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Seminar Preview

106.42

= Complementary Review to previous career seminars:

= Yu-Zack

= Sanford — Tao

= Catellani — Dong Zhe

= Goal: To introduce the beginning of high-valent palladium chemistry, controlling reactivity
and stability, and applications of this chemistry for synthesis and catalysis.

Pd(IV) Review: Chem. Rev., 2010, 110, 824.
Pd(lll) Review: Top. Organometal. Chem., 2010, 35, 129.



Palladium mine production worldwide 2010-2012 by country
Worldwide

Global mine production of palladium from 2010 to 2012, by country (in metric tons)
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2010 figures were taken from the 2012 USGS report.* Estimated figures.

U.S. Geological Survey, USGS - Mineral Commodity Summaries 2013, page 121



Precious metal price forecast 2012-2016
Worldwide

Precious metal price forecast from 2012 to 2016 (in U.S. dollars per ounce)
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SBG Securities; Standard Bank, Commodity Spotlight Precious Metals, page 9



~“  Publications with High-Valent Palladium (In Title)

Palladium
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»  Palladium(1V) Review Article Authors:

= JACS: 16

= ACS:53

Richard Taylor lan Fairlamb
University of York, UK
= Palladium(lil)

= JACS: 8

= ACS: 21

Tobias Ritter
Harvard University
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“d  palladium in Catalysis

Palladium
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Normal Catalytic Cycle
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Overview

106.42

= Palladium(lV) Chemistry
= Characteristics
= Historical Background
= Mechanism Aspects
= Applications into Catalysis and Synthetic Efforts
= Drawbacks and the Future

= Palladium(lil) Chemistry
= New Field
= [solation and Importance
= Acceptance and Controversy
=  Qutlook



Palladium (1V) Oxidation State

106.42

= Exists as Pd(0) to Pd(IV) .
H He

K 4 5 & 7 [] E] 10

=  Pd(IV) Complexes Li | Be BICIN|O|F|Ne
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= Counter-part Pt(IV)

poses on neating wiIith S1ZNT EXPIOSION ; 1T 18 Very SuabDle towdras

L Thermodynamica”y stable reagents, and is not attacked in the cold by strong caustic alkalis,

. . . alkali sulphides, or by mnitric, hydrochlorie, and sulphurie acids. 1t is
" Klnetlca”y Inert not further acted on by magnesium methyl iodide. On beiling for
= First Organometallic SpeCieS several hours with silver hydroxide in a moist mixture of benzene

and acetone. it is converted into ifrimethulvlatinimethul hudroxide.

discovered in 1907 [PtMe;X]

First organometallic Pd(IV) = 1975
Proc. Chem. Soc., 1907, 23, 86.




Inorganic Pd(IV) Complexes

ralduiurii
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= Most well studied and characterized are halogen salts.

&
RN RN x -
L &% X L IG) x L = py (pyridine), AsCt;, SMe,, SeMe,; X = Tl or Br
pd] . —2 “pdl  L=NMe; PPhS, or PPr"; X = Ci

- ~
X X X L = PEt;Ph; X =8r
X Stability
|
Lo X X, Lo i X L=NMeg py, PP, AsMe;Ph; X =Cl
x4~ T T x— | L L = NMey; X = Br
X
= Neutral ligand complexes of Pd(IV) usually decompose very easily.
<|:|
. : Cleee L Clp ci~_| _
c cl a— "4 A o .
" L = MesP(CH2):PMes,0-CsHa(PMes)s,  decomp. at rt. cl
0-CeHaAsMe)y, 0-CeHa(AsMe,)(PMe) L/\ L = en, bipy, phen stable at r.t.
cl
Cl\"Pd/ ) - . O | /L) L = PhaP(CHz)PPhs, stable at - 20 °C
o= "™ A Cl— 1"~ MezP(CHz):PMey, PhoAs(CH2lASPh,,
O-C6H4(ASM62}2, MEzAS(CHz)sASMez

= Importance: Trans X, in [Pd(L-L),X,] more kinetically stable

o J. Chem. Soc., Dalton Trans., 1983, 113.



Organometallic Pd(IV) Complexes
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= First report 1975 by Uson:

cl ci
Ol — Cl, CGFS\Pd/N) Cly Cs;s“%a:’”) excessCl, ci | )
N

N
- + CpF:sCl =— -
Cl CeF:Cl cl

TN
= tmeda
N N ﬂ = en, bipy, phen, pn (propylenediamine)

= Larger sterically hindered ligands made Pd(IV) intermediate too unstable, promoting
reductive elimination

= Yamamoto 1977: first use of phosphine ligands

Me
Ly, —RMe—l | | _R L R L R
PdT  ——— (" pgV T —— ~pd7 "+ R—Me| + ~pPdZ "+ R-l
(L/ TR25°C (L/|\R (I_/ >~ (L/ ~Me

[
7N
L L = dppe

= Phosphorous ligands rarely used with Pd(IV)
J. Organometal. Chem. 1975, 96, 307

Bull. Chem. Soc. Jpn. 1977, 50, 1319.



Isolation and Stability
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= 1986: Canty

25 °C

—_— .
Mew_ __N= M,_ In (CDs),CO at 10°C, the H n.m.r. spectrum of the
o P -~ complex initially shows fac-[PdMes(bpy)I] only, but disap-
Me N=—=— - Me-Me oearance of resonances of the complex occurs over several

o nours with concurrent appearance of resonances arising from
cthane and methyl(2,2’-bipyridyl)iodopalladium(i); at 25°C
this reductive elimination reaction requires 30—40 min for
ompletion. The new complex [PdMe(bpy)I] may be synthe-
sized independently, forming as yellow crystals on addition of
opy to an acetone solution of trans-[{PdMe(SMe,)(u-I}},].13
Both oxidative addition and reductive elimination may be
monitored by n.m.r. spectroscopy, e.g. on addition of
odomethane in (CD3),CO to [PdMe,(bpy)] in (CD;),CO to

u Stable to Store beIOW '200C zive a 1:1 mol ratio of reactants, spectra show immediate
= Elimination of ethane in solution

» Proposed mechanism to Pd(IV):

CDs
Mew_ _N=__J con (CD,),CO (CD3),CO Me — |

+ —_—
Me="" "‘N: - T warming to 0 °C Me/l

J. Chem. Soc., Chem. Commun. 1986, 1722.
Organometallics, 1990, 9, 826.



Increasing Pd(1V) Stability
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H r H @

GRS o |G
| g | . rux
PdMes(tmeda) e N : R, :

TN N I N
rt. H” pg* TH -40°C [HT AT A TH

an v i
M \ Me™ b YR
M a2 L M e -

= Tridentate ligands make complexes thermally stable to 150°C

Stability of Pd(IV) complexes is dictated by rigidity of the ligands and their complexes.

= Numerous other allyl, benzyl, and alkyl complexes with various nitrogen or phosphorous
based ligands have been prepared to date.

Mendeleev Commun. 2002, 14.



O.A. and R.E. with Pd(IV) intermediates

106.42

= Oxidative Addition: via S\2 pathway with proposed cationic intermediate as seen previously.

» Reductive Elimination: concerted pathway favored from electronics.

Me

Concerted pathway
Me~_ i@' N
Me~ = TN=-

g + |e Me\
{ = N==""3 - Me-Me "
b

Me Me

Me. &

—_— M e _ Pd

N\_
N—-—*

Me\ I@/N’: 7 Me-.r g..} N ,__‘
H‘c’?Pd“N, 7 H“c AN +19
H/ \H = H \H == - Me-Me
Me Me
= Me. @ =y
Mtﬁl:,ig),rﬂ = M?;h i@,Nf ] Me?ﬁg:pd:r: i
HoC— | NZ 5 Me CHy =" | TNET Me ==
H H

13

Alternative Pathways

Relative partial molar volume em® mol”!

Pd"
Reactanis

+17.5

Transition
State

e

Pd"’

intermediate

Transition Pd" Products
State

.

Reaction coordinate

»™

Organometallics, 1988, 7, 1363.




Reductive Elimination from Pd(1V)
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= |n cases with alkyl and halogen substitutents:

» R.E. occurs almost exclusively through C-C bond formation (rarely C-X)

= = T =
Me--.._‘_ /N-a.. J 0°C Me\ /_N--._ I/ ME\ /_N____ i)
Pd + Mel —> 05 Pd + 05 Pd
— -~
Ph é Ph | TNE Me™ | TN=
!

0 C e _-N=_ e N=__J (1)
—= (038 Pd + Me—Me [+ 0.2 Pd + Me—Ph
Ph~" TTN= Me~™ ~TN=

THzPh

— —_—

Phee  _N=_J ooc phol N=_J 0o°C Xeo  ~N&= A
PdT + PhCHoX —— Pd ——» P4

Me— g ? Me™ | “NZ="3 -PhMe PhCHy ™ ~N= (2)

X=Brl single isomer

(1) - 4:1 ratio of ethane to toluene

(1) - Pd bound to 3 different groups - only product is toluene

Canty Organometallics, 1994, 13, 2053.
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Oxidative Addition of Pd(Il) to Pd(IV)

Direct synthesis of conjugated dienes from alkynes

DUNCIIC £ JLOICHIVIIICITIC TC€ACLIONl U1 paladaCyClopelitdaICiics 1 Wil Orgdanic
halides and Me,Sn. [a] With addition of Br, (instead of Me,Sn) to 2b in CH,Cl,
directly after its formation.

A.I'Y Reaction of 2a—c with tetramethyltin in DMF at 60—
85°C leads to the selective formation of 2,5-difunctionalized
2,4-hexadienoates 3a—c. Sequential addition of methyl iodide
and one equivalent of Br, to 1 in dichloromethane results in the
2-bromo-5-methyl derivative 3x.

Since formation of palladacycles 1 from [Pd(dba),] (dba =
dibenzylideneacetone) and electron-poor alkynes is much faster
than oxidative addition of benzyl bromide to zero-valent Pd
species, and insertion of a third molecule of acetylene in 1 is
slower than reaction of the organic halide with 1 to give 2, we
anticipated that a catalytic procedure for the synthesis of dienes
3 (Scheme 3), consisting of the single steps shown above, was
feasible. Indeed, employing 1 as the precatalyst (or [Pd(dba),]
and an equimolar amount of Ar-bian or Ph-bip) with

E E I E

>=< /R‘ N N\ .I. -

Catalytic 3-component synthesis

quire more than one reaction step,*! or start from pure
isomers of alkeny! compounds in cross-coupling reactio
high-yield, selective catalytic procedure for preparing co
ed “open-chain” dienes directly from acetylenes has n
described 19!

As part of our continuing studies on carbon-carb
carbon-heteroatom cross-coupling reactions!”? mediz
palladium compounds with ancillary, rigid, bidentate n
ligands (Scheme 1), instead of the usual phosphanes,

aalNeYs
=\ —\ I \ 72 Vi

Yields: 71-76%

Elsevier. Angew. Chem. Int. Ed. Engl., 1997, 36, 1743.



Catalysis with Pd(0), Pd(ll), and Pd(IV)

Using Pd(dba), and electron poor alkynes, palladacycles could be generated faster than
O.A. of benzyl bromide - catalytic process

COMMUNICATIONS

COMMUNICATIGY{ONS

100 equivalents of dimethyl butynedioate, 50 equivalents of te:
tramethyltin; and 50-200equivalents of benzyl bromide

E E 2 . )

- ,L E - ,L R £ methyl 1odide; or 1odobenzene in DMF at 65 °C resulted afte
o \pd = RX Z \P[d = 8—16 h in the complete conversion of the alkyne into conjugatec
\N/ === CHCl, \N/ N= dienes 3a--c. DMF was selected as the solvent to obtain conve

- E - X E

[ € -

nient rates, as reactions in acetonitrile and THF are sluggish

probably because transmetalation is the rate-determining step
1, E = GO,CH, A The best results were obtained when employing [Pd(Ar-bian)
RX = CgHsCH,Br, CHgl, CgHsl compounds as the cata%yst (71-85% yields of isolated 3a—c)
NN = Ar-bian, Ph-bip. bpy 1—D1methylammo—1,2-d1(met}_1oxycarbonyl)ethene formed as ¢
secondary product in approximately 10% yield due to base- o1
palladium-catalyzed decarbonylative addition of DMF to coor:
dinated dimethyl butynedioate.[*?! This, in conjunction with the

£ £ | E E
— R (CHg)sSn, DMF = tN\ }“—&_{‘ fact tbat the lgtter re_:action does not occur in the absence o
HasC — - (CHa)aSrX S /p d\ — pjcllladmrn species, points to t.he occurrence of zero-valent palla-
E E - pd® - T X E E dium species in the c_atalytlc cycle. In the case of 3¢ smal
amounts of the cyclotrimerization product hexamethylmelilitate
23 R = CoHCHL 22 R = C.H-CH.: X < Br (4%) and 1-phenyl-1,2-di(methoxycarbonyl)-1-propene (7%)!"?

formed as well. Importantly, no direct cross-coupling betweer
DFT studies show process is energetically feasible!
Process also uses 50eq. of Tin. Elsevier. Angew. Chem. Int. Ed. Engl., 1997, 36, 1743.



Questions about Pd(IV) in Synthesis

106.42

= C-H activation at aryl methoxy group.
= Forms dibenzo-pyrans in high yields.

90%, R=H
77%, R = OMe

R |
4 mol% PA{OAC); _
K:COs, BUNBI  ppe0

OMe  pur, 100 °C, 3 d
| ONe
OMe O
4 moi% Pd(OAc), o
KzCO3, BU4NBI’ MeO
OMe bk, 100°c, 34 M°
87%
MeQ

Dyker Angew. Chem. Int. Ed. Engl., 1992, 31, 1023.

17



Questions about Pd(IV) in Synthesis

106.42

= Proposed Mechanism

i

G
- CCa ™ s

Jﬁt'i’

e
MeO MeO MeQ

Dyker Angew. Chem. Int. Ed. Engl., 1992, 31, 1023.



a -l

Palladium
106.42

sp?-sp? coupling issues

= Many new reactions forming sp?-sp? bonds were published suggesting Pd(IV) intermediates

Br

e

sgle

N

A

10 mol% P3{QAc),

_— =
K2CO3, BugNBr

R DMF 110°C,4d

5eq.

56%, R = p-Me
58%, R = p-OMe
I7%, R =m-CMe

Dyker, G. Angew. Chem.,

Int. Ed. Eng. Engl. 1992, 31, 1023.

[Ph{0)]

1

odl

Catellani, M. J. Organomet. Chem. 1991, 401, C30.

19

e

10 eq.

10 mol% PAOA),

KzC03, BugNBr

DMF, 110°C 44
63%

O

Dyker, G. Angew. Chem.,

Int. Ed. Engl. 1994, 33, 103.

|
MeQ Br
- I
MeO Ph FPh
10 eq

10 mol% Pd(OAch
KzCO3, BuNBr
DMF, 110°C, 3 d

OMe

Ph

/

0

42%

Ph

Dyker, G. J. Org. Chem. 1993, 58, 6426.

What about opposing pathway with transmetallation of aryl ligands?




DTF rebuttle
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= DFT calculations on model substrates to probe Oxidative Addition forming Pd(IV)

intermediates or Pd-Pd transmetallation
g PO Q 8
\

Y
Q. )
' | ~Ar AgBF4
N X CHECIQ/acetone
omdatlve addltlon
‘v \

Y Pd!
Cry = @[
Pd' 0
Pd°L, ‘\/ Ar
\ u - % transmetalation
reductive elimination
T v

Ar-X + PdOL, Ar

Osakada, K. Organometallics 2003, 5254.

= Authors found alkenyl and aryl electrophiles react more readily with Pd(0) precursors than
Pd(ll) metallacycles

» Transmetallation between the two Pd(ll) complexes was facile

= Previous sp?-sp? publications may actually not involve Pd(IV)

50 Echavarren JACS, 2008, 128, 5033.



Applications of sp2-Pd(IV) Complexes (Daugulis)

Chelation directed arylation of C-H bonds

th I' { |‘\ { J
NHEn palit-N
~ ~
AcO Br )

Arl
C-H activation

Xy X

8-Aminoquinoline was also used as a
directing group

Proposed Mechansim:

2

= =~ | 1. Arl
Sy o Pd(OAC), Y 0 2. C-H activation
NHB b OR
i ACO” Bn 1. C-H activation

Time
Entry Amide, Arl Temp Arylated Amide Yield
| s
1 R = n-Pr (7) 6h PO 76%
Ar=4-MeOCH, | 130°C Meo\@\)’ NH
| =
2 R =s-Bu (8) 1h N0 72%
Ar=4-BrC H, 150°C Bf\@ﬁj/ NH
[
| (PO
3 R =n-Amyl (9) 12h MeO. NH 54%
Ar=4MeOCH, | 150°C er
| = Ma
N
4 R = 3-Bromo- | 5h Br NH 81%
benzyl (10) 150 °C O
Ar=4-BrCH, O
Br

2. Al
= | 11;characterized (X-ray}
R c —
red. elimination |

N
Ar\é N SN

H
N
_Pd protonaticn
I~ ligand exchange o) Ar
L
possible

intermediate

Daugulis JACS, 2005, 127, 13154.




Continuing Activation of Unactivated C-H bonds
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= Daugulis group has even achieved catalytic coupling of unactivated C-H bonds

» Pyridine as directing group:

=

H3C ~
| X 5 mol% Pd(OAc), N
P 2.1 eq. AgOAc,
N

. b ACOH, 130 °C, 47 h ]

CH3

- Daugulis Org. Lett., 2005, 7, 3657.



Continuing Activation of Unactivated C-H bonds

106.42

= Daugulis group has even achieved catalytic coupling of unactivated C-H bonds

» Pyridine as directing group:

= Analines
NHCOR NHCOR NHCOR for diarylation:
2-9eq. Arl, 2-9eq. AgOAC Ar Ar Ar 981% (R = H, Ar = Ph)
0.2-5mol% Pd(OAc), 95% (R = Br, Ar = 3-Br-CgHy)

95% (R = H, Ar = 4-Me-CgHa)

92% (R = |, Ar = 4-Me-CgHy)

67% (R = H, Ar = 4-MeO-CgHa)
96% (R = Me, Ar = 4-MeO,C-CgHa)

CF3CO2H, 90-130 °C

Angew. Chem. Int. Ed. 2005, 44, 4026.



Continuing Activation of Unactivated C-H bonds

106.42

= Daugulis group has even achieved catalytic coupling of unactivated C-H bonds

» Pyridine as directing group:

= Analines

= Benzoic Acids

GOt 72% (R' = 3-CFg, R = 3.F)
5 mol% Pd(OAc);, DMF 83% (R' = 3-CF3, R? = 4-Ve)
' = . TR 22 eq Gs;C04. MS 34, - , 91% (R? = 2-Me, R? = 3-Me)
N N 10 mol% BuAdsP, 145 °C R® 65% (R' = 3-NO,, R* = H)
R? R2 71% (R = 3-Ph, R = H)
2-3 eq. R* 67% (R' = 2-Ph, R? = 3,5-Me,)

JACS, 2007, 129, 9879.



o COzH 5 mel % Pd(QAC,
- | +  ArC = arylated acid
by DMF, Cs,G05, MS 3A
BuAd,P, 145 *C
Entry Acid Aryl Chloride Arvlated Acid Yicld Entry Acld Ary. Chloride Arvlated Acid Yield
;CF-" MeO;C\
&y Y N—couie
¥ MeQ.C ~ \:{ 75%
5,
1 Py AR . 75% z ¢ o —
Fec—fﬁ'_\)—co;H X f=/ v—Cl o~ oo " ¢ S—conH — S
()/—\
R
=7 ks
oF, Jﬁ;
¢
. Rt R FiC, . ¢ = 82%
Z . S, — 1270 /;t N
AN R ¢ N canm CO,H
CO;H H—Gl G0y 3 N—
AN \a (S &N oo pe ¢ Yo
(h}—F — ¢
h—/ \=<
FuG, CF:
F Y .
“C>_\ NIe@CI 7Y e <¢’_\\?
3 # % _com = = 83% it
\:/ [j \ 16° y \J./ 1%
N ¢ CO.H
N 4o Vs
Me & B con <L}>-—C| P
CF, N/ — I
—~ -
Pt
&
F, R
\ s Y
PR e &S o F X en 91 X:/
4 COgH p— 7 C0H /
Nef = I I »
E . 11 <Y ¢ Yo 67%
\/ p We
f() Pt
CF, ',f’ \}_ COLH 7 \}_ ‘)—M &
= = e
Me e
R P
‘\. / [
— N _ \\ 1/ 70
5 R, \/\_ 6% L2 / >. <>_‘ 7%
O / \
¢ Y% com Me—C  S—ci N/ co:H L’( PR 7N cop
\J ’ N / 0 { =/
F {f 3 £ N o = .
R R
Me
CFy e a0
{ 13 72%
Me
% &% 9% ¢ 7 20 N
= & S—con F,6—_ H—al s
. —
Meogc—(/i\\—cozrc Fe— =0 m;o:c—«’_\ COMs </ Y
> =
\/ h CF,
—/
€ Me
7 oM % F
7 E \}_\\ 65% " (C%*CO;H 19
& S—com Me o
‘—"P_ Me )_
N { VAR ¢ e
! Yo S \—

O:N,
T
¢ rCCH 7%
— {
h—r ;



Benzoic Acid Arylation Significance
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A. Feasible Pd(I)-Pd{IV) Mechanism

“/C02H Pd(OAC COEH
“i ' ' :Pd(IV Ar)(l Pd(”) ‘ ‘ :Ar

B. Feasible Pd(0)-Pd({ll) Mechanism CO,H

.: CO;H
Pd(II Pd(O)L

C. Experimental Results Support Mechanism A

20 mol% Pd,dbay or Pd(P{Bus), COH 50 moiy Pd(OAC), COH
NO ARYLATION -~ OO OO
CHgCOzH no AQOAC O

<‘J=O

Pd(II

Arl + Pd(0) ArPdl

CHACO,H, no AgOAe

Me I Me
\©’ ca. 1TO

= Reactivity promotes Pd(IV) Intermediate, but does not exclude sigma-bond metathesis.

Daugulis JACS, 2007, 129, 9879.



Pd(IV) in Heck Reactions
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=  Pd(IV) intermediates in Heck reactions are rare and controversial, leading even to a
retraction of a paper

= DFT studies showed Pd(0)/Pd(Il) and Pd(I1)/Pd(IV) cycles have similar energy levels
= Pd(I1)/Pd(IV) requires weak ligands
= Pd(IV)-H intermediate is without precedence

= Most catalysts involve PCP ligands

QAc

1 5 mol% cat., MeCN
R —@—low QpAg - Mmotecat, Me 91%, R' = Br, R? = CHy0Ac
1 eq. NaHCO; 2 1 2
+ \\)\ — S R? 91%, R = H, R? = OAc
R2 50°C,14-22h
R1

83%, R! = Br, R® = CO.Et

1.5¢q. 90%. R' = Br, R? = n-CsHyq
R1
cat. = O\ 2 via 0\ X P
thF'—F'ld—PF‘hg thP—ﬁ'cl:I'V—PPhg
TFA A x

= Mild conditions and DFT modeling promote Pd(IV)!

Martin, IML. Chem.-Eur. J. 2001, 7, 1703.
Szabo, KJ. Org. Lett. 2009, 11, 2852.



Isomerization Reactions

106.42

= First example: Trost and Lautens
= High Yields, moderate conditions
= Pd(PPh;), was inactive
= Lewis acidic Pd(Il) complexes worked cleanly and tolerated excess ligands
= Pd(IV) palladacycles proposed

pal R A

/ -Pd"

H —_—
R' and/or ~ /
RP=H _~» - -

= Applied methodology to the synthesis of picrotoxane skeleton

0L Me: Me If
CD{;/ C——>|Ho — w0
OH "\g HO RO

Picrotoxinin

- Trost, Lautens. JACS, 1985, 107, 1781.



Pd(IV) Hydride

106.42

= No definitive evidence of a Pd(IV) hydride has been established.

= DFT study of intramolecular palladium migrations to verify possible Pd(IV) intermediate

PH5
H [ PH PH
Pd—Br
Pd Br Pd Br

l‘;l)”

‘ ||=|-|3 PH3 PH3
Pd—Br Br-—-F'd Br—-Pd

(L& T C

1,3-Pd migration 1,4-Pd migration 1,5-Pd migration 1,5-Pd migration 1.6-Pd migration

Dedieu, A. Organometallics, 2006, 25, 3130.



Pd(IV) Hydride

106.42

1,3-Pd migration ) ) High energy
» Sterically hindered—sep v 40 iion otate  — Pd'Y mechanism only

Direct transfer

Geometrically constrained

i "
(i.6. phenanthrene) — Pd" transition state

Direct transfer
1,4-Pd migration | . Both Pd" and Pd"

mechanisms competing

Pd'' transition state
Geometrically unconstrained Direct transfer
(i.e. biphenyl) -

Pd" transition state
Direct transfer

Geametrically constrained

. L Pd' transition state ——
(i.e.benzofc]phenanthrene) — ow energy ransition state

Direct transfer
1,5-Pd migration | Absence of a Pd" mechanism —» Pd' favoured

Low energy Pd" fransition state
Geometr'ca”y Unconstraiﬂed_- Direct transfer
(i.e. benzylbenzene) Pd'"Y transition state

PH!

Two-step transfer pd B ‘:sa, HPd & I
—~Br F‘U‘Er
‘;”) D Cr D

Low energy Pd' transition state l l
1,6-Pd migration Direct transfer PH]
- —» pd favoured Hapf,‘d O P

Pd" transition state O

Two-step transfer

1.3-Po migration 1.4-Pd m gratior 1.5-Fd migratien 1,5-Pd migration 1,6-Pd migration

= Study extended later to aryl/alkyl processes
=  Pd(IV) intermediate via O.A. then R.E or through Pd(IV) transition state is Possible!

Dedieu, A. Organometallics, 2006, 25, 3130.



Pd(IV) Hydride Shift Applications
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» Forward and Reverse hydride shifts

R

9 =
5 mol%s Pd(0AC);, 5 Mol dppm, g;{g Eﬁ; z E?c):lcqu) al &
3 eq. AICQ,Cs, DMF, 120 °C 67% (Ar = p-MeOCgH,) Me
1 mol% Pd(QAG)y, 2 eq. NBuy, gg:ﬁ ég = Sﬁfﬁ"}im‘igﬂ))
— = phthalimida
70% D 11 eq. _\R , DMF, refiux

Larock, RC. Tetrahedron 2008, 64, 6090.

Hu, HW. Tet. Lett. 2000, 41, 725.

» Hydride shifts Intra- and Intermolecularly

8 A :

/ \ 5 mot% Pd(QAc);, § mel% dppm
2 eq. CsOPiv, DMF, 100°C, 12h
N

N

L L™

Larock. JACS. 2004, 126, 7460.

31

i
5 mol% Pd{OAc), 5 mol% dppm o
2 eq. CsOPiv, DMF, 80 °C. 4 h o

Larock. Org. Lett. 2005, 7, 701.



Oxidative Difunctionalization of Alkenes

106.42

= Combines alkene amination with Table 1. Palladium(ll}-Catalyzed Aminoacetoxylation of Alkenes?

Pd (I I)/Pd (IV) CyC I e entry substrate product conditions® time (h) Seyield®
NsN . NsN
1 NeHN _~_~Z  AcO 5 A1 79 11.741)
AcD
p-hydride elimination EWG-N 0 0
> m TsN
—L,PdH ,A) 2 > 6 B, 12 65
| TshN Az AcO {1 mo 1% Pd)
£
H 0
EWG-N Pd (Ilj EWG-N 3 A _ TsN™RS 7 E, 24 66
/:) —>H+ L Pd\/o TeHN " 0"~ AcO
- n
o C
M
4 TsHNJLOW TsN™ O g B, 12 56
oxidaliorn EWG—-N AcO \/\/J
s 2
[0] X Te

o

NHTs B oA N
e Chc
Ns
NHNs N N.  Ohc a
5 <1/= m » <1),\,¢12 C.35 85° (&:1)
QAc

10 mol% PA(OAC), NsN NsN NsN "
2 eq. Phi(OA + ) ! NsHN‘/\/g A3 80
NeN o~ R Q AcO HC” One
OAc
1 2 3 . . . .
2 All reactions tun with 1 equiv of substrate (0.2 M) and 2 equiv of

PhI(OAc); at 25 °C. All regio- and diastercoselectivities calculated by 'H
NMR. # Condition A: 10 mol % Pd(OAc),, 1 equiv of BuyNOAc, CH,Cl,.
Condition B: 5 mol % PdClL(PhCN),;, CH;Cl,. Condition C: 10 mol %
Pd(OAc),, 1:1 AcOH/Ac0. € Isolated yields. 4 1 equiv of PhI(OAc), used.
€ Product 11 obtained as 2.3:1 {5: R) mixture of diastercomers.

- Alexanian, EJ; Sorensen, EJ. JACS. 2005, 127, 7690

e S S A A A e e e e e S S AN RN N S S S
=
3]



Oxidative Difunctionalization of Alkenes

106.42

= Mechanism Insight

O
10 mol%e Pd(OAC), TsN ’1(
o 2 eq. PhI{OACc), 0 (4)
T TR e ‘
1 eq. BU4NOAC
TsHN JL 0 &

CHLCN, 25°C, 7 h OAc
14 15
(ZE=10:1) 92% yield, 9.5:1 dr
O
1% 10 mol% Pd(QAc), TsN '[(O

TsHN™ O — 2 eq. PhIQAC); - )
1 eq. Bus;NOAC z
GHLCN, 80 °C, 2.5h OAc
16 17

65% yield, »20:1 dr

Pd(IV) evidence: Cu(OAc),, common oxidant for Pd(0)/Pd(ll) catalysis was ineffective

Propose Mechanism

Alexanian, EJ; Sorensen, EJ. JACS. 2005, 127, 7690



Significant Issues

Falladium
106.42

= Low stabibility of Pd(IV) results in poor selectivity
= Most catalyst loads require 10 mol% of Pd(lI)
= Need to increase TON
= New catalyst strategies
» Requires expensive additives and oxidants (which normally are required in excess)
» Reducing Conditions leads to Pd(0)->Pd(ll) cycles
= Selectively activating C-H/C-C bonds without directing groups

» Functional groups are well tolerated
= No enantioselective processes have been accomplished

34
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Palladium
106.42

Overview

35

Palladium(lll) Chemistry

New Field

Isolation and Importance
Acceptance and Controversy
Outlook



Emergence of Palladium(lil)

106.42

= One-electron oxidation of Pd(Il) gives d” low spin Pd(lII)

Square Planar Jahn-Teller Distorted Ocatahedral
Pd(ll) Octahedral Pd(lll) Pd(IV)

" b
foH I T

= Platinum(lll) and Palladium(lil) complexes are rarely proposed in catalysis

= Pd(lll) & EPR: often the radical is hard to characterize as metal-centered or distributed
through the ligands

/\T P /\I\\JH B
5| .8 NH, | HN Isolation and X-ray structures of
g/PF\S\}l rg/Pd”NFTj mononuclear Pd(lII I
N \ uclear Pd(lll) complexes
ST HN
1 2

J Chem Soc, Chem Commun. 1987, 987.
J Organomet Chem. 1987, 323, 261.
36 Can J Chem. 1999, 77, 1638.



Palladium

106.42

Pd(lll) in Oxidative C-H Coupling Reactions

To the right, Pd(0)->Pd(ll) oxidative
coupling of aryl C-H bonds

Intermediate 5 is proposed to undergo
reductive elimination

Under the oxidative conditions,
could 5 be oxidized further prior to
C-C bond formation?

Y
%‘:Pmm&; Eqjp = 0.57 V vs. Fo/Fc*

7

37

a) Pd"
Ar-H + Ar'-H —— Ar—Ar'
__________ pxidf’:l.nl o i
b i1, X _
) L,Pd’ Ar=H
_ 3 C-H
Re-Oxidation Palladation
|LAI’
L,Pd° L.Pd,
6 4 X
—pph Ar'—
Ar—Ar WA | r'—H
Reductive and\A , C-H
Elimination 5 AF Palladation




Pd How does Pd(lIl) function mechanistically?

Palladium
106.42

@ @
%N ILCH; [CpaFelPFg %N ILLQQ W ;DI-II
¥ acetone (S) A

1 12 (49 = 3%) 13
Not Observed (101 = 79%)
Pd-C Bond _—— A) Radical traps had no effect
Homolysis Mo 4 %‘_Fdi@”s Combination HaC~CHs
aj 13

1]
e

12 14 13
—F(+} CH T i
o ‘ Disproportionation Moo (G [ ECH 3 HaC-CHj
| 3
13 S 15 13

38

b} Reductive —p+ —r@
Elimination I 11, Fe* B
S HiC—CHy + %‘;Pd —"i“%fpdhhg”3

B vs C) Oxidation of Pd(ll) carried
out at -80°C

Saw Pd(Il) and Pd(1V) form!

Sanford. J Am Chem Soc. 2009, 131, 15618.



~“  Mononuclear Pd(lll) in Catalysis

Palladium
106.42

Fer N fﬁﬁ ?'13(?-;@

- JLCH = N~
N,Pdh_ ¥ ,F"L‘.Iq.._S + ,F'I:L_CH —= CyHg+13
N CHs | 3 a0 °C
S I

acetone (S)
-B0°C

1 13 15
» Therefore in common Ag(l) oxidative palladium chemistry, the proposal is that:
1) Ag(l) coordinates to Pd(ll)
2) Electron transfer produces Pd(lIl) and Ag mirror
3) Disproportionation of Pd(lll) to Pd(ll) and Pd(IV)
4) Reductive Elimination of Pd(1V) to Pd(ll) forms product

Mechanism could be present also in Carbon-Heteroatom bond forming reactions and
could explain rate accelerations of Kumada and Negishi coupling reactions

39



Dinuclear Palladium(lll) Complexes

Palladium
106.42
= Based on molecular
Pd(I)Pd(ll Pd(lINPd(ll Pd(lPd(il .
d-orbital oo e e - orbitals, there should be no
Gombination bond order 0 05 1 [Pd(I1)], dimers
\
dz" _dz" o m m # +— —_

~ B, H 4 MM MM

d,+dgandd, +d,, = %% M M4 by by
s K H #

dz;\ *dZ?

Computed Pd-Pd
Bond Order: 0.11

40

However DFT calculations

anti

.

nonding showed a weak interaction
with Pd(ll) acetate dimers

=  Complexes with Pd(lII)

prBonaNiy should be feasible then

o

Multiple Bonds Between Metal Atoms. Springer Science and
Business Media, Inc.; New York: 2005.

Bercaw JE, Durrell AC, Gray HB, Green JC, Hazari N, Labinger

JA, Winkler JR. Inorg Chem. 2010, 49, 1801.
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Pd

Pd(1)/Pd(lIl) and P(1D/Pd(lII) Complexes

Palladium
106.42
& N N, a0 -
NE,:PG"P'! CPE NEJPdH’“\' N —N
¢ N, \N » ¢ N, | h T P D = »—Ph
Nflpd",) N (-1€) M,..H'Pd",)N —N
N\ ‘ Ph
N N
a7 a8
OMe
b
¥ B T Q
: s ""'_N : * .—--'N
b _pd AgPF, t_pg—N
G"\}N"' \N > i él:\le}. AN > N —N
,\ifpdﬁ)” CH,Clp, 10 °C h,Pd*‘)N = )
N N N —N
N N
. ; &
Pd-Pd = 2.64 -Pd = 2 597
d-Pd = 2.649 A Pd-Pd = 2,597 A i
(\ 0 . N a
N I o} 0 Q '
\(l FJd___N N\(,’t.-. | NK> | HEC‘\;; T I FSC\\J ... | {HECJEC ‘\JI e i :
PthI2 Mn-Pa g | O-—Pd- O%—Pd: O%—Pd- |
j \7 | J | HeC—( O.. | "RR Fc—¢ O. | RR (HC)sC—4 ©.. | "RR, |
N-—-Pd )>\ CH3CN N/Pd WS : O—Pd—\-PR, O—Pd—\- O—Pd—\-PR, |
</ @ ININ | | | | |
\) : Cl Cl Cl :
' |
42 43 I I
Pd-Pd =255 A Pd-Pd=239 A | 44 45 46 |

41

—_—_—————,—,—e e e — a1



Pd(lll) Dimers in Catalysis

Falladium
106.42

= Often proposed that Pd(lll) dimers are precatalysts to lower-valent Pd species

» Pd-catalyzed aromatic C-H acetoxylations previously proposed Pd(lV) intermediates

a) H cat. Pd(OAc), OAc
@’ : ©/ Crabtree, 1996
PhI(OAC),

b)

4 cat. Pd(OAc),

SN Phi(OAc), .~

OAc

Sanford, 2004

/
/
=z

Sanford MS. J Am Chem Soc. 2004, 126, 2300.

42
Ritter T. J Am Chem Soc. 2009, 131, 17050.
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Palladium

106.42

Pd(lll) Dimers in Catalysis

43

Often proposed that Pd(lll) dimers are precatalysts to lower-valent Pd species

Pd-catalyzed aromatic C-H acetoxylations previously proposed Pd(1V) intermediates

= Ritter proposes that Pd(lll) dimers could be the intermediates

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

OAc
Z N AcOH, 60 °C Z N
- x|
48 49
CH,Clo/HOAC
Pd(OAc);, CH,Cl/HOAC 20 equi j 432 el
0TS 91% yield
%ﬁpd Q - TACO
& PhI(OAC), T [
~ Pd
OVME" CH,Cl,/HOAg, —35 °C ‘ ~Q)-Me
o I~
%Pdfo Me 88% F=‘|cLhO Me
36 OAc  go

Sanford MS. J Am Chem Soc. 2004, 126, 2300.
Ritter T. 3 Am Chem Soc. 2009, 131, 17050.



46

Pd

Palladium
106.42

Pd(lll) Dimers in C-H Chlorinations

44

¢

e

G

Cly
PACI (10 mol%
M= + N
Dioxane/H;0 i )
ol Re’s
12% 30%%

@ A

N N

Ucl mig,cn mtj,

22% 3%

Fahey DR. J Chem Soc D. 1970, 417.

NCS ‘
Pd(OAc)s (5 mol%)

CHACN, 100 °C N
90% =~ |

. @]
: ~
! -

(o]

53
Catalyst Resting
State

Sanford MS. J Am Chem Soc. 2004, 126, 2300.
J Am Chem Soc. 2007, 129, 15142.

Org Lett. 2006, 8, 2523.

Tetrahedron. 2006, 62, 11483.

Fahey DR. J Chem Soc D. 1970, 417.



Palladium
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Ritter’s Mechanism of Pd(OAc), Chlorination

= Rate Law shows oxidation is turnover limiting step / first order in dinuclear catalyst
= Co-catalysis by acetate ions?

45

acetate

NCS,

CE-SN e
Turnover-Limiting
Acetate-Assisted

Oxidation

rate = k [53] [NCS] [AcO]

Ritter. JACS, 2010, 132, 14530.



106.42

Pd(lll) in Review

46

1-electron oxidants certainly favor Pd(lll) intermediates in catalysis

Pd(lll) complexes are established to undergo disproportionation to Pd(Il) and Pd(IV) so they
may only be short lived intermediates in synthesis

= Hard to utilize currently

Likewise Pd(lll) dimers are isolated for X-ray crystallography, but no results disprove that
they just undergo disproportionation like previous systems

Until the Pd(IV) intermediate can be ruled out of a mechanistic pathway, Pd(lll) catalysis will
always be challenged

Ritter’s work is a nice change of pace to challenge traditional thinking
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Pd Questions?

Palladium
106.42
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Group Questions (MAJOR HINT — They use Pd(IV)!)

Palladium
106.42

1. Predict the mechanism of the enyne carbocyclization.

MeO,C —
Meozc 5 mol% Pd(OAC)z(PPh:;)z - MeOZC
N\ MeO,C _
5 mol% PPha, CgHg, 60C, 1 h

2. Propose a mechanism for the reaction below.

o]
Ts ‘n o 10 mol% Pd(OAc),, 2 eq. Phl(OAc), HN 4
Y > ph _A_°
Ph ~_0 1 eq. BuyNOAc, CH;CN 25C, 7 h Y
OAc

3. Propose a mechanism for the reaction below. (Hint: Pd"V-H shift)

o~

| 5 mol% Pd(OAc),, 5 mol% dppm

2 eq. CsOPiv, DMF, 90C, 4h

48 OPh
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Question 1

49

L

LyPd(OAc), AcO_ |
—_— P P
AcO II_

R1

—

dIV

R2

R! and R?
not =H



~ Y Question 2

Palladium
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O O
Tsh <X TsHN '40

Ph \)\/O F’d”XE Ph W
Ene ‘\/ \(

o i @ 40 e
. N_j( TsHN o
S Ph
ph A \/'\’

- Pa'x

PAY(OAC)X, L .
O B:
Ph"\\ TsN J(@
Ph
PhIOAC), = sHBL
Pl

50
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Question 3

51

/ \ 5 mot% Pd{OAc)z, 5 mol% dppm _
2 eq. CsOPiv, DMF, 100 °C, 12 h Ph
N N
L 85%

L~

1,4-Pd - Hi
I CV@;Q : O/Q;g — 0
IPd shift Pd

OPh

0
e

83 %



