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What is Transition Metal-Catalyzed
C-H activation?

[M] R-X

'

—C-H —C—[M
C > Ml

—C-R

R=C,N, O, S, B, halogen

Definition:

The use of transition metals to increase the reactivity of a C-H bond
by replacement of the strong C-H bond with a more readily

functionalized C-[M] bond.
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Advantages of C-H activation

Only requires prefunctionalization of one precursor

Traditional |
| | | —HRe |
—C|)—FG1 . —(|3—F62 —(|31—FG1 > —(|)1-C|)2—
C-H activation |
| | | _?Z'FG |
—C-H —>» —C-FG —C'-H » —C'-C2-

Science, 2006, 312, 67-72
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Advantages of C-H activation

Transition Metal Cataysis:

FG Fe, Rh, Ru, Cu Pt, Pd
A = 0 -
FG

Changing Metal we can get reactivity at 1°, 2°, and 3° C-H bonds

While many transition metals have been used today | will focus on
Pt, Pd, Fe, Rh, Ru

Jared Hammill @ Wipf Group
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Challenges of C-H activation

“Inertness” of alkanes

Formerly known as “paraffins”, derived from the latin parum
affinis (without affinity), products more reactive than SM

Ubiquitous nature of C-H bonds

Selectivity challenging: little difference in reactivity between C-H bonds

85
95 93 41
53\ H, - 48 /o BDE (kcal/mol)
|
CH N R pKa (H20)
H 2 | R /5( 85
' HH = HH 43
94
51

pKa’ s were reproduced from http://evans.harvard.edu/pdf/evans_pka_table.pdf
BDE’ s were reproduced based on http://www.q1.fcen.uba.ar/materias/qi1/Tablas/disocia.pdf

Jared Hammill @ Wipf Group Chem. Rev. 1997, 97, 2879-2932
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Background C-H Insertion

1962: Chatt
OO (N3
Nap _PMe
e P 2
(dmpe),Ru u(dmpe), > MezP’ N
H \/PMe2 \_/ 2
Initally proposed dmpe = Me,PCH,CH,PMe;
structure Actual structure

J. Chem. Soc. 1962, 2545 J. Organomet. Chem. 2004, 689, 4083-4091
1969: Shilov

Pt
~H — ~_D

D+
J. Phys. Chem. 1969, 73, 152¢
1982: Bergmann
= ) =
/|L — /|L IS /|L
MesP “H MesP “H C-H insertion MesP SN
Jared Hammill @ Wipf Group Science, 1984, 223, 902
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Shilov Chemistry

M
cH, —M o pe—m _FC o H;C—FG

Functionalization of Methane

» Methane = main constituent of natural gas
= Need way to functionalize for transport (gas = liquid)
* Need to use for synthesis of fine chemicals

Shilov chemistry

Pt!l (cat.)
CH4 > CH3OH
PtV (stoich)

= Methanol = industrial SM for plastics and paints
= Poor efficiency

Nature, 2007, 446, 391-594
Jared Hammill @ Wipf Group New J. Chem. 1983, 7, 729
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Shilov Chemistry

Mechanism:
Clu,,, \OH + CH Clu, .wOH
-.Ptll 2 4 "~.Pt|| 2
HQO/ \Cl - HCI Hzo/ \CH3
*PtVClg*
CH3;OH
y Oxidation
HCI H.O
=) *PtiCl,
4
CH;
Cluk | . OH,
/'Pt\
H,0 (I:? CHj

Key observation:
Stoichiometric amount of Pt (needed for oxidation)

Jared Hammill @ Wipf Group
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Current State of the Art

N Mechanism:
NN al
T e ™ o
g T S Mo
X 2 X -HCl A />y
CH, » CH3;0SO3H UN N |N
H,SO0,, 180 °C
2= 73% N v
H,SO,
CH,;0SO3H SO, + H,0O
- Cat. Pt w/H,SO, for Ox. T 2t
. . HoSO X
» Ligand stabilized Pt = @N X
_CH
In Conc. H,SO, @ I >P’|['\< ’ X=cl, 80,
180 °C >50 h NTON x %
NG
Jared Hammill @ Wipf Group Science, 1998, 280, 560
Page 11 of 73 9/28/2012
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White’ s Pd" Allylic C-H Activation

85
95 98 /41
. . . 53 H,~ 48 H¥ H BDE (kcal/mol)
Selective Allylic C-H Insertion: |}* o R R g Pk
H HH 43
o
/[ 51
0=s
Ph
Pd(OAC), O 0
(10 mol%) o R OJ\R' 13 examples:
RN : — 53-77% yield
R'CO2H (2-4 equiv) R)\/ R/\) 16:1 to 46:1 A:B
BQ (1.5 equiv), air
dioxane, 72 h, 45 °C A B
J. Am. Chem. Soc. 2005, 127, 6970
O\ ! \ //O
>S S, @]
Ph Ph )J\ _
Pd(OAC), ArB(OH), o0° R o Sxampes.
(10 mol%) 1.5 equiv ~f 1o Yie
N om0 o, 2MEZ
R'CO,H (2-4 equiv) 4-7 h, 45 °C >20:1 internal:terminal
BQ (2 equiv), air
dioxane, 24-48 h, 45 °C
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2006, 128, 15076
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Mechanism of Allylic C-H Activation

Electrophillic Pd'/Pd® Catalysis

HO <_)-OH NF

||
Oxidation LaPd Actlvatlon
AcOH
BQ= 0X_)-0

0

L,Pd . Pd”
O
)k / R'CO5H

Ligand
)\/ Reductive R g
Elimination ] Pcll” Exchange
n \3\
o R

Jared Hammill @ Wipf Group
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Complex Product Allylic C-H

PMP

X BN

o 0o 070 0" O H, H,

Jared Hammill @ Wipf Group
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O~/ //O
>SS SO
Ph Ph
Pd(OAc),

1. p-NO,BzOH, BQ, 45 °C

2. LIOOH
3. KQCO3, MeOH

71% combined yield

Page 14 of 73

r
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6-Deoxyerthronolide B

TBAF breaks chelation to acid
(outer sphere vs. inner sphere)

"chelate" "non-chelate"

(r(/l VS. Pd{
Pd—o0%¢ N Ho Ko

Jared Hammill @ Wipf Group
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O/ //O
>S  S_
Ph Ph
Pd(OAc),

BQ, 45 °C
»

(56%, 2 recycles)
>40:1dr

O/ '\ //O
>S SO
Ph Ph

Pd(OAc),
TBAF, BQ, 45 °C

(44% 2 recycles)
1:1.3dr

Nat. Chem., 2009, 1, 547
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Oxazoline Directed C-H activation

Direct the Palladium where to go:
Pd(OAc),
)g 10 mol/o OAG N)g
% Y %0
MeCOOO(1Bu
Pd(OAc),
H N){ (10 mol%) OAc N){
/ » /
MeCOOO1Bu

Pd(OAc),
H ng (10 mol%) OAc '\lljg
/ >
HO%O Acz0, ACO%O
MeCOOO!Bu

50%

Jared Hammill @ Wipf Group Angew. Chem. Int. Ed. 2005, 44, 7420
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N\
Z%é OMe

Jared Hammill @ Wipf Group
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Sanford s Oxime

MeO _

)N\(

Pd(OAc), MeO.\  OAc
(10 mol%) I
>
PhI(OAc),
AcOH/AC,0
75%

Pd(OAc),
(10 mol%) OAc

> _N_
PhI(OAC), OMe

AcOH/AC,0
75%
MeO _
Pd(OAc), N H OAc
(10 mol%) |
>
Phl(OAc), !
AcOH/AC,0 A
81%

J. Am. Chem. Soc. 2004, 126, 9542
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Directed C-H activation

|
Pd'/Pd"V Catalysis C-H
Activation HOAG

Pd'(OA

(OAC), MeO L

N—Pd"

Meoi{“ -~

Reductive

R Phl(OA
Elimination o (OAC),

MeO OAc _ _
N— Pd'V Oxidative

j/’ Phl

Jared Hammill @ Wipf Group Page 18 of 73
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White’ s Fe C-H activation

(SbFe)2

H
s Fe(S,S-PDP) (5 mol%) OH o o]
AcOH (0.5 equiv : e~
PiVO . O— éN/ i
H>05 (1.2 equiv) PivO
CH4CN, rt 51% N
>99:1 dr g

Fe(S,S-PDP)

Science, 2007, 318, 783
Science, 2010, 327, 566
Nat. Chem., 2011, 3, 216
Science, 2012, 335, 807
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2012, 143, 9721
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White’ s Fe C-H activation

R-OH LFe' H,0,
/ X e
R OOH
| O/
OH

LnI::e”' Lan”'
(, R
HOJ\ “OH
Ln}:e'V O
\/ LnH'eV
R-H

Jared Hammill @ Wipf Group
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Predictable selectivity

General reactivity trends mirror BDE:

10 2° 3°
H)k,/,EWG < w < H
H H H TEWG
H\/\ <<)§ < )< o

Want: electron rich, 3° C-H bonds

Does it work?

Jared Hammill @ Wipf Group Science, 2007, 318, 783
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Predictable selectivity

General reactivity trends mirror BDE:

10 2° 3°
H)k,/,EWG < w < H
H H H TEWG
H\/\ <<)§ < )< o

Want: electron rich, 3° C-H bonds

Does it work:
Cmote proximal remote:proximal

}\/\}\/\ X = OAc, 51

X =Br, 9:1

HO H X=0Ac 29:1

M\/X MX X=Br 20:1
}\/\)H(R —_— R= CH3 >09:1
R = OCH; >99:1

0]
Jared Hammill @ Wipf Group Science, 2007, 318, 783
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Methylene reactivity selectivity

Fe(S,S-PDP) (5 mol%)
AcOH (0.5 equiv)

W

H,05 (1.2 equiv) 0]
CH3CN, rt

NN

Yield Selectivity

0]

P 567% 1.1:1

Stereoelectronic
MeO,C~ > " —

MeO,C W

@)
—»
MeOZC J\/\/ MeOZC J\/\ﬂ/
@]
Jared Hammill @ Wipf Group
Jared Hammill @ Wipf Group Page 23 of 73

O

S -
MeO,C
0
L e9% 351
MGOQC

Science, 2010, 327, 566

9/28/2012



Methylene reactivity selectivity

Fe(S,S-PDP) (5 mol%) Yield Selectivity

AcOH (0.5 equiv) 0
NN - W /\)K/ 56% 1.1:1

H202 (12 equiv) 0]
CH4CN, rt

Stereoelectronic

MeO,C "N — » MeO,C > 72% 2:1

MeO,C

@]
o} N)J\/
0]
(V] .
MeO,C J\/\/ — > MeO,C J\/\g/ Vo0,C J\)J\/ 69% 3.5:1

Steric
ﬁ — > HOW ??j ND 70% 10:2:1
T = 7T LAy = e
Jared Hammill @ Wipf Group Science, 2010, 327, 566
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Methylene reactivity selectivity

Fe(S,S-PDP) (5 mol%) Yield Selectivity
AcOH (0.5 equiv) o
'
NN 0, (12 equiv) /\/\[o( PO 56% 1.1:1
CH3CN, rt

Stereoelectronic

MeO,C T 'V'eOzCN/\[o( 72% 2:1

MeO,C

N)J\/
O
MeO,C J\/\/ — MeO,C J\/\g/ Ve0,C J\)J\/ 69% 3.5:1

Steric
ﬁ > W ?Jj N 70% 10:2:1
Tz —= 1 Ay L
Electronic
v% — W Vw V% 62%  9:1:1
lo) = b 41%
Jared Hammill @ Wipf Group Science, 2010, 327, 566
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Methylene reactivity selectivity

H OAc Fe(S,S-PDP) (5 mol%) H OA
: AcOH (0.5 equiv) =e OH OAc
> N
..... H,0, (1.2 equiv) >K©\
H CH3CN, rt "'(')'H .....
50% :
11:1
DFT calculation - 3° C-H bonds equal electronically
Selectivity comes from sterics
Jared Hammill @ Wipf Group Science, 2010, 327, 566
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Methylene reactivity selectivity

H OAc Fe(S,S-PDP) (5 mol%) H OA
: AcOH (0.5 equiv) e OH OAc
: "
o H,0, (1.2 equiv) >K©\
H CH4CN, rt NoH
50% H
11:1
Fe(S,S-PDP) (5 mol%)
AcOH (0.5 equiv) 1
+
H202 (12 equiv)
CH3CN, rt \)
recycle
1 2X
= sterically or electronically deactivated 3° C-H
Jared Hammill @ Wipf Group Science, 2010, 327, 566
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Overriding inherent selectivity

Non-Heme
Heme

b Fe(S,S-PDP)

General selectivity: E-rich, sterically accessible, 3° C-H bonds

Can we direct C-H oxidation to less reactive groups?

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2012, 143, 9721-9726
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Yes we can!

H co,r Fe(SS-PDP) (5 mol%)

M\) AcOH (0.5 equiv) O RO
»
t-Bu H,05 (1.2 equiv) t-Bu t-Bu
1 2 3
R = Me 9% 36%

R=OH  54% -

Fe(S,S-PDP) (5 mol%)
o ,H COR AcOH (0.5 equiv) W\;Jj
[}// H,0, (1.2 equiv)

. CH4CN, rt
R =Me 2% 22
R =0H 58% --
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2012, 134, 9721-9726
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Yes we can!

O Fe(S,S-PDP) (5 mol%) 9] C-H 0
J\/\( AcOH (0.5 equiv) JW Abstraction
HO g » |, FeO g >  L.,FeO :
‘H  H,0, (1.2 equiv) I 'H i
R CH4CN, rt O R HO R
hydroxyl @) “
rebound )W Q
. . > R
LnFeO “"OH o 0O
R
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2012, 134, 9721-9726
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Hartwig s Ir Catalysis

7\ »
=N N
3,4,7,8-Mey4phen

OH

R1

RzJ\AH [Ir(cod)OMe], Et, [Ir(cod)OMel], (0.5 mol%) Ety

(0.5 mol%) o/SlH 3,4,7,8-Meyphen (1.2 mol%) o/sI

'
1 ?
JOKA EtSiH, RRZJ\/\ H qu\)
R
R1 H 7

r . (1.2 equiv)
HQO)
HOMe
“Qi OH A
> 1 Y OH  CH,Cl,, rt RIA A~
R R 2bl2, R2 OAc
THF/MeOH, 50 °C R2

Tamao-Fleming
Oxidation

Nature, 2012, 483, 70
Jared Hammill @ Wipf Group
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Scope

1. [Ir(cod)OMe], (0.5 mol%), Et,SiH,, rt

OH then
« R ; H [Ir(cod)OMel], (0.5 mol%)
R R5 R 3,4,7,8-Megphen (1.2 mol%) OR
norbornene (1.2 equiv), THF, 80-100 °C Rq\/\
Q > R2 OAc
o R H 2. KHCO3, H,0,, THF/MeOH, 50 °C
R3 R4 3. ACzO, Et3N, CH2C|2, rt
OAc
OAc OAc
OAc
OAc OAc
X = C|** 72% ROC R=0tBu 71%**
X X =Br+ 729 R=0Me 71%"* R=TIPS* 73%
R=NEt2 53%"* OR R=TBS* 55%

X =CF3* 72% .
R =iPr 69%*

OAc

OAc
OAc

OAc

a0, Nature, 2012, 483, 70
69%*

Jared Hammill @ Wipf Group
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Scope

1. [Ir(cod)OMe], (0.5 mol%), Et,SiH,, rt

OH then
« R ; H [Ir(cod)OMel], (0.5 mol%)
R R5 R 3,4,7,8-Megphen (1.2 mol%)
norbornene (1.2 equiv), THF, 80-100 °C
O
_— H 2. KHCO3, H,0O,, THF/MeOH, 50 °C
R3 R4 3. ACzO, Et3N, CH2C|2, rt
)\/\)O\H/\ 4
X OAc )\/\)\/\OAC
*600/0 76%*
OAc OAc
OAc " oA
68% 70%*
0

Jared Hammill @ Wipf Group
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60%** (8:2 dr)

Nature, 2012, 483, 70
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C-H oxygentaion Summary

1° C-H Bonds

Directed Pd or Ir H l\f/OMe

OH
catalysis l R? H
0] R3 R4

2° C-H Bonds
.OMe
. H N H N
Allylic or /)i |
_ _ AN
Directed Pd catalysis R )><LO )ﬁ)\
3° C-H Bonds
1° 20 3°
_ H
Selective Fe Ho o~ << M < " }vEWG < MEWG < H)l\/
cataylsis “
Jared Hammill @ Wipf Group
Jared Hammill @ Wipf Group Page 34 of 73
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C-N Bond formation

1) Need to preoxidize C-H bond for either displacement or reductive exchange
2) Reliance on protection/deprotection to mask polar/acidic nature of nitrogens

Breslow 1968:

o, .0 ONPS 0.0

N \S\ _Cl 7n S’ . A \\S//
| N » ZnCl, * N 2y Y7 N
Pz Cl Cyclohexane ** | P H

sulfonyl nitrene

Tet. Lett., 1968, 571, 5349
Early work of Gellman and R. Breslow (1968-1983)

A N=iph o
O:S/ H O:“S/NH MLn = Mn(TPP)CI 16%
ML, Fe(TPP)CI 77%
N — [Fe(cyclam)CLLICl  42%
. /©/K CH3CN /@( FeCl, 16%
Pr ipr Rh,(OAc), 86%
Jared Hammill @ Wipf Group Top Curr. Chem. 2010, 292, 347
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Du Bois s Rh Nitrenoid

Rh,(OAC O, .0
0.0 (22r(nol%§4 P ARV
°s? - HN"" 0 —> J\/K
H,N "~ ~0 J\/K — R’ R2
w PhI(OAC), R R2
R’ R? MgO _
X = OH, NR,, SR, N
30
0.0 o0 2° O P 2 6
HN> 0 HNS 0 HN™ "0 HN’S\/O
TBSO
W MCOZMG HN /
90% 86% 75% 78%
Opening:
o._.,0 [O] O\\ //O
o HN/ \O CbzN "0 KOAc  CbzHN  OAc
CbzN" "0 N CbzHN N — > .
Ph CH4CN, rt Ph 2 40°C
88%

Jared Hammill @ Wipf Group

Jared Hammill @ Wipf Group

J. Am. Chem. Soc. 2001, 123, 6935
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Du Bois s Rh Nitrenoid

Rh,(OAc),
O\\S//O (2 mol%)
H,N "~ ~0 >
PhI(OAC),
R1N)\R2 MgO

O, O CbzH
1 2
R1J\/kR2 — R R

X = OH, NR,, SR, N3

2° C-H Bond selectivity derived from chair-like TS:

R3
R2
H Ru
,:::::zN\ //O
SN
R2 /"0
Rt ©

Jared Hammill @ Wipf Group

Jared Hammill @ Wipf Group

Disfavored

H 0
3 — I3
Favored R2R N /o
R1 @)
O\ /O
~S” 3
HN] R 0

J. Am. Chem. Soc. 2001, 723, 6935
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Rh Nitrenoid

0
H . KGO A 4~_4O
R *
o. R - - | Rh
R#\/ T OTs  Rhy(TPA)4 (5 mol%) RZJ\/O ©
R1

@) acetone, rt

0 O o
HIN J< &) J<O HN J( Jz)
o) j ) o HN
64% P
84% 84% ° 60%

From Allylic Substrates:

O 0 o
. N A ,
H

67% 79% 62%

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2005, 127, 14199
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Du Bois’ s allylic solution

NP Ruz(hp)4Cl o. O
/S\ 0, \/\S/ \\ 7
H,N >0 (2.5 mol%) o HN "0 . N’S\O
PN PRICOZBU),
A
5 AMS, CH,Cl, N~ H
Insertion (1) Aziridine (A)
O, 0 O\\ /0 \\ &
/S\ \ //
HN"" 0
SI3IPF
35% 66% 71% 75%
1 (I/A) 8:1 (I/A) 20:1 (I/A) 20:1 (I/A)

AN
S [Ru(OAG)5,Cl] w
> N

N OH CgHsCl, reflux

O
{

CIR

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2011, 133, 17207
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Ru Nitrenoid a radical approach

Stepwise biradical formation and recombination:

O\\S//O Rus(hp)4Cl O. ,/O _ .
Ph O” ""NH, (2.5 mol%) °S No ring-opening

) > HN™""O  9_39 cis-trans isomerization
PhI(CO,'Bu)

5 A MS, CH,Cl, Picosecond radical lifetime

o. .0

O\\ //O Rzué(hp)l‘:)/CI DN:\SZ 0 O\\S//O
S~ 5 mo -9~ —
H,N"= 0 ( ) SO HN>~0 Key/kp = 4.9
/y\) PhI(CO,'Bu), ) Ph/}\) Supports radical abstraction
"o 5 AMS, CHLCl, D Rebound mechanism

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2011, 133, 17207
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White' s Fe Catalysis

allylic 30
ONpe Fe cat (10 mol%) 0. ,0 o. ,0

\NA7 NS

>s? )
H,N"~>0 AgSbFg (10 mol%) HNS 0 . HN- S0

> /\/K)\
R1V\R2 PhI(OAC)2 (2 equiv) RN R2 NRZ

PhMe/MeCN (4:1)
rtoéh

SbFg

[FePc]-SbFy

Yields superior to Rh,(OAc), and No aziridination observed

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2012, 134, 2036

Jared Hammill @ Wipf Group Page 42 of 73 9/28/2012



Fe Catalyst Scope

allylic
O\\S/’O Fe cat (10 mol%) oNe
HQN/ 0 AngFG (10 mol%) HN” ~0
> /\/K)\
R' R®  Phi(0AC)2 (2 equiv) RN R2
PhMe/MeCN (4:1)
rtoéh
O\\ //O O\\ //O O\\ ’/O
°s” °s” ’s”
HN >0 HNZ0 w
Phw \/'\/k A
70% 53% _ .
d.r. 3.5:1 d.r. 3:1 >20:1 E/Z retained
o, 0 o, 0 o\\S,/o
J\/\;r\i;g\ HNT>0  H HN'T~O  H
' . M /Mph
45% 72% 62%
d.r. 97:3 >20:1 (allyl/3°) 5:1 (allyl/benzy)

Jared Hammill @ Wipf Group

Jared Hammill @ Wipf Group Page 43 of 73

30
o. .0

N7

+ HN’S\O

53%
7:1 selectivity
sterics

J. Am. Chem. Soc. 2012, 134, 2036
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Intermolecular Rh Nitrenoid

0
_OT:
CI3C/\OJ\ NS
R1OR2 H
Rh,(TPA), (5-6 mol%)
K,COs
NHTroc l \NHTroc
D*NHTroc
o
92% 86% 68%

Jared Hammill @ Wipf Group
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NHTroc
R "R2

NHTroc NHTroc NHTroc

68% 61% 35%

Org. Lett. 2007, 9, 639
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Cu Catalysis C-N Bond formation

TsNH,/Phl(OAc),
or

0 = OH _NHT
,/ W Phl=NTs _ ,/OTNHTS NaBH,4 ‘/ r S
o ] g THE it N
.= 10 mol% Cu(CF3SOs),
CH,Cl,, 40 °C
TsHN __© 0 i NATSO
@) O
86%
42% 40% 35%
TsHN O
N T
85% )
0,
500, 70%
NHTs
TsHN _ HO
TsHN
: -
Opening: - ©$4 \ 7 U
90% 94% 92%
Jared Hammill @ Wipf Group Org. Lett., 2007, 9, 2277
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Cu Nitrenoid

PhI=NTs
or

PhI(OAc), + TsNH,
CU(CF3803)2

Q\NHTS Nitrene

Formation

Phl

TSN=CU(CF3SO3)2

Ts

[\ -N=Cu(CF3SO3),
O H

Concerted C-H Insertion O

Jared Hammill @ Wipf Group Org. Lett., 2007, 9, 2277
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Baran s Cu Catalysis “Ritter-Type”

O H 1. CuBr, (0.25 equiv)

R1ﬂ\($§4 Zn(OTf); (05 equiv)

R2 MeCN, rt, 1-2 h
+ 2 F-TEDA-PFg

Mechanism (Ritter Rxn):

{CuBr,,
H F-TEDA"}

O - o

‘TEDA*}
+HF

Jared Hammill @ Wipf Group

Jared Hammill @ Wipf Group

n-1or2

. O NHACc
2. NaOH (1 equiv) !

> R#\(Fga“

MeCN/H,O0 (1:1) , R

80°C, 2 h R

PF6_
\—N N—F

PFg \F
F-TEDA-PFg

+  MeCN ‘

O*ﬁ@

J. Am. Chem. Soc., 2012, 134, 2547
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Baran s Cu Catalysis “Ritter-Type”

o H 1. CuBr, (0.25 equiv) /Ls _ O NHAc
| A Zn(OT#), (0.5 equiv) O =N 2. NaOH (1 equiv) |

R’ R§ > Vhﬁ/*F 4 > R §4

R2 MeCN, rt, 1-2 h R 25 | MeCN/H,0 (1:1) I, R
R? 80°C, 2 h
+ 2 F-TEDA-PF - -
Scope:
SM Product (Yield) SM Product (Yield)

NHAc

OH OH NHAc
o QD P
"Bu "Bu

Jared Hammill @ Wipf Group J. Am. Chem. Soc., 2012, 134, 2547

(51%)

OH OH
NHA 0
S O e O %
@) 0] OH OH NHAc
o e o
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Che’ s Directed Pd Catalysis

N-OMe F;d(of;)z MeO L \-OMe
/k/ (5 mol%) N—Pd'LL HoNSO,(p-Cl-CgHy) |
r / ' /K/\
K28208, /§/ HNSOZ(p-C|-C6H4)
DCE
SM amide Product yield
/N\
~OMe H,NSO,(p-Cl-CgHg) %\ OMe 88%

HNSO,(p-Cl-CgH,)

[
=N-ome =N-0oMme
% H,NCOCF, 89%

HNCOCF;

HNSOz(p-C|-CGH4)

AS//N\OMe HaNSO,(p-Cl-CgHa) E% N 03%
e
MeO

MeO _ N
\/\)N\/ HeNSO2Ap-Cl o) \/\)\/\ o
H NSOz(p-C|-C6H4)
B D
N H,NSO,(p-Cl-CgHy) N~ 79%

HNSO,(p-Cl-CgHy)
J. Am. Chem. Soc. 2006, 728, 9048

Jared Hammill @ Wipf Group Page 49 of 73
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White' s Pd Catalyst

O\ } //O

>S
Ph

“Ph

Pd(OAc), (10 mol%)
DIPEA

MeCO,NHTSs (2 equiv)

BQ (2

equiv), air

dioxane, 24-48 h, 45 °C

Ts

> R/\/\/N\[(OMe

O
NN
MeO,C A _II\_IJJ\OMe
S
O
~ § _II\_IJJ\OMe
N S
R
O
0O,
I/\/\/\NJ\OMe
Ts

Jared Hammill @ Wipf Group

Jared Hammill @ Wipf Group

61%

54-89%
R =EWG, EDG

48%

#\O O
O
\/H/\/\_IN)J\OMe
OBn S

O/\AN
5

_CO,R
S

R = Me
R =Bn
R =tBu
R=Fm

64%

76%

84%
87%
69%
55%

J. Am. Chem. Soc. 2009, 131, 11701
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Allylic C-H Mechanism

Electrophillic Pd'/Pd® Catalysis

” C-H

Oxidation LnPd Activation
L.H

+ R
A4
2AcOH | Lo ah
n L,Pd"
R/\/\Nu Functionalization
= O
NuH e . DIPEA
MeO~ >N~ DIPEAH* -OAC DIPEAH" Nu” =-—
H NuH
pky ~ 3.5
NuH

AcOH

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2009, 131, 11701

Jared Hammill @ Wipf Group Page 51 of 73 9/28/2012



C-H Amination Summary

1° C-H Bonds

Directed Pd n-OMe

catalysis N

2° C-H Bonds
Directed Fe, Rh, R S 2 |h H

irected re, Rn, KU, L.M=N"""0 : * Allylic Rh, Ru, Pd

or Cu Catalysis R1/\)\R2 @ Catalysis R_A s
3° C-H Bonds

o, 0

Directed Fe, Rh, R LM N0 =N

irected Fe, Rh, Ru, NP L,M=N

or Cu Catalysis R’ R3

Jared Hammill @ Wipf Group
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Outline

A. Introduction

B. C,,3 C-H Bond Functionalization
A. C-O Bond Formation
B. C-N Bond Formation
C. C-C Bond Formation
D. C-X Bond Formation

C. Conclusions and Future Directions

Jared Hammill @ Wipf Group
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Davies’ s Carbenoid Approach

Rh,(S-DOSP), CO,Me |
CO,Me (1 mol%) wo——Ru
N2:< * > A i |
. )n ) ll\l OTRu
n SOzAr
n=1 72%, 96% ee L -
n=2 80%, 95% ee Ar = p-(C41.13H23.27)CgHy
Rh,(S-DOSP), CO,Me Rh,y(S-DOSP),
CO,Me 0 (1 mol%) 0
N2:< + < ] » Ar
Ar

74%, 98% ee

COzMe
Rh,(S-DOSP),

COMe (1 mol%) Ar
N2 :< + >
Ar

600/0, 68% ee

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2000, 722, 3063
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C-H carbon bond formation

——~Rh 7—H

Chem. Rev. 2010, 110, 704
Chem. Soc. Rev. 2011, 40, 1857

Jared Hammill @ Wipf Group
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C-H carbon bond formation

HO N o)
>\ Y Rh,(4S-MEOX),
> o)
R O CH,Cl,, 71% R

R = Me, Bu R = Me, Bu
OH
o) )
HO “OH
Rh,(HNCOCPh,) OTBS
2 3)4 . = H(I_DIN l
CCl, 3~ NHoH
HN
(-)-tetrodotoxin
>75%
Science 2006, 312, 67
J. Am. Chem. Soc. 2003, 125, 11510
Jared Hammill @ Wipf Group Chem. Eur. J. 1998, 6, 990
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White s C-H C-C formation

O [\ O
\ S S\ — pa—
Ph I Nuc
Pd( OAc )2 (10 mol%) Pd NUC:
uc:
> X S X Nuc Z
dioxane:DMSO (4:1)
DMBQ/AcOH
45°C,3.5h B ] Linear (L) Branched (B)
COZMG COzMe
/@/\/\( ©\/\/\/CO£\AQ MeOZC NN COZMe O-N
2
N
R NO; TfO NO: N
R= OMe  50% 1.7:1 (L:B) OMe
R= Me 61% 3:1 (L:B) R=0TBS 62% 5:1 (L:B) N
R=CO,Me 61%10:1 (LB) R=Me 58% 3:1 (L:B) 63% 7:1 (L:B) H
R = CF;4 65% 12:1 (L:B) R =CF3; 59% >20:1 (L:B) 42% 1:5 (L:B)
X CO,Me Zn dust X CO,Me
©/\/\( conc. aq HCI .~ ©/\/\(
NO NH
2 MeOH 99% 2
r.t., 20 min
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2008, 730, 14090
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Yu' s C-H C-C formation

H O Pd(OAc), (10 mol%) R O R O
. i AN
N/o|\/|e RB(OH), (1.6 equiv) . %N/OMe C OMe
R1 R? H K>,COg3, Ag,0 1'p2 H R! R2
BQ, t-BuOH R'R
70°C, 18 h
Ph O
R _OMe Et 'Bu
Ph O Q %N
OMe N : H H
H/ H "OMe “OMe
"OMe o @) 0
85%
O 60% 9
R = CO,Me 62% 75% ° 58%

R=NCOCH; 41%
Can use air in place of Ag,O

52% 41%

40%

Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2008, 130, 7190
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Yu' s C-H C-C formation

0 _ _
R! aAr  Pd(OAc); (10 mol%) @) @)
R? H LiCI (2 equiv) F§1 Ar R A
Cu(OAc), (1.1 equiv) R N R2 r
H > —>
+ AgOAc (1.1 equiv)
N 0
\_-CO,Bn Dl\qlz,hmlg C CO,Bn BnO,C
[Ar = CgF5] 1 1N2 L _
@]
BnO,C Ar O
i N o NAr NAr
OMe
@)
BnOC 84% BnO,C “—0  BnoC
87% 66% 61%

Jared Hammill @ Wipf Group

Jared Hammill @ Wipf Group

Page 59 of 73

J. Am. Chem. Soc. 2010, 132, 3680
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Sanford s C-H C-C formation

Pd(MeCN)4(BF4)2 ~ N
(10 mol%)
H4[PMo11VO40]
(3 mol%)

NaOTf (10 mol%)

EtOzC—‘ s

Xy CO2Et AcOH. 110 °C, air
TfO" TfO"
EO,C_ | F10,C |
+
B
=
89%

J. Am. Chem. Soc. 2011, 133, 6541
Jared Hammill @ Wipf Group
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Sanford s C-H C-C formation

TfO-
Pd(MeCN)4(BF4), E0,C |
(10 mol%)
H4[PMo11VO40]
(3 mol%) >
NaOTf (10 mol%)
AcOH, 110 °C, air
BF4 EtO,C BFy
E10,C | F>to12 S 21 Tl%) EtO,C | NaBH,
N 0.1 M EtOzH g SN [2oeadv)
. o
w 12 h rt » EtOH, 0 °C
81%
2.3:1 cis:trans
BF 4
EtOQCT
DBU (2 equiv.) | ~N
+
SN L S cogk
' R R
R R R= Me 85%
R=H 95%
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2011, 133, 6541
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Yu' s C-H C-C formation

0 Pd(OAc), (10 mol%) Ph
R OH / A92CO3, K2HPO4
+ Ph-B . o
R

O @ NaOAc, t-BuOH
130°C, 3 h o)
Ph Ph Ph
OH OH
><(OH BnO(CH2)3><( MeOZC(CH2)2><fOH PhW
o) 0O o) O
38% 30% 30% 20%
OH Pd(OAc), (10 mol%) Ar Ar
RX( A92CO3, K2HP04 Ar
+  Arl > OH + OH
O NaOAc, t-BuOH R R
130°C, 3 h A O B O
R = Me 70% R = (CH3)30Bn 45% R =Bu 62% R = (CH,),CO,Me  42%
Ar=Ph 5:2 (AB) Ar=Ph 5:1 (A:B) Ar=Ph 4:1(AB) Ar = Ph 5:1 (A:B)
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2007, 129, 3510
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Halogen Directed C-H C-C Formation

Ar

' Pd(OACc), (10 mol%)

K5>COg3, nBuyNBr X

Ar—X »> | P
DMF, 105-110°C, 4 d

37-59% Yield

Angew. Chem. Int. Ed. 2003, 33, 103

Pd(OAc), (10 mol%) —

P(O't0|)3, KQCO3 (2 GQUiV)
CO,Et - CO,Et

By DMF, 150°C, 30 min

93% Yield
Angew. Chem. Int. Ed. 2003, 42, 5736

R1 0
Z\%Rz PdO/PR; _ Z_ R' 42 examples
H base, 140 °C R2 47-96%
X
X =Cl,Br Z=noatom, CR,, N-R, C=0

R'=alkyl R2=H, CO,Me, CN
J. Am. Chem. Soc. 2010, 132, 10706

Jared Hammill @ Wipf Group
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Fagnou s C-H C-C formation

./ Pd(OAc), (10 mol%)
N \N\ PCysBF, (10mol%) X
|

Br carbonate base, PiVOH L
Mesitylene, 150 °C, 16 h

76% 56% 20%
O\\s’o Q.o 7
\ \S// N
©1/N{> ©1/\N—/_ \
62% 71%
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2010, 132, 10692
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C-H C-C formation

0]
O ~
N
. Cr
L,Pd® Br
Reductive Elimination ox,:';é(tjd'
Fast
0 0]
_ NM92
?j /PCYS
Ed CySPPd\Br
" CsOPiv
K CsBr
+
O PCy3
i 3
Pd” OH @\)‘ NMe
CysP 0= /OYQ
% o s Pd\g
N CysP
N,
‘\ -1 Ligand Exchange
Pd\o /O Fast
CysP if PivO":Pd >3:1
Concerted
Metalation-Deprotonation
Slow
Jared Hammill @ Wipf Grou
@ Wipf Group J. Am. Chem. Soc. 2010, 132, 10692
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Buchwald’ s C-H C-C formation

« o mom o o (oo, Cho,
N Xy + RH)H/R“ Ligand R! ki O O
NS R? RS NaO'Bu, R2 ROR*
A B

X =BrorCl Solvent
Typical solvents: toluene, THF, dioxane
Typical rxn temperatures: 80-120 °C

No Ligand No Ligand A
93% 46% 93% 61%
COzEt
A B B
64% 85% 70% 92% 76%
Jared Hammill @ Wipf Group J. Am. Chem. Soc. 2000, 7122, 1360
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C-H C-C formation

Enolate equivalents work too:

A\)kR R;:<OSiMe3 'V'>(z<

PdO ArX 3
R® R’ )/ \ R2 R3 R R? R
B 7 M=2n, C
o Lo(An)Pd o X n, Lu
L, (Ar)Pd %R - - Rzﬁ/\ " d<Ar
R
R2 R1 R1
0
MX R%R
R! Chem Rev. 2010, 132, 1360

Angew. Chem. Int. Ed. 2010, 49, 676

Jared Hammill @ Wipf Group
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C-C bond formation summary

1° C-H Bonds
Directed Pd z-g o Rl A
catalysis Ry : \ Pd>)\ %
X
2° C-H Bonds
Directed Pd or Rh Pd>)o CO,Me Allylic, Pd
Catalysis ﬁ\ No R Catalysis

3° C-H Bonds

Directed Pd, Rh

CO,Me Pd._)?
J ’ N :< i >>
Catalysis R

Jared Hammill @ Wipf Group
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Outline

A. Introduction

B. C,,3 C-H Bond Functionalization
A. C-O Bond Formation
B. C-N Bond Formation
C. C-C Bond Formation
D. C-X Bond Formation

C. Conclusions and Future Directions

Jared Hammill @ Wipf Group
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Yu' s C-H C-l formation

4N Pd(OAC), ( H Pd(OAC), (
% Bu _ (10mole) N By _N (10 mol%)
o O lo, Phi(OAc), %o o% I, PhI(OAC),

R2 CH20|2, 24 °C R1 R2 tB CH2C|2, 24 °C

u

R', R2 = Me or Et

88-92%
Bu

X

~_O
|
O
IBU\LCTj\r\/

32%

Jared Hammill @ Wipf Group

Jared Hammill @ Wipf Group

n=1-3
81-97%

' Oxa

65%
99:1 dr

@)
tBU I‘Bu
98%
67%
Ph
\><OTBS tBU O
| X xa
Oxa I Oxa I
62% 83%
93:7 dr 91:9dr 98%
99:1 dr

Angew. Chem. Int. Ed. 2005, 44, 2112
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Summary

C-H Oxygenation

H DG H DG H H >
Pt, Pd, Fe, Ir

C-H Amination

H DG

H DG H H L.M=N""~0
Cu, Rh, Ru Pd, Fe Kz )F?QRZ RN Rig\%m

C-H C-C Formation

Pd, Rh R \

Jared Hammill @ Wipf Group
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Conclusion and Future Directions

Hot Topic
>600 journal articles (not reviews) published since 2000

Ground work has been laid

*Continued mechanistic elucidation = rational catalyst design
*New catalysts/ligands
*Higher levels of predictable selectivity

sImplementation in complex molecule synthesis

“If we can find ways to use C-H bonds as versatile functional groups
we can revolutionize the rules that have influenced our strategies for
assembling molecules over the last 100 years.”

Jared Hammill @ Wipf Group Chem. Soc. Rev. 2011, 40, 1885
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Transition Metal-Catalyzed
Functionalization of C__, C-H bond
activation

sp3

Thanks for your attention!

Questions?

Jared Hammill @ Wipf Group
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