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Background

® Fritz Ullmann (1901), discovery of the Cu-mediated
coupling reaction.

O5N
o 0 J
N Cu 210-220 °C g N CuBr
NO (powder)
2 NO,

Ullmann, F. Chem. Ges. 1901, 34,2174.

® Well-defined palladium-catalyzed cross-coupling reactions was first developed
In the 1970s,and they quickly surpassed copper-based methods in both scope
and popularity.



Background

“ For palladium-catalyzed
cross couplings in organic
synthesis.”

Akira Suzuki  Ei-ichi Negishi Richard F.Heck

The wide-ranging impact of the palladium-based methodology was recognized
in the awarding of the Nobel Prize in Chemistry in 2010.



Background

pa/!! Catalytic Cycle

Start here R1-

L,Pd®)
Reductive
Elimination
Oxidative
Addition

LnPd\”

Transmetallation

RLY

LnPd\“

Limitations:

1. Limited reactivity to forming certain important types of chemical bond (for example
C-X and C-CF; linkages).

2. High susceptibility to decomposition pathways such as B -hydride elimination

0



Background

Pd(II)/Pd(I1V) Catalytic Cycle

Oxidant-X Whether Pd(1V) intermediates
really exist and can they
overcome the limitation of low
-valent palladium catalyzed

X cross-coupling reactions?

_—Pd(In_ _—Pd(Iv)_

R-X R-Y

R-Y, organic substrate
X, new functional group being introduced




Background

Sporadic reports over the past 50 years have proposed the intermediacy
of Pd(1V) in catalysis.

X X
N @ N
dioxane/water
X X

Darryl R. Fahey. J. Organometal. Chem. 1971, 27, 283.

NHCOCH,4 NHCOCH,

@ Pd(OAc),, CH,l ©/CH3

Samuel J. Tremont. J. Am. Chem. Soc. 1984, 106, 5759.

Key Challenge:
Determine whether it was possible to form, detect and isolate Pd(1V)
complexes from the reactions of Pd(Il) precursors with oxidants.
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Characterizations

o N 1975, the very first Pd'"Y compounds containing a Pd-C bond was
synthesized, but little attention was paid to them.

CH-CI
(CeFs)oPd(chel) + Cl, — 2% (| (CsFe),Pd(chel)

R. Uson, J. Organomet. Chem. 1975, 96, 307.

® In 1986,the first single-crystal X-ray structure of a palladium(1V)
complex. ) _

the oxidative addition went
through a general Sy 2 pathway.

Mev., ]Ld!\\/‘\\N\ | ¥ Y
Me™ | N Allan. J. Canty
=

The pioneer 10
A. J. Canty, J. Chem. Soc., Chem. Commun., 1986, 1722.

*|n situ 'H NMR studies showed l



Characterizations

Compound Oxidant Characterization Remarks
Mel\\lc‘:I
™\ Me cl . Too unstable to other
@Pd—N\ 2 HNMR characterization.

G. van Koten, Organometallics, 1993, 12, 1831.

/N///,,' R
) «?d% X, 1H NMR

C. J. Elsevier, Angew. Chem. Int. Ed. Engel., 1997, 36, 1743.
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Characterizations

Compound

Oxidant

PdMe,(O,CPh),(bpy)  (O,CPh),

PdMe,(SPh),(bpy)

(SPh),

(SePh),

A. J. Canty, Inorg.

Characterization Remarks

IH NMR

'H NMR
X-ray Analysis

Chem., 1998, 3758.

The incorporation of
heteroatoms in the
Pd(1V) complexes is
Important since it
provides opportunities
for the study of C-hetero
-atom formation by
reductive elimination

12



Characterizations

Compound Oxidant Characterization Remarks

_OH ./
Cl':d"“‘Nf\\\x H20; or H20 "H NMR
| \N/{\!) X-ray Analysis

Low reductive
potential of Pd(l1)

N /
_ N ' complexes, which
H were supported by
the high electron
>|< I donating alkyl and
//,,' “\\\N
Cll)dst "H NMR TP group.
N /{\, X2 X-ray Analysis
2N
— N‘B,
H

A. J. Canty, Organometallics, 1996, 5713.
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Characterizations

Compound Oxidant Characterization
— - +
Me | A
Me,, N~ MeOTf
S, lLdW PMo,Ph 'H NMR / 13P NMR
PMe,PR___ (05SCF;”

A. J. Canty. J. Organometal. Chem. 2000, 595, 296.

NM62

Cl
1\P|d—C1 PhIC], 'H NMR
NMe, /2

G. van Koten, Organometallics, 1998, 17, 731.

Remarks

The first mono
-dentate phosphine
supported cationic
organopalladium
complex was isolated
and structurally
determined.

The first reported
complex being
oxidized by PhICI,
but relatively unstable
decomposed in a

few minutes.
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Characterizations

Compound Oxidant Characterization Remarks
| X
N
! P|d \\\\\ \ Ph1(O,CPh)
SN | \ochh
| ) oxPh
| X
N
R PhICI 1H NMR Stable at room
AN ’ X lysis  temperature
XN ‘ cl -ray analysis P :
| J c
X

M. S. Sanford, J. Am. Chem. Soc. 2007, 129, 15142. 15



Characterizations

Compound Oxidant Characterization Remarks
First example to oxdize
N/\ | ) Pd(l1) complex to Pd(IV)
(/Ifd";‘N ®—|© IHNMR by diphenyliodine(ll1)
N OTf :
OTF = Triflate.
A. J. Canty, Organometallics, 2004, 23, 3466.
Cl
Cl Cl
i j
L Cl -
Jd 1'3d /O ) h Cl Cl 1 NMR First example to pro_duce
cl o~ C, o cl XRD a Pd(IVV) complex directly
Q O from a Pd(0) species.
Cl Cl
Cl

Y.Yamamoto, Angew. Chem. Int. Ed., 2002, 41, 3662.
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Characterizations

Compound Oxidant Characterization

Selectfluor then Me,NF 'HNMR
or XeF, X-ray analysis

T Ritter. J. Am. Chem. Soc. 2008, 130, 10060.

E XeF, 'HNMR ,XRD
By X | F

M. S. Sanford, J. Am. Chem. Soc., 2009, 131, 3796.

Remarks
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Characterizations

Compound Oxidant Characterization Remarks
F
||: TfO"
Nl CFs N.
_Pd s
N7 | > _ H NMR ,XRD
O

M. S. Sanford, J. Am. Chem. Soc., 2010, 132, 2879.

CF

I
@;O ' NMR ,XRD
Me

Me

M. S. Sanford, J. Am. Chem. Soc., 2010, 132, 14685.
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Characterizations

Summary

1. Various oxidants such as dihalogens, peroxides, alkyl halides,
hypervalent iodine(l1l) ,can be used to produce Pd(1V) complexes.

2. Strong o -donor alkyl ligands and chelating nitrogen ligands can
be used to stabilize the Pd(1V) complexes.

3. The high electron donating alkyl and other group can support
the low reductive potential of the Pd(l1) complexes.

4. More sterically hindered ligands will destabilize the Pd(IV)
complexes, and promotes the reductive elimination process, which
might be useful in its reaction applications.

19
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C-C bond construction

Me Me + Me +
SN =
Me ! N + 1 Me~ N H——C<T NN
iy H/ H
N N =bpy
a / \ b
Me /,'\‘49 N + Ve
7opal ) Ve L
H——/C\IL N H,CZ |
H H
\ +
N N
MEpg ) - Me-Me M~ pg Me~ g
| N 4 | N HaCH,C™ |
H H

A. J. Canty, Organometallics, 1988, 7, 1363.
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C-C bond construction

| Pdydbag, benzene,  ( y— BLOK THE C N
A~ 50°C N N= ’ > N N=
O~ “COOEt \Pg’ \
N

CY
0~ “COOEt o “COOEt

H COOMe | g0 °C,

Pd(0)-Pd(11)-Pd(IV) gt 160

H

/ N
N/
PPh3, DABCO, Pd\\
. -
p COOMe “ViecN. 100 °C 0\15 Br
o & CH20O0Et
COOMe
COOMe
COOMe _
H Intermediate A

H. C. Malinakova, Organometallics, 2007, 26, 3874.
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C-C bond construction

C-H Activation through Pd(I11)/Pd(IVV) mechanism

Pd'"V Catalytic Cycle

Start here
~ CH [Pd")
Reductive
actlvatlon Elimination
v L
P dH Pd
C L C/ \L'
Oxidation

23



C-C bond construction

7 N\ 4+ [Ph-I-Ph] BF— 4(OAC), (5 molye) - /77X
=N HOACc, 100 °C, 88% \=p
Ph
7\ + [Mes-I-Ar]'BF Pd(OAc), S mol%) /7 N\
=N HOACc, 100 °C,72-88% \=N
Ar
M. S. Sanford, J. Am. Chem. Soc., 2005, 127, 7330.
0.2-5 mol% Pd(OAc), Ar
NHCOR
©/ + A AgOAc (1 equiv per coupled Ar) @NHCOR @NHCOR
o~ | CF,CO,H A, S
FG 2-9 equiv 90-130 °C FG FG

Olafs Daugulis, Angew. Chem. Int. Ed., 2005, 44, 4046.
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C-C bond construction

R
0 17 H
AT Ar 5 mol % IMesPd(OAc), \ } Ar
, AcOH, R.T. »" "N
1-3 equiv R!
1. PA(OACc), (5 mol%) /

HOAc, 25 °C, 15min O I\/I O R
/
2. N o
H R=H; 80% yield
/ R=Cl; 67% yield

25 OC, 15h R= Me, 81 yield

M. S. Sanford, J. Am. Chem. Soc., 2006, 128, 4972.
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C-C bond construction

Regioselective homocoupling:

R 5 mol% Pd(OAc), .

/N 5 : R=Me yield 86%
equiv Oxone _ R=H yield 41%

=N i-PrOH,25 °C, 17h R=F yield 82%

R=Br yield 67%

M. S. Sanford, J. Am. Chem. Soc., 2006, 128, 14047.
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C-C bond construction

Pd(OAC),

Mechanism I. Transmetalation(at Pd'")

lequivA — NF pg
- Pd(OAc), A W
U | Oxone
(B)
A
/N o
B 2
- 'Pd. )
-HOACc = N/ \5/
|

L -
oxone N, S 1equiv A ",
'Pd - FLOIV
= =

Ac- PA(OAC),

Mechanism I1. Transmetalation(at Pd'Y)



C-C bond construction

Mechanism I11. Second C-H Activation (at Pd'")

age
N Y7 L, .
> 'Pd.,
‘ - HOAC P N/ N | ]
| Xone
S
N (@)

/N o
—N = NF i ™~
Pd(OAC), - P b
-HOAc = N/ \5
|

Mechanism IV. Second C-H Activation (at Pd'Y)



C-C bond construction

Ac Ac
O O
fffff g X o < 1% Observed
/ \\ * /Pd\ Oxone _ (<1% 1 and 3 as well)
A 2 ¢ > MeOH
25°C, 17h
(A) (A-1)

\\\\\\\ Against mechanism | and Il !
""" @@
=N MeOH

2 equiv 25 °C, 20 miny

=
N
(A)

<1% Observed
Against mechanism | and I 129



C-C bond construction

\\\\\\\\\\\\\ N/ +®_© Oxone
—N a:b =>99:1

2 equiv

F,C
=
NN

(A-2)

Palladated with >20:1 selectivity
at the less hindered ortho-position

CF;
\\\\\\\\\\ O ~
/, Pd\ < + / \
= 7 ~ =N
| 2 9) )
N equiv
(A-1) E

Against mechanism | and 11 !

30



C-C bond construction

Mechanism I11. Second C-H Activation (at Pd'")

age
N Y7 U,
IPd\
‘ - HOAC P N/ N7 | ]
| xone
NS
N B)

Pd(OAC),

AcC
—_— \ \\\O
N PdL
HOA 7
-HOAC Z>N 3
|

Mechanism IV. Second C-H Activation (at Pd'Y)



C-C bond construction

I e
fffff quiatvs L%
/7 '\ N I equiv . /7 I\ . 72D\
2N N AcOH --oo-- NN S _
“ | ~ | \) 2 N
(B) X H

Independently Synthesized

) 7\
7\ _\
=N with or w/o with or w/o
AC_O \\\\\\\\\\ AcOH +
ToAc Mo = PN Ac
N Ao MeOH N7 o, 1) . O
/| ™ \ 25 OC e | _ | o F ///// Pd\\\ q
PN (B-1) S < N+
SN {  + 24h | 2
| 2 N
S As)
(A-1)

No change in either direction by "°F NMR
No equilibration between A-1 and A-3

Against mechanism II1! 32



C-C bond construction

Strongly suggested mechanism:

A
=N 7 S A, N/
Pd(OAC), - 'Pd
-HOAC = N/ \5

This mechanism also provides a rationale for the low regioselectivity of the
second C-H activation step:

Highly electrophilic Pd'V center is likely to be more reactive and therefore
less selective in C-H activation reactions. 33



C-C bond construction

oL e

Pd(OACc), (10 mol%)
Cu(OAc), (1.0 equiv)

1b (1.5 equiv)

DCE/TFA(10 equiv)
110 °C, 48h :Z ;((' g;:
Ar PdIIL < - % ______ A _PdIIL _____ QE%.---, Ar
/ n Path A ' " Path C /Pdan
F3C : Path B : Oxidation F3C
Reductive ! slow athB 1 g m=lll, IV
Eliminati | ¢ Nucleophilic; CF4
imination  step Attack
Ar-CF; Ar-CF4 Reductive
+ + <...._Elimination ___
Pd°L, Pd'lL,

Jin-Quan Yu, J. Am. Chem. Soc., 2010, 132, 3648.
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C-C bond construction

‘i, I—CF3
1b (1.5 equiv)

DCE/TFA(10 equiv) 1a X OTf
110 °C, 48h 1b X= BF
4

Conclusions:

1. TFA is essential for the observed trifluoromethylation reaction
instead of PA(OTFA), or other acid

Pd(OACc), (10 mol%)
Cu(OAc), (1.0 equiv)

2. The presence of copper(Il) acetate significantly improved the
yield ,might act as both Lewis acids for sulfer and oxidants for

Pd(0)

3.1b exhibts stronger electrophilicity than 1a, while 1c give low
yield
Jin-Quan Yu, J. Am. Chem. Soc., 2010, 132, 3648.
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C-C bond construction

F
—d TfO =
Ar \ /NrF
N 1. CsF, THE, 23°C o N N CF,
AP, 2 TMSCR,, THF, 23°¢ Pd_ - e
: : , - 0 S
N | 3 cF, DCE23°C AN | > F
11y ) Q
F,C-S=0
Intermediate A
+OTf* /- OTf
F PhNOz,
Mechanistic [NMeZ 3 80 °C, 3h
Sty NMe, !
-[Pd
[P, Ar-CF,
dtbpy tmeda
80 °C 23°C
M. S. Sanford, J. Am. Chem. Soc., 2010, 132, 2878.
M.S. S

anford, J. Am. Chem. Soc., 2011, 133, 7577. 36



C-C bond construction

XRD,
IH NMR
19 NMR

N O 3 equiv
~
S o
— o DCE/AcOH(20 equiv)
%N\/Pd/\o/> 40°C, 1h
entry solvent yield 1 yield 2 yield 3
1 AcOH 56% <2% <2%
2 DCE 54% <2% <2%
3 CHCI, 62% <2% <2%
4 NO,Ph 57% <2% <2%
5 DCE/50 <2% <2% 84%
equiv of
pyridine

60 °C,12 h
solvent

\/

O o b izgi?c((lz))

N X=0H (3
v (3)

M. S. Sanford, J. Am. Chem. Soc., 2010, 132, 14682. 37



C-C bond construction

Path A
- +
(1) | A CF, _|

- AcOr . N [ OH, (ii)
sel
+ AcO" OAc

@D
Path B v

1 ?F N CF3
| “OAc = “OAc g N—7
OAc + OH, OAc CF,

(6) (1) ‘(7)

Path C

M. S. Sanford, J. Am. Chem. Soc., 2010, 132, 14682. 38



C-C bond construction

Path A
- +
(i) CFy |
- AcO- - N PC\lW/OHZ (ii)
+ AcO “OAc

0

Control experiments
Quantitative kinetic analysis

Mechanism A is the most significant contributor
to this transformation.

The roles of promoters in the catalytic transformations:
CU(OAC)2 + TFA =— CU(TFA)2 + AcOH

1. Serve as a source of AcOH (which is criticle for oxidation addition process)
2. Acccelerate and enhance mass balance in C-CF5 coupling from 6.

M. S. Sanford, J. Am. Chem. Soc., 2010, 132, 14682. 39
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C-X bond construction

Pd(OAc),, NBS or NCS

CH,CN,75-100 °C, 1-3days X=Bror Cl
M. S. Sanford, J. Am. Chem. Soc., 2004, 126, 2300.
CH; CHj;
\_/ 5 mol% Pd(OAc), -\ X=Cl Br or I
N 1.2 equiv NCS,NIS, or NBS N
H X
5 mol% Pd(OAc),
DG  1-1.5 equivNXS _ @fDG
H AcOH or MeOH X X=Cl ,Brorl
100 °C, 12h

M. S. Sanford, Org. Let., 2006, 8, 2523.
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C-X bond construction

R — BE, R
| N 1.5-2 equiv<\ /N—F OO

N 10 mol% Pd(OAcZZ

Benzene, microwave F

\

— — R 2545 equiv Selectfluor /=~ —\
\ 16 N\ / 10 mol% Pd(OAc), _ \ I\§ \

H Benzene, microwave F

M. S. Sanford, J. Am. Chem. Soc., 2006, 128, 7134.
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C-X bond construction

o O
pyridine \ /Q o} /@
S t '
= Pd(OAc), - 0 NO, (HO)ZBO Bu 2

O, \
S /
NS . N
H O NO, "CH.CI,
Z>N >N

l — =
 bA_ K,CO,, MeOH/benzene l —
| o N, ) KeCOs Z N-Pd-N_
NS ™ I | \
1 AcO 2 XX
3
‘Bu
Selectfluor
IH NMR acetone,50 °C
X-ray analysis F
\: ] Pd(I1)
5 +
4
Bu

Tobias Ritter, J. Am. Chem. Soc., 2008, 130, 10060.
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C-X bond construction

Bu
/: AgF‘

‘Bu N F X
| N
3 equiv XeF, 2N
7
\F

nitrobenzene

= 3h, 25 °C
|
By X benzene By
‘Bu
‘Bu

M. S. Sanford, J. Am. Chem. Soc., 2009, 131, 3796.

Pd
=~ "N
I
t NN
Bu F
Extra F*
nitrobenzene
80 °C
Y

S

44



Reactions

Summary

1. Pd(IV) species are often resistant to B -H elimination process.

2. Usually, Pd(IV) species undergo facile reductive elimination.

3. Pd(II)/Pd(1V) catalyzed reactions exhibit complementary
functional group tolerance to Pd(0)/Pd(1l) catalyzed transformations.

4. Pd(11)/Pd(IV) catalyzed reactions are operationally simple and do
not require the careful exclusion of air(especially O,) and moisture.

5. Insome cases, Pd(I1)/Pd(1V) catalysis can realize transformations
that are hardly accessible by Pd(0)/Pd(l1) catalyzed reactions.
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Outlooks

Although organopalladium(1V) chemistry has attracted much
attention from the chemical community in recent years, much
limitation still remain.

Future attention should be paid on these aspects:
1.Enhancing the chemo-, regio- and stereoselectivity of catalytic
processes involving high-valent palladium intermediates.
2.Expanding the scope of the fundamental organometallic
reactions that are possible at high-valent palladium centers, such
as carbon-hydrogen activation, o -bond metathesis, migratory
Insertion and nucleopalladation reactions.

Undoubtedly, the fields of palladium(1V) chemistry are sure to
have a bright and rapidly expanding future.
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