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Transition Metal Catalyzed Intermolecular Formations
of Ar-Ar Bond : post-Cross Coupling

i) Cross Coupling reaction
Ar-M  +  Ar-X Ar-Ar'  both substrate : activated
(M=2Zn, Sn,B,,,) wastes derived from M and X

ii) Direct Arylation

Ar-H + Ar'-X Ar-Ar'

wastes derived from X

iii) Oxidative Ar coupling L
Ar-H + Ar-H Ar-Ar'  no preactivation

oxidant : latent wastes (?)

aerobic : favorable

<
one substrate : activated Today's Topics

1. Direct Arylation via C-H activation -overview-
2. Heteroarene Direct Arylation

3. Arene Direct Arylation

4. Other Approaches

5. Catalytic Oxidative Coupling of Ar-H

J
1. Direct Arylation via C-H Activation -overview-
Ar—X oxidative addition Ar—Mt r Ar—Ar
X
several proposed
or mechanism
Ar—X
Ar—H - Ar—H Ar—H —— > Ar—Ar
i oxidative addition i
Mt Mt

Ar’ X

General Conditions
# Metal : second-row transition metals in low oxidation states(Rh, Ru, Pd,,)

# Ligand : depend on Ar-X and system
for Ar-1,Br : PhP3 etc

ligand-free conditions is also reported

# Solvent : polar, aprotic solvents such as DMF, DMA, CH;CN, NMP, DMSO,,,
#temp.:>100C

for Ar-Br,Cl : electron rich and bulky trialkylphosphine, Buchwald's ligand, NHC etc

# Base : most cases inorganic bases such as K;,CO3, Cs,CO3, KOAc, tBuOK, CsOPiv,,,,

#mechanism  Ajhough several mechanisms are proposed, exact ones depend on substrate, cat. system and so on.
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2. Heteroarene Direct Arylation R 2
cat. Pd(PPh3),

N Ny-R KOAc PG = H : C2-selective
N7 JI I Ts : C3-selective
\ R N/ DMA, reflux

PG

Ohta, A. et al. Heterocycles 1985, 23, 2327.
Chem. Pharm. Bull. 1989, 37, 1477.

Palladium-Catalyzed Arylation of Azoke Compounds with Aryl Halides

in the Presence of Alkali Metal Carbonates and the Use of Copper lndide
i .o . .
N il Rusction Reactivity order in SgAr is known to C5>C4>C2,

Secmemal Piasdt, Totruys Satohs, Yoshik Kwasmars, Massiirs Miars, ase Missskston Nemarn but generally relatively less reactive toward electrophiles.

Drcpartzued of Apgpdatsd Chatvmistry. Facully of Engiacorng, Ohaka Usiversty, Swits, Chaks 364 . . .
Bull. Chem. Soc. Jpn. 1998, 71, 467. activated electrophile is needed
N
{"_/'L catalytic reaction involves an electrophilic

h Pd(OAc)s / PPhy attack of the arylhalopalladium(ll) species.
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Indole produces C2-arylated product, which is "nonelectrophilic" regioselectivity.

0.5 mol % PoitiAzly, 2mol % PPR, PO
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DALA, 125°C, 24 1

Org. Lett. 2004, 6, 2897.
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Direct Palladium-Catalyzed C-2 and C-3 Arylation of Indoles:

# support for SEAr mechanism

Tabde 1.  C-2 Arylabion of (MR} Indoles (Substitution on Mitnogen)
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A Mechanistic Ratlonale for Regloselectivity # consideration of mechanism
A [ !
Benjamin 5. Lana, Maghann A. Brown, and Dalibor Sames Ar-Fd-Eikky | R " ' L)Ar-Pd A
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# chance to C-3 selective reaction (?)

Schame 8 Indole Argiation with ‘iIH'rCEU] Bulky |lodoarenes?

'H 14

# realization
Schame B New Mobods or Deect -3 Andaton of Indole, Regioselectvwy Con Be Controfed by the Chosoo of Magnesars Sail®
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cf) other examples about regiocontroll
Palladivm-Catalyeed Intermolecular Mild Asrobic Oxidative Palladium (Il Catalyzed C—H Bond Functionalization:
Alkenyviation of Indales by Solvent-Controlled Regioselective and Switchable C—H Alkenylation and Annulation of Pyrroles
Reginselective C—H Functionalization®” Exzabath M. Beck, Neil P, Grimater, Richard Hatley,! snd hatthaw J. Gaunt*
Ehvpmrmment of Chemsizery, Lsvoermmy off Comsbrisipe. Lompfleld Bond Combridpe C8 [EW, United Kinpedoe
Neil P Grimster. Carolyn Gauntlets, J. Am. Chem. Soc. 2006, 128, 2528.
Christopher B A, Godfrey, and Masthew J. Gavir® Table 1. Effecl of N-Protecting Group on Pyrrole C—H
Angew. Chem. Int. Ed. 2005, 44, 3125. Alkenylation
Table v Chpimization yiusors for indole functianslizaion o - : s P(DACl 0N
- - e PO . e O “: "-,I 1-BuD0Bz i 'L/, :Ir_/—-/
T 1 sohvent, guxiand, 10T o { i N 2 Y !
o ~core: 4 o 1 R AcOHDiomino DMEO, 35°C - COfn £ D
Emry  Catabyst Owidant [equiv]  Solvent (1)) vieldof  3a/2a 1 %, -C0-8n R 2 A 3
loading %] 243 [N i 3 ~ £ i 5
T eniry catalyst ioading (%) R yield of C2 weld of C3 ratio 273
1 1 CufDAc), (18] DMF 34 954
2 1] CufDwc), (18  DMS0O L1 555 1 10 Bn 43 23 211
1 1] CufDAc), (18] 1ddousne ar . 10 SEM 48 21 231
] 18 00 (0% 1 ddouane a 12 3 16 Ar &5 = - 955
§ 10 CufDAci, (1F)  DMF/&OH {3:5) 54 i} 1 10 Haoc 73 5.5
& 20 U008 {05 1 ddoneAOH {3:1) 5 ur 2
7 1o CutDAci, (13) _ DMEJDMS0 (10:1) 7 555 3 10 Ts 7o - =55
' T BUD0Rs (05 MelH AcOH [3:1) 5 ¥55 & 10 TIPS 78 =595
] 18 MO0k (0% 1 ddosane AOH/DMI0 (1104) 64 -84
ja] For &l machoen the mivtuee (0.4 ) was siored For 18 h, [b Yields after nolation and purificaton by
gk pilica-pel chromutegragdy nrwne resction B bensopl DNF o N N-Smethyliormarmide
D50 = dimethl dulfoite
3. Arene Direct Arylation
arene : lower electron density than heteroarene (lower reactivity as to SgAr)
In order to overcome this problem, use of directing group is major strategy. (many reports)
PdClI; (5 mol%) ‘
©/ LiCl, K,CO4 O
L, C
(2eq.) OH
Miura, M. et al. Chem. Lett. 1996, 823.
other directing groups are amide, ketone, imine, pyridine, quinoline,,,,
Direct C—H Arylation of (Heterojarenes with Aryl lodides via Rhodium
Catalysis
Shuichi Yanagsawa,” Tomoko Suda,? Ryoji Nayon,! and Kenichiro Rami® 12
Dhepaartment of Chmomey ard Ressaneh Corter for Marenaly Setesee, Nogova Univernyy, Nagoys J64-560.. Ay ; ;
amsd PRESTCE Japan Sevemce and Techaalogy Apency J5T), Aapan l' # Ilgand Screenlng
Table 2. Effect of Ligand m Rh.Catalyzed C-H Anylation

J. Am. Chem. Soc. 2006, 128, 11748.
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bulky and strongly pi-accepting ligand is effective



# nondirected direct arylation of simple arene
ALt nondirected

a1

.,s.-._._D_.. " [ -—@—n r!-.~.3-D L)) shows SgAr process
H & At = CgH MO p T EiwmTia Ao
(27 eq.) ortho-para selectivity

Al
r—Q— mboe . e ACO107E% (4)
9 ol Ly

———> new mechanistic insights are appered from intramolecular rxn

Praton Abstraction Machanism for the Palladium-Catalyzed Intramolecular
Arylation
Comingo Garcia-Cuadrado, Ataunipa 4. C. Braga. Felu Maseras,” ! and Antonio M. Echavarren®*

Bariiiuie of Chewmical Research of Catalesda [TCRRE, Ae. Poiros Codalonr 18, 45007 Farnogoma, nn
B ¥ Ehen S # base effect

J. Am. Chem. Soc. 2006, 128, 1066. -
J. Am. Chem. Soc. 2007, 129, 6880.(full) I'T‘“‘. il | R :Hllﬁ-hxl\ -f-:"-\-\"‘:j 3\,If-c> l-;‘-ﬂ
# substituent effects on regio Mo ﬁf"““j"“"‘v"' base. sovert. 4 uf ( |, NN
(5 mol%) 2 O A 2 oo, A L
1. Pd{DAg),. L u P Inhasew, & lLJ i
Falin, DN o O :r-a X E'cl B X = 9 X ﬂx_—:-'
DMF, & " 1oaPPh2 Ty X=F By K =F 9g XaF
":LDEHD&I A enlry  sabsirate base sobent  T{°C) yed(%) &9rato
1 T4 KCOy DMF 100 84 | 21|
7oA =4-OMa Te A=3-C1 2 Td EnN DMF 100 : |
Thi A= 3-OMa TE A = 3,4,5-F, 3 T DBU DMF 100 | '
7e;R=4-CF; TgR=23456(D) 4 7d K-r-Bul) DMF 100 [ . i
Td-A=4-Cl 5 T KOO DMA 135 T2 1161,
6 ] KHCO, DMA 135 68 151!
; = 7 g KaPOy DMA 135 & | L6l
O e - o UM 8 7g  K.COyrBuCOH DMA 100 (»95¢ | 171!
] Ta 10a DA 135 o0 111 9 Tg Ma-HPOy DA 135 ____
2 T 1 DMA 135 93 1.1:1 - ~ #
3 Ta 10a  DMF 100 9l L1 10 ¥ NaHRO, DRIA- 1
T 5 % - . .o
_t '.'l: :3: Em :j.. 1 lfj t base has little role on selectivity.
6 i 105 DMA 135 66 151
7 o 10 DMA B3 66 241 = i
E T 10 DMA 100 agd =1 |\°'
] ™ 10s  DMF 100 24 2 ™, ey
10 Te s DMA 135 54 191 . | o7 ]
11 il lika DA 115 e d 251 HOZCO ?d <_b B . 4
i2 Tg 1ta  DMA 135 &2 021 KIES.0 Br R, ho"© Td_©
13 e 102 DMF 100 a2 0151 KE6.7 / L PRy S ey
Hm; - Assisfed miramolocilar
reaction proceeds at electron deficient ring. 23.5 vs 13.2 kecal/mol
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models for DFT calculation (7f) e—pe—{ |7 [o—e
L PRy HC0, PR
Authors insisted "Assisted intermolecular pass" is suited. Aaistec Infarmclecoiar

3.0 kcal/mol = 40:1 at 135 C (25:1, experimental)
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17.4 vs 14.4 kcal/mol

Catalytic Intermolacular Direct Arylation of Perfluorobenzenes
Marc Lafrance, Christopher M. Rowley, Tom K. Weo, and Kaith Fagnou™

Comner faw Catalyne Reeorch and Tesoonmon, Dot of Chemesrry, Dniversity of Craowa, 18 Marse Curie,
v, Ontarie, Canada KIN 6V

J. Am. Chem. Soc. 2006, 128, 8754.

Pd(OAC), (1-5 moi%) F

F F f ¥
F. F Br PBuMe-HBF, (2-10 mol%)  F F F \ﬁ 1 q; F
L > XX oy
F H KaCO3 (1.1 equiv) F 0 . f ,@\‘ f
£ F

DA, 120 °C L x 31 L8 11
_ _ ] ] [H] 181} A M)
11t015 il
& (s} equiv Y 98% isolated yield ‘ . 241 .
A)
Ll T2
broad substrate scope | T 1 #5)
- 1
- {1900:1)

F
Even ©/ gives product in 8%.

——> chance to cat. modification!?

():

Reactivity parallels relative acidities.
more electron deficient, higher reactivity

calculated



Scheme 1. Proposed Catalybc Cyce of Perflucrobenzens Dwect
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* For the C—H bosd cleavage siep, rao possdble mochamaas (C1, ©2)
are degacied imvobang concerted metalanon of the fucroarene and H-wapnfey
to euther & carbomase higand or Br hjand on the caealywt

DFT cal. showed C2 is the lowest reaction barrier.

There is no indication of catalyst-fluorine interactions. : nondirected

catalyst modification for neutral arenes

slight modification

Mild and General Conditions for the
Cross-Coupling of Aryl Halides with
Pentafluorobenzene and Other

Perfluoroaromatics
Mere Lefrance, Danlel Shore, and Helh Fagnou®
Comrer fiy Coimiyan Revserd { g rmesst af Chwminmmy
4 v ol R, S Mhicle O, O, Ok 5TV AN
I, Br, CI, OT Org. Lett. 2006, 8, 5097.
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lj@ KaCOy "Proac BOYC  F,
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3 equiv, 956% 1.5 equiv, 34% 1.5 equiv, 57% 5 equiv, B7%
OMe O
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Palladium-Catalyzed Benzene Arylation: Incorporation of Catalytic Pivalic
Acid as a Proton Shuttle and a Key Element in Catalyst Design

Marc Lafrance and Keith Fagnou®

Center for Cotlysis Research and Innoretion, Dstrersity of O, Department of Chemmisry, 10 Merte Curie,

ronea, Chmtiwrio, Conada KN &N

J. Am. Chem. Soc. 2006, 128, 16496.

PA0;CR); (2-3 molis)
CL \O DavePhos (2-3 mol%)
—_— =
+
H Br  Base Addiive,
PHH/DMA (1:1.2)
53 eq.
& f20°C
Entry Pd Source Base Additive
1 Pd0A); KzC0; none =5 a
2 Pd{OPIv) K00 none 13 10
: :{txt :f:;i none :; f } with hydrodebromination and homocoupling
none
& Pd{0#Ac)s KGOy AcOH (30 mal¥) 20 11
& Pd{0ACc); K,CO5 EICO;H (30 mol%) 14 B
T Pd{0Ac): K00, 'FrCOsH (30 molss) 3z 13
8 P0Ac): K00, tEUCOLH (30 mali) 100 82
g Pd{0AC) KaC0, 1-AdCO;H (20 mol¥) &0 36 too bulky
- e &
)«/ P i nondirected
PROA fy [ ol
g (3 ol ) e P
=, _PAANPR;) N I u-bl . .I.-"::._. Wmmn_ B :,.-J~.'=J . Lv
> Pl ArBr o ' w~  ioo,asemn 1) weof- | -
3 o K£Oy WD, o . 53eq. 53eq. oMATICHOus T g ampast 10 38
SE) U5, comepnmn IEELTEE
)I')l\ﬂ'l })‘L PO (3 ol
K@D KBr Y- O weopmmen [T [T
T g g e ,.:__.:,n“::‘t;‘l- -= P " _. .’ w'.'“.
PATIHAYA Pﬂ: % o % o l‘“::-;:m”:'mlc . 1:3=1 vﬂmp.nn
[}
Fd-0 reactivity compatible to proton-abstraction pathway

PATHWAY B8

A pivalate anion results in a decrease in transition state
energy of 1.3 kcal/mol compared to a bicarbonate anion. (DFT)



4. Other Approaches

Direct arvlation of aromatic C-H bonds catalvzed by Cp~Ir complexes®

Ken-fehi Fuflea = Mo Nosogawa and Byohel Vamagushi=

@—@’

& Ganpfiee Sckool of e aved Ernviroomsemsa! Seatier, Kvodo Dniversdhg, Kvodo 80a-8107 Sagum
kil v dyisiominac fin Fior 8075 T L0 J': 8 TR LARYT
b ety Scloal of Gloabal Eretroemerial Sl Kvore Divveramy, Kone S06-8 "-.l' Mgt
Chem. Commun. 2004, 1926.
! # radical pathway ?
e cat. [Cp"IrHCll; R he — [CpIPHC (10.0%r)
= = - o d
N <1 S KoBu@ie)
wr"f" - BOC,30h 'ﬂ. = B0 ST, A0 K
# The reaction was carmeed out with aryl rodides (030 mmel), [Cp*IrHCI]; 2mmel 0.5 mma
(3.0 or 10% Ir), and KO'Bu (1 .65 mmol) m benrene (20 mmol) at 80 *C for (

30 b * Determuned by GC. The values in parentheses are isolated yields

R =4-NH,, 4-NO,, 4-CF3 : noTM
R = Me, OMe, 1-Napht
yield : 20-70%

L2

reported ratio involved in Ph radical

without BHT : 70%
with BHT : 10%

2M 3Muu~h‘
B )

: 54/26/20

CP*Ir(lll) —— CP*Ir(ll) —— aryl iodide radical ——aryl radical

An Efficient Bimetallic Rhodium Catalyst for the Direct Arylation uf‘

Unactivated Arenes®

Kebaxiiers f"n'l- I givecd R.r.lu'ﬂ Hrrrr;n-"

Angew. Chem. Int. Ed. 2007, 46, 3135.
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2 NP - Ay K — - 1
pa— -l THF RT & - —
& \H | e ‘c, N PPh e
S 1 Mg - Ier) -
N
F4
?fj

Echeme v Synthesis of 2 After wu'h:ng with hexane, the product was
isolated wn 58% T"'-'H

cf) effective catalyst for Suzuki-coupling
of Ar-Cl

T r""*h
g 1. Buli M.
- xH‘\”' 2PhPC — g
G N AN
| H ‘t*—r-l b
F.’-:::‘h
Nn.;:.f’ .
Pl {cod S A
[Pogiteed, { pn ) 2
n, A
A
Cr’ o 4

Scheme 1. Synthesis of 1 and 2.
Angew. Chem. Int. Ed. 2002, 41, 1521.

+ Arl 3 :[(PN),Rh][B{CgH3(CF3)2}4]
103 70C, 241 41 INEWJRN(cod)Cly]
Product TONs 2* L] ]_PN .‘i’* Table 2: Mondirected direct arylation of benzene by aryd bromides and
— — chlorides
= =\ (yen)
T8O 0 ] Argl halide Product Yield [%]
- o= (78) ¥= gt X =l
— = x - -
_,.- b Okl 45 1] o o " 65 4
(45)
el "oy Oighi
o P o 8
- 30 o 0 i » ¥ i
- = (31)
. . 3y NOy
PV w | o 0 eV v L
h (40) g -
= b= -y
/ L 12 0 0 . e
e e (32) L , 23 10
lllu X
i 'I 13 1] o § * W
- (1 3) e W o 83 59

|4 M"C. 24 h. Compound 2 was generated im siu from [{Rhjcod)ClL)
and 1.7% [b] 5 mod % 2. Jc] 10 mol % 2

bimetallic Rh : essential

# mechanism

i 1.2+
& -:._‘ ;.' Al ..’_. g
1 mol [AhClyiced],] 2.8+ & RNy
g | 2mel %1 o ¥, ’
L ¥ L g W L matched?? LT R=CFy
- - = ~
B K 24 b the £ 03l 2
"-'1\_ x__ _r" 10 E‘ - -
o R=OMe_- [0 =1.33%£0.02 |
% » R=H  typical value for radical reaction (?)
A3 Re=Me
reported ratio involved in Ph radical : 54/26/20 42 0 02 04 0§ o8
]

Authors insisted reaction proceeded via radical intermediates.



Metal-Free Synthesis of Sterically Crowded Biphenyls by Direct Ar-H
Substitution in Alkvl Benzenes®
Vaderting iciinranie, M zio Fagreone, ™ and Awgedee Adivivn

Angew. Chem. Int. Ed. 2007, 46, 6495. |

# concept .
P ’ # reaction of 'Ar* and 3Ar*
a cross-coupling Scheme § Scheme 7 (-
Y Ar, -y i LT T - == ke
prx P —= Pd" — (ArPA INHiCgHy* -, + HaD et A Ar
X % \
. — \ TP,
- A:‘ | M —_ . R~
s/ x* apaie]| N H \
- A\l
! l \l : H
_pd" ! :
HPY pm T A y NH; |
\., [ |88
7 =
' I-\_____j e
ey T
HH
. ik
o strongly exothermic —— )
A AT triplet Ar cation can react selectively
if Ar* is obtained directly from ArX,,, pi-component in polar solvent(some Nu)
# generation of SAr*
e i
R e "
g 5 e i -.:__"._l'J piodar 3 .r : +* RHX
R" | solvent St
X=CLF R
OS0:R I, Br : homolytic (not applicable
SO ytic (not applicable)
Ar-X with EDG in polar solvent gives triplet Ar cation under hv.
polar solvent : stabilize ionic components
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5. Catalytic Oxidative Coupling of Ar-H P
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14 1124
Intermaolecular Cross-Coupling of Simple Arenes via C—H P
‘ctivation by 'l'uning Concentrations of Arenes and TFA oy AN e e L ) o) e
. — ;
Rawshn Li, Ly Jamng, and Wenim Lu® i -I"':J Fi 0 !.E % st AT
i - i Jiny Ty Eherearainy, 800 Danpchumn Shamghai 2003 » 100 13 e EF ey a3
Devpsaviwsesss of Chewvaaney Shosmpia :Ir-:-\.._p.'.r- -':nr—,-ul.lm‘:. I.-llq::r:.:' gy Rowkl Shamghal 70 ” is o 14 :T,_,.- % " 5 oy
Organometallics 2006, 25, 5973. s ™
4 ) .] ] 10 g i = 13
ove & 1o PR T [:: a T
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j . Ilf\m‘J 2.8 morth Pd{Ocly / >_<r \"; . ._)_{f—% _ 1
e = Ky (1 5mmaly 4" 4 S W s LJ v oos A = o 50
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choice of Naphthalene : more electron rich than benzene
SgAr is occured to alpha-position (?7?)

to prevent homocoupling : ratio higher about EWG-aromatic (entry9)
lower about EDG-aromatic (entry8)



# KIE experiment
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# proposed reaction pathway
Concentration  Activity of electrophilic substitution
ArH = ArH ArH = ArH

ArH ArH
P(liL; o= ArPAIIL — e ArPG(IDAY

fast lt-il

[0]. HL
PA(D) + Arhr

()
choice of TFA : Pd(OAc), to more reactive Pd(TFA), (?7?)
why conc. of TFA is critical??

C-C Bond Formation via Double C-H
Functionalization: Aerobic Oxidative
Coupling as a Method for Synthesizing

Heterocoupled Biaryls

A Owight, P 2 R T Table 2. Examples of Intermolecular Chadanve Coupling
Branton DeBosl mniry Bubstrwies method”  time yiekd' product
Db il 1 i " A 1.5 Bt i
’ Org Lett. 2007, 9, 3137. -0 J
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EDG seems to promote rxn rapidly (entry8), but things are not so simple...
PA(OACY yield (%1 _ _
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The Catalytic Cross-Coupling of
Unactivated Arenes
David R, Stuart and Kelth Fapnou® Science. 2007, 316, 1172.
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generally EDG promote and EWG retard, but entry 2 vs 5 dosen't follow this rule
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Elements of Regiocontrol in Palladium-Catalyzed Oxidative Arens
Cross-Coupling

David R. Stuart, Elisia Villemure, and Keih Fagnou®

Coemter for Cosalyays Reseerch avd femovaron, Lnnvernine of O, Depariserst af Chemrnry, 10 Marie Curiie

Ehtane, Detards, Conada KIN 88

J. Am. Chem. Soc. 2007, 129, 12072.
Table 1. Regoselectivity in Oxdative Arena Cross-Coupling®

oo B Logoad-

in situ metalation of indole to Cu(ll) or Ag : denied
conc . of Pd : high to C-3 selective (entry6~9)

Fmic 1o
Rty 1h Wor existance of OAc : C2 selective (entry 4,5,10), but Cu(OAc), ..
mol % amdand addibne fme %
ety Po? [equv [mol %) ndoie (W) conw®  RA#F ﬂ
¥ 10 Cu0Ack?) S-mtropyrdime(10) la 100 891026
CsOPiv (40) Author's proposal
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3 10 AgOAe 22 i-un‘%ﬁm{]m b M 78 18703 Pd
CsOPiv (40} or Pd
4 5 AgOAc (S fene 1l J %0 107 AgOAc
5 1 AgDAc (%) o I, 15 &7 11404 - Pd
[ m none none TR R SN W K B Pd
7 0 nome nome I 3 45 L0
g i none none b 3 6 3T10 (monomeric Pd)
[ (7] nome gone 1b I O100  90D this type of approach ?
w0 nome Cs0Ac (200) I 3 15 1990 Cu(OAc),

* Conditons: PA(TFA): oxsdant, 3-mtropyvraime, cesimm prvalase, ProOH Pd-Ar(L), |<':I size of Ar or ligand

(6 equivi, and la‘b were pdded to a screw-capped vial followed by the mixed Pd-Cu oM

ndditson of benzene (30- 60 squiv; see 50) and heating 1o 110 *C ¥ Relamve

w 1 7 Determuned by GOMS ¥ Microwave heating cluster e
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Table 2. Scope of the Pd. Culuhrzu-d Iindole/Benzene Cross-Coupling®
Entry indole Product Selwctrvity Tiskd (N Emtry  inatole Arwra Sebecirvity Tald (%"
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2 Conditions: PA(TFA); (5 mol %), AgDAc (3 equv), PrvOH (6 equiv), and the N-pavalylmdole were added 1o a screw-capped v1al followed by benzene
{zpprosumestely 60 equiv) and heanng 1w 110 °C ¥ Distermuned by GOMS. * Lolated vield ¥ Represents the ratio of C2C 3idoubls arvlation. *

the mtio of the major (isalated) somer o other munor womiers detected by GOMS. £ 10 mol % Pd used. £ Cu{OAc) used as the oxdant. See 51

EWG on indole : not big effect on yield (entry 3,6) . . . . .
Substituent on benzene : significant effect ——> encounting cat. with arene-H is rds ?? (like organometallics 2006)




6. Trends and Perspectives
# Heteroarene of Direct Arylation

@ rxn of many types of heteroaromatic ring
almost used up??

@ rxn under milder conditions

ex) extremly mild condition

— BFy -
—— ".—I"—" . Smol%Pd' A s
— w4 AcOH[25+C
2 Bquiv - (1a)

PaiOAc); 4%, 5 min
MasPd{DAc), BE6%, 18 h

M. S. Sanford et al. J. Am. Chem. Soc. 2006, 128, 4972.

@ realization of real alternative synthetic strategy to cross-coupling
ex) Merck group al

F3C

FsC N
e OLE e
+
LN\/) \N\X
Ar

O 90C,8h
F
E

Org. Proc. Res. Dev. 2006, 10, 398.

# Arene of Direct Arylation

@ regioselectivity, reactivity problem for nondirected system
=48 : use of pi-arene complex for arenen activation

Ar—

N MLn OMe

Pd +

pKa : low regio : m-selective??
proton abstraction mechanism??

cf) Ru-pi-arene complex in catalytic cycle for hydroamination

5 mol% Ru(cod)(methylallyl), R a @f"\

0, 0, 1
ACX + RRNH 7 mol% DPPent / 10 mol% TfOH Ar/\/N"R' Ru® ot

dioxane, 100 C, 24 h me +
J. F. Hartwig etal. J. Am. Chem. Soc. 2004, 126, 2702. . [
J. Am. Chem. Soc. 2005, 127, 5756.

@ removable directing group (but need environmentaly benign)
ex) Benzoic acid as directing group

CO,H

J. Am. Chem. Soc. 2007, 129, 9879.

cf) carboxylic acid as coupling partner

o-Coodinating group
for Cu is needed

iy + KF

Science 2006, 313, 662.

X X
(oM, g _PAPBUsl_ (AT
Y—/7/ + r r Y_/7/

heteroarene J. Am. Chem. Soc. 2006, 128, 11350.

# Other Approaches
@ regioselectivity problem, but maybe difficult to overcome in radicalic or cationic pathway

@ reactivity problem

# Oxidative Coupling
@ obtain some information and understand mechanism

etc...
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