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Format and scope of lecture

Catalytic C-H activation reactions:
* Mechanistic considerations — classification as direct & directed
« direct metalation (e.g. ortho to ring heteroatoms)
» directing group assisted metalation (e.g. ortho to 2-pyridyl substituent)
« applications in synthesis



(Hetero)aromatic functionalisation strategies
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C-H activation — overview

reviews: Ackermann Angew. Chem. Int. Ed. 2009, 48, 9792 (direct arylation) (DOI); Shi Synlett 2008, 949 (direct Pd-catalysed
arylation); Lautens Chem. Rev. 2007, 107, 174 (direct arylation) (DOI); Fagnou Aldrichimica Acta 2007, 40(2), 35 (direct arylation) (DOI);
Yu Org. Biomol. Chem. 2006, 4041 (directing group assisted) (DOI); Sanford Tetrahedron 2006, 62, 2439 (C-H activation/oxidation)

(DA

direct CH activation :
— e.g. indoles with alkenes (CH/CH) via electrophilic metalation (SgAr) of the indole:
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Key Factor
n-donor strength

— e.g. benzothiophenes with aryl halides (CH/CX) via o-metathesis metalation of benzothiophene:
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directing group assisted CH activation:
— e.g. o-pyridylaryls with iodonium salts (CH/XY) via cyclometalation of o-pyridylaryl:
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Key Factor
o-C-H polarity/acidity

Key Factor
proximity of C-H to
Lewis basic donor atom



http://dx.doi.org/10.1002/anie.200902996
http://dx.doi.org/10.1021/cr0509760
http://www.sigmaaldrich.com/aldrich/acta/al_acta_40_02.pdf
http://dx.doi.org/10.1039/b611094k
http://dx.doi.org/10.1016/j.tet.2005.11.027

Direct C-H activation reactions



Direct CH/CH alkenylation — indoles & pyrroles at C2 & C3

N-H indoles «— alkenes (CH/CH, Pd + Ox)
— Gaunt Angew. Chem. Int. Ed. 2005, 44, 3125 (DOI)

— solvent controls regioselectivity: dioxane/AcOH (3/1) — C2 product cf. DMF/DMSO (9/1) — C3 product

H
R
N2 ,
N R pd"(OAc), (20 mol%)
H tBuOOBz (0.9 eq)
4 examples dioxane/AcOH (3/1)
[34-57%)] 70 °C, 18 h

N Pd"(OAc), (10 mol%)

R3

RZ\%\ R

H Cu(OAc), (1.8 eq)

R1 = H, NOZ, Br DMF/DMSO (9/1) 9 examp|es

70°C, 18 h [62-91%]

N-Boc/N-TIPS pyrroles — alkenes (CH/CH, Pd + Ox)
— Gaunt J. Am. Chem. Soc. 2006, 128, 2528 (DOI)
— Protecting group controls regioselectivity: N-Boc — C2 product cf. N-TIPS — C3 product
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http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1021/ja058141u

Mechanism — S Ar by PdX, — Heck

CH activation: electrophilic palladation by Pd"X,
Gaunt Angew. Chem. Int. Ed. 2005, 44, 3125 (DOI)
O, or BzZOOBz as stoichiometric oxidant (Pd® ~ Pd")
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http://dx.doi.org/10.1002/anie.200500468

Direct CH/CH alkenylation/alkylation — quinoline(-N-oxide)s at C2

quinolne-N-oxides <« alkenes (CH/CH, Pd + internal ox)
—  WuJ. Am. Chem. Soc. 2009, 131, 13888 (DOI)

— CH activation: s-metathesis palladation MECHANISM
— N-oxide acts as internal’ oxidant (Pd°®— Pd'") — no external oxidant required: lpaoc] o
C |
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Quinolines & pyridines < alkenes (CH/CH, Rh + internal ox):
— Ellman J. Am. Chem. Soc. 2009, 130, 14926 (DOI) & J. Am. Chem. Soc. 2007, 129, 5332 (DQI)
— Ellman Org. Lett. 2010, 12, 2978 (intramolecular) (DOI)
— Product is alkylated — hydrogen consumed by hydrogenation of alkene — no external oxidant required

PCy3-HCI (15 mol% p q
ys'HCI ( %) e /| PL function:
<= N Bu
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NN [RhCl(cos)yl, (Smol%) .~ CH activation: NHC rhodation at C of the C=N
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Ellman J. Am. Chem. Soc. 2006, 128, 2452 (DOI)
see later

THF, 165 °C



http://dx.doi.org/10.1021/ja902762a
http://dx.doi.org/10.1021/ja8059396
http://dx.doi.org/10.1021/ja070388z
http://dx.doi.org/10.1021/ol101002b
http://dx.doi.org/10.1021/ja0576684

Direct CH/CX alkenylation — N-iminopyridinium ylides at C2

N-iminopyridinium ylides — alkenyl halides (CH/CX, Cu)
— Charette Angew. Chem. Int. Ed. 2010, 49, 1115 (DOI)
— CH activation: c-metathesis cupration/cyclocupration
— no external oxidant required
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http://dx.doi.org/10.1002/anie.200906020

Direct CH/CX arylation — indoles & azoles at C2

N-Me indoles & azoles < Arl (CH/CX, Pd & Rh):

— Sames Org. Lett. 2004, 6, 2897 (Pd) (DOI):
— Itami J. Am. Chem. Soc. 2006, 128, 11748 (Rh) (DOI)
— LarossaJ. Am. Chem. Soc. 2008, 130, 2926 (Pd) (DQI)

— Greaney Angew. Chem. Int. Ed. 2007, 46, 7996 (Pd) (DQI)

Greaney Chem. Comm. 2008, 1241 (Pd) (DQI)

N-H indoles « Arl (CH/CX, Ru & Pd):
— Sames J. Am. Chem. Soc. 2005, 127, 4996 (Ru) (DOI):
— Sames J. Org. Chem. 2007, 72, 1476 (Pd) (DOI)

N-SEM indoles & pyrazoles <« Arl (CH/CX, Pd):

— Sames J. Am. Chem. Soc. 2009, 131, 3024 (DOI)
— Sames Org. Lett. 2006, 8, 1979 (DOI):
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http://dx.doi.org/10.1021/ol0490072
http://dx.doi.org/10.1021/ja064500p
http://dx.doi.org/10.1021/ja710731a
http://dx.doi.org/10.1002/anie.200702141
http://dx.doi.org/10.1039/B719466H
http://dx.doi.org/10.1021/ja075802+
http://dx.doi.org/10.1021/ja050279p
http://dx.doi.org/10.1021/jo061979v
http://dx.doi.org/10.1021/ja8096114
http://dx.doi.org/10.1021/ol053021c

Mechanism — SLAr by X-Pd-Ar — reductive elimination

CH activation: electrophilic palladation by Ar-Pd'-X (from OA of Pd°® to Ar-X)
— Sames J. Am. Chem. Soc. 2005, 127, 8050 (DOI)
— choice of base: MgO — C2 product cf. Mg(HMDS), — C3 product
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NB. 7 x related papers by Dalibor Sames have been retracted as 'irreproducible..’

« Sames J. Am. Chem. Soc. 2002, 124, 13372 (DQI); Sames Org. Lett. 2003, 5, 3607 (DOI); Sames J. Am. Chem. Soc. 2003,
125, 5274 (DOI); Sames J. Am. Chem. Soc. 2003, 125, 10580 (DOI); Sames J. Am. Chem. Soc. 2004, 126, 13244 (DOI);
Sames J. Am. Chem. Soc. 2005, 127, 3648 (DOI); Sames J. Am. Chem. Soc. 2005, 127, 5284 (DOI)

CH activation by o-metathesis metalation more likely for other heterocycles (e.g. azoles at C2)


http://dx.doi.org/10.1021/ja043273t
http://dx.doi.org/10.1021/ja027891q
http://dx.doi.org/10.1021/ol035313o
http://dx.doi.org/10.1021/ja034848+
http://dx.doi.org/10.1021/ja036157j
http://dx.doi.org/10.1021/ja045402b
http://dx.doi.org/10.1021/ja042510p
http://dx.doi.org/10.1021/ja050269o

Direct CH/CX arylation — other heterocycles

(perfluoro)benzenes — ArBr (CH/CX, Pd):
— Fagnou J. Am. Chem. Soc. 2006, 128, 8754 (DOI):

Pd'(OAc), (5 mol%) E £

F F
— Br P!Bu,Me-BF, (10 mol%) _
H— N+ /©/ _ Me LN %l
Me K,CO;3 4
F F

TDMA, 120 °C F F

thiophenes, benzothiophenes, furans, pyrroles, imidazoles, thiazoles,

indolizines «— ArBr (CH/CX, Pd):
— Fagnou J. Am. Chem. Soc. 2008, 130, 10848 (DOI) & J. Org. Chem. 2009, 74, 1826 (DOI):

Pd"(OAc), (1-2 mol%)

Br
AN + PCys-HBF, (2-4 mol%) A
S - o ™
S

1 eq 1 eq K2003 (1 .5 eq)
PivOH (30 mol%)
DMA, 100 °C, 4 h

W+ 1v

CH activation: c-metathesis palladation by Ar-Pd"-OCOR

— pivalic acid (PivOH) as proton shuttle — lowers TS #energy: i
— Fagnou J. Am. Chem. Soc. 2006, 128, 16496 (DOI)

— Fagnou J. Am. Chem. Soc. 2008, 130, 10848 (calculations) (DOI): -
— Fagnou J. Org. Chem. 2010, 75, 1047 (Cl as directing/blocking group) (DOI) !

CH activation
carbonate or carboxylate ligand
acts a 'proton shuttle':
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http://dx.doi.org/10.1021/ja062509l
http://dx.doi.org/10.1021/ja802533u
http://dx.doi.org/10.1021/jo8026565
http://dx.doi.org/10.1021/ja067144j
http://dx.doi.org/10.1021/ja802533u
http://dx.doi.org/10.1021/jo902515z

Direct CH/CX arylation — azine-N-oxides at C2

pyr|d|ne -N-oxides < ArBr (CH/CX, Pd):

Fagnou J. Am. Chem. Soc. 2009, 131, 3291 (DOI) & Org. Lett. 2009, 11, 1357 (DOI) & Tetrahedron 2009, 65, 3155 (DOI) & J.
Am. Chem. Soc. 2005, 127, 18020 (DOI); @ benzylic positions: Fagnou J. Am. Chem. Soc. 2008, 130, 3266 (DOI); cf. alkenylation:
Chang J. Am. Chem. Soc. 2008, 130, 9254 (DOI) .

— CH activation: o-metathesis palladation

CH acivation

Ar-Br
R I o carbonate acts as
|‘Z’ N R (© el a 'proton shuttle'
j\ P PtBu3 HBF, (15 mol%) J\ 10 examples
H N@ [74-95%] RS X
O@ K2C03 (2 eq) k _
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(4 eq) 5
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S

diazine-N-oxides «— ArX (CH/CX, Pd):
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CH activation: oc-metathesis palladation by Ar-Pd"-OCO,
— Fagnou Aldrichimica Acta 2007, 40(2), 35 (DOI)


http://dx.doi.org/10.1021/ja808332k
http://dx.doi.org/10.1021/ol900150u
http://dx.doi.org/10.1016/j.tet.2008.12.004
http://dx.doi.org/10.1021/ja056800x
http://dx.doi.org/10.1021/ja710451s
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1002/anie.200602773
http://www.sigmaaldrich.com/aldrich/acta/al_acta_40_02.pdf

Direct CH/CX arylation - 1,3-diazines at C2

1,3-heterocycles (azines & azoles) — Arl (CH/CX, Rh):
— Ellman Org. Lett. 2004, 6, 35 (DOI), Ellman J. Am. Chem. Soc. 2008, 130, 2493 (DOI)

]

RI:/;\(H
X

R2 .

n=0,1

e.g. N
Ot 2
O

R3
[RhCI(coe)s], (5 mol%) RU N
PCy; (40 mol%) X
R2 :

EtsN (3 eq) [<79%]

THF, 150 °C

N Ar_

Ar 1 i
Lo I
[73%] | [78%]

CH activation: NHC rhodation at C of the C=N function:
— see: Ellman J. Am. Chem. Soc. 2006, 128, 2452 (DOI)
— Mechanism appears to operate with both electron rich (azole) and defficient (azine) systems
— FG compatibility probably less wide than Cu and Pd based catalysis.

CH activation
NMR/DFT evidence for NHC
intermediate:

N
e
N
l Me
C|)|
Cy3P—R|h—PCy3



http://dx.doi.org/10.1021/ol035985e
http://dx.doi.org/10.1021/ja0748985
http://dx.doi.org/10.1021/ja0576684

Direct CH/CX arylation — pyridines & pyrazines at C2

pyridines & pyrazines <« Arl (CH/CX, Au):
— see: Hua Tet. Lett. 2009, 50, 1478 (DOI)
— Electron deficient Ar-Br require Ag' additive

— yields often moderate; mixtures of ortho, meta and para in case of pyridine

-I- Cy3PAUCI (2 mol%) J_O
[ j —O t-BuOK, 100 °C C

AgBF4 (2 mol%)
(in some cases)

R R
@ - @ Cy3PAUCI (5 mol%) (\L_OI-
SN \_7" "(BuOK, 100 or 60 °C SN N/
AgBF, (5 mol%)
(in some cases)

Au' also catalyses the carboxylation of azoles:
— see: Nolan J. Am. Chem. Soc. 2010, 132, 8858 (DOI)
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http://dx.doi.org/10.1016/j.tetlet.2009.01.059
http://dx.doi.org/10.1021/ja103429q

Direct CH/CH arylation — Ar-H < Ar’-H coupling

N-Ac-indoles «— benzene (CH/CH, Pd + Ox):

— 1stexample - orthogonal electrophilic palladation of indole & o-metathesis palladation of benzene
— Fagnou Science 2007, 316, 1172 (DOI) & J. Am. Chem. Soc. 2007, 129, 12072 (DQOI) :

Pd'(TFA), (10 mol%)
3-NO,Py (10 mol%)

MeO
N+ Cu(OAc), 3 eq 5O \2
\ H > O O [84%)]
\ H
A

c 30 eq CsOPiv (40 mol%) N,\A\C
PivOH
uW, 140 °C

— Subsequently, several others: Sanford J. Am. Chem. Soc. 2009, 131, 9651 (benzoquinone as oxidant -
mechanisic insight) (DOI) & Fagnou J. Org. Chem. 2008, 73, 5022 (DOI); DeBoef Tet. Lett. 2008, 49, 4050
(DO); Fagnou Organometallics 2008, 27, 4841 (DOI); Buchwald Org. Lett. 2008, 25, 5973 (DOI); Sanford J. Am.
Chem. Soc. 2007, 129, 11904 (DOI); DeBoef Org. Lett. 2007, 9, 3137 (DOI); You Organometallics 2007, 26,
4869 (DOI); Shi J. Am. Chem. Soc. 2007, 129, 7666 (DOI)

— e.g.YouJ. Am. Chem. Soc. 2010, 132, 1822 (DOI).

Pd"(OAc), (2.5 mol%)
Cu(OAc), 1.5 eq

e e
O-_N N - O._N
ﬁf T Sy *+ ﬂ\ pyridine 1 eq Y N\ 7\
N H = H >s” “CHO . | CHO [93%]
- N - N
Me 5 Me/ N S
o Me o Me

3eq 1,4-dioxne,120 °C, 20 h

xanthine

However, there still remain serious deficiencies vis-a-vis substrate scope, low turnover
numbers and inability to rationally tune selectivity...


http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1021/ja0745862
http://dx.doi.org/10.1021/ja901952h
http://dx.doi.org/10.1021/jo800596m
http://dx.doi.org/10.1016/j.tetlet.2008.04.073
http://dx.doi.org/10.1021/om800780f
http://dx.doi.org/10.1021/ol800619c
http://dx.doi.org/10.1021/ol800619c
http://dx.doi.org/10.1021/ol071308z
http://dx.doi.org/10.1021/om700806e
http://dx.doi.org/10.1021/ja070588a
http://dx.doi.org/10.1021/ja909807f

Direct CH/BX borylation — pyrroles at C2 & C3

NH-pyrroles, thiophenes & furans — diborons/boranes (CH/BX, Ir):
— Hartwig Tet. Lett. 2002, 43, 5649 (DOI)
— directed to C3 by C2 ester by silica supported Ir cat Sawamura J. Org. Chem. 2010, 75, 3855 (DOI)

1/2[Ir(COD)CI],-dtbpy A Bu
j: 3 mol% & X =S [83%] N
O\ B :@ X ||3’O X = O [83%] dtbpy = || Bu

octane 80-100° C _ o N*
o o{< X = NH [67%] I

/

N-TIPS-pyrroles at C3 «— boranes (CH/BH, Rh):
— steric control of regioselectivity - lateral protection Cp*Rh(n*-CoMeg) o\&
—  Smith Org. Lett. 2001, 3, 2831 (DO) 2 mol% 3,B-0
- \S .
f cyclohexane, 150°C [81%]
S'( Pr)s sealed tube, 41h Ei(iPr)3
2-substituted N-H-indoles at C7 « boranes (CH/BH, Ir):
— control of regioselectivity by N-Ir coordination? o Ircat.  o__ 0 575
—  Smith J. Am. Chem. Soc. 2006, 128, 15552 (DOI) @i}/COZEt . j:O:BH 3 mol% 7B H [87%]
60°C,1h P CO,Et

benzene derivatives at least hindered positions < boranes (CH/BH, Ir & Fe):

— e.g. one-pot meta borylation/oxidation — phenols: Smith J. Am. Chem. Soc. 2003, 125, 7792 (DOI); Hartwig J. Am. Chem.
Soc. 2007, 129, 15434 (DOI); directing effect of silyl groups: Hartwig J. Am. Chem. Soc. 2008, 130, 7534 (DOI); Fe,O, catalysed
borylation of benzene derivatives Wang Chem. Commun. 2010, 46, 3170 (DOI)


http://dx.doi.org/10.1016/S0040-4039(02)01135-8
http://dx.doi.org/10.1021/jo100352b
http://dx.doi.org/10.1021/ol0162668
http://dx.doi.org/10.1021/ja0631652
http://dx.doi.org/10.1021/ja0349857
http://dx.doi.org/10.1021/ja076498n
http://dx.doi.org/10.1021/ja8015878
http://dx.doi.org/10.1039/b926945b

Mechanism — oxidative addition of C-H bond: Ir''l — [rV

CH activation: oxidative addition of Ir''to C-H bond (Ir'" — [rV)
—  Smith Science 2002, 295, 305 (DOI); Tamura J. Am. Chem. Soc. 2003, 125, 16114 (DOI)

— Iridium(lV) intermediate able to reductively eliminate molecular hydrogen (H.) directly, obviating the need for a stoichiometric
oxidant

pre-catalyst activation:
bpy Bopin, pinB-ClI B,pin,
| N 5 I \ > | ] . | : MM .
[Ir'cob)Cl], Ir(COD)(bpy)Cl (0A] r"(bpy)(Bpin),Cl —L>[RE] Ir'(bpy)(Bpin) [‘%A]» [Ir (bpy)(Bpm)a]

catalyst

catalytic cycle: overall:

[RE% [lr"l(bpy)(Bpln)3 ] Ar-H + szin2 — Ar-Bpin +,HBp1ﬁ

@ [OA] Ar-H + 4Bpf —  Ar-Bpin+H,
- HBpin [RE] =
HIr¥(bpy)(Bpin),

HolrY (bpy)(Bpin)s HirY(bpy)(Bpin)zAr
[OA] [OA] /<[RE]

szlnz HIrM(bpy)(Bpin), Ar- Bpm

2 Ar-H + B,Pin, —> 2 Ar-Bpin + H,



http://dx.doi.org/10.1126/science.1067074
http://dx.doi.org/10.1021/ja0302937

Direct CH/NH amination — 1,3-azoles at C2

Highlight: Armstrong Angew. Chem. Int. Ed. 2010, 49, 2282 (DOI)

(benz)imidazoles, (benz)thiazoles, (benz)oxazoles «— amines, amides (CH/NH, Cu + Ox):
Mori Org. Lett. 2009, 11, 1607 (DOI) Schreiber Org. Lett. 2009, 11, 5178 (DOI)

molecular oxygen (O,) as the stoichiometric oxidant
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Directing group assisted C-H activation reactions



Directing group assisted CH activation — 2-pyridyl

Review of ‘directing group strength’: sanford J. Am. Chem. Soc. 2008, 130, 13285 (DOI)

2-pyridyl group as DG: directs ortho-functionalisation

— acetoxylation & halogenation with halosuccinimides and iodonium salts (CH/XY, Pd):
« Sanford Org. Lett. 2005, 7, 4149 (ox) (DOI)
+ Sandford J. Am. Chem. Soc. 2005, 127, 12790 (ox) (DQOI)
+ Sandford Org. Lett. 2006, 8, 2523 (Hal) (DOI)
* CH activation: cyclopalladation directed by coordination to pyridyl N lone paiir
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http://dx.doi.org/10.1021/ja0541940
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Mechanism - cyclopalladation (Pd") — oxidative addition (Pd')

CH activation: cyclopalladation by Pd"(OAc),
— Sanford J. Am. Chem. Soc. 2005, 127, 7330 (DOI) & Organometallics 2005, 24, 482 (DOI) & J. Am. Chem. Soc. 2005, 127, 12790
(DQI) & Tetrahedron 2006, 62, 2439 (review) (DOI)
— The Ar-Pd"-OAc intermediate undergoes oxidative addition by functionalising reagents
— aPd" < PdV catalytic cycle:

e.g. acetoxylation:

Pd'"(OAc),

cyclopallada
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Directing group assisted CH activation — 2-pyridyl

« 2-pyridyl group as DG: directs ortho-functionalisation

acetoxylation, halogenation & other oxidative functionalisations with various oxidants (CH/XY, Cu):

Yu J. Am. Chem. Soc. 2006, 128, 6790 (DOl)

reagent X yield

| X reagent | X Br,CHCHBr, Br 65%
_ . _ Iy | 61%

N . N TMSCN CN 67%
CuT(OAc); (1 eq) TsNH, TsNH | 74%

H air X PhSH PhS 40%
MeCN or DMSO MeSSMe MeS 51%

130 °C, 24 h H,O OH 22%

CH activation : ‘single electron transfer (SET) from the aryl ring to the coordinated Cu' leading to the cation-radical intermediate
15 is the rate-limiting step. The observed ortho-selectivity is explained by an intramolecular anion transfer from a nitrogen-bound

Cu' “ate” complex 15.’

sulfonylation with arylsulfonyl chlorides (CH/SX, Pd):

Dong J. Am. Chem. Soc. 2009, 131, 3466 (DOI)
C-S bond formation



http://dx.doi.org/10.1021/ja061715q
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Directing group assisted CH activation — 2-pyridyl

« 2-pyridyl group as DG: directs ortho-functionalisation

— arylation with aryl iodonium salts (CH/CX, Pd):

+ Sanford J. Am. Chem. Soc. 2005, 127, 7330 (DOI) & Organometallics 2005, 24, 482 (DOI); benzoquinone as oxidant: Sanford J.
Am. Chem. Soc. 2007, 129, 11904 (DOI); cf. Fe-catalysed: Nakamura J. Am. Chem. Soc. 2008, 130, 5858 (DOI); cf. aniline as
director: Buchwald Org. Lett. 2008, 10, 2207 (DOI).

+ CH activation: cyclopalladation
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— oxidative dimerisation (CH/CH, Pd + Ox):
« Sanford J. Am. Chem. Soc. 2006, 128, 14047 (DO)
* CH activation: cyclopalladation
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Directing group assisted CH activation — 2-pyridyl

« 2-pyridyl group as DG: directs ortho-functionalisation

— alkylation with boronic acids (CH/CM, Pd + Ox):
*  YuJ. Am. Chem. Soc. 2006, 128, 12634 (DOI); Yu Org. Biomol. Chem. 2006, 4041 (review) (DOI)
+ also using R,Sn as nucleophile: Yu J. Am. Chem. Soc. 2006, 128, 78 (DOI)
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— Trifluoromethylation with trifluorosulfonium salts (CH/CX, Pd + Ox):
*  Yu, J. Am. Chem. Soc. 2010, 132, 3648 (0 O!); see also: Sandford , J. Am. Chem. Soc. 2010, 132, 2878 (mech) (DOI).
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— cyanation with copper(l) cyanide (CH/CM, Pd + Ox):
* Cheng Org. Lett. 2009, 11, 4716 (DOI)

Cu-CN (1.2 eq)

14 examples
[36-86%)]

Pd'"(OAc), (10 mol%)
CuBr, (0.4 eq)
DMF, 130 °C, air, 36 h
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Directing group assisted CH activation — 2-pyridyl

« 2-pyridyl group as DG: directs ortho-functionalisation

— alkenylation with alkenyl acetates (CH/CX, Ru):
« Kakiuchi J. Am. Chem. Soc. 2007, 129, 9858 (DOI)
MECHANISM

— ethoxycarbonylation with diethylazodicarboxylate (CH/CX, Pd + Ox):
*  YuJ. Am. Chem. Soc. 2008, 130, 3304 (DO!) | " %
* oxone as stoichiometric oxidant W %th\c %'T)(Rh
OR
.

— alkoxycarbonylation with CO & alcohols (CH/CX, Rh+ Ox): i
« Zhang J. Am. Chem. Soc. 2009, 131, 729 (DO) ' N
Cl
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— alkoxy- & aminocarbonylation with chloroformates & carbamoyl chlorides (CH/CX, Ru):
+ Kakiuchi J. Am. Chem. Soc. 2009, 131, 2792 (DOI)
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Directing group assisted CH activation — other C-based FGs

carboxylic acid group as DG: directs ortho-functionalisation

— carboxylation of benzoic acids with CO / NaOAc (CH/CX, Pd + Ox):
+  YuJ. Am. Chem. Soc. 2008, 130, 14082 (DO)!)
Ag,CO; as stoichiometric oxidant

— alkyltion of benzoic acids with diboromomethane & 1,2-dichloroethane (CH/CX, Pd):
*  Yu Angew. Chem. Int. Ed. 2009, 48, 6097 (DOI)

— lodination of phenylacetic acids with IOAc (CH/CX, Pd):
*  Yu Org. Lett. 2010, 12, 3140 (DQI)

aminoethyl group as DG: directs ortho-functionalisation

— intramolecular amination of N-acyl arylethylamines (CH/NH, Pd + Ox):
*  YuJ. Am. Chem. Soc. 2009, 131, 10806 (DOI)
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imine group as DG: directs ortho-functionalisation
— arylation of acetophenone imines with diarylzincs (CH/CM, Fe + Ox):

* Nakamura Angew. Chem. Int. Ed. 2009, 48, 2925 (D O!)
1,2-dichloroisobutane (DCIB) as stoichiometric oxidant
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Directing group assisted CH activation — N-based FGs

urea group as DG: directs ortho-functionalisation

— carboxylation of aniline derivatives with CO / MeOH (CH/CX, Pd ):
* Booker-Milburn Angew. Chem. Int. Ed. 2009, 48, 1830 (DO))

N-acyl group as DG: directs ortho-functionalisation
— arylation of aniline derivatives with aryliodonium salts (CH/CX, Pd ):

— chlorination of aniline derivatives with NCS (CH/CX, Pd ):
+ Bedford Chem. Commun. 2010, 3095 (solvent free) (DOI)

— alkenylation of aniline derivatives with alkenes (CH/CH, Rh + Ox):
* Glorius J. Am. Chem. Soc. 2010, 132, 9982 (DOI)
« Cu'(OAc), & air as oxidant, AgSbF4 as co-catalyst

N-acyl group as DG: directs meta-functionalisation: Liu Angew. Chem. Int. Ed. 2009, 48, 7126 (Highlight) (DO
— arylation of aniline derivatives with (CH/CX, Cu):

+ Gaunt Science 2009, 323, 1593 (DOI)
* Bedford Chem. Commun. 2010, 3095 (solvent free) (DOI)

CH activation
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* CH activation: possibly via dearomatising oxy-cupration:
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Directing group assisted CH activation — O-based & other FGs

hydroxyl group as DG: directs ortho-functionalisation

— arylation of phenols with aryl bromides (CH/CX, Rh):
+ Bedford Org. Biomol. Chem. 2009, 7, 3119 (DQOI)
* tryosine arylation — accompanied by racemisation

H o Ar
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O-carbamate group as DG: directs ortho-functionalisation

— arylation of phenol derivatives with aryl iodonium salts (CH/CX, Pd)

— chlorination of phenol derivatives with NCS (CH/XY, Pd)
+ Bedford Chem. Commun. 2010, 3095 (DOI)

functionalised boronic acid as DG: directs ortho-functionalisation

— silylation of aryl boronic acid derivatives with silanes (CH/SiH, Ru):
* Suginome J. Am. Chem. Soc. 2009, 131, 7502 (DO/)
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CH Activation in total synthesis

 Frondosin B
— Trauner Angew. Chem. Int. Ed. 2002, 41, 1569 (DOI)
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« Rhazinilam
— Trauner Org. Lett. 2005, 7, 5207 (DOI)
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Summary

Catalytic C-H activation reactions:
* Mechanistic considerations — classification as direct & directed
« direct metalation (e.g. ortho to ring heteroatoms)
» directing group assisted metalation (e.g. ortho to 2-pyridyl substituent)
« applications in synthesis



