield

A peak of 4-ethylbiphenyl was not overlapped with other peaks as shown Fig.l under our GC
conditions.

Fig. 1 GC chart of filtrate (A) and GC chart of filtrate with internal standard (B)

(A) (B)
! § ] | ] @ o § ]
BEPin 0000 ' . ;
g @ , ] =hBPir1\ -~ Q O
PhEPIn w 1 internal standard
N | -

Procedure

52.8 mg of 4-ethylbiphenyl was dissolved with 1.085 g of filtrate* and the mixture was analyzed by GC at 3

times. Concentration of PhBPin (Cpngpin) Was calculated using the following equation;

Crherin= RRFXApngpin XM s/A|s/MEiltrae X100
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Cenerin; Concentration of PhBPin (w/w%), Apngprin; GC area of PhBPin (uVsec), Mis; quantity of internal
standard (4-ethylbiphenyl) (g), A;s; GC area of internal standard (4-ethylbiphenyl) (uVsec), MEiyate; quantity
of filtrate (g).

Result of calculation

n Concentration of PhBPin (%)
1 3.28
2 3.17
3 3.26
average 3.24

The calculation showed 3.24% of PhBPin was contained in 1.085 g of filtrate. Therefore, 349 mg (1.7
mmol) of PhBPin was contained in the filtrate and washings. (Yield 85.5%). Total weight of filtrate in

Table 1, ligand 4 was 10.7808 g. Other GC yields were determined in same method.

Experimental section of Chapter 1

Typical procedure for C-H borylation using 4BPDCA as a ligand
C-H Borylation of Dichlorobenzene

A 20 mL test tube equipped with a magnetic stirring bar, and a three-way cock with a septum inlet
was charged with [IrCI(COD)], (10.1 mg, 0.015 mmol), 2,2’-bipyridine-4,4’-dicarboxlic acid (7.3 mg,
0.03 mmol), 1,2-dichlorobenzene (294 mg, 2.0 mmol) and bis(pinacolato)diboron (254 mg, 1.0 mmol)
and then flushed with nitrogen. Methylcyclohexane (5 mL) was added and the mixture as stirred at
80 °C for 12 hr. The reaction mixture was filtered and the black solid was washed twice with 10 mL of
methylcyclohexane. Combined filtrates and washings were analyzed by GC and GC mass spectroscopy.
The product was identical to authentic material. The yield was determined by GC analysis using

4-ethylbiphenyl as an internal standard.

Preparation of methyl 2,2’-bipyridine-4-carboxylate
A suspension of methyl 2-chloropyridine-4-carboxylate (172 mg, 1 mmol), 2-tributylstannylpyridine (368
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mg, 1 mmol), and (PPh3),PdClI, (7.0 mg, 0.01 mmol) in toluene (5 mL) was heated at reflux for 3 days
under nitrogen. After the reaction, reaction mixture was concentrated under reduced pressure. The
resulting residue was purified by flash column chromatography on silica gel eluted with EtOAc /

n-hexane (1/5) to afford methyl 2,2’-bipyridine-4-carboxylate (111 mg, 0.52 mmol) in 52% vyield as a
white solid.

'H NMR (400 MHz, DMSO-d6) 8[B.94 (s, 3 H), 7.50 (dd, 1H, J = 4.9 Hz, 7.3 Hz), 7.88 (d, 1 H, J = 4.9
Hz), 7.98 (t, 1H, J = 7.6 Hz), 8.41 (d, 1H, J = 7.8 Hz), 8.73 (d, 1H, J = 4.9 Hz), 8.83 (s, 1H), 8.89 (d, 1H,
J=4.9H2), 3¢ NMR 8[1119.11, 120.58, 122.72, 124.76, 137.56, 138.05, 149.49, 150.57, 154.15, 156.43,
165.08.

COOH

Preparation of the 2,2’-bipyridine-4-carboxylic acid

To a 1 N NaOH solution (5 mL, 5 mmol) was added methyl 2,2’-bipyridine-4-carboxylate (200 mg, 0.93
mmol) and heated at reflux condition for 12 hr. The solvent was removed under reduced pressure. The
residue was dissolved in water (5 mL) and its solution was acidified with 0.5 N HCI to pH 3.5-4.0. A
white precipitate was filtered and washed twice with water (2 mL) and dried in vacuo to give
2,2’-bipiridine-4-carboxilic acid (112 mg, 0.56 mmol) in 59% yield as a white solid.

'H NMR (400 MHz, DMSO-d6) 8[17.48 (t, 1 H, J = 6.1 Hz), 7.85 (d, 1H, J = 4.9 Hz), 7.97 (t, 1 H, J =
7.8 Hz), 8.40 (d, 1H, J = 7.8 Hz), 8.71 (d, 1H, J = 3.9 Hz), 8.82 (s, 1H), 8.86 (d, 1H, J = 5.8 Hz); ©°C
NMR 8[119.42, 120.58, 122.96, 124.62, 137.48, 139.43, 149.46, 150.37, 154.38, 156.33, 166.12.

Preparation of the 2,2’-bipyridine-4,4’-dicarboxylic acid (4BPDCA)

To a solution of hydrazine hydrate (5.67 g, 0.113 mol) in diglyme (99 g) was added 5%Pd/C (2.4 g,

50%wet, 0.56 mmol) at room temperature. After stirring at 30°C for 0.5 hr, 3M aqueous solution of
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potassium 2-chloropyridine-4-carboxylate (100 mL, 0.30 mol) was added dropwise over 1 hr. After
stirring at 30 °C for 4 hr, 3M solution of potassium hydroxide (137 mL, 0.411 mol) was added and stirred
for 4 hr, then heated to 65°C for 1.5 hr. After cooling, precipitated material was filtered and dissolved in
water (250 mL). After removing insoluble materials by filtration, filtrate was acidified with conc. HCI to
pH 4.0-5.0. A white precipitate was filtered and washed twice with water (50mL) and dried in vacuo to
give 2,2’-bipiridine-4,4’-dicarboxilic acid (22 g, 90 mmol) in 60% yield as a white solid.

'H NMR (400 MHz, DMSO0-d6) & [7.90 (d, 2 H, J = 4.9 Hz), 8.84 (s, 2H), 8.89 (d, 2 H, J = 4.9 Hz); °C
NMR §[1119.53, 123.44, 139.58, 150,62, 155.51, 165.99.

The following pinacol arylboronates were prepared by the general procedure described above. In their **C
NMR spectra, carbon peaks corresponding to the carbon which was substituted by a

4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl group were not observed.

©/BPin

(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzene® (CAS No. 24388-23-6)
'H NMR 8135 (s, 12 H), 7.37 (t, 2 H, J = 7.4 Hz), 7.46 (t, 1 H, J = 7.3 Hz), 7.81 (d, 2 H, J = 7.3
Hz); °C NMR & 24.86, 83.74, 127.69, 131.24, 134.74.

N OMe

2
PinB

(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)anisole™

(Inseparable mixture of ortho-, meta- and para-isomers. CAS No.; ortho-isomer 190788-60-4,
meta-isomer 325142-84-5, para-isomer 171364-79-7)
'H NMR & (ortho-isomer) 1.35 (s, 12 H), 3.83 (s, 3 H), 6.8-7.0 (overlapped, 1 H), 6.94 (t, 1 H, J = 7.3
Hz), 7.3-7.45 (overlapped, 1 H), 7.67 (d, 1 H, J = 6.8 Hz), (meta-isomer) 1.35 (s, 12 H), 3.83 (s, 3 H),
7.01 (d, 1 H, J = 7.8 Hz), 7.25-7.35 (overlapped, 1 H), 7.33 (br s, 1 H), 7.40 (d, 1 H, J = 7.3 Hz),
(para-isomer) 1.33 (s, 12 H), 3.83 (s, 3H), 6.89 (d, 2H, J=8.3Hz), 7.75 (d, 2 H, J = 7.8 Hz);
3C NMR & 24.84, 55.23, 83.81, 113.28, 117.91, 118.64, 127.16, 128.92, 136.49, 159.01.
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X COOMe

~
PinB

Methyl (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-benzoate®” *®

(Inseparable mixture of meta- and para-isomers. CAS No.; meta-isomer 480425-35-2, para-isomer
171364-80-0)
'HNMR § (meta-isomer) 1.36 (s, 12 H), 3.92 (s, 3 H), 7.45 (dd, 1H, J=7.8 Hz, 7.3 Hz), 7.98 (d, 1H, J =
7.3 Hz), 8.13 (d, 1H, J = 7.8 Hz), 8.47 (s, 1H); (para-isomer) 1.36 (s, 12 H), 3.92 (s, 3 H), 7.87 (d, 2H, J
= 8.3 Hz), 8.02 (d, 2H, J = 7.8 Hz), °C NMR & 24.85, 52.01, 52.12, 84.06, 84.15, 127.78, 128.56,
129.53, 132.27, 134.62, 135.80, 139.12, 167.10, 167.13.

CF;

PinB

(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl) trifluoromethylbenzene® *

(Inseparable mixture of meta- and para-isomers. CAS No.; meta-isomer 325142-82-3, para-isomer
214360-65-3)
'H NMR & (meta-isomer)1.36 (s, 12 H), 7.48 (dd, 1 H, J = 7.3 Hz, 7.8 Hz), 7.70 (d, 1 H, J = 7.8 Hz), 7.91
(d, 1H, J = 7.3 Hz), 8.07 (s, 1H) (para-isomer) 1.36 (s, 12 H), 7.61 (d, 2H,J=7.8 Hz), 7.91 (d,2H, J =
7.3 Hz); °C NMR & 24.81, 83.07, 84.27, 124.18 (q, J (C, F) = 272 Hz), 124.28 (q, J (C, F) = 3.3Hz),
124.28 (q, J (C, F) = 272 Hz), 127.75 (q, J (C, F) = 4.1 Hz), 127.81, 129.70 (q, J (C, F) = 32.3 Hz),
131.33 (g, J (C, F) = 3.3 Hz), 132.81 (g, J (C, F) = 31.5 Hz), 135.01, 138.00.

PinB\©:CI
Cl

1,2-Dichloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene®

(CAS No.; 401797-02-2)
'"H NMR 8 1.34 (s, 12 H), 7.43 (d, 1 H, J = 8.3 Hz), 7.59 (d, 1 H, J = 7.8 Hz), 7.87 (s, 1 H); *C NMR
§24.81, 84.31, 129.98, 132.23, 133.73, 135.46, 136.53.
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PinB CFs

CF3

1,3-Ditrifluoromethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene*

(CAS No.; 69807-91-6)
'H NMR 8 1.37 (s, 12 H), 7.95 (s, 1 H), 8.24 (s, 2H); "*C NMR & 24.83, 84.84, 123.49 (q, J (C, F) = 273
Hz), 124.72 (q, J (C, F) = 3.3 Hz), 130.88 (q, J (C, F) = 33 Hz), 134.65 (d, J (C, F) = 3.3 Hz)

Cl

2,6-Dichloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
(CAS No.; 408492-27-3)
'"H NMR 8 1.35 (s, 12 H), 7.59 (s, 2 H); *C NMR & 24.80, 85.19, 127.76, 150.38.

©:\>—8Pin
S

2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[b]thiophene® (CAS No.; 376584-76-8)
'H NMR 8 1.37 (s, 12 H), 7.34-7.37 (m, 2H), 7.85-7.91 (m, 3 H); °C NMR & 24.78, 84.41, 122.50,
124.08, 124.35, 125.28, 134.46, 140.41, 143.68.

©:\>—8Pin
(0]

2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[b]furan® (CAS No.; 402503-13-3)
'H NMR & 1.39 (s, 12 H), 7.21-7.24 (m, 1H), 7.34 (m, 1 H), 7.40 ( s, LH), 7.56 (d, 1H, J = 8.3Hz), 7.63 (d,
1H, J=7.3H2); BCNMR & 24.74,84.64, 111.92, 119.51, 121.84, 122.68, 125.89, 127.44, 157.48.
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Pin8\©/CI

Cl

1,3-Dichloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene® (CAS No.; 68716-51-8)
'"H NMR 8 1.34 (s, 12 H), 7.43 (t, 1 H, J = 1.9 Hz), 7.65 (d, 1 H, J = 1.9 Hz); *C NMR & 24.82, 84.48,
131.06, 132.69, 134.70.

Experimental section of Chapter 2

Representative procedure for Table 8

A 50 mL test tube equipped with a magnetic stirring bar and a three-way cock with a septum inlet was
charged with [IrCI(COD)], (40.4 mg, 0.06 mmol), 2,2’-bipyridine-4,4’-dicarboxylic acid (29.2 mg,
0.12 mmol), and bis(pinacolato)diboron (1.02 g, 4.0 mmol) and then flushed with nitrogen. Benzene
(240 mmol) was added and the mixture was stirred at 80 °C for 12 hr in a glove box. The reaction
mixture was filtered and the residue was washed twice with 10 mL benzene to give a black powder (89
mg). Combined filtrate and washings were analyzed by GC to determine the yield using 4-ethylbiphenyl
as an internal standard. The black powder was used for a second run under the same conditions.

Leaching of iridium metal was determined by ICP analysis.

C-H borylation of benzene without ligand (Table 12)

A 20 mL test tube equipped with a magnetic stirring bar, and a three-way cock with a septum inlet was
charged with [IrCI(COD)], (10.1 mg, 0.015 mmol) and bis(pinacolato)diboron (254 mg, 1.0 mmol) and
then flushed with nitrogen. Benzene (60 mmol) was added and the mixture as stirred at 80 °C for 12 hr.
The reaction mixture was analyzed by GC to determine the yield using 4-ethylbiphenyl as an internal

standard.
Experimental section of Chapter 3

Synthesis of 4BPDCA-cat

A 100 mL flask equipped with a magnetic stirring bar, and a three-way cock with a septum inlet was
charged with with [IrCI(COD)], (806 mg, 1.2 mmol), 2,2’-bipyridine-4,4’-dicarboxlic acid (586 mg, 2.4
mmol) and bis(pinacolato)diboron (2.03 g, 8.0 mmol). After the flask was flushed with nitrogen,
benzene (21.4 mL) was added and the mixture as stirred at 80 °C for 4 hr. In a glove box, the reaction
mixture was filtered through a filter paper (Kiriyama No. 5C) and the black solid was washed twice with
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10 mL benzene. The black solid was dried in vacuo. Combined filtrate and washings were analyzed by
GC to determine the yield using 4-ethylbiphenyl as an internal standard, 33% yield based on boron atom
of Pin,B,. Iridium and boron containing in the catalyst were calculated by ICP analysis. ICP analisis
showed there to be 31.0% (w/w) for iridium and ca 3.67% (w/w) for boron. BPDCA-cat (1.58 g) was

obtained in quantitive yield based on iridium metal.

Representative procedure for C-H borylation using 4BPDCA-cat under bautch conditions
C-H borylation of benzene using 4BPDCA-cat under batch conditions

A 20 mL test tube equipped with a magnetic stirring bar, and a three-way cock with a septum inlet
was charged with BPDCA-cat (19 mg) and bis(pinacolato)diboron (254 mg, 1.0 mmol). After the test
tube was flushed with nitrogen, benzene (60 mmol) was added and the mixture was stirred at 80 °C for
12 hr. The reaction mixture was filtered through a 0.45 um disc filter and the black solid was washed
twice with 10 mL benzene. Combined filtrate and washings were analyzed by GC to determine the yield

using 4-ethylbiphenyl as an internal standard.

Representative procedure for C-H borylation using 4BPDCA-cat and Na-4BPDCA-cat under
continuous-flow conditions
Continuous-flow C-H borylation of benzene using 4BPDCA-cat

A stainless steel reactor was constructed using Swagelock components as shown in Fig. 3,4. This
reactor has a bed size of 30 mm x 4 mm and is packed with the BPDCA-cat powder (145 mg,
containing ca 0.23 mmol iridium metal) in a glove box. These are held in place by 0.5 um sintered
stainless filter integlated in to the reduction unions so that it connects the column to fluidic delivery
system at the reactor entrance and exit in order to prevent loss of the catalyst. The reduction unions
allowed one end of the reactor to be connected with Atras syringe pump (Fig. 2, 3, 4, 5). A syringe pump
was used to drive a volume of a solution at different flow rate controlled by Atras software. The reactor
was heated by Alminium block heating system (Apollo & Coachman) (Fig.2).
A benzene solution of Pin,B, (0.18 M) was passed through the reactor packed with catalyst at 80 °C at
different flow rates, 0.1 mmol/h, 0.2 mmol/h, 0.3 mmol/h for at least 5 hr. The reaction mixture was
directly analysed by GC using internal standard. Small amount of reaction mixture was evaporated and

purified by Kugel-Rohr distilation for characterization.
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Fig. 2 Experimental set up for continuous-flow reaction
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Fig. 4 Stainless steel column reactor and reduction union equipped with sinterd stainless filter
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