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Introduction to C-H Bond Activation and
Functionalization

C-H Bond Activation: Cleavage of C-H bond that leads to the formation of a metal-C bond either
through oxidative addition to a low valent metal center or electrophilic substitution

Thought difficult due to strengths of C-H bond
Stoichiometric cleavage by transition metals extensively studied since 1960s
Traditionally focused on simple hydrocarbons, such as those found in gas and oil

C-H bond strengths H
H H
H H
i :C.‘H H H
H
105 kcal/mol 110 kcal/mol

C-H Bond Functionaliztion: Cleavage of C-H bond that is followed by new bond formation at the
carbon center

Catalytic C-H bond functionalization is still in developmental phases (started ~1990s)
Synthethic potential to build complex molecules and construct C-C bond frameworks

C-H Activation:Shilov and Shul'pin, Chem Rev, 1997, 97, 2879-2932.
C-H funtionalization: Kakiuchi and Chatani, Adv. Synth. Catal. 2003, 345, 1077-1101.

Catalytic C-H Functionalization

Early Examples
+
CpoZr
N \ N
Z N~ ) z I
+ o
« | N 5mol% AN S
e 85% by NMR

Jordan and Taylor, JACS. 1989, 111, 778.

o)
Na 1.3 mol% Ru3(CO);, Ny CaHo
| + o0 + Aen > |
»Z 4 150 °C, 18 h %

65 %
(linear/branched: 93:7)

Moore, JACS. 1992, 114, 5888.

o
o 2 mol% RuH,(CO)(PPh,);
+ 2 si(0Et), toluene, 2 h
reflux Si(OEt);

93%
Murai, Nature. 1993, 366, 529.

Success of these reactions is attributed to chelation assistance.



Catalytic C-H Functionalization

Chelation Assistance
N 1.3 mol% Rug(CO), N oH
L o S
+ 49
| P A C,H, €0,150°C, 18 h | _ 65 %
linear/branched: 93:7
(CO).
Ru ° /\C4H9
\ co
/H\
(0C)sRu Ru(CO);
NN Moore, JACS. 1992, 114, 5888.
\ 7/
o o]
2 mol% RuH,(CO)(PPh
o RuH,(CO)( 3):L 03%
+ A sioky toluene, 2 h
® reflux Si(OEt)3
>0 2 si(0E),
o
h Murai, Nature. 1993, 366, 529.

Murai, J. Org. Chem. 1995, 504, 151

Despite numerous advances in oxygen directed functionalization, this will not be discussed
further.

C-H/Olefin Coupling
Aromatic C-H Functionalization

Pyridine as a directing group

\_/ + ANiBu 10 mol% [RhCl(coe),]PCy; -

\
\_7
THF, 120 °C
99% yield
t-Bu
Substrate Scope
alkene yield
pent-1-ene 68%
hex-1-ene 54%
(Et0);SICH=CH, 67%
Cone Angle Dependence
catalyst cone angle yield
[RhCI(coe),]PCy; 170- 92%
[RhClI(coe),]PPh; 145- 80%
[RhCI(coe),]PMe; 118- 21%

-Methyl group at the 3' position of pyridine ring prevent additional olefin incorporation
-Phosphine cone angle affect reactivity more than electronics

Lim, J. Chem. Soc., Perkin Trans 1, 1996, 2201



C-H/Olefin Coupling
Aromatic C-H Functionalization

Pyridine as a directing group

- +  ZtBu 10mol% [RhCl(coe),]PCy,

N/ > \—7
N
THF, 120 °C
Catalytic Cycle 1S +Bu
ZN (PCya)sRhCI
R PCya
PCy (PCy3)2RhCI\<
e
o
CysP N i |
CI—Rh: CYsP\N
CH,CH,R Cl—Rhz
PCy.
CysP. 'Il ’
CI—Rh R/=
PCy3

Lim, J. Chem. Soc., Perkin Trans 1, 1996, 2201

C-H/Olefin Coupling
Aromatic C-H Functionalization

Imidate as a directing group

o i

o __N / N
"
+ A si(0EY, 6 mol% Ruy(CO)r2 Si(OEy; * . Si(OEt)
5eq. toulene, 135 °C

Murai, Chem. Lett, 1999, 19
10% 87%
35% 30%

33
N =

Imine as a directing group

NJ< 2 mol% Ruy(CO);,

< <
| e > | |
H + 7 TSi(OEY, toulene, 135 °C H + H
Murai, Chem. Lett., 1996, 111 Si(OED), " si(0Et,)

81% 10%

-Unsaturated products are believed to be from B hydride elimination after olefin insertion.
-Analogous to the following example:

< @ <o
| C,H, (1.5 bar) _-n A
Rumgg 242 7 " n Risa 5 &N — >~
H | NMe, NMe.
\ MeOH, r.t. NMe, 2

NMe, 81%

Ritleng, Chem Commun. 2000, 129



C-H/Olefin Coupling
Olefinic C-H Functionalization

Pyridine as a directing group

)
| X

NN 5 mol% RhCI(PPhy); | P

J * THF, 160 °C, 6 h NN
,160 °C, 6 hr
H™ Ph \)‘Ph 45%
Suggs, JACS, 1979, 101, 489

B
| 10 mol% RhCI(PPh;);

Z Me +

N XN toluene, 110 °C, 19 hr %6“/;

93:7

Lim, Chem Commun, 1996, 585.

-No self dimerization products detected
-With propene, bisalkylation products observed

C-H/Olefin Coupling
sp® C-H Functionalization

Pyridine as a directing group

A
I B
7 10 mol% Ru3(CO)
N NH 3 12 ~
t AR > N~ NH
Ph toulene, 130 °C, 6 hr
Ph R
R Yield
Bu 95 %
CgHy7 93%
t-Bu 72%
Cyclohexyl 75%
R,

e Cr
7 NH ——> norxn

Ph Ph

-Substitution at R4 or Rg resulted in trace products (same for no substitution)

-Substitution at 3' position of pyridine necessary--may retard the free rotation of the benzyl group
around the amine

-Chelation assistance is prerequisite for C-H activation

-Electron donating substituents on phenyl ring increased reactivity--may activate the benzylic
CH bond for cleavage

Jun, Chem Commun, 1998, 1405



C-H Carbonylation
Aromatic C-H Functionalization
Pyridine as directing group

S | =
| NZ 2.5 mol % Ru(CO);, NZ
+ CO + ~
Z toulene, 160 °C, 20 h 94%
o)

-No substitution on the pyridine ring, some dicarbonylation product observed
-Electon withdrawing substituents on pyridine, no reaction

-m-substituted phenyl rings, carbonylation determined by sterics

Proposed Mechanism

XN A
B | ] Hacech, P co
N/ —_— N —_— l;l —_—T
1
Ru(CO); Ru(CO);

H Et

N B
l Z | P | N
or N _— N
Ru(CO); Bu(co)3
[o]

-2

OJ\/ Et

(o)

Mononuclear Ru proposed due to isolation of cyclometalated Ru complexes from benzaldehyde
imine and Ru3(CO);,

Murai, J. Org. Chem, 1997, 62, 2604.

C-H Carbonylation
Aromatic C-H Functionalization
Imine as a directing group
_tBu

N
n-FBY 2.5 mol % Ruy(CO)yy, l

| CO, CH,CH, _ H silica _ O‘
H toulene, 160 -C, 12 h 25 °C, 1 day

) 82% ©

-Products susceptible to aldol type condensation
-Reaction only works with ethylene

Murai, J. Org. Chem, 1997, 62, 5647.

Oxazoline are suitable alternative

0’%
. 2.5 mol % Ru3(CO),,

+ CO + 2 >
Z toulene, 160 °C, 20 h

98%

-Gemdimethyl group neccessary or aldol type products

-Tolerant to variety of groups but only to Br, CN, and NMe, when in
m-position (o-position = no rxn)

-Biscarbonylation products if both ortho sites avaliable

Murai, J. Org. Chem, 2000, 65, 1475.



C-H Carbonylation

Olefinic C-H Functionalization
Pyridine as a directing group

t-Bu t-Bu
=
2.5 mol % Ru3(CO);, z
+ CO + ~z
| SN Z toulene, 160 °C, 20 h o

-No other C-H functionalized products observed
-With groups less bulky than t-butyl, complicated mixtures are observed
Other substrates for olefin carbonylation

=z Isomerization in cyclic pyridyl olefins
—_— attributed in subtle differences in framework of
2N S0 v 2N © cyclometalated complex
| | |
X N
X I\Ille
9 o
Me e 21% 64% N
N N =z |
Ru-H Vs
I z NI Ru-H
—_—
| Z N
0 X |
Z "N Z N N
\ | |

Murai, J. Org. Chem, 1998, 63, 5129.

C-H Carbonylation

sp® C-H Functionalization
Pyridine as a directing group

]
+
Q
o

+
%j

4 mol % [RhCl(cod)], o

SN
| IPA, 160 °C, 40 h

Py'
73% 54%
Py': 5-methy-2-pyridyl
Acyclic Substrates
Ph Ph Ph
~N ';l —_— /\I(\ l;l ) + ~N ';l )\n/\ 18 %
Py 0 Py Py O (61

-Trace biscarbonylation products observed

-Steric hindrance around pyridine and electron withdrawing groups on pyridine
dramatically dropped yields

Murai, JACS., 2000, 7122, 12882.



C-H Carbonylation
Other Examples
C-H/Olefin coupling observed with metal change

\/O\/

N

<

8 mol % Ru;(CO);,
+ CO + ~z SN 93%
Sn IPA, 140 °C, 20 h | (61:39)
4 )

-CO used to keep reaction clean--stop catalyst decomposing
-No explanation why IPA works well with the system
-Can couple with other olefins like hexene and styrene
-Various cyclic amines can be used .
Murai, JACS., 2001, 123, 10935.

Other carbonylation examples

'
H
N7 \ -~ ',i
- H H
Murai, J. Org. Chem, 2002, 67, 7557. Murai, JACS, 1996, 118, 493. Murai, JACS, 1998, 120, 11522.

C-H Arylation
Aromatic C-H Functionalization

Pyridine as a directing group

Z Z
< 4+ Pnsn 5 mol% RhCI(PPhg) |
N
CHCI,CHCl,
120-C, 40 h

i, Chem Commun, 1998, 2439. 78%

W
WS

Optimized conditions

% i [RUCI,(n®-CeHg)L,, 4PPh,
PhBr >
St K,CO3, NMP, 120 -C, 20 h

Selected substrate scope

N

W
W

90 %

g g 4 “
N N N 3 N
N -
Go%omopo 64% mono F 40% mono 90% mono
18% di 16% di 14% di

Qi Org Lett, 2001, 3, 2579.



C-H Arylation

Aromatic C-H Functionalization

[RUCla(1®-CgHg)l,, 4PPh

+ PhBr
K,CO3, NMO, 120 °C, 20 h

Proposed Mechanism 7
\N |
Ry Ar-Br
Ar
=z
|
N Ar--Ru"V--Br
FI‘uIV
SAr
=z | Z
< g
HBr @ 'l‘ N
eI:“llv
H | Sa
Br

C-H Arylation

Qi Org Lett, 2001, 3, 2579.

Aromatic C-H Functionalization

Imine as a directing group

R, [RUCI,(n®CgHg)],, PPhy
X R >
N-2 4 ABr K,CO3, NMP, 120 °C, 20 h
R, =4-MeO-CcH,
Me H Me
X, R SWL’ X, -R
N 2 N 2 N 2
~Ph Fen s":@\
90% 92%
mono:di mono:di :1?);/:')
81:19 10:90
Me Me
X, R
N 2 \N Ry
85 % E)\ 74 %O
mono F mono Me

R, Ar R,
X, R X, R
NT2 NT2
+
Ar Ar
major minor
Me
F,C S R
3 \©)\N 2
?’:Ph
100 %
OMe mono
Me
X R
N 2
95 % O
mono

Oi, Org Lett, 2001, 3, 2579.



C-H Arylation
Mechanistic Studies of Ruz(CO)4,
Model System

N 2 mol% Ru3(CO);,, PPhy N
N
[ + Cs,C0;, t-BUOH, 150 °C N
=
32% yield at 18 hrs
Isolation of Active Catalyst
1.1 eq. PPh;, 8 eq. pyridine Q\ /@
t-BuOH, 100 °C +-BuOH, 150 °C
Ru3(CO)y, > oc, /
2.1 eq. PPh;, 1.5 eq. Cs,CO3 or PPh3
tBuOH, 100 - 110 °C

I.l
7 ~co
N 2o PPhy

catalytically active
32% yield at 18 hrs

R

PPh
C, 3 PhgP,, /
catalytically active Ru CO +

55 % yield at 18 hrs u
_/ | “CO 4 u~co
co PPh; — N F PPh3

Sames, JACS 2005, 127, 3648.

C-H Arylation
Mechanistic Studies of Rus(CO);»

N 2 mol% Ru(CO);z, PPhy N
S
| ¥ Cs,C0;, t-BUOH, 150 °C S
Z Z

32% yield at 18 hrs

DO - O

oc, J\\PPhs ( PPhg
N;F‘eu‘nﬁco - N'R=lj RL:(CO)
@;/;P;CO mixture of ds PPh @;// 2
co PPhs a co Ph

" @ Q (
HI N PPh, Ny PP

Sames, JACS 2005, 127, 3648.
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C-H Arylation
sp® C-H Functionalization

78%

5 mol% RhCI(CO)[P(Fur);],
. >

Phl

H
N
( ] TBE, Cs,Coj3, dioxane
120 °C

5%

Reaction Scope of Haloarene Donors

l\neo\st\i(/17 MeOZC\Qf‘:@

62%

Qf@ ey

56% 39%

44%

10-30% dehalogenation observed

"4

(0]

NH-heterocycle Substrate Scope

Pt},{ENJ Ph g @

65%

Ph N
\[/ j
N
|
Et

53%

CF

51% 52% 62%

Sames JACS, 2004, 126, 13244..

C-H Arylation
sp® C-H Functionalization

H P(Fur);
P(Fur); CI_Rh,CO
oc. | .1 ( ; 1"ph
Ph-l -Rh, > N
ClI" | "Ph P(F
P(Fur), (Eurs
A
H 4\ Productive, fast cycle
P(Fur); g 7 F:(Fur)s Ph-l el P(Fur);
cl-Rh-co —— o CN—RIh-CO _— \R|h,C0
—— —Rh,
P(Fur); -Hel P(Fur; | g N P!
catalyst ( Q
Less productive, slow cycle
P(Fur); 0l 'l’(Fur)a
N
(hCI-Rh-CO y-hp-co

Q/Ph

-Both A and B were characterized and isolated from reaction mixture
-A was identical to the catalyst in yield and kinetic profile.
-B reacted at a slower rate and significanty lower efficiency

Sames, JACS, 2004, 126, 13244..

11



C-H Arylation
Pd Aromatic C-H Functionalization

=z 5 mol% Pd(OAc), z |
SN [Ph,IIBF,, solvent, 100 °C _ SN
solvent: AcOH, AcOH/Ac,0, Ph
PhH or PhMe

88%
Selected Substrate Scope

z 0 z | Y I =z
\ D ~
NS
N N N N
Ph Ph Ph Ph”” “Ph
91% 74% 72% 60%
~ OMe Br
o) o H
SN N cl
N g
H N o D/
Ph Ph
Ph Ph
o)
51% 84% 78% 67%

Sanford, JACS, 2005, 127, 7330

C-H Arylation
Pd Aromatic C-H Functionalization
Functionalization with Diverse Aryl Substituents

= ] 5 mol% Pd(OAc), z
. [Mes-I-ArIBF,, AcOH, 100 °C SN
12h
Ar
) H o

85% 87% 88% 83%

72% 81%

84% Me

Preliminary Mechanistic Studies

7\ Pd(OAc); % [Ph,IIBF, 7\

_— “Pd _— —

=N -HOAc N )2( N
N 2 Ar

H $

Reaction believed to involve a Pd(I1)/Pd(IV) cycle

-Cyclopalladated complex catalyzes reaction at same rate and yield as Pd(OAc),

-Radical inhibitors and hetereogeneous catalysis poisons do not affect reaction

-Replacement of iodine reagent with Ph-1 or Ph-OTf, known to generate Pd®, gave no product
Sanford, JACS, 2005, 127, 7330
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C-H Arylation
Pd sp® C-H Functionalization
Pyridine as a directing group

Me

= | 5 mol% Pd(OAc), z

SN + AgOAc, AcOH, o SN
110-130 °C

Me | 42-165 h
Selected Substrates
z Me
® ' )
_ NS
N N MeO,C  N~N

o T 00
Br 74% Ac 73% 59 %

Daugulis, Org. Lett, 2005, 17, 3657
Schiff base as a directing group

N/ 4 mol% Pd(OAc), O N/
/Ij +  PhySi(OH)Me ~ ponzoquinone, Cu(OAc), O /j©
S 100 °C S

| |
Me

Me
73%
-Trace amts of biphenyl and phenyl acetate observed )
Sames, JACS, 2002, 124, 13372
C-H Oxygenation
Aromatic C-H Functionalization
N 1- 6 mol% Pd(OAc), N
e~ Phi(OAc),, solvent o N/
N 100 °C
Me 12h AcO 88%
solvent: AcOH, MeOH, ACN
A N OAc
N—Ph
7 7
. v @ ' ¢ e
=N
MeO 77% AcO 80% 62% 54%
AcO,
OAc =
NP O WA 7\
N =N =N
H OAc AcO AcO
47% 72% 52% 83%*
AcO AcO
(o]
7\ 7\ Y
=N =N *2 eq of Phl(OAc), used
78%* AcO 58%*  AcO

-Good control of mono and di oxidation especially in the presence of two
ortho C-H sites
Sanford, JACS, 2004, 126, 2300
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C-H Oxygenation
Aromatic C-H Functionalization
meta-substituted Arenes

1- 6 mol% Pd(OAc), AcO,
- ‘o
7\ 2 /A 7\
=N PhI(OAc),, solvent + _
100 °C —N N
X 12h X AcO X
A B
solvent: AcOH, CGHG, CgHg/Ac,0

o o o of

0% s9% 7% 78% OMe
(>2o1) (61) (271) (601)
AcO, AcO. c'Aco AcO,
< NQ ( ‘N@ N@ N’@
F Me OMe OMOM
88% 74% 73% 70%
A:
(14:1) (>20:1) AcO (>20:1) (>20:1)
7\ 7\
=N =N
81%
82%
A:B N (>2§1)
(>20:1) \OMe ) Sanford, Org. Lett. 2005, 19, 4149

C-H Oxygenation
Unactivated sp® C-H Functionalization
Oxime as a directing group

MeO_
MeO, 5 mol% Pd(OAc), |N
I Phi(OAC), ACOH/AC,0 /SCOAc
100 °C
1.5-35h
74%
MeO\N MeO\N

I | MeO
\/\)\/\ N
OAc OAc

/\/\)\/\/
39%
78% ° no rxn no rxn

MeO\N z Mec‘)
L G e A
tBu OAc N OAc
AcO 86% AcO
61% a2% : 70%
MeO_
N OAc
| A OAc I| H
7
N (o)

81%

T

Sanford, JACS 2004, 126, 9542
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C-H Oxygenation
Mechanistic Insight

Stable Pd(IV) complex isolated

= N = i
SN NS Phi(O,CPh), =
) il
) S Nl’""Pdlv‘N\
Phl g
| 0,CPh

0,CPh
=
1
heat x~Ne.,, NCsD; 7\
CsDsN T0-CPn _:hO c
2

-Rigid cyclometalated pyridine ligands w/ aryl to prevent ligand exchange
-Independent chelating frameworks to prevent C-C bond reductive elimination
-Complex stable for at least a week w/o decomposition

Sanford, JACS 2005, 127, 12790

C-H Oxygenation
Mechanistic Insight
Proposed Mechanisms

Mechanism A _ +ArCO; +
N _— e
-ArCO," (N"n-.F‘,dw‘N _pd" N C-O,CAr
c” N
O,CAr
= 1
Mechani B
S -palV —~echanismB Nq-OZCAr
i
| ~0,cPh -Pd
0,CPh
&\
(NI“"I'!‘dIV N/\c 0.CA
MechanismC = - "OoLA
' C” | “o,car -Pd"
O,CAr

Mechanism A is not likely
-Rates of reductive elimination are independent of solvent polarity

-Eyring analysis gave AST of -1.4 eu in DMSO (ionic R.E. systems usually give -13 to -49 eu due to solvent
ordering)

-Electron donating substituents on para position of benzoate increased rate of reductive elminination,
suggesting benzoate is a nucleophilic partner

-No crossover products observed with mixtures of two differentially substituented Pd'V complexes
-Addition of NBu4OAc resulted <5% incorporation of OAc in product

Mechanism C is slightly favored
-Rate of reductive elimination decreases with bisbenzoquinoline pd"v complex
Sanford, JACS 2005, 127, 12790
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C-H lodination
Unactivated sp® C-H Functionalization

I
o Me N 10 mol% Pd(OAc), Ry N +Bu
1ﬂ\( tBu - Ry I
2

R /I PhI(OAG),, I, DCM b
(o} r.t.
48-72h

I ! |
Mcs\(/N +Bu Me N t8u Eg\(/N +Bu
- v Py

o o] o]

92% 91% 88%

! dr 63:37 1

Asymmetric lodination

|
I
Mg\(N
t-Bu Me N N
2 t-Bu t-Bu
ads ey e P
o

1 o
83% 0 65%
drot:9 dfngh dr 99+

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

C-H lodination
Mechanistic Insight

Proposed catalytic active species
C-/H-\OXB\P _0
R, tBu Aco™ PI~D-me
Ry _0 0/
0\ LPISD-me Pd;o/ Me
o"H o HOAc
~pd”~ Me ~—y
,Pd\o/
Me—< Phi(OAc),, I,
Me—<\0\ Ry
" ~
0" Pd‘N— ‘R, Oxa C-H
H*/o xa__ _o
t-Bu” —PISD-Me
R; = Ry =Me /
Pdl o
Isolated from reaction mixture, 2 ;;Pd:o/ Me
syn geometry tentatively assigned from
steric argument
I
~
Oxa C-l

-Pdl, was unreactive with substrate
-PhI(OAc), and I, used to rengenerate Pd(OAc),

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



