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Part I High-valent copper e

- > Types of organocopper:

« RCu' -- unreactive species

.+ R,CU'M (M = Li, MgX);

« R,Cu'Li, species -- lithium cations play a role in the stabilization and
reactivity;

« R,;Cu' species — High-valent copper, proposed in numerous mechanistic

discussions.

General consensus -- the formation of R-Cu'''-R’ species followed by

subsequent reductive elimination.



Part I: High-valent copper

~» Known isolatable high-valent 'o"rg'anbmétal_ic copper complexes

EtO
a
S
-<S/Cu(w|}\
(1)
Features:

nearly square planar in geometry, in consonance with the formal dg electrinic system;
stabilized by rigid, chelating and/or perfluorinated ligands;

structurally interesting, do not have the characteristic reactivity. p

Nakamura, E. and Mori, S. (2000) Angew. Chem. Int. Ed., 39, 3750-3771.



Part |. High-valent copper ;o

> Problem:

= Putative Cu(lll) compounds proved too transient for detection

using standard spectroscopic technigues;

= For many years, little experimental evidence was available to

support hypothesis.



Part I. High-valent copper - o i

_ > Rapid-injection NMR spectroscopy (RI-NMR)
« In 2007, it was introduced as a method to directly observe Cu(lll) species
In real time, and help to clarify the mechanism.

N - Li* L
TMSO 1 B o, e
I =
ﬁ?w J—CH, /~an i)=CH,

CH, @

Conjugate addition S,2 alkylation

- (I:H _| - Li
, 3

—<—CU( il,ﬁ'< Cu(i)—CH,

(6) Gt | @)
CH,

Bertz, S.H., Cope, S., Murphy, M., Ogle, C.A., and Taylor, B.J. (2007) J. Am. Chem. Soc., 129, 7208-72009.



Part I. High-valent copper ;o

" » Carbon-Carbon Bond Formation
» Conjugate Addition to a-enones

« Acetylene Carbocupration

« S\2and S,2’ Alkylations

« Trifluoroalkylation

» Aryl-Heteroatom Bond Formation

« C-H Bond Organometallic Functionalization



Part |: High-valent copper intermediates
-- In carbon-carbon bond-forming reactions -~~~ - - -

> 1. '1,_4'-C6r{jLig.a’tepaddition of R,Cu'Li to a-enones

F;?LCUI‘IT &

O Li Li OLi =g
: - eductive
R'-Cu'-R! RI-Cill- M\

: OLi
R2™\— Fﬁ’_,..O R? elimination M\
—> i Li T cyll — R? +R'Cul
] 1 1
R'-Cu'-R! e R

R',CulLi

Nakamura, E., Mori, S., and Morokuma, K. (1997) J. Am. Chem. Soc., 119, 4900-4910.



Part |: High-valent copper intermediates
-- In carbon-carbon bond-forming reactions -

Me _
1. Inject Me-;Si -0 Li* tWagglt)g QTS
N- 0-80°
Me,CuLi-LicN —MSCl_ _ Me X > + MeCu'CNLi
(-100°C) 2. Inject O L Reductive
¥ '\.ACU ~Me climination Me
e

NMR characterized

Low-temperature RI-NMR characterization of an R,Cu"" intermediate
species in an organocuprate conjugate addition reaction

Bertz, S.H., Cope, S., Murphy, M., Ogle, C.A., and Taylor, B.J. (2007) J. Am. Chem. Soc., 129, 7208-72009.



Part |: High-valent copper intermediates

-- In carbon-carbon bond-forming reactions =~~~ - - -~

"~ 3 2. Acetylene Carbocupration

X “Trap” ). 208 “Bite” Li—R
ll_i/ \‘Lli (oxidative - ‘Lli (reductive X Trans- _/R\ |
R—Cu'—R addition) R—cu-R elimination) Li Cul R metalation ',-' Cu
> { \ ) * E = X‘- Lo
- X = RCuR, S\ — :
H———H halogen H H H H H

Proposed trap-and-bite mechanism of acetylene carbocupration

Ribas, X.&Casitas, A. in Ideas in Chemistry and Molecular Sciences:Where Chemistry Meets Life (ed. Pignataro, B.) 31-57 (Wiley-VCH, 2010).
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Part |: High-valent copper intermediates
-- In carbon-carbon bond-forming reactions

> 3.5,2 and SNZ’ _Alkylations

M Reductive
e CH,CH,| ,e“‘ . Me,Cu'Li-LiCN Me _ elimination
Me,Cu Li-LiX > Et—Cu"-X |Li <> | Et—Cu'-Me|Li ———> CHyCH,CH,
(100 “C) y Ve ¥ e Y
i MeCu'XLi-LiCN Me,Cu'Li

X =1, CN, SCN, SPh
(a)

Cl Me M Reductive

e e .

3Me,Culi _ 2 A B <_ ‘e, | A A . elimination CH
2 e

Y
(b) MeCu'CILi + LiCl Me,Cu'Li + MeCu'

Low-temperature RI-NMR characterization of (a) the first nonfluorinated R,Cu'"" intermediate species in an Sy2
alkylation and (b) n1 o-allyl and n3 z-allyl-Cu'" species

1
Bartholomew, E.R., Bertz, S.H., Cope, S., Murphy, M., and Ogle, C.A. (2008) J. Am. Chem. Soc., 130, 11244



Part |: High-valent copper intermediates
-- In carbon-carbon bond formmg Leagtionss » 7~ 7 88 ===

> 4. Cu/Ru—CétaIyzed Trlfluoromethylatlon of Boronic Acids

|
Ru(bpy)s** Ru(bpy)s*
Cu''X,
20 mol % CuQAc e
1 mol % Ru(bpy)sCla=6H,0 visible
1 equiv KaCO5 light (i)
26 W light bulb Ru(b
Aryl—B{OH)> + CF,l - Aryl—CF, u(bpy)a**
DMF Cu'X

XacUm-RF

(‘V) (i) Aryl-B(OH),
R;—Aryl m

“Aryl B(OH)4(X)

60 °C, 12h

12

Ye, Y.; Sanford, M. S. Journal of the American Chemical Society 2012, 134, 9034.



Part |: High-valent copper intermediates

-- In carbon-heteroatom bond-forming reactions

- — » Century-old Ullmann 'c'h_ér-nistry IS thought to proceed by participation
of high-valent organometallic aryl-Cu'"'-Nucleophile.

Cu(l) cat
X 4+ HNMNu = MNu
bhase

HNu=NHRR', HOAr HSR, ...

Ar—Nu

CuX HMNu + base
reductive b Hy
elimination a4l
X
Ar\“(illu/ Cu—Nu
MNu Ar-X

oxidative addition

13

Beletskaya, 1.P. and Cheprakov, A.V. (2004) Coord. Chem. Rev., 248, 2337-2364.



Part |: High-valent copper intermediates

-- in carbon-heteroatom bond-forming reactions

-~ — > First isolatable Cu(I11)-monoaryl species

R1

A T2+ : T2+

> 0.5 HN=cu''—=NH

a
HN -NH
A\\,(%ujf? 25 °C, < 1 min k\/ | \f)
( N | ’n
N n
| | X
R? R
[Cu”“—:riazafnac)]b [aryl-Cu“’]Q*
R'=H, CHs, NO, +0.5 [CU'(CHgCN)A]‘
R?=H, CHs (R'=H; RZ=H,n=1)
n=0,1 + 0.5 (LiriazamacH)”

Feature:
stabilized by an electron-donating macrocyclic ligand, but reactive.

14

Ribas, X., Jackson, D.A., Donnadieu, B., et al (2002) Angew. Chem. Int. Ed., 41, 2991-2994.



Part |: High-valent copper intermediates
-- In carbon-heteroatom bond-forming reactions

a - 2+ (CIO Y, (@

HN Ul =NH - HN NR, NH
|
L/N ]
| |
{10 (11)

—_—

N 1{
8 N —— e NG NH
NH r H > HOTT HN ._lu m—NH U
N N
:L_/I\— <_/|\_> _/T

(12) (13)

O
X 51
| - I NH
Catalytic [Cu()] Br Z 0
\ o R HN

Detected during
catalysis

a, Stoichiometric carbon—nitrogen bond formation from an isolated organo-Cu(l11). NHR, represents
pyridone, oxazolidinone or acetanilide.
b, In situ observation of an organo-Cu(lll) intermediate in the coupling of aryl bromide with pyridone. 15



Part |: High-valent copper intermediates
-- In carbon-heteroatom bond-forming reactions

Ar-H Ar-OMe
_| *Br i 1/2 H,0
[Cu"X, ArOMe] [Cu"X; Ar-H]<._ ¥
2 1/2 H,0 Cu'Xp . Ar-H+
r\ MeOH " 1140,
Culij=NH —— HN OMe NH iv ii :
< N ) < N ) 1/4 O, + HX \ Cu'X + HX
| /1IN
[Cu'X Ar-OMe] [Ar-Cu'-X]X
Detaected during =
catalysis HX MeOH

In situ observation of an organo-Cu(l11) intermediate in the oxygenation of carbon—hydrogen bonds.

16

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. Journal of the American Chemical Society 2010, 132, 12068.



Part |. High-valent copper o

» Summary
« The mostly proposed or invoked organometallic Cu'!! species for many years
are now being experimentally characterized.

« Fundamental studies of organo-Cu(lll) are beginning to provide greater
understanding of mechanism, which in turn should allow the rational

development of new synthetic methods.

17



Part I11: High-valent palladium

" »_High-valent palladium -- in the +3 or +4 oxidation state Pd (I11) and Pd (IV)
» High-valent palladium products — stabilized by electron-donating, rigid,
multidentate supporting ligands.

18
Early examples of Pd(111) and Pd(IVV) organometallic complexes



Part I11: High-valent palladium - o

S=bling

» Aryl-heteroatom coupling
-- C-O and C- X bond formation

-- C-N bond formation

» Alkyl-heteroatom coupling

-- Alkyl oxygenation

-- 1,2-Difunctionalization of alkenes: dialkoxylation, aminoalkoxylation, and

diamination

-- Domino catalysis involving Pd'V catalysts
19



Part I11: High-valent palladium
-- C-C Coupling p ol et
-~ =+~ Involving C(sp3)-C(sp3), C(sp2)-C(sp3), and C(sp2)-C(sp2) coupling.

» The first demonstration reductive elimination to form a C-C bond
represents the classical transformation for palladium(1V).

20



Part I11: High-valent palladium
C-C Coupling ”
- -~ Catellani reaction i-'cétély_Ze_d by palladium and mediated by norbornene to
generate up to three carbon-carbon bonds in one pot.

e,

" 1 102 Pd Catalyst : PNP dimer =
R Pd Catalyst RM®)
n K
O—l + 2R% + H,C=CHY L0 CH=CHY
DMA, 20 °C
2

R' = H or alkyl R

R? = n-Bu, n-Oct, CH,CH,Ph

Y = CO;Me, Ph, n-Hex Conversion : 31-100%

« General character:
substituted aromatic iodides, primary aliphatic iodides
and terminal olefins bearing either electron-withdrawing or electron-releasing

groups can be used.
21

Catellani, M.; Frignani, F.; Rangoni, A. Angew. Chem., Int. Ed. Engl. 1997, 36, 119.



(@) PdP-Pd'(2-5)

A0~ b) Pd'-PdV-Pd! (6-10)
M 5 ): ¢) Pd!l—PdO(11 - 12)

P
Rl 2 Lf “““l
_%\K;ccrg
| P "
Proposed catalytic cycle showing the course of aromatic functionalization through palladium 22

complexes in different oxidation states (L = DMA)



» Multicomponent Domino Synthesis of Tetrasubstituted Helical Alkenes
through Multiple C-H Functionalization

10 mol% Pd(OAc}),
20 mol% TPP

i Cs,C03, CHACN

68% (685%)1°

C~H 2 A
functionalization )

/» \ ﬁ-\'/'
Redu
CsX+ CsHCOa . < > & e"m:n';‘;:‘ @ B {
\ : Oxidative IL,Pd~ N\ / 7
addibon Carbo- e
patadation (t-
' \\)\

Cs,CO5 /

alimination
A ——

Oxlday
Palladlum(l\f)
complax

G R 3

Angew. Chem. Int. Ed. 2009, 48, 1447 -1451



Part I1: High-valent palladium
--C-C Couplmg

- 5 Biaryl synthesis -- ‘Oxone as an OX|dant

5 mol%
5 = Pd(OAC),
}\1 /  2equivOxone

iPrOH, 25°C

via

24



Part I1: High-valent palladium
-- C-C Coupling W bbb e, =

- > C(sp2)-C(sp2) formation

Ph Nu
10 mol% Pd(OAc),

©\ | | 1.2-2 equiv PhI(OAc),,
= O

Me Me
Nu-H = HOACc, 80°C 91%
Nu-H = phthalimide, (CH,CI),, 100°C, 61%
Nu-H = 4-NO,-C;H,CO.H, MeCN, 80°C 81%

[Pd™] Nu Nu

[Pd]
via ©\ Ph - Ph
N C-H activation

Me © at Pd" N, O
D 25




Part I11: High-valent palladium
-- C-C Coupling

> Pd-Catalyzed Arylation of Indoles and Pyrroles with [Ar,1]BF,

o cat. IMesPd(OAc), g
T [Ar,IBF, P Har
Ll‘ ”: » Ll‘ ""
=N ACOH =2
R 25 °C, 15-24 h R
mph -
N
(36) \
81% 58% 89% 29%
(37) H
64% 70% 69% 1 2%
electrophilic
-0 [Aro]BF,4 |\/
Pd”(OAc) palladatlon Pd Pd
electron \ H / Ar d”
deficient

Neufeldt, S. R.; Sanford, M. S. Accounts of Chemical Research 2012, 45, 936.

N

Ar

26



Part I1: High-valent palladium

-- C-C Coupling
_ » _Pd-Catalyzed C-3 Arylation of 2, 5- Dlsubstltuted Pyrroles

[Al’zl]BF4

W O Vu/\
(38) (39) Ph (40)

55% 82% 53% | . 53%
(selectivity = 29:1) (selectivity = 2:1)

27

Neufeldt, S. R.; Sanford, M. S. Accounts of Chemical Research 2012, 45, 936.



Part I1: High-valent palladium
-- Aryl-heteroatom Y bt
__ _» C-OBondFormation

2 mol % Pd(OAc),

O 2 equiv PhI(OAc)
Nade

e
CHZCN
3 H 75°C,12h (4) AcO
86%
O /™
L C-H L
., — .~ ~
P - C P
— H+
(1)
(ii) (i)
V PhI(OAc),
L C-OAc L\ |IV/
(2 ¢~
AcO- ‘/‘0:\— OAc
(or Pd'~Pd dimer)

Neufeldt, S. R.; Sanford, M. S. Accounts of Chemical Research 2012, 45, 936.

28



O 5 mol% Pd(OAC), O
D T D

=3 75-100°C =N
Phl(OAc),, MeCN X = OAc, 86% y e _.|:>h|-((3,6\-(;)>2 e '
PhI(OAc),, MeOH X = OMe, 95% G .
NBS, MeCN X = Br, 93% Acetoxylation in acetonitrile,
NCS, MeCN X = Cl, 95%

Alkoxylation in alcoholic solvents.
5 mol% Pd(OAc),

b)  PAN=NPh 5 quivPhI(OAC),  phN= NO 2. selectivity for the ortho position.
MeCN, 75-100°C QAL
62% . o
3. Oxone and acetic acid instead of
\(@ 5 mol% Pd(OAC), \n/© lodosobenzene diacetate.
2 equiv K,S,04 L
AcOH, 100°C AR, i
’ Mol Ba% 4. 3-substituted arenes - complete
@ 5 mol% Pd(OAG), O selectivity in favor of the 1,2,4-tri-
RN 2 equivK,S,00 RN Y substituted product.
- ACOH/DCE, 100°C i OB
12 examples, 22-93% 5. Introduction of halogen atoms
with strong oxidants (NCS, or NBS).
5 mol% Pd(OAc), 7 N\
o ¢ \ "
=N AcOH or MeCN, =N .
100-120°C X%
29
PhI(OAc), X = OAc, 77%

NBS X=Br, 51%



Part I1: High-valent palladium
--Aryl- heteroatom

> Relative react|V|ty

1 mol % Pd(OAC),

L’D/ 1 equiv Phl(OAc),
=
H AcOH/AC,0 (1:1)

80 °C

O OAc

Ay o swrsonn A, O
2 equiv Phi(OAc)
22) q ( 2

(23), 72% OAc

cat. Pd(OAc), |

Phl(OAc),, NCS,
or [(mCF3Ar)2|]BF4

------------------- AcO (24) 59% OAc (7)

\( ! oo onc
oo N >>/\n/d . ‘ N-OMe

(25), 81% OAc

30



Part I1: High-valent palladium
-- Aryl-heteroatom yramwasassr s QR S

-+ C-Xformation

MeO\N Br 5 mol % Pd(OAc), MeO. MeO.

| 1 equiv NBS | 1 equiv NBS I
- o Br
)\Q MeCN, 100 °C )\©\ MeCN, 100 °C )\Q:
(29) OMe (72%) (27) OMe (69%) (28) OMe
ol 5 mol % Pd(OAc),
1 equiv NCS _N 1 equiv NCS =5
=N - LN—@ > J;/N
L/N MeCN, 100 °C = MeCN, 100 °C cl

(32) (58%) (30) (83%) (31)

5 mol % Pd(OAc), Cl
Z "N CI 2 ~ "N =
| 1 equiv NCS | 1 equiv NCS |N
- .
‘ O AcOH, 100 °C O O AcOH, 100 °C ‘ O
(53%) (56%)
(35) (33) (34)

Catalyzed versus Uncatalyzed Selectivity

31



Part I1: High-valent palladium
-- Aryl-heteroatom

> C-NBond Formation
» carbazole synthesis from various 2-aminobiphenyls.

e ol
\,J AcO G If ’\ACO‘_ OAC
= v _( > 20 mol% Pd(OAc), \;:J ‘ —/,’/ \ 5
r-i—-( Yi-0AC ——— ™ L N OAC
0 & toluene, 50°C i\ { O-<~OAC
N~ OAc -\_,.//
12%
d(OAc)» ; <
gl — < I1) e < V)
( & OAc B:NT-' &O ,N, I &OAC N_ A
N3 B B Pd(1I)
H I \ Il , 11 2

J. A. Jordan-Hore, C. C. C. Johansson, M. Gulias, E. M. Beck, M. J. Gaunt, J. Am. Chem. Soc. 2008, 130, 16184.



Part I1: High-valent palladium
-- Aryl-heteroatom

- > Amination of C-H Bonds for synthesis of indolines.
Cat. Pd(OAc),
meTf Oxidant > Rm

1 equiv DMF Tf
X = OMe, OTf

Me
E. Cl Br {. ol
M
88368 Ce(SOy4), or Me—CN—F
CN —

NO, Oxidant Me

L
i pdlll ‘OAc Ce No, l ' wOAC 1
d —> Id\ (1)
{B)
F OTf©
N, wb F® N.,, |@ .Ohc ,
C/‘Pd" R “pdiY_ 2)
\L L
(C)

33

T.-S. Mei, X.Wang, J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 10806.



Part I1: High-valent palladium

-- Aryl-heteroatom sawwawas s syl IR

- --3>C-FBond Formatlon

A N:Pd\ — e N;Pd
& I 3h.25°C o °F
t—Bu’E\v*J CgHe  +Bu L3
(1a) (2a), B3%

t-Bu
=
I "N\ Q XeF2
_Pd!

= [\J “F 90°,1h
tBuT

XeF

70806 XeF2

80°C,1h

34

J. Am. Chem. Soc., 2009, 131 (11), 3796-3797



Part I1: High-valent palladium
-- Alkyl-Heteroatom Coupling

- -~ 5 Alkyl oxygenation
| \{ = 1-6 mol% Pd(OAc), @:/j
\K\N/ V PhI{OALC),, 100°C - | N/

ACOH/AC,0, X = OAc, 88%
MeOH X = OMe, 77%

MeO. cat. Pd(OAc), MeO.
N Phl(OAc), N

| |
- i
)\( ACOH/AC,0 (1:1) /kCOAC
(13) 100 °C MeO,_

78% N---Pd

Not Observed: via )J7< e

LR OAc

/

MeO.
(O‘N MeO\N MeO\N |N MeO\N
LT e X e
OAc
OAc AcO OAc

35



Part I11: High-valent palladium
-- Alkyl-Heteroatom Couplmg

>_Acetoxylation of N- Methylcarbamates Wlth IOAC as a Crucial Oxidant

10 mol % Pd(OAc);

i Q
i M CHIC S0C o
BuO® N 1 equiv I0Ac BuO ';1 3
EILII Bu
1 ﬁ 1a, 70%

(Pri(OAC), + 1) or: (AgOAC + 1)

i : ?ﬁ.c
Rd <J 7 |
Pd(OAc), r \ I0AC Rd" ( OAc
—T" N 0T ™ fl\ N_O —>1a
u _N_-20 Bu
HOAc osu  BU. Y Pd(OAck . oy
1h 1': DfEu

36

D.-H. Wang, X.-S. Hao, D.-F. Wu, J.-Q. Yu, Org. Lett. 2006, 8, 3387.



Part I1: High-valent palladium
-- Alkyl-Heteroatom Coupling
- -acetyl tert-butyl ije?oi(ide“a—hd benzoyl fért—butyl peroxide for palladium oxidation

AC

B Ad G
VOIS

(0] (@)
Ac,0, 100°C 71%
)= iT]
ﬁ\‘//N 5 mol% Pd(OAc), ﬁ\‘/N
O\X BxO0Muy O\)<
Ac,0O, 100°C 65%
7 Oxa~ Pd —~
—Oxa C-HACO™" ™\ HOAc
C-H fe
Oxa<.' - trinucl
[D6IPd(OAC), Pl ray)
[DalAOO\,Oxa’& OAc[D;] OtBu}Mecooomu
Oxa_| Oxa._l

xXa
(_-Pd< CoPdT
|- > N | Ac,0 is required!
[03]A1cho [D3]Ac,0 [DglAc,0 ?Ac
+

CD3COO(BU g 37

R. Giri, J. Liang, J.-G. Lei, J.-J. Li, D.-H. Wang, X. Chen, I. C. Naggar, C. Guo, B. M. Foxman, J.-Q. Yu, Angew. Chem. Int. Ed. 2005, 44, 7420.



Part I1: High-valent palladium
-- Alkyl-Heteroatom Coupllng

> Palladium(1V)-catalyzed amino aC|d functlonallzatlon

0
;N)/LN% Pd(OAC),
H
Oxone,
N/ Ac,0

Y

HOAC
- Pd(OACc),

O

V4 7 N
H
“OAe

Ny /

38

B. V. S. Reddy, L. R. Reddy, E. J. Corey, Org. Lett. 2006, 8, 3391.



Part 11: High-valent palladium
-- Alkyl-Heteroatom Coupling -

- % 1.2-Dialkoxylation of Alkenes:

2 mol% O
v@ [(dppp)PA(OH,);] (OTH),
©A Phl(OAc), - O OAC
H,0, AcOH, 2h

A
72%, d.r. 6:1 — /©/\
OH 2 mol% 3 R -
Q-
OQ/\ [(dppp)Pd(OH,),] (OT), O@ 7 examples 70-97%
PhI(OAC), DAe

H.,O, AcOH, 2h 80% T
2 mol% Ph/\/\OBn Ph)Y\OBn
¢ AcO QAC
s COH [(dppp)Pd(OH,),] (OTf), _ " .
PR ] PhI(OAC), PR O 76%, d.r. >99:1
H,0, AcOH, 2h 0

85%, d.r. 1.3:1

39
Y. Li, D. Song, V. M. Dong, J. Am. Chem. Soc. 2008, 130, 2962.



Catalytic cycle for the palladium(1V)-catalyzed formation of a vicinal hydroxyacetate
from an alkene

2®
P\ /OH2j L e ra e e
< Pd_
- P” OH,
+ H,0 “ -H,0
2@
Ph
P OH
O®0H+2Aco@ C e . ;
p’ /
T HOAc
G
H.,O
2 j ©O) 2@
OAG
th_\\Ph <P\\ " H/O'_:‘ (P\Pd,OHZPh
N l :,\ P, \\
| “,, Ph /
HO OCOMe F"u ’P'h/'7'<0 Ph//\
HOAc
_|®
FPhid P\\ ] H@
Ph

40



Part 11: High-valent palladium
- Alkyl-Heteroatom Coupling -~~~

-~ > Aminoalkoxylation

intramolecular:
)

TsHN” 07 ¢ “Ph

a) 10 mol% Pd(OAc),

2 equiv Phl(OAc),
Bu,NOAc, MeCN, 60°C

intermolecular:

b)

(CHCI),, 70°C

SN

o Ph

DA

65%, d.r. >20/1

Ph

@]
= \ \4 10 mol% Pd(OAc), )
Ph OMe + [ _ NH -
Z \< 2.5 equiv Phl(OAc),
QO

NFhith

\ OMe
52%

inter-/intramolecular

c) 40 10 mol% Pd(OAc), =
S % ; ()
Ao+ NH oo AGBEs A,
| = \\< 3 equiv PhI{OAc). Y o
Ar Y MeCN. 60°C PN Ar

9 examples, 56-80%

10 mol% Pd(OAc), G
20 mol% AgBF, Phi N
3 equiv Phl(OAc), -
MeCN, 60°C

' B
AN

[=, 58
rg™
via e S0 b
Ar

\ J

0
Ph/r;\ . " (\\;/)«NH
Qi \/« Fhthp

O | LU

Palladium(IV)-catalyzed aminoacetoxylation and aminoalkoxylation of alkenes.
Phth=phthaloyl

41



Part I1: High-valent palladium
-- Alkyl-Heteroatom Couplmg

- » —Selectivity of anion transfer for the palladlum(IV) catalyzed
aminoalkoxylation of alkenes

H O

S,
(10 mol%) N"" “NHCO,Bu
N 2.0 equiv PhiX &Q‘ v

1.0 equiv base

CH.Cl,, RT 60-86% yield
Oxidant Base Product
Fh I.'r‘u NaO,CtBu X = QAC
Phi{C.C I:Z D) NaOAc X = i:‘l_l':?l: D.
5 "-‘.----_-u-l-".l._ NaOAc X = 0.CiBu
S i 90 o o
~n-S R PhIX e OEE:NH 0 Dhj‘:"”"'
\ Bk | |a=—r— [T - SimEa™ Pd el | | ol
_Pd L >~ xL », N -
L i I____. _.-'f ‘\\l ey x
X 42

K. Muiz, C. H. Hvelmann, J. Streuff, J. Am. Chem. Soc. 2008, 130, 763



Part I1: High-valent palladium
-- Alkyl-Heteroatom Coupling

cE ST — - £
—~ ~ » Dilamination S — )
NH

PhI(OAC), (2.2 equiv), Q-;J_LH_TS
CL\\ NMe,CI/NaOAc (1 equiv),

CH.CL,, RT, 12h d.r. >95:5, 90%

O 0 o}

N
CJ\JN Tos N’JJ“NTDS N’JL“ NoTOS
H © —— H H
anti-Sy2-type (Pd"] = HOAC AcO® =N
amination-
depalladation
A 0
N™  NTos P )LN,TOS
e H “Epdlll
[Pd"1®
amide syn-aminopalladation
dissociation (rate-limiting step)
X 2
h P;'ITOS N l';.lTr_as
[Pd™] v [Pd"]
PhI(OAc)s
{Pd oxidation) 43

K. Muiz, C. H. Hvelmann, J. Streuff, J. Am. Chem. Soc. 2008, 130, 763



Part 11: High-valent palladium
-- Alkyl-Heteroatom Coupling

> Palladium-Catalyzed Diamination of Unactivated-Alkenes Using
~N=Fluorobenzenesulfonimide as Source of Electrophilic Nitrogen

R o
F\ 'SO2Ph
i NH go N Pdl N)LR = NH
R" ¢ R" N(SO,Ph); R" NH-
\ _ |
R = Ot-Bu, OBn, Me, p-Tol 5o

N7 PG Me NH
Me 1
Me N(So;PhJ; \

xzpd'
mductlve>/x ClL, OCOCF; HX
O eliminatio
M =

Me N~ Tal )
Me X Me >C“\\
A\

¥ Pd'X
Pd X, X = C|, OAc, OCOCF, Me p?.v Me P
52 sq: NSO 18
byproducts
oxidative
addition
M " PG
PhO,S N7 F e Pl 44

|
SO,Ph
Sibbald, P. A.; Michael, F. E. Org. Lett. 2009, 11, 1147. 12



Part 11: High-valent palladium
-- Domino Catalysis Involving Pd'V Catalysts

> Domino reactions of 1,6-enynes through Pd"/Pd'v sequential catalysis e

Nu/t{\r\lu\

path A

Pd'

I
e |
X

/'éff A

/

Pd”f‘*\Nu
i P

X

WNU 1‘ %‘/f

pdnfﬁjz—iiﬁthu |

1

path B

X
] oxidant

= 1./Tf\NU
X
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Part I11: High-valent palladium

-- Domino Catalysis Involving Pd" Catalysts

> 'Cyclopropanation-from-1,6-enynes — i s

10 mol% Pd(OAc),

a) R or R
| 5 mol% [(bipy)Pd(OAC),
\L /It o [(bipy)Pd( )i (Afo
1.1-2 equiv PhI(OAc),
2 X0
X "0 HOAGC
X=0,NTs 18 examples, 44-83%

R = Me, Ph. 4'CF3C&H;‘ A-MeOCﬁHGI
nBu, 2-MeOC H,

X 7
b) Ph Ph
| | | 5 mol% Pd(OAc),
- (@)
1.1 equiv Phi(OAc), 0
@) (@) HOACc 0O

99% 46
X. Tong,M. Beller,M. K. Tse, J. Am. Chem. Soc. 2007, 129, 4906.
L. L. Welbes, T. W. Lyons, K. A. Cychosz, M. S. Sanford, J. Am. Chem. Soc. 2007, 129, 5836.



Part I11: High-valent palladium
-- Domino Catalysis Involving Pd' Catalysts

¢) Ph 10 mol% Ph
WS [(Sprix )P d(ifa),] : 2
_ BnO I — > BnO” /" l%o
2 equiv PhI(OAc),
0”0  HOAc, 50°C o 0
, , 81%, 4% ee
'4 | e o
- M u,-. F
P R KJ4Pr-eornx
Ph Ph Ph
pd'x e
LOACZ, AcO™ ¢ \,%pdllx

HOAc AcO }

0" O 4a o O 4B
Ph
e i Pd"X
O e
0~ 4c
Ph
ARO \ OAc Pd“’(OAc)Xz Pd“X
0 Ph _PhI(OAc), g
o] 0
6 4D 47

T. Tsujihara, K. Takenaka, K. Onitsuka, M. Hatanaka, H. Sasai, J. Am. Chem. Soc. 2009, 131, 3452.
X. Tong,M. Beller, M. K. Tse, J. Am. Chem. Soc. 2007, 129, 4906.



Part 11: High-valent palladium vy, ) e

> Summary =
1. Numerous organometallic Pd(IV) and Pd(l11) complexes have been synthesized

by the reaction of Pd(l1) starting materials with strong oxidants.

2. A wide range of carbon—carbon and carbon-heteroatom bond-forming
reductive elimination reactions can be achieved from these species, and the
selectivity, reactivity and mechanisms of these transformations have been

studied in detail.

3. Future studies should broaden the spectrum of aryl palladium(IV) chemistry,
for example, by removing the synthetic requirement for chelation-directed C-H

activation in favor of direct C-H activation or transmetalation.
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Part I11: Comparison and contrast

- Similarities:
> Similar ligand environments to stabilize high-valent complexes of

both metals.

» The presence of multiple highly electron-donating c-aryl or c-alkyl
ligands facilitate the detection or isolation of high-valent species of

both copper and palladium.

» Construction of similar types of carbon-carbon and carbon-

heteroatom bonds.
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Part 111: Comparison and contrast

_ — — «—Ligand-directed carbon-hydrogen acetoxylation
» Different oxidants

| Pd catﬂ

Nx __ AcOH NX Phi(OAc), Nx

-

AcO H AcO

| Same substrate, different oxidants I

Hickman, A. J.; Sanford, M. S. Nature 2012, 484, 177.



Part 111: Comparison and contrast

. The same oxidant (S (trifluoromethyl)dibenzothiophenium) ey e

« Palladium-catalysed -- common, general

» High-valent copper catalysis -- focused on prefunctionalized substrates such as
aryl boronic acids and aryl halides

b B(OH),
@ g

@ Same oxndant dlfferent substrates
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Part 111: Comparison and contrast

-~ Both metals catalyse the carbon—hydrogen arylation of indole with
diaryliodonium salts.
» The site selectivities are orthogonal.

N
b [Ph,I]X 0

Same oxidant and substrate, different selectivities
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Part 1V: Conclusion

-+ ~The development of éopbér and palladium catalysis has been inextricably linked
because both metals have been used extensively in the construction of similar

types of carbon-carbon and carbon-heteroatom;

« Future work in this field will focus on expanding the scope of the fundamental

organometallic reactions that are possible at high-valent copper and palladium

centers.

 Finally, a number of recent reports suggest that high-valent organometallic
complexes of other late transition metals can catalyze reactions similar to
those discussed for Cu(l11) and Pd(111)/Pd(1V).
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Thank you!



