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What is C—H Bond Functionalization/Activation?

(C)—H + R—X transition metal catalyst (C)—R

R = C or heteroatom
X=FGorH

M (C) is sp? or sp® carbon atom
B (C)-H bond is not a traditionally reactive bond (i.e. pka > 30-35)

B Selectivity is a large issue due to the ubiquitous presence of C—H bonds in all organic molecules



C—H Bond Functionalization/Activation: This Talk

B This talk serves as a very limited survey of the recent literature in C—H bond activation
B Carbene and nitrene chemistry has been ignored (see Brian Laforteza's talk)

Bl A great deal of very impressive chemistry has been left out due to the overwhelming amount of recent
research in the field of C—H bond activation

B Selected research presented here is almost exclusively from 2007 and later
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Electrophilic Activation Mechanism for C—H Bond Insertion
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C—H Bond Arylation



C—H Activation: Arylation of C—H Bonds

B Reaction methodology mimicking traditional cross coupling reactions

. Suzuki, Kumada, Stille, Negishi

Pd°

X =Cl, Br, I, OTf M = Sn, B, Zn, Mg

B C—H bond activation strategy replaces one or two of the preactivation requirements

+ C-H activation
>

Pd'

X=Cl, Br, |, OTf, B, Sn, H



Directed Arylations: Pd%/Pd" Pathway

DG

Pd'(OAc),

pre-coordination

reoxidation
DG/Pd”(OAc)g
H
Pd°
DG
Ar reductive elimination
C—H activation
DG —HOAC
~~Pd'(Ar) DG
_ ~pdll(OAC)
transmetalation
\_/
\\_/
- Ar—-B

Shi, Z.; Li, B.; Wan, X.; Cheng, J.; Fang, Z.; Cao, B.; Qin, C.; Wang, Y. Angew. Chem. Int. Ed. 2007, 46, 5554.



Directed Arylations: Pd°/Pd" Pathway

B Shi's arylation using amides as a directing group

AcN
5 mol% Pd(OAc)
B(OH NA 2
| N o | N © 1 equiv Cu(OTf),, 1 equiv Ag,0 X\,/ \ —
T I - 2
7 7 toluene, 120 °C, 24 h — Y

24 examples 31-92% vyield

Shi, Z.; Li, B.; Wan, X.; Cheng, J.; Fang, Z.; Cao, B.; Qin, C.; Wang, Y. Angew. Chem. Int. Ed. 2007, 46, 5554.

B Yu's arylation using carboxylic acids as the directing group

BE.K 01 10 mol% Pd(OAc), 0-1
3 AN . . N7
| | COH 0.5 equiv BQ, 1.5 equiv K,HPO, R\
X— + Y— \
= = > _ 0NN
20 atm O,, ‘BuOH, 110 °C, 48 h

24 examples 31-92% vyield

Wang, D.-H.; Mei, T.-S.; Yi, J.-Q. J. Am. Chem. Soc. 2008, 130, 17676.



Directed Arylations: Pd''/Pd"V Pathway

DG
H
Agl
Pd'(OAc),
pre-coordination
AgOAc anion exchange
0" Pd'(OAc),
H
Pd'(OAc)I
DG

Ar reductive elimination

C—H activation

X

DG |/ —-HOA
\Fid'V(OAc) DG c
Ar . . Pd'(OAc)
oxidative addition
\_/
\\_/
— Ar—X

Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc. Chem. Res. 2009, 42, 1074.



Directed Arylations: Pd'/Pd"V Pathway

B Daugulis has published similar reactions using a variety of directing groups

DG

Pd(OAc)

X DG 2

A N A, AGd R@_@

Ri—u + Ro—p > N\ ,Z
= = — I R

high temperatures (>100 °C)

2

Pr

I=
\

OH

NHR ©:N\>_H
S

B Generally high yielding (>70% yield)
B Diarylation observed if no ortho or meta substituent is present

Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc. Chem. Res. 2009, 42, 1074. and references therein



Directed Arylations: Pd'/Pd"V Pathway

B Examples from anilide arylation

@) Me
M M
| Ho 5 mol% Pd(OAC), © NH ©
o oYy B
+ >
Me Ve © 120°C, 8 h O
Me
74% YIe|d
O
| | H o 5 mol% Pd(OAc), tBu)J\NH
Ny
+ o
° 120 °C, 8 h ‘
|
83% yield
@) Me

OMe )I\
H 5 mol% Pd(OAc), Me” “NH O
Me I N Me
AgOAc, CF,CO,H
+ ©/ \n/ g ° 2> MeO M
o 120 °C, 8 h
Me

82% yield

Shabashov, D.; Daugulis, O. J. Org. Chem. 2007, 72, 7720.



Directed Arylations: Cross-Coupling of C—H Substrates

L
H
Pd'(OAc),
L pre-coordination
reoxidation
L
~Pd'(OAc),
H
Pd°
Ar reductive elimination
C—H activation
L
\Pd”Ar L\ —HOAC
Pd'(OAc)

C—H activation
\_/

——

—HOAc Ar-H



Directed Arylations: Cross-Coupling of C—H Substrates

B An early example using acetate protected indoles

10-20 mol% Pd(TFA), f AN
3 equiv Cu(OAc),, Lr
gl N g\ CsOPiv, PivOH, —
R—— + .l -
' %
Z Nc 140 °C, microwave, 5 h N N
1 / N
Ac
30 equiv 9 examples 42—-84% vyield
Me

MeO Cl Me
o8 ) o O
N N MeO,C N

N
Ac Ac

84% 63% 54% 45%

Stuart, D. R.; Fagnou, K. Science 2007, 316, 1172.



Directed Arylations: Cross-Coupling of C—H Substrates

B Two recent examples

10 mol% Pd(OAc),

- 2 equiv Ag,COs,
R—; + 4 equiv DMSO,
= »>
130°C 12 h
65-100 equiv _
11 examples 49% to 93% yield
Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2007, 129, 11904.
o M R— \
e A
H Y 10 mol% Pd(OAc), ~
s N Cu(OTf), 0.1 equiv e
R_I + > N
= EtCO.H, O, 1 atm, 120 °C
cosolvent

8 examples 43% to 78% yield

Li, B.-J.; Tian, S.-L.; Fang, Z.; Shi, Z.-J. Angew. Chem. Int. Ed. 2008, 47, 1115.



Matt Gaunt's Meta Selective C—H Arylation

[Ph—I-Ph]OTf
Cu(l)OTf

reductive
elimination oxidative addition Phl

R

HA
N7 o

PhCu''(OT),
Ph
cu'(oTH)

>N o)
rearomatization
_HOTi Friedel-Crafts

Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593.

I
Y




Matt Gaunt's Meta Selective C—H Arylation

B Reaction and substrate scope

Bu Bu
Ho H
N™ ~O 10 mol% Cu(OTf), \N/go
Ph,I(OTf), DCE, 70 °C, 24-48 h
r > N
X= P X_!
Zpn
18 examples
11-93% vyield
Bu Bu Bu Bu
H H H Ho
Me F
Ph Ph Me Ph EtO,C Ph
79% vyield 55% yield 67% yield 31% yield

Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593.



Matt Gaunt's Meta Selective C—H Arylation

B Reaction and substrate scope

Bu ﬂ
Ho H
N/J%O 10 mol% Cu(OTf), “NT o
Me DCE, 70 °C, 24-48 h Me
>
[Mes—I-Ar]OTf A
8 examples

44-82% yield

82% yield 60% yield 70% vyield 44% yield

Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593.



C—H Bond Olefination



C—H Activation: Olefination of C—H Bonds

B Reaction methodology mimicking traditional Heck reaction

R, R
N /=f' Heck reaction @_(/w
o
R R

1
Pd°

X =Cl, Br, |, OTf

B C—H bond activation strategy replaces halogen functional group

R, Re
N /=r" C-H activation Q_(/w
'
R1 R

1
Pd'



Olefination Reactions via Aryl C—H Activation

X

Pd'(OAc),

deprotonation

S —HOAC
reoxidation C—H activation

|
Pd'(OAc)H Pd'(OAc)

R —\

B-hydride elimination R

Olefin coordination

L
X “Pd'(OAc)
X
R Pd"(OAc)
Olefin insertion |
o R
v

\\/



Olefination Reactions via Aryl C—H Activation

B Olefination via carboxylic acid directing group

Ry Re 5 mol% Pd(OAc), RVA
A CoR, N i N COH 5 mol% BQ, 2 equiv. KHCO3> N CO.H
3T . R
ay tAmylOH, 85 °C, 1 atm O,, 48 h ZNAcom,

20 examples 73% to 98% yield

B Amino acid ligands enable selectivity for unsymmetrical aryl substrates

Hg Hg Hg
Hg
Me i-PrO Me
CO,H CO,H F CO,H
CO,H
HA MeO HA HA
Ha
OMe OMe Cl
Formyl-lle ligand Boc-lle ligand Formyl-lle ligand Formyl-lle ligand
75% yield 20:1 A:B 86% yield 23:1 A:B 77% yield 3.5:1 A:B 50% yield 4.7:1 A:B

Wang, D.-H.; Engle, K. M.; Shi, B.-F.; Yu, J.-Q. Science 2010, 327, 315.



Olefination Reactions via Aryl C—H Activation

B Olefination without a directing group shows selectivity for meta functionalization relative to EWG's

EWG EWG
10 mol% Pd(OAc),
A EwG + 20 mol% ligand, 1 equiv Ac,0O _
X H 1 atm O,, arene solvent, 90 °C, 24 h X Z SEWG

10 examples 52 to 77% yield
N7 for two EWG completely selective
for one EWG 4 : 1 meta : para

X = EWG or H | N

Bu Et Et Bu
CF3 CFs CO,Et CFs
/©\/\ ©\/\ @\/\ O "
=0
FsC = CO,Me COREt = CO,Et ‘
Me

62% yield 68% yield 70% yield 71% yield
41m:p 41m:p

Zhang, Y.-H.; Shi, B.-F.; Yu, J.-Q. J. Am. Chem. Soc. 2009, 131, 5072.



Allylic C—H Bond Functionalization



C—H Activation: IT-Allyl Type Functionalization

B Reaction methodology mimicking traditional rt-allyl reaction

AN NP2 + Nu Tsuji-Trost > R~

Pd°

X =0OH, OCOR, OCOSR etc.

B C—H bond activation strategy replaces functional group

R AN + Nu C-H activation> RN

Pd'




Christina White's Allylic Functionalizations

B Intermolecular amination and alkylation

Pd''L(OAc), o
deprotonation precoordination
reoxidation
O=g’ \g=0 \
L= S S
\ /
R R
R /Pd”(OAc)L
Pd"(H)L N
H
RN B-hydride elimination
C—H activation
NP
Pd''L fFl’;L(OAc)
—_—
v
nucleophilic
attack

Reed, S. A.; Mazzotti, A. R.; White, M. C. J. Am. Chem. Soc. 2009, 131, 11701.



Christina White's Allylic Functionalizations

B Intermolecular amination reaction and scope

10 mol% LPd(OAc),

H DIPEA (6 mol%), 2 equiv BQ, Ts
R R N OM
YN TS/N\H/O'V'e TBME, 45°C, 72h NN g e
H e} O
O=s” No=0
R R 10 examples, 48% to 89% vyield
NC\@\/\/ N
S
Ts = N OMe
)g g T
0
79% yield 48% yield
OBn

MeOZC\/\/\/N\n/OMe OW\/N\H/OMe
5 *o O

61% yield 76% yield

Reed, S. A.; Mazzotti, A. R.; White, M. C. J. Am. Chem. Soc. 2009, 131, 11701.



Christina White's Allylic Functionalizations

B Intermolecular alkylation reaction and scope

10 mol% LPd(OAc),

1.5 equiv BQ, 0.5 equiv AcOH
| N o + ON" > COoMe dioxang/DMs% (4:1),q45 °C, 24 h @/\/YCOQMe
/\; > /\; NO,
L= Osg =0
1 equiv 3 equiv ¥ |

25 examples, 42% to 70% yield
linear to branched from 3 : 1 t0 >20 : 1

@/\/YCOQMe N CO,Me MeO N CO,Me
Me 2 MeO,C 2 2

61% vyield,3:1L:B 61% yield, 10:1L:B 58%vyield,5:1L:B
\ COgMe e) \ COzMe \ COzMe
5 < :@/\/Y ©j\/Y
NO, 5 NO, F, NO,
O
70% vyield,15:1L:B 56% vyield,3:1L:B 59% vyield,>20:1L:B

Young, A. J.; White, M. C. J. Am. Chem. Soc. 2008, 130, 14090.



Unactivated C—H Bond Oxidation



Christina White's Iron Catalyzed Oxidations of Unactivated sp> C-H Bonds

B Tertiary methyne protons are preferentially oxidized to the corresponding alcohols

Optimized Conditions OH

H
" Mo 3 consequative additions at ten minute intervals: " Mo
[1.2 equiv H,O,, 5 mol% Fe, 0.5 equiv AcOH]
PivO > PivO

CH5CN, R.T., 30 minutes total

51% vyield, single diastereomer

_ — (SbFg)s
X
| —
‘ N

11, Nll,’. | . \\NCCH3
‘Fel

oS
N\
| =

Chen, M. S.; White, M. C. Science 2007, 318, 783.
Chen, M. S.; White, M. C. Science 2010, 327, 566.



Christina White's Iron Catalyzed Oxidations of Unactivated sp® C-H Bonds

B Remote functionality tolerated but has effect on reaction efficiency

Me, Me Me, Me
Br OH AcO OH
46% (26% rsm) 53% (43% rsm)
43% (33°/o rsm) 52% (210/0 rsm)

B EWG promote selectivity for the more remote tertiary C-H bond
Me Me Me Me
How\ HOM
Br
Me Br Me

39% (32% rsm) 9:1 regioselectivity 48% (17% rsm) 20:1 regioselectivity

Me Me

MeO,C OH

60% (18% rsm)

~y

92% (GC vyield)

Me Me

HO
>‘\/\)\H/OM6
Me
@)

56% (32% rsm) >99:1 regioselectivity



Christina White's Iron Catalyzed Oxidations of Unactivated sp® C-H Bonds

B Methylene oxidation occurs when methyne C-H bond activation is disfavored or not present

O
M Optimized Conditions M \/\)]\ M
e\/\/\Me p - € Me e\/\n/\Me

@)

1.1 :1, 56% yield

o)

J\/\/\ Optimized Conditions Q Q 0
0 e > )I\/\/”\
MeO Me MeOWMe
o)

2.3 :1, 72% yield

)

0 0 0 O O
)j\/\/\/Me Optimized Conditions J\M/\/U\ J\M/U\/\
MeO >  MeO 5 Me MeO 5 Me MeO > Me
O

3.6:1.3:1, 83% yield

O Me O Me O Me OH

/”\)\/\ Optimized Conditions )W
MeO Me > MeO Me MeO MeO

48:1.6:1,66% yield




Christina White's Iron Catalyzed Oxidations of Unactivated sp® C-H Bonds

B Complex substrates do show some selectivity

Me

@)
Me Me
H — Me Optimized Conditions Q Me Me
Me O P - Me O Me
: M
Me H H Me O e H
1.9 :1, 81% yield
Me Me " Me Me o
Me Q) Optimized Conditions ° EO
o >
H H
Me b Me H

80% vyield (19% rsm)

Optimized Conditions
?

45% yield (5% rsm)



Christina White's Iron Catalyzed Oxidations of Unactivated sp® C-H Bonds

M Literature evidence supports iron(V) mechanism similar to iron heme complexes

— — (SbFg)>
| X
N/
0.5 GQUiV H202 ,_\
¢ o Mo, | ncon,
~N
N | Sncer,
LFe'-OH _ N
1 equiv H,O, | N
G
A el
CI)I_| "
LFeIII.OH LFe ‘OH2
R
CIDH (l? H,O
LFe'VOH LFeV-OH
R-H

Chen, K.; Costas, M.; Que, L. J. Chem. Soc., Dalton Trans. 2002, 672.
England, J.; Britovsek, J. P.; Rabadia, N.; White, A. J. P. Inorg. Chem. 2007, 46, 3752.
Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Que, L. Chem. Eur. J., 2005, 11, 692.



Oxidation of Arenes Using Molecular Oxygen

Bl Jin-Quan Yu's carboxylic acid directed hydroxylation of arenes

COM 10 mol% Pd(OAC), OO
7N 2.0 equiv KOAc, 1.0 equiv BQ |
X— _ ' o X =
1 atm O,, DMA, 115 °C, 15 h OH

20 examples 35-82% vyield

@COQH
OH

74% y|e|d

OH

52% yield

95% (5 atm O,)

Me OH

82% yield

F3C\©COQH
OH

48% vyield
93% (5 atm O,)

Meo\c[cogH
OH

73% yield

CO,H
OH
Me

51% vyield
63% (5 atm O,)

Me:®[002H
F OH

72% yleld

O,N OH

54% vyield
91% (5 atm O,)

Zhang, Y.-H.; Yu, J.-Q. J. Am. Chem. Soc. 2009, 131, 14654.



Directed Functionalization of Arenes with CF5 Groups

B Nitrogen heterocycles act as directing groups

Het 10 mol% Pd(OAC)2 Het
N 1 equiv Cu(OAc),, 10 equiv TFA 7N
X—0 P > X _
H DCE, 110°C, 48 h CF3
O 20 examples, 53-88% vyield
O ) 1.5 equiv
S\ BF,
CF;
Me_~ Z Me Néj Me S/\>
MeO X
CF3 CF3 CF3 CF3
82% yield 54% vyield 88% vyield 74% vyield

Wang, X.; Truesdale, L; Yu, J.-Q. J. Am. Chem. Soc. 2010, ASAP.



Directed Functionalization of Arenes with CF5 Groups

M Possible mechanisms

CF3* oxidation

Ar—Pd'lL,

nucleophilic attack on CF3*

Ar—CF, Ar-PdVL,
= + — CF;

Pd''L, reductive
elimination

B TFA is necessary for reactivity

B Cu(OAc), is not necessary for reactivity, however it provides a 30% bump in yield

B Cu(OAc), could be a scavenger for the dibenzothiophene byproduct as a Lewis Acid

M Dibenzothiophene byproduct could also reduce Pd'' to Pd® and Cu(OAc), could act as a reoxidant

Wang, X.; Truesdale, L; Yu, J.-Q. J. Am. Chem. Soc. 2010, ASAP.



Enantioselective C—H Bond Activation



Enantioselective C-H Activation: Recent Developments

B Jin-Quan Yu has published two recent examples of desymmetrizing aryl functionalization

DG R—B(OH), or olefin o DGR

H
O Pd' catalyst/ chiral amino acid ligand O O
’ o

H

B First example involved alkylation using boronic acids

X 10 mol% Pd(OAc), A
| N 3 equiv, BuB(OH), | N
= . ‘ =
Me Me 1 equiv Ag,0, 0.5 equiv BQ Me Me

THF, 60 °C, 20 h

'
CO,H
W Bu
HN

o 20 mol%

91% vyield, 87% ee
O-(-)-Menthyl 11 examples from 43-96% yield
and from 54-95% ee

Shi, B.-F.; Maugel, N.; Zhang, Y.-H.; Yu, J.-Q. Angew. Chem. Int. Ed. 2008, 47, 4882.



Enantioselective C-H Activation: Recent Developments

Bl Stereochemical model for desymmetrizing alkylation reaction

(—)-MenthyI-O/%O (—)-MenthyI-OAO

Favored Disfavored

o-Tol (large) N
%) BuB(OH), PP Me N Me

H (small) O O
Me Bu

Shi, B.-F.; Maugel, N.; Zhang, Y.-H.; Yu, J.-Q. Angew. Chem. Int. Ed. 2008, 47, 4882.




Enantioselective C-H Activation: Recent Developments

B Jin-Quan Yu has published two recent examples of desymmetrizing aryl functionalization

W DG H R-B(OH), or olefin o DGR

O O Pd' catalyst/ chiral amino acid ligand O O
’ o

B Second example involved olefination

5 mol% Pd(OAc), Ph
styrene (unknown equiv)
CO,Na 0.5 equiv KHCO3, 0.05 equiv BQ X COH

t-amyl alcohol, 1 atm O,, 90 °C, 48 h
(- (-
Me
Me\)\l/COZH 10 mol%

HN

73% vyield, 97% ee
Boc 19 examples from 35-74% yield
and from 58-97% ee

N

Shi, B.-F.; Zhang, Y.-H.; Lam, J. K.; Wang, D.-H.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 460.



Enantioselective C-H Activation: Recent Developments

B Bergman and Ellman have published a few examples of enantioselective intramolecular cyclizations

5 mol% [RhCl(coe)s]s,

BN 15 mol% chiral ligand BnN._ _R;
toluene 50 °C to reflux Rs
Rs o
x .
X~ R,
X = CH,, O, N O ‘

Thalji, R. K.; Ellman, J. A.; Bergman, R. G. J. Am. Chem. Soc. 2004, 126, 7192.
Harada, J.; Thalji, R. K.; Bergman, R. G.; Ellman, J. A. J. Org. Chem. 2008, 73, 6772.



Enantioselective C-H Activation: Recent Developments

reductive

elimination
El’m
Bn
R R N
1 1 Z \Rhl
Rhlll H RS
Rs //2
X R, X" R,
H
e
insertion
g, olefin coordination R Bn
R1 1 H
— ,H — /
X R, — — X" R,

Harada, J.; Thalji, R. K.; Bergman, R. G.; Ellman, J. A. J. Org. Chem. 2008, 73, 6772.



Enantioselective C-H Activation: Recent Developments

B Bergman and Ellman have published a few examples of enantioselective intramolecular cyclizations

5 mol% [RhCl(coe)s]s,

BN 15 mol% chiral ligand BnN._ _R;
toluene 50 °C to reflux Rs
Rs -~
J -
X R,
X =CH,, O, N 0

numerous examples

generally high yields and ee's

40-96% yield, 70-96% ee
only syn diastereomer observed

BnN
BnN Me BnN Me Me BnN Me
Me
A\
Ph Me N Me
0 o
Me

98% vyield, 90% ee 99% vyield, 96% ee 90% vyield, 70% ee 80% yield, 91% ee

Thalji, R. K.; Ellman, J. A.; Bergman, R. G. J. Am. Chem. Soc. 2004, 126, 7192.
Harada, J.; Thalji, R. K.; Bergman, R. G.; Ellman, J. A. J. Org. Chem. 2008, 73, 6772.



Enantioselective C-H Activation: Recent Developments

B A similar example using benzimidazoles

Ra 10 mol% [RhCl(coe)],,
//& 19 mol% chiral ligand

Rs
X THF 135 or 175 °C Rie N
>
by T
Ry N

H
R2 N %
p H P
‘Bu Bu 10 examples
71-92% vyield, 53-98% ee
Me Ph Me Me
N;:r N;:r FsC N;:r Ph N;:r
g I 1g® e
N N N Ph N
89% yield, 98% ee 91% yield, 97% ee 83% vyield, 53% ee 80% yield, 91% ee

Tsai, A. S.; Wilson, R. M.; Harada, H.; Bergman, R. G.; Eliman, J. A. Chem. Commun. 2009, 3910.



