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Background of C-H acetoxylation

HOACc, LiIOAc OAC NO, Limitations:
PhH, 100°C
Pd(OAc), + NaNO, > ©/ + ©/ first catalytic
18 h TON=1~10
0.1 mmol 0.6 mmol 0.8 mmol scope & selectivity
[1] Tissue, T., Downs, W. J.; J. Chem. Soc. Chem. Commun. 1969, 410.
[2] Henry, P. M.“Palladium CatalyzedOxidation of Hydrocarbons”; D. Reidel;
Dordrecht, Holand, 1980; pp 306-338.
0.5 mol% Pd(OAc), OAC
AN o N
| + PhI(OAc), ACOH, 100 °C, 21h> A electron poor arenes
7z 1 equiv 61% _— poor regioselectivity
TON=127 alfa:beta=57:43

Yoneyama, T.; Crabtree, R. H.; J. Mol. Catal. A 1996, 108, 35.
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Strategies to control selectivity

cat. Pd!

strategies for controlling site selectivity

p{gx[')rgal = catalyst A
=
7\_ j <—catalyst B
actlvated
Approach1 Approach 2 Approach 3

Neufeldt, S. R., Sanford, M. S.; Acc. Chem. Res. 2009, 42, 1074.
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Ligand-directed C-H acetoxylation

i
Pl -~ C /Pd“
- H+

(#ii) (i)
I -OAc | Phl (OAC
—

Pd'V

AcO J k’ OAC
(or Pd'~Pd!l dimer)

\_ MeCN, 75°C, 18h  \_

3 86% 4 AcO
Dick, A. R.; Hull, K. L.; Sanford, M. S.; J. Am. Chem. Soc. 2004, 126, 2300.

2 mol % Pd(OAc),
_ 2 equiv. PhI(OAc),
>



Nucleophile-Assisted
Bimetallic Oxidation

I [O] X
‘0 ‘@ ~pd"Y

Bimetallic
Reductive Elimination | N
/N\ [O]
(0] o X PdXL

- Bimetalli lysi I X
N,Pd'”~x etallic Catalysis Cycle Z e
= (
[O]
N
‘ ‘pdm—X
T | x .
HX =3 R Dr. Ritter
P
=

Nu Powers, D.; Ritter, T. Nat. Chem. 2009, 1, 302



Directing ligand types and substrate scope

cat. Pd(OAc),

/-\ Phl(OAc),, Oxone, or K,S;0g /-\

L C-H solvent (e.g., ROH) L C-OR
75-100 °C
Z
7 N\
SN
—N
AcO OMe
T7% 77%
MeO
Q @ - N( ; o N> c<\ z (K/K;@
72'% 81% 72% 72%
/N | ( N
SO ol
90% 65% 54% T7% 62% 47‘3’0

(a) Desai, L. V.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 9542. (b) Kalyani, D.; Sanford, M. S.; Org.
Lett. 2005, 7, 4149. (c) Desai, L. V.; Malik, H. A.; Sanford, M. S.; Org. Lett. 2006, 8, 1141. (d) Kalberer, E. W.;
Whitfield, S. R.; Sanford, M. S.; J. Mol. Catal. A 2006, 251, 108. (e) Desai, L. V.; Stowers, K. J.; Sanford, M. S.; J.
Am. Chem. Soc. 2008, 130, 13285. (f) Neufeldt, S. R.; Sanford . S. Org Lett. 2010, 12, 532. -



C-H halogenation

Q 20 mol % PdCl, QC'
Cly

" N +  Mixture of ortho-
N chlorinated products

N
o dioxane/H,0
85°C, 16 h Cl
(a) Fahey, D. R. J. Chem. Soc., Chem. Commun. 1970, 417. (b) Fahey,
D. R. J. Organomet. Chem. 1971, 27, 283. __

M

5 mol % Pd(OAc), () N-O
N-O 1 equiv NBS N-O 1 equiv NBS 7\
MeO 4 \ = 9 MQOW \ qa - MeO
MeCN, 100 °C MeCN, 100 °C
Br

(72%) (10) (69%) Br
()
5 mol % Pd(OAc), (i) cl
= 1 equivNCS e 1 equiv NCS = N
EN\'N X MeCN, 100 °C \NfN MeCN, 100 °C <N
Ci (58%) (11) (83%)
o () " o
<N €l 5mol % Pd(OAc), < N (_ii) #hn
! 1 equiv NCS | 1 equivNCS |
~MeCN, 100°C MeCN, 100 °C
(88%) (39%)
(12) Cl

Kalyani, D.; Dick, A. R.; Anani, W. Q.; Sanford, M. S. Tetrahedron 2006, 62, 11483.



C-H halogenation-NCS vs. PhICl2

(i)
1-2 mol % Pd(OAc),
NXS

MeCN, 100 °C . - i |v

’ [ A5 Pd pd'

| X=Cl 95% N""*'I:)dll‘l\l E—. [ ]

X=Br 93% ~ACOH

O 80 °C, 24 h
7\ ( 14
=N (ii) (1 3)
5 mol % Pd(OAc), JACS 2007, 129, 15142
or no Pd

PhiCl
MeCN, 100°C E%/P d"/ i \
Pd >
PhiC|
Tetrahedron 2006, 62, 11483. O 2 CH Cl
il CH CI
e dn——o/ 0°C £\|d"' /> 23°C.

_ (94%)
= 5 mol % PdCl, = (4)
4 | NCS S\ | (15)
o
‘IIV(IJSCIS Kinetically competent for Pd(OAc)»
(D)H cl catalyzed C—H chlorination with NCS
(tolpy) 0 order in [NCS] Nat. Chem. 2009, 1, 302.

0 order in [tolpy]
1st order in [Pd]
kH/kD = 44

JACS 2007, 129, 15142



L ol — ()

™~ —
R Pd“
Halogenation of C-H bond — ™ oxidant-x
(5) X
(or Pdlll~Pd'l

10 mol % Pd(OAC), N
1.5 equiv F* |
CeHg, uwave N
110°C,1h

L/\© cat. Pd(OAc), L/D
NXS or "F+" X
AcOH or MeCN

SN SN N N- GHeol
COC AN -
| Cl Br Cl [%] ;

N—F N—F
79% 82% 56% 58% \_4 BF \_/ BF

N-n~ CFO OAc (75%) (15%) 3 (16%) (3%) (9%)
N, _|
‘N N : MeO\N/

|

O—N
Cl Br R R
41% 77% 62% 54%
= —\+ 10 mol % Pd(OAc), =
| o 5 \ /N—F = . | i
~ N i} eHs, nwave N
MeO N BF4™ 100-110°C, 1-4 h
H f

R=H 75%
52% 52% 60% 57% R=Me 57%
R=F  49%
R=Br 53%

Acc. Chem.Res. 2012, 45, 936.
J. Am. Chem. Soc. 2006, 128, 7134.



Indirect Mechanistic support

° (58%) (97%)

¢y 3 2.4 equiv DMSO
N ? Xng b N——Pd'VN 150°C 10 m|n
N7 e ‘ MeCN YT
Nk o 23°C, 1h

(19)
By Ritter group in JACS 2008, 130, 10060.

Pd! o

<5 70N82(2365H5 i I i [Pd”]
x min

. (38%)  Bu (92%)

¢ | | 3 equiv XeF, F
=N_ 3 equiv Xel‘2 Pd'V 80 °C,1h
il
I_

'Bu

(20)
By Sanford in JACS 2009, 131, 3796.
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C-H arylation

| e 5 mol % Pd(OAc),
N/ 1.15 equiv [Phol]BF4 N/
AcOH, 100°C, 12 h
(88%) Ph
x 0 5 = o H o
N N N % N
N /& o
Ph
Ph Ph CHO Ph p 0 o
(91%) (51%) (72%) (78%) (48%) (67%)
JACS 2005, 127, 7330
Oxidant resting state

+ -
Mes—!—Ar[;\ X

Ph (26
—N -1 equiv

+1 equiv
Arpy Arpy s Ph %
=N

Arpy - 2 equiv Arpy é" [Mes-I-Ph]X /%/Pd\ O\%

Pd{ — P!> - 5 ,

= (24) S determining >Pd!” >
- (25) step =NT+ 0
2 equiv o)

Catalyst resting state
Inorg. Chem. 2007, 46, 1924



Ligand directing ablities

OO

O;o cat. Pd(OAc), O cat. Pd(OAc), (YO
Ph_ [Phal]BF, N Phl(OAc), N OAc

84% 73%

cat. Pd!

cmdant

o

MeO (8)
single isomer

MeO (6)

MeO (7)
single isomer

JACS. 2005, 127, 7330.

5 mol % Pd(OAc), 7
- N R
PhI(OAC), N | =
[
_________________________________________________ AcO__ ..
T - — =\ 29%, 2:1
\} \N \}
N4 v g N weo Wt/
N
a1, / ?
(10) (11) (12) o)
59%, 61 83%, >20:1 81%, >20:1

Org.Lett. 2005, 7, 4149.

R cat. Pd!l R

_—
H oxidant FG

CF4 OEt
(59%, ref 16) (72%, ref 19a)

CO,Et )U C(
HN
Fac

(54%, ref 11)

(79%, ref 21)

(80%, ref 20) (61%, ref 7d)

\

é‘ %ow

50%, ref 1 82%, ref 1
(50%, ref 15) (82% 0 (60%, ref 19b)

Acc. Chem.Res. 2012, 45, 936. and refs cited therein
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Trend in aliphatic C-H functionalization

Ligand-directed sp3-C-H functionalization typically
proceeds with high selectivity for primary over secondary
C-H bonds. In addition, selectivity is observed for C-H
bonds that are [} versus R or 7y to the directing group (i.e,
five- membered palladacycles are strongly favored over
their four- or six-membered counterparts)

MeO. cat. Pd(OAc), MeO.
N PhI(OAc), N
/J\[ ACOH/AC,0 (1:1) )\(\OAC
(13) 100 °C
78%
Not Observed:

MeO.,
I/CLN MeCLN MeCLN |N MeO\N
"N e X C
OAc
OAc AcO OAc

JACS. 2004, 126, 9542.

C(\/@/1 mol % Pd(OAc), O/j@/

1 equiv Phi( OAC)2 AcO
+
benzene
N
AcO

X=CF; A:B=1:0.15
X=0OMe A:B=1:3.83

N
</; ) U 1 mol % Pd(OAC),
N 1 equiv Phl OAC)Q

benzene C U
80 °C AcO
only product detected

JACS. 2008, 130, 13285.

Trend of directing ability

1 mol % Pd(OAc),

L/D/ 1 equiv PhI(OAc), L/©/
H ACOHIACzO (1 1) AcO

Y

80°C
_________________________________________________________ {----
= '
| > le\l >> /“(Y > Y >> /NY
=N AcO O"'N Meo’N



Substrate-based selectivity control
-3 Pd-catalyzed ;s
N C-H functionalization o7 N
3 'JQ_H unctionalization A -»‘Q_FG
R
0
N

R

l

H Pd(L,)

PdAr(L,,) WH
@fg\ ©\/\&Pd~ (L ©f’g/H &
N N

v \

R R

IEIHeck -type  [B]Non- electrOphlllc [C]c3,C2-migration [D]C3 electrophilic
carbopalladation direct C2-palladation palladation

| | | 1
:

C2-arylation C3-arylation

Chem. Soc. Rev., 2007, 36, 1173
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Indoles and pyrroles as substrate

- cat. IMesPd(OAc), -
¢ ]f‘§ [Ar,I]BF, f ]j\§_ Ar
¢ L »> U .-
- N AcOH - N
R 25°C, 15-24 h R cat. PdCly(MeCN),

R
______________________________________________________________ R [Ar,l]BF, N

MeO Ph R' DCE \ Y/
S O I
N N RO Lo /T rmmm
H H \ (35)"{
81% 58% 89% 2%
SasejesSeRingg \M m@ v
(37) (38) (39) Ph (40)

55% 82% 53% I 53%
64% 70% 69% (selectivity = 29:1) (selectivity = 2:1)

JACS. 2006, 128, 4972. Org. Lett. 2011, 13, 288.
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Catalyst-based selectivity controle C[FG “romin U Era Q
FG

5 mol % PdCl,
2 equiv PhSnClg 0.5 mol % Pd(OAc),

4 equiv CuCl, Ph Ph 1 equiv PhI(OAc)z OAc
JooHOOL
DCE AcOH

° 100 °C, 21 h
80 4%'0/:6 n 78 : 20 3.4 equiv 61%
cat. (N~N)PdCl, Ph
“ [Ph,I]BF, Ph
CO —m o5 - CC
130°C, 16 h
a B

N~N Ligand and Product Yield/Selectivity:

NN e d oo e o

=N =N ~N =N

VG e B o e

41)
22% 12% 54% 47% 42%, 43% 70%
a:p=78:1 a:p=10:1 a:p=9:1 a:f=91 a:p =22:1 a:p =271 a:p=71:1



Acetoxylation

4 mol % Pd(OAc),

@ 1 equiv Phl(OAc), N OAc 2 mol % Pl
AcOH 1.0 equiv Phl(OAc), OAc
3.9 equiv 118°C, 20 h © - @
no ligand: 59% AcOH/Ac,0 (9:1)

9 mol % pyridine: 24% 10 equiv 100 °C
J. Mol. Catal. A 1996, 108, 35. 80
cl 2 mol '% Pd(OAc), cl
1 equiv Arl(OAc), *
C'\@ > C'\éa 60 A
AcOH/Ac,0 (9:1) | —OAc I
100°C, 8-12h Z B i II
i (=]
10 equiv no ligand, Phi(OAc),: 8%, o:p = 41:59 & w0l
1.8 mol % pyridine, Phl(OAc);: 59% a:p = 29:71 2 | | pyr : Pd(OAc), =11
1.8 mol % pyridine, Mes|(OAc),: 64% a:B = 11:89 = | 0O Pd(OAc),

1 equiv Mes|(OAc), . //I 20 1 |

ACOH/AC,0 (9:1) \ d % """"" - ;}_ ..... x
1 °cC T AT =

00°C X =Cl 8%; 0:m.p=41:29:30 ¥
Br 5%; o:m:p=38:34:28 0 = : i . . '
X CO,Et 5%; 0.m.p=18:66:16
0 5 10 15 20 25
10 equiv (14 reaction time (h)

2 mol % Pd(OAC),

1.8 mol % pyridine X OAc Angew. chem. Int. Ed. 2011, 50, 9409.

1 equiv Mesl(OAc), . Z/ |

AcOH/Ac,0 (9:1) A
100 °C

X =Cl 68%; o:m:p=16:46:38
Br 70%; o:m:p = 11:53:36
CO,Et 70%; oom:;p=10:72:18



Another set of study

+ 4 equiv DMSO

150 °C, 15 h
/ H
RQ

10 mol % Pd(OAc),
1 equiv BQ
2 equiv Ag,CO;

JACS. 2007, 129, 11904.

A
N

@3) 2
42

i U I-H || + Aryl-H
™ (if) +?\?OH " ACOH
(ii) An
ry

- *tBa . ~Pd_

-BQ (44)

JACS. 2009, 131, 9651.

Ha
150 °C
YR ey (om
43 a OMe
0.2 equivBQ: 16 : 1
20 equivBQ: 1.1 : 1
1 equiv
MeO OMe B%.)
+ — A + B (17)
150 °C
15h

JACS. 2011, 133, 4455.
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TM-catalyzed arene troﬂuoromethylation

CClg

CI2 SbFs Swarts reaction
Swarts, F. Bull. Acad. R. Belg. 1892, 24, 3009.
oD Do &

- \CF3 CGHG 80 C 3h

In 2006, first Pd catalyzed CF,lyation rxn
Grushin etc. JACS 2006, 128, 12644.

(Xantphos)

N [ N F
[>_Cu|_c,=3 . - >—Cu'—| . ©/‘ ’ Vicic, D. A. etc. JACS, 2008 130, 8600.

25°C N Organometallics 2008, 27, 6233.
;\ 112 h )\

Cul (10 mol%)
N | phen (10 mol%)
R + TMSCF, KF (2 equiv) gt N Amii, H. etc. Chem. Commun. 2009, 1909.
Z 60 °C, 24 h '

R =EWG




Sanford’s approach to CF lyation

CF
| strategy 1

3
~ — >
/TdIV S
\ \
R
B(OH),
= |
R— | + Cu' + CF3e
)

A

strategy 2 2
R— | + AgCF3
N

Tstrategy 3
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Approach 1 from Pd(IV) center ot s o
. Q\ d“/©/ 4<\:§ — OC >Pdlv

using PhI(OAc),
R

R
TESCF3 (5 equiv) 2
CsF (2 equiv)

A

THF, 24 h, rt Dioxane, 80 °C
L—Pd—Cl L—Pd—CF; CF3
12a: R=CO,Me 13a: 38% 14a: typ =22
12b: R=OMe 13b: 37% 14b: t;, =24

(L=6)

(a) J. Am. Chem. Soc. 2010, 132, 2878.
(b) J. Am. Chem. Soc. 2011, 133, 7577.

CF
72h
OMe :
13b % <5% yield
Buchwald etc Science 328, 1679 (2010); F
CF;
N CF
a). \Pdlv/ 3
\Pd”/CF3 2e” oxidant N/ | \F 80 °C
~ X OTf 8h
—R F
= 2 .
77% yield




Reaction exploration

CF;
/CFS — TfO‘ /CF3 i
( /PdI /P d<
+ 70" - P
OTf aryl—CF3 L v
F ~ Pdll/
2 T~z
iv
~OTf
N—F
~g g2 CN\Pd'V/CF3 I'\Pd'V/CF3
Pd P —> aryl-CF3 N T~
-~ "T>cF Temp | F Temp L | z
OTf Y
N~N = tmeda 5
jii
- dII/aryl
L/ \CF3
Temp =80 °C 2e” oxidant A
m = MesN NMe, Temp=25°C

Canty, A. J.; Organometallics 1994, 13, 2053.

aryl-X
(X=H, B, Sn,
Si, etc)

ii TMSCF3



Approach 1 from Pd(IV) center using CF,*

— Ac = TFS
i O- CF;* ~ _N OH
el — o LI e
1 \2 AcOH — | ~~O0Ac

6 40°C,1h OAc

10

Fre Fre T

3
I\ Z N + BF4
CFs* = | o Q'O
™
7 O 8 9

r ¢ )
— v prm—
NS pan O Q

-

— T | OAc AcOH

OAc 60 °C, 12 h F
3
10 1
Additive  Yield
none 56%
TFA 73%

Yb(OTf);  99%

Sanford, M. S. J. Am. Chem. Soc. 2010, 132, 14682.

dual role as 2e~ oxidant
and CF3 source

7N
R=r
4
~pl— CF.*
/Pd l AN : > \PdIV/CF3

CF3* oxidant
. | Bronsted acid, Lewis acid I

-
w

I BF,~ @

Pd(OAc), (10 mol%)
TFA (10 equiv)
Cu(OAc)2 (1 equiv)

O’

\

DCE
110°C

‘|+¢.o

=
Z

H
Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 3648.



CF,lation using AgCF, K@f;ﬂ

CF;
o)
CFs H (63%)
MeO
O (68%) T
aryl-B(OH),

+
CF3l

cat. Ru(bpy)z>*
cat. Cu(OAc)
visible light

o
(64%) /

T oy

(40%)

CF
CF 3
8 (88%) = |
X
(78%) T (87%) 0
/ 1
AgCFs L cr,

|
=
FsC— | < + > Cl 12 X (0]
A aryl-H o
(46%, 3 isomers) (34%, 4 isomers)
2\)‘]: />_ CF3

(42%)

T

Me (0]
/
N

E/)—CFs

(44%, one isomer)

F3C_

(76%, 2 /somers)




Summary
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‘ Inspirational
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Pd(1v)
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MeO.

N
| H
@'i) 5% Pd(OAc), 1 equiv. PhI(OAC),
8 AcOH, Ac,0, 80°C
H
0
2 equiv. Phl(OAc),
cat. Pd(OAc), cat. Pd(OAc),
NCS Ar,IBF,

10% Pd(OAC),

—\ . 1.25 equiv. DMF
_F DCE, 120°C, 3d
©/\NHTf N

oTf

\J
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MeO. M
N “ON oA

| H
5% Pd(OAc), 1 equiv. Phl(OAc),
AcOH, Ac,0, 80°C

II
II



.

Ao oomzmon, o e
\_/ 2 equiv PhI(OAC),

(22) (23) 72% OAc

cat. Pd(OAc),
l PhI(OAc),, NCS,

or [(m-CF3Ar),l1BF,4
OAc

5@Q$“

AcO (24),59% OAc (7)

OAc

Ei( N owe

Cl (25),81% OAc




—_—

10% Pd(OAC),

=\ 1.25 equiv. DMF
{ 'N-F _DGE, 120°C, 3d
©/\NHTf RNAR > ©:\>

OTf ~




