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Why do people focus on Pd'V

e Merging with C—H activation ® Facile reductive elimination
DG, L L, IW X CF3
(res, o =2 = (O (Y
palladacycle oxidant Pd"Y complex C—Hetero C—-CF; small ring
Oxidative C—H Functionalization Challenging Bond Formation

Mechanistic Curiousity for Reductive Elimination

e Mononuclear Pd" or Binuclear Pd!!'?

e How do they work?

e Origin of Chemoselectivity



C-X Reductive Elimination

Carbon—Halogen Reductive Elimination

Keg<<1 L X
LI,,. A —_— "'PdO
Pd' - L/

kinetically slow and thermodynamically unfavored

l oxidation

£ Keg>> 1 X
L., | W — L'l.. .\‘Z
'PdIV' ~— Pd”\

Y

kinetically fast and thermodynamically favored

C—H activation (Pd" catalysis) and Oxidative Functionalization (Pd'"V catalysis)

X
H o PdOAc), |, © X+ ] © X
. "'Pdll; —_—— I 'PdIV"\ —_—
C-H " oAc halogen il | ~oAc RE
activation oxidant Y

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



Regioselective C—H Oxidative Functionalization

cat. Pd(OAc),

MeCN
solvent, 75—100 °C

o

O O
N—Cl N—Br PhI(OAc),
0] O
chlorination bromination acetoxylation Proposed Pd" Intermediate
95% 95% 86%

!

Mechanistic Investigation

Isolation of Pd'Y complex

Study of Reductive Elimination

Dick, A. L.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 2300.



Isolation of Pd'Y Complex

= = X
NN PhI(OBz)2 _
Pd \ N, - = N
Pd'{ 60°C,1h
\OBZ BzO

OBz

77% isolated
stable after a week

Possible Mechanism of C—O Reductive Elimination

pathway A B 1+
C
—B20 - N""'PL'V“\N ® No dependence on solvent polarity
H + BzO~ ¢ “NoBz ® No scrambling of additional AcO~
N — pathway A is not major.
C
N |aN pathway B | ~ ® Rigid substrate showed slower RE
' PdIV ' N
¢ | oez
OBz Bz0 / \
C =N
N
H pathway C Nii,, |W T T
— ™ PT NoBz slower RE
OBz —>»  pathway C is major.

Dick, A. L.; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2005, 127, 12790.



Isolation of Pd'"Y Complex

cat. Pd(OAc),
NCS

MeCN, 75-100 °C

o

AN
N N oxndant =3 |
\ ’,, | WX = ) = Nl: dlv. . \N /
DCM, 25 oM 2500 SN | ¢
A B
61% (with PhICl,) 67% (with NCS)
a good model for
C—ClI reductive elimination from Pd'V AcOH | 80°C,24h
| AN
A
N
Cl
A 49% 7%
B 67% 5% <1%

Whitefield, S. R.; Sanford, M. S. J. Am. Chem. Soc. 2007, 129, 15142.



Bimetallic Pd"" Intermediate

Ritter suggested Bimetallic Pd'"!"! Mechanism

]
Vo
Q PAQ Xz
R)—Me oxidant
4 é

»
G
l:,Pd"“ II . )
O N YO oxidation
\

N
rrondil O
Bimetallic X
Reductive O

Elimination

Molecular Orbital of Bimetallic Pd"' Complex
Pd—Pd bond corresponds to redox state of Pd

Synergistic effect by two Pd metals may facilitate
redox transformation.

HOMO LUMO

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



Identification of Pd"' Dimer and Bimetallic Reductive Elimination

S
23°C,2h N
Frondill B
Bimetallic Cl

Reductive O

Elimination

@)

]

N
Y Vg @ PhICI,
[ \Q\X/Me DCM, 30 ©

)
e >\ " Pd-Pd
Pd' !

bond formation

Y

92% 96%
stable below —30 °C

Possible Mechanism of Bimetallic Reductive Elimination

dissociation

AGig8 pd"10 product = 20.5 kcal/mol K =1.2 x 10° (to 2AcOH)
BDE (Pd"-Pd"y = >22 kcal/mol RE rate is 16 times slower

—> Dissociatiaion into Pd"' can be excluded.

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



Identification of Pd"' Dimer and Bimetallic Reductive Elimination

S
23°C,2h N
Frwndll B
Bimetallic Cl

Reductive O

I
X
Y g PhICI,
T o) we  DOM,-30°C

Pd-Pd
bond formation

-U..
.
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~ S
~ 7’
Y
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(0]
Y

Elimination
-
92% 96%
stable below —30 °C
Possible Mechanism of Bimetallic Reductive Elimination
disproportionation RE from cationic Pd"!
= Cl |

)
~ -N,. |+‘ 0O
Py >—Me
Q ~g

S

The RE rate is independent

Pd''-Pd!V dimer resonance ¢
of CIand AcO~

can not surpress the Pd—Pd Concerted Reductive Elimination

electronic communication ,
Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302.



Catalytic C—H Chlorination
Catalysis with PhICI,

N'Pd"
™
A J g

| _N O N'Pd"

L.

O PhICl, (0.25 eq), DCM

) (25 mol%)

PhICI, (0.75 eq) N
> Cl
23 C ‘|

90% isolated 97%
based on Pd' dimer

Catalysis with NCS

| Pd catalyst |

N N
7 (5 mol%) 7
H > Cl
e
MeCN, 100 °C

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



Computational Study

Bimetallic Reductive Elimination

0 kcal/mol 21.8 kcal/mol 11.9 kcal/mol —6.8 kcal/mol

The electron bniding energies of two Pd atoms monotonically decrease

.

Redox synergy between 2 Pd centers

Pd-Pd Cleavage

33.2 kcal/mol (Homolytic)
29.5 kcal/mol (Heterolytic)

Pd—Pd distance ¥
Activation Energy RE /

Powers, D. C.; Benitez, D.; Tkatchouk, E.; Goddard Ill, W. A.; Ritter, T. J. Am. Chem. Soc. 2010, 132, 14092.



Mechanistic Studies for

X

/”

Why chemoselective C-Cl RE?

NC
MeCN, 100 °C

)
N

/ \

Schoenebeck suggests
ligand scrambling mechasm
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=
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C—H Clorination with NCS

No acetoxylated product

Bimetallic
Reductive Elimination
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Turnover-Limiting Acetate-Assisted Oxidation

Nielsen, M. C.; Lyngvi, E.; Schoenbeck. F. J. Am. Chem. Soc. 2013, 135, 1978.
Powers, D. C.; Benitez, D.; Tkatchouk, E.; Goddard Ill, W. A.; Ritter, T. J. Am. Chem. Soc. 2010, 132, 14092.



Ar—-CF 5 Reductive Elimination from Pd"

L \© Slow L oo o
L Pd

P! >
il d‘cF3 Reductive Elimination i

Successful Examples of Ar—CF 5 RE from Pd"

OMe
O Me Me
MeO PCy2 FSC\ /—\ /CF3
iPr iPr P P
‘ 0 FsC CF,

PPh PPh
| b‘{lky 2 2 small bite angle &
Pr substituents large bite angle & electronic repulsion
bulky substituents
Brettphos Xantphos DFMPE
stoichiometric (80 °C) stoichiometric (80 °C) stoichiometric (60 — 90 °C)

catalytic (Et3SiCF3, 80 — 140 °C)

Cho, E. J.; Senecal, T. D.; Kinzel, T.; Zhang, Y.; Watson, D. A.; Buchwald S. L. Science 2010, 328, 1679.
Glushin, V. V.; Marshall, W. J. J. Am. Chem. Soc. 2006, 128, 12644.
Nielsen, M. C.; Bonney, K. J.; Schoenebeck, F. Angew. Chem. Int. Ed. 2014, 53, 5903.



Ar—-CF 5 Reductive Elimination from Pd'Y

| © Fast? L, X CFs
LI"Pd|V"\ - l:.Pd".\
Y Reductive Elimination il \Y
| CF4
Y
Bu— =
) CF, Stoichiometric CF; reductive elimination from Pd'V
Pl
ZSNT
, - other ligands
Bu F
o  Me Me_ /~\ Me Ph, /—\ _Ph
TfO o \/N N, \/P 4
— Me Ph
ve—( N—F | DCE,23°C Me ™"
TMEDA DPPE
Me E 89% 29%
‘Bu
= CF
NN NI,. W \CF3 - 3
Pd
v
=y SF NO,Ph -
Cg 80°C, 3 h
53% 7%

Nicholas, D. B.; Kampf, J. F.; Sanford M. S. J. Am. Chem. Soc. 2011, 133, 7577.



Ar—CF 5 Reductive Elimination from Pd'V

X CF
3
LI, | ‘\© FaSt? > LI:,. ".\\X
oV’ Pd
AN Reductive Elimination 1 vy
A | CF3

Catalytic C—H Trifluoromethylation

N cat. Pd(OAc), N
P Cu(OAc), (1 eq) _
N > N
CF3* reagent
H TFA (10 eq) CF,4
DCE, 110 °C

CF3* reagents

® TFA (10 eq) is essential for the reaction

|/ ® Cu(OAc);> (1 eq) also improve the yield
\
@ 0
S
| © Me l

What’s the role of these reagents?

CF; BFy Me

86% 11%
How does the reaction work?

Wang. X.; Truesdale, L.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 3648.



Isolation of CF5—Pd'V Intermediate

Rt
O\x—Me CF3* reagent _
"_‘\cf Me AcOH, 40 °C
N Pd G
isolated
Pd" dimer CF;—Pd"V complex
4 C OO GO0
o e, ® ®
7 e 7 e
% vd Ve CF; OTf, CF; BF,
45% 60% 2% 4%

!

DCE instead of AcOH : <2% . o
DCE /1 eq ACOH : 48% Additional AcOH is important.

DCE /20 eq AcOH : 65%

Nicholas, D. B.; Kampf, J. F.; Sanford M. S. J. Am. Chem. Soc. 2010, 132, 14682.



Reductive Elimination from Isolated CF;—Pd'" complex

AcOH or DCE
60 °C, 12 h
isolated 54-56%
CF;—Pd'"V complex C-CF; RE product
no decomp after 1 month <2% C—OAc and C—OH RE

Mechanism for Reductive Elimination

AcO™ dissociation CF
—AcO~ =3 8

— N NI,. | “\OHQ
- I pa!
L + AcO \OAC l

S

H,0 dissociation

CF, Ho =~ CFs

| \OH, 2 x~_-N, |

4! —_— O ' —
| NOAC 4+ H,0 O | oA

OAc OAc

concerted

Increase of [AcO7] significantly slowed C—CF; RE
Addition of acidic additive [TFA, TFAA, Yb(OTf);] accelerated C—CF3; RE

mm) AcO dissociative RE Pathway



Catalytic Activity of Isolated CF;—Pd'Y Complex

(10 mol%)
Cu (OAc), (1 eq)

TFA (10 eq)
CFs BF4 DCE, 110 °C
Pd(OAc), : 0.08 x 1074 M/s 18 fold times Initiual rates

CFs—Pd"V: 1.40 x 1074 M/s CFs—Pd" complex is a kinetically compete catalyst

The role of Cu(OAc), and TFA

additive
DCE
60°C, 12 h
CF—Pd'"V complex C-CF; RE product
none 54%
Cu(OAc), (10 eq) 36%
Acceleration of RE
TFA (100 eq) 89%

Surpressing decomp pathway
Cu(OAc), (10 eq) + TFA (100 eq) 94%

Nicholas, D. B.; Kampf, J. F.; Sanford M. S. J. Am. Chem. Soc. 2010, 132, 14682.



Binuclear Pd"' or Mononuclear Pd'Y

Kinetic study and DFT calculation suggests Reducctive elimination from Pd'Y

AG =13.7
kcal/mol

fast

Bimetallic Oxidation / Pd—Pd Cleavage not detected

rate = k [Pd" dimer][Togni I][AcOH] AG = 18.9
kcal/mol

Why is Pd—-Pd cleavage so fast?

CF; s relatively stronger o-donor than Cl and AcO

!

Pd'V-Pd' structure is a more dominant contributor

Powers, D. C.; Lee, E.; Ariafard, A.; Sanford M. S.; Yates, B. F.; Canty, A. J.; Ritter, T. J. Am. Chem. Soc. 2012, 134, 12002.




Small Ring Formation

Formation of 5-membered ring

cat. Pd(OAc),

NHTf oxidant NHTf
'
DMF, DCM (:EN
H Tf X

100 °C
Problematic RE partner
i PhI(OAc), 15 45 (OAc)
X
N, | L AcOOBu 13 50 (OAc)
l.PdIV-
| OAc
~ NCS 0 20 (CI)
Proposed Pd'V intermediate NIS 0 35 (1)
Y ot e
F + F
TN, | L SNT 75% 0
Pd'_
* TOAc Me Z Me
C—F is relatively intert for RE How about 4-membered ring?

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



Small Ring Formation

Formation of 5-membered ring

cat. Pd(OAc),

NHTf oxidant NHTf
o
DMF, DCM (:[N
H Tf X

100 °C
Problematic RE partner
rep PhI(OAC) 15 45 (OAc)
X
TN, | AcOOBu 13 50 (OAc)
Pd'{_
| \OAC
% NCS 0 20 (CI)
Proposed Pd'V intermediate NIS 0 35 (1)
cat. Pd(OTf _
F oE t)2 ot M )
oxidan NHT# F
NHTf > ©i\ C(\ | NS
NMP, DCE NTf . _
H 120 °C Me Me
0% 84% oxidant

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



Construction of Azetidine

COQMG OAC) COQMG
B Me PA\ “COQMG
o N .
PhI(OAC), AcOH L]
o ‘.
y_c(s 3)_H toluene, 110 °C Me
picolinamide (PA) 88% 10% (X = H or OAc)
C-N RE C-O RE
R1
COMe COMe AcO\- . 0 ~A,\(1: 0
- = - -
PAL \Me PAL PAL Ny R2 o /I\E/:\>
H Me H H H o | —
H H H OAc
C—-N RE (91%) C—N RE (25%) C-N RE (70%) When R?is smaller,
C—-O RE (0%) C-0O RE (70%) C-O RE (8%) tortional strain would favor C—O RE.
COzMe
COzMe
' o
NHPA identical
conditions
5—C(sp3)—H C(sp?)-H 82% d.r. 8:1 90%

He, G.; Zhao, Y.; Zhang, S.; Lu, C.; Chen, G. J. Am. Chem. Soc. 2012, 134, 3.



Construction of Benzazetidine

<:\( —_— ©:LH ® Alack of practical synthesis due to ring strain
NH

@ underexplored N-heterocycle
aza-o-xylene Benzazetidine
2.0 kcal/mol stable

Previous Synthesis

~Ph 450W UV N/Ph
I —_— via .
N N_ ©/\

\\ g
Z

Ph
50%
MelLi
N/OMe BuLi ' N/OMe
B AcCl Ac Li

21%



Synthesis of Benzazetidine

oM 0 OMe OMe
° Pd(OAC),
N o - Z NHPA
ol PhI(OAC), « i
H toluene, 100 °C “PA OAc
7% 89%
C-N RE C-ORE

Idea to C—N Selective Reductive Elimination

o o)
OAc \ o)
N\P<!|'V"N~ Ph !
| “NHoAC - - |
OYO 0
Me o)
Favoured C-O RE Spacer’s strain overcome C—-O RE? Design of PhI(OR),
5-memberd TS

He, G.; Lu, G.; Guo, Z.; Liu, P.; Chen, G. Nat. Chem. 2016, 8, 1131.



7%

CO,H
Me
CO5H

10%

Discovery of PhI(DMM),

OMe
Pd(OAc),
> =z
PhiI(OR), A |:l|\l\
toluene, 100 °C PA
C—N RE
diacidic-derived iodonium oxidants ---=-=-==================-=--
CO,H <:COZH O:COQH
COQH COQH COZH
<5% 25% 10%
Me><C02H COQH CXCOZH
Me'  co,H C: O,H CO,H
DMM
34% 10% 20%
Me Me
O O .
| PhI(OAC), 5,0 "N\ o oL 0%
- A /.
rt, CHCl, Ph Me Me O O FPh
Phi(DMM)

He, G.; Lu, G.; Guo, Z.; Liu, P.; Chen, G. Nat. Chem. 2016, 8, 1131.



Substrate Scope

OMe O OMe OMe NHPA

Pd(OAC),
H I IR
| | Phi(DMM) Y Me
N ™

Chlorobenzene

o} Me
110 °C C—N RE C—O RE
48% 40%
-------------------------------- Substrate Scope ---=--=--==-=-==-==----------o----o-
CFj4 NO, |
=z
= = = |
] ] ] AN
X \ X \ X \ PA
PA PA PA
72% 75% 54% n.d.
(C—O 9°/o) (C—O 100/0) (C—O 180/0) (C—O <5°/o)
O2N O,N Cl NS Cl Ny
IO | |
PA Z _— PA
+ N” + N7
z =z
o, =
— \ —
“PA “PA
61% 18% 53% 32%

He, G.; Lu, G.; Guo, Z.; Liu, P.; Chen, G. Nat. Chem. 2016, 8, 1131.



Computational Studies

N N
FsC P
L (HOAc)

PhI(OAc), /

AG*=33.2
kcal/mol = y
N=
RE — F3C \PdIV'
g
CO0 —<=——— HOAc
AG¥=29.4
kcal/mol AG = 18.9 kcal/mol
o)
\ OAc/ \
N=
AGY=14.9 FsC \P(ljm'
kcal/mol ~o
C-N <=——— F4C \
e o N/ @
N 1]
CO0 —<—/———— \_.Pd
AG=10.6 N o

AG = 0.0 kcal/mol

@)

)
\ PhI(DMM),

FsC

e
/ \N’ | \O Me
= HoAc ©

Me

HOAc ©

AG = 0.0 kcal/mol

AG*= 27.1
kcal/mol

—_—

RE

_—

AGE 26.8
kcal/mol

AG*=30.0

kcal/mol
—

RE

—
AG*=24.3
kcal/mol

DFT suggested RE from Pd" dimer

C-N

C-N

favored



Construction of Aziridine

R H i . !
)N\/ PdX, H—N—=Pd oxidant o N
'
. H i . 2;.
R*' C-H activation R?" facile RE o
R RS R3
sec-alkylamine 4-membered aziridine
palladacycle
Me, Me Me
Pd(OAC), o/\ﬁlvle
NH > N no C-O RE
0 Phl(OAc),, Ac,0 o~
! Me toluene, 70 °C Me
74%
Me. M
AV AcO  OAc
N—Pdll PAr Me b\ =
8 NrvvpglVel ® Chemoselectivity of RE (C—N vs C-0)
@] Me
Me ne ORe ® RE from Pd" dimer or Pd'V
o) o Me

Ar = 3,5-(CF3)206H3

isolated

proposed Pd' intermediate

McNally, A.; Haffemayer, B; Collins, B. S.; Gaunt, M. Nature 2014, 510, 129.



Computational Studies

o AG*=228
“"e_/< : o= kcal/mol
AG™= 30.7 0
H O Me H | O- Me —> C—N
ve. e 1 | P5—Me  keal/mol Me | o
N==-pdV—0 - o PT — RE
Me 2 \o amine OAc
v dissosciation o) ¥ i Cc-0
° o) Y S o) AG™=21.9
Me then N2
Pd"V intermediate keal/mol
unfavored AG = 0.0 kcal/mol
deprotonation AG'=12.7
—AcOH kcal/mol
Me AG*=27.3
Pd!V mechanism is favored. oA kcal/mol
Me | /O C_O
Pd'' dimer is a higher energy intermediate Me | _N—pglV
- - - ™o RE
due to steric repulsion between hindered Me \ :(
amines. o ° Me —— > C-N
0 AGE17.1

kcal/mol  favored
AG = 6.0 kcal/mol

Smalley, A. D.; Gaunt, M. J. Am. Chem. Soc. 2015, 137, 10632.



