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5.1 Introduction

Palladium complexes are extensively employed as efficient catalysts for a wide
range of synthetically useful organic transformations such as C-H func-
tionalization, C—C coupling, and hydrocarbon oxidation reactions.' > Whereas
catalytic processes involving Pd complexes in oxidation states +2 and 0 have
been recognized and studied for several decades,>*” more recent studies have
shown that high-valent Pd species can also act as catalytically active inter-
mediates in various organic transformations.® '* For example, the reactivity of
isolated organometallic Pd"Y complexes has been studied for the past two
decades,'*?* and Pd"V intermediates have been shown to be involved in a
variety of functional group-directed C-H functionalization reactions (see
Chapter 4 of this book).*'* By contrast, much less is known about the orga-
nometallic chemistry of Pd"™ complexes and only a limited number of isolated
mononuclear and dinuclear organometallic Pd"" complexes have been reported
to date.”** Moreover, dinuclear Pd"" complexes have been recently proposed
as reactive intermediates in oxidative C—H functionalization reactions,*2¢2°
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Organometallic Reactivity of Pd"™ Complexes 123

while mononuclear Pd"" intermediates have been proposed in oxidatively
induced C-C bond formation, O, activation or insertion, radical Kumada
coupling and other reactions.**>

Herein, we overview the synthesis and reactivity of isolated mononuclear and
dinuclear Pd"™ complexes and describe the various C—C and C-heteroatom
bond formation reactions in which the intermediacy of Pd"" species has been
demonstrated or invoked.

5.2 Mononuclear Pd" Complexes

1l
d

5.2.1 Electronic and Structural Properties of Pd"" Coordination

Complexes

The electronic configuration of Pd in oxidation states 42, +3, and +4 is dd, d’,
and d®, respectively (Figure 5.1). Pd" complexes are typically square planar,
while the paramagnetic Pd"™ d’ centers prefer a Jahn-Teller distorted
octahedral geometry and the diamagnetic Pd" d® centers exhibit an octahedral
geometry.

While the first confirmed Pd"" species was the ionic compound NaPdF,
obtained in 1982 in the solid state,® the first structurally characterized
molecular Pd"™" coordination compounds were the mononuclear homoleptic
complexes of type [L,Pd™]** supported by the tridentate macrocyclic ligands
1,4,7-trithiacyclononane and 1,4,7-triazacyclononane (Scheme 5.1).>'*? These
complexes were obtained by electrochemical or chemical oxidation with HCIO,4
and their reactivity in one-electron redox processes was investigated.>' ** EPR
characterization suggests that the unpaired electron resides predominantly at
the metal center,’>® although it was shown recently that the sulfur atoms of
the macrocyclic ligands may contribute significantly to the singly occupied
molecular orbital of the Pd™ complex.** In addition, the X-ray structures
reveal a tetragonally distorted octahedral geometry, consistent with a
Jahn-Teller distorted Pd"" d” center.’'~*>
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Figure 5.1 Representative d electron configuration of Pd™, Pd™, and Pd" oxidation
states.
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(\ H 3+ /\ 3+

Scheme 5.1 Pd™ coordination compounds supported by N- or S-donor tridentate
macrocyclic ligands.
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Scheme 5.2  Synthesis of organometallic (‘**N4)Pd"! complexes (CPE — controlled
potential electrolysis; Fc"-ferrocenium).

5.2.2 Reactivity of Isolated Organometallic Pd"" Complexes

Although the intermediacy of mononuclear Pd"™ organometallic species was
proposed in a number of C—C and C-heteroatom bond formation reactions, the
first isolated mononuclear organometallic Pd"™" complexes were reported by
Mirica er al. in 2010.> The tetradentate macrocyclic ligand N,N'-di-tert-
butyl-2,11-diaza[3.3](2,6)pyridinophane (‘®"N4) was employed in order to
stabilize the distorted octahedral geometry of a Pd"" d” center. The complexes
[("B"N4)Pd"RX]" (6: R =Me, X =Cl; 7: R=Ph, X =CI; 8: R =X = Me) were
obtained by controlled potential electrolysis (CPE) or chemical oxidation with
ferrocenium (Fc') of the corresponding Pd" precursors (‘BUN4)Pd"RX (3:
R =Me, X=Cl;4: R=Ph, X=CI; 5: R =X =Me) (Scheme 5.2). The resulting
Pd"™" complexes were stable in the absence of light in the solid state and in
solution for several weeks. The structures of these Pd"' complexes reveal a
distorted octahedral geometry with elongated Pd—N,,;, distances, as expected
for a d’ Pd"™ center. In addition, the EPR spectra of the [(‘®*N4)Pd""RX]"
species exhibit anisotropic signals with g, =2.12-2.13, confirming a Pd™
center with a d,, ground state.

The isolated Pd"™ complexes are stable in the dark, however they exhibit C—C
(and C—Cl) bond formation reactivity in the presence of visible light.>> For
example, when a solution of [(‘B"N4)Pd""MeCI]BF, in MeCN is exposed to
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Organometallic Reactivity of Pd"™ Complexes 125

visible light, formation of ethane (25% yield), MeCl (8%), and methane (9%)
occurs, along with the Pd" product [(‘*®*'N4)Pd""CI(MeCN)]" (80%,
Scheme 5.3a). Reactivity studies suggest a radical mechanism for the observed
light-induced reactions. For example, the formation of ethane from
[(*®*"N4)Pd""MeCIIBF, is completely suppressed in the presence of the radical
trap TEMPO (TEMPO =(2,2,6,6-tetramethylpiperidin-1-yl)oxyl), and the
TEMPO-Me adduct forms as the major product (Scheme 5.3a). Notably, O,
was also reported to act as an efficient Me radical trap and irradiation of
[(*B*"N4)Pd""MeCIl]BF, in the presence of O generates a number of oxygenated
products such as methanol, formaldehyde, and formic acid (Scheme 5.3a).
Similar C-C bond formation photoreactivity was observed for
[("®“N4)Pd"'PhCI]" to generate biphenyl in 21% yield along with benzene
(13%) and [(‘"®"N4)Pd"'ClI(MeCN)]" (82%) (Scheme 5.3b). Interestingly, while
biaryl elimination from monoaryl Pd compexes is known (vide infra), the
elimination of ethane from a monomethyl Pd complex has not been reported
previously and is currently of great interest due to its relevance to catalytic
methane oligomerization.®

In addition, irradiation of a solution of [("B“N4)Pd""Me,]* generated ethane
and the monomethyl complex [(‘®*N4)Pd"Me(MeCN)]* in 41% and 83%
yield, respectively (Scheme 5.3b). Such a reactivity resembles the Me group
transfer and ethane elimination reactions induced by chemical oxidation of
PdMe, complexes in which Pd"" intermediates were proposed but not detected
(vide infra),””® thus confirming that Pd" complexes are viable intermediates in
such processes. Interestingly, the Pd" dimethyl complex (‘®*N4)Pd"Me, (5)
also exhibits a non-radical ethane elimination induced by oxidation with O,
or peroxides through the intermediate formation of a [(‘B“N4)Pd""Me,]*
complex 8.* The oxidation of (‘®*N4)PdMe, with O, in C¢He-MeOH leads

a
@ (@) v, Bh  pe-Me + CHy + MeCl + [(BUN4)PdCI(MeCN)I*
25¢1%  9+2% 8+1% 80+4%
b) TEMPO
[(BYN4)Pd""MecCI]* ()r146h> TEMPO-Me + [(B“N4)Pd''CI(MeCN)]*
6 v 84+7% 9346%

(c) O, (1 atm
2 ) MeOH + H,CO + HCOOH + [(BUYN4)Pd"'CI(MeCN)T*

hv, 80 q441%  21:3% 1423% 81+4%
(b)
hv
[(B“N4)Pd"PhCII* —— Ph-Ph + PhH + [(BUN4)Pd"'CI(MeCN)]*
7 Mh 2151%  13:1% 82+3%

hv, 3h
[(‘B”N4)Pd'”Med+NT—CN> Me-Me + CH, + CH3D + [(BYN4)Pd''Me(MeCN)]*
8 © 41+4% 3+1% 5+1% 83+8%

Scheme 5.3 Photereactivity of [(‘"®*"N4)Pd""MeRX]" complexes.
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Scheme 5.4  Acrobic reactivity of (‘®*N4)PdMe, (5).

to the initial formation of [("®"N4)Pd""Me,]*, as detected by UV-vis and EPR,
followed by elimination of ethane and (‘**"N4)Pd"Me(OH) (9) in 52% and 84%
yield, respectively (Scheme 5.4). The presence of protic solvents such as
alcohols or water was required for oxidation, as no reaction was observed in
anhydrous aprotic solvents. Similar reactivity was also observed when
(‘"B"N4)Pd"Me, was oxidized with H,O, or ROOH (R = 'Bu, cumyl).*

Use of the spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and cyclic
voltammetry (CV) studies suggest an inner-sphere mechanism for the aerobic
oxidation and formation of a Pd"-superoxide transient intermediate
(Scheme 5.5a). Therefore, one-electron oxidation and formation of a Pd™
center is likely a pre-requisite for the aerobic oxidation of the Pd" complex.
Similar to the mechanism proposed for the aerobic oxidation of Pt"" dimethyl
complexes,**** protonation of the Pd"-superoxide intermediate generates a
transient Pd'V-hydroperoxo and/or Pd"-hydroxo species, and a subsequent
comproportionation in the presence of the Pd'""Me, complex yields a Pd""Me,
species. In addition, mechanistic crossover reactivity studies (Scheme 5.6) are
consistent with a mechanism involving a Me group transfer and formation of a
[("B"N4)Pd'VMe;]* species as the key intermediate responsible for the C-C
bond formation step (Scheme 5.5b), while a radical mechanism involving forma-
tion of Me radicals is not supported by radical trapping studies. The proposed
mechanism is strongly supported by the use of a less sterically hindered
N-Me substituted analog of the "™“N4 Iligand, N,N’-dimethyl-2,11-
diaza[3.3](2,6)pyridinophane (M°N4), which leads to the detection of the
proposed intermediates [(M*N4)Pd'YMe,(OOH)]*, [(M°N4)Pd'YMe,(OH)|",
and [(M*N4)Pd"VMe;]" by ESI mass spectrometry or NMR spectroscopy.*?
Overall, these studies strongly suggest that both Pd" and Pd"Y intermediates are
involved in the observed aerobic C—C bond formation reactivity.

The isolated [(‘*®*N4)Pd""Me,]ClO, complex 8[ClO,] also undergoes C—C
bond formation reactivity in the absence of light upon addition of 1 equiv. of
coordinating ions such as OH™ or CN (Scheme 5.7). This reactivity is not
affected by the radical trap TEMPO, suggesting that the formation of a Me
radical is not involved in ethane elimination under these conditions, while
crossover experiments (Scheme 5.6) suggest a Me group transfer and formation
of a [("®"N4)Pd"VMe;]" intermediate (Scheme 5.5b).%

Interestingly, the complex (‘B“N4)Pd"Me(OH) (9), formed upon the aerobic
ethane elimination from (‘B"N4)Pd"Me,, can react with weakly acidic C-H
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Scheme 5.5 Proposed mechanisms of (a) acrobic oxidation of (‘®*N4)PdMe, and (b) subsequent C—C bond formation.

soxajduto)y ,, pd fo {14110y d1j|p1auiounsiQ

LTl

70z Arenigad g uo Jasn eueqin - stoulll jo Ausianiun Aq ypd-zegT00-v0.LSEL6V8T8LEAA/SZEEYIT/APA-101dBYD/SWN|OA-P3YPS/SH000/B10"0S1'S3000)//:dNY WO} PAPEOJUMO



128 Chapter 5

0
(BUN4)Pd"(CHz), + (BYN4)Pd"(CD3)y — == CH3-CH3 + CHy-CD3 + CD3-CD3
. CgDg-CD30D } _ ] -

Scheme 5.6 Crossover reactivity of (‘®"N4)Pd'"Me, and [(‘*®"N4)Pd""Me,]".

1 equiv X~
_ Me-Me  + (BUN4)Pd'"Me(X)
MeOH, RT _
X=O0H": 27% 42%
X=CN™: 38% 88%

Scheme 5.7 Anion-induced C—C bond formation from [(‘B“N4)Pd""Me,]".
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Scheme 5.8 Proposed catalytic cycle for the aerobic oxidative coupling of C-H bonds
that involves (a) C—H bond activation, (b) aecrobic Pd" oxidation, and
(c) C—C bond formation.

bonds of acetone and terminal alkynes leading to the formation of a
new Pd"-C bond. Based on this observed reactivity, a catalytic cycle for the
aerobic oxidative coupling of C—H bonds that involves both Pd" and Pd"'V
intermediates can be envisioned (Scheme 5.8). In this proposed catalytic
process, the formation of transient Pd'™" species is expected to promote aerobic
oxidation, while Pd" intermediates are necessary for efficient C—C bond
formation.*

Overall, these results show that isolated Pd"™! methyl and phenyl complexes
exhibit C—C bond formation reactivity, and the mechanisms of these trans-
formations may involve either radical or non-radical pathways for the C-C
bond elimination step. While the radical pathway for the C—C bond formation
proceeds through an initial photoinduced Pd™-C bond homolysis, the
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non-radical C—C elimination most likely involves the formation of Pd"
intermediates.

5.2.3 Proposed Pd"™ Intermediates in C—C Bond Formation
Reactions

5.2.3.1 Proposed Pd™ Intermediates in Csp3—Cspz Coupling

The oxidatively induced C—C bond formation from dialkyl Pd" complexes
with phosphine ligands has been studied by Trogler and Seligson.>’ Oxida-
tion of (dmpe)Pd(CH,SiMes), (dmpe= 1,2-bis(dimethylphosphino)ethane)
complex 10 with Fc* in the presence of 1 equiv. PPh; gave a mixture
of Si(CH3)s, Me;SiCH,CH,SiMe;, and the Pd" monoalkyl product
[(dmpe)Pd"(CH,SiMes)(PPhs)]"  (Scheme 5.9). A mechanism involving a
Me;SiCH, radical was proposed, as the oxidation of MgCH,SiMe; with Fc™
produced Si(CH3)4 and Me;SiCH,CH»SiMes in a ~1:1 ratio. Interestingly, a
more selective C—C bond formation was observed in the absence of PPh;, to give
Me;SiCH,CH,SiMe; as the major product accompanied by complete decom-
position of a metal complex. The oxidation of the analogous dimethyl complex
(dmpe)PdMe, was reported to produce ethane.?’

The selective ethane formation from the (‘Bu,bipy)Pd'"Me, complex 11
induced by one-electron oxidation has been recently reported by Sanford,
Mayer, et al.*® Oxidation of (‘Bu,bipy)Pd""Me, with one-electron oxidants such
as Fc™, the thianthrenyl radical cation, or Ag™ was shown to produce ethane in
~50% yield and the monomethyl product [(‘Bu,bipy)Pd"Me(acetone)]™
quantitatively (Scheme 5.10a). Several mechanisms were considered for the
C—C bond formation (Scheme 5.10b), all involving the initial one-electron
oxidation of a Pd""Me, complex to form an undetected Pd"'Me, intermediate.
In path (i), subsequent Pd—-Me bond homolysis generates a Me radical and
ethane is produced by combination of two Me radicals. In path (ii), a Me group
transfer occurs upon reaction of the Pd"Me, species with 11 and 1 equiv. of
Fc™ to generate [(‘Busbipy)Pd"VMe;] " and [(‘Bu,bipy)Pd"™Me(solv)] ™, followed
by reductive elimination from the former species. Path (iii) involves direct C-C
reductive elimination from a Pd"" center to afford ethane and a Pd' product.
Path (i) was ruled out since the yield of ethane remains almost unchanged in the
presence of Me radical traps 1,4-cyclohexadiene or styrene. Moreover, low
temperature NMR studies and crossover experiments suggest that path (ii)
is operative. Oxidation of (‘Bu,bipy)Pd"Me, with Fc* at —80°C generates
a new species assigned as the [(‘Bu,bipy)Pd'YMes(solv)]™ species along

Me, 1 equiv Fc* Me, -t
P CH,SiMe; 1 equiv PPh P. CH,SiMe3
[ oPal 70 ————— e MeySICH; + MegSICH,CHSiMe; + [ Pdl
P CH,SiMeg CH,Cl, P PPhs
Me, 57 43 Me,
10

Scheme 5.9 Oxidatively induced C—C bond formation from (dmpe)Pd"(CH,SiMes),.
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LSl Me N 4 o MeMe + I N)Pd[Me
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'Bu 11 ~50%  'Bu ﬁ—
quantitative
(b) (i) Pd-C homolysis ;
LPd"Me(acetone)" + Me® ——> Me-Me
Me-Me
Fct  Fc +LPd"Mey, Fc*
LPd'Me, —> 7 o |[LPd"Me,]'| —————— | [LPd'YMes]*| + LPd"Me(acetone)*
11 acetone (ii) Me group transfer
not observed detected

L = 'Buybipy

" — [LPAT |+ Me-Me

(iii) direct elimination

Scheme 5.10 (a) Oxidatively induced ethane elimination from (‘Bu,bipy)PdMe, and
(b) mechanisms considered for ethane formation.
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Me Me Pd \ JPd
" 12 N =1 me K= we
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+12 Me group +12
/ transfer
N
’\N//, «Me ~N M
{ \ "Pd”i + \”///Pdlv‘ €
N X {N/l ~Me
I Me
X =0OO0H or OH 13
detected

Scheme 5.11 Proposed mechanism for oxidation of (Mestacn)PdMe, (12) with O, to
generate 13.

with [(‘Bu,bipy)Pd"™Me(solv)]". While [(‘Bu,bipy)Pd"VMe;(solv)] " is stable at
—80 °C, it eliminates ethane and [(‘Bu,bipy)Pd'"Me(solv)]" upon warming up to
—30°C. In addition, oxidation of a 1:1 mixture of (‘Bu,bipy)Pd"(CH;), and
(‘Busbipy)Pd"(CD;), with Fc' generates a 1:2 mixture of CH3;CH; and
CH;CD;, indicative of a Me group transfer consistent with path (ii).

The transient formation of a Pd"" intermediate was also recently proposed
by Mirica et al. during the aerobic oxidation of (Mestacn)Pd"Me,, 12
(Mestacn = N,N’,N"'-trimethyl-1,4,7-triazacyclononane, Scheme 5.11).** The
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inner-sphere oxidation of the Pd" center by O, is proposed to form a Pd""'-0,°*~
species — as suggested by detection of an EPR-active radical adduct trapped
by DMPO, followed by further oxidation of the metal center to form
detected Pd"V-OOH and Pd'"V-OH intermediates and ultimately the
[(Mestacn)Pd'YMe;]" species 13, which eliminates ethane at elevated
temperatures.

5.2.3.2  Pd" Intermediates in Oxidative Transformations of Pd"
Aryl Complexes

The mechanism of aryl-aryl coupling of Pd aryl complexes in presence of aryl
iodides or one-electron oxidants has been studied by Milstein et al.*® The
reaction of (PCP)Pd"(Ph) (PCP = 2.6-(‘Pr,PCH,),C¢H3) (14) with aryl iodides
results in the formation of (PCP)Pd''(I) and a biaryl product. The use of
substituted aryl iodides results in the formation of a mixed biaryl and homo-
coupled products in a nearly statistical ratio (Scheme 5.12a), suggesting a
radical mechanism involving an initial one-electron transfer from the electron-
rich Pd phenyl complex 14 to the aryl iodide to form [(PCP)PdPh]** (15), which
undergoes Pd—C bond homolysis to generate Ph radicals (Scheme 5.12b).
Fragmentation of aryl iodide radical anion produces aryl radical and iodide,

(@) —
P(i-Pry) 2 P(i-Pry)
7R

L) Lo, -
| | Vo
P(i-Pry) P(i-Pry) C>_<j>
14 R/ \ %R

R = H, p-Me, p-OMe, p-NO,, m-ClI

(b) 1] f 1 °+ 0o
(PCP)Pd'Ar + Arl — [(PCP)Pd"AIT™* + Arl

14 15
[(PCP)PA"Ar* ——= [(PCP)Pd'T" + Ar’
15
Arl T = I+ A
. . Ar-Ar
Ar + Ar — 1 Ar-Ar
Ar'-Ar'
statistical mixture

[(PCP)PA"T" + I~ — (PCP)Pd'l

Scheme 5.12 (a) Biaryl formation upon reaction of (PCP)PdPh with aryl iodides and
(b) proposed radical mechanism.
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p P P (i-Pry) O
| AgOTf | |

Pd”—@ Pd”'@ — Pd-OTf + 0.5

| A’ | |

P P P(i-Pry)

14 15
not observed

Scheme 5.13 One-clectron oxidation of (PCP)PdPh with Ag® and Ph-Ph bond
formation.

and the combination of Ph and aryl radicals then furnishes a statistical mixture
of biaryls. A similar mechanism has been proposed for Ni-catalyzed aryl halide
coupling. ¢4

Complex 14 also reacts with one-electron oxidants such as galvinoxyl and
AgOTf, and formation of a transient Pd™ species [(PCP)Pd"'Ph]* was
proposed (Scheme 5.13).*° As no products resulting from the reaction of a
phenyl radical with the deuterated solvent was observed, the authors suggested
the formation of aryl-bridged intermediates prior to C—C bond formation. The
possibility of such bridged intermediates was also considered for the reactions
involving aryl iodide as an oxidant (vide supra).

5.2.3.3  Pd"™ Intermediates in Kumada Coupling

A recent report by Knochel ez al. indicated that Kumada coupling catalyzed
by Pd compounds such as 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene](3-chloropyridyl)palladium(i1) dichloride (16) shows a dramatic rate
acceleration in the presence of PrI.** While a slow reaction between
p-bromoanisole and phenylmagnesium chloride that was prepared from PhCl
and Mg/LiCl was observed, significantly faster reactions were obtained with
PhMgCl prepared by I/Mg exchange from PhI and 'PrMgCIl-LiCl, which
generates Prl as a stoichiometric byproduct (Scheme 5.14a). The same effect
was observed in the presence of other alkyl iodides such as methyl iodide,
neopentyl iodide, 1-iodoadamantane, or cyclohexyl iodide, and a radical
mechanism was proposed. Indeed, use of a radical clock reaction test produced
a mixture of the coupled and the cyclized product, the latter likely resulting
from the ring closure between the aryl radical and an olefin (Scheme 5.14b).
The proposed mechanism involves an initiation reaction between a Pd(0)
complex and 'PrI to form a Pd" intermediate that reacts with aryl bromide to
generate a Pd" species and an aryl radical, which can be trapped by the Pd"
species to produce a Pd"™" monoaryl complex (Scheme 5.15). The subsequent
transmetalation with Ar,MgBr produces a Pd" biaryl intermediate that
reductively eliminates the coupling product and regenerates the Pd" species.
However, it remains to be seen whether Pd"™' species can undergo direct
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@ 16 (2 mol %)
QMgCI + BrOOMe _— Q Q OMe

THF, 0°C
Conv. after 15 min
PhMgCI prepared from PhCl and Mg/LiCl: 8%
PhMgCI prepared from Phl and 'PrMgCI*LiCl: 82%

MeO,
®) MgCl 16 o O
. AN additive MeO .
Br THF, 25°C O’

OMe
Additive:
_ none 80% 7%
(2,6-iPra-CeHs) Pri (1.1 equiv) 34% 50%
N C|3' —
16 = } —N
E N/
N ¢
\ cl

(2,6-iPr-CgH3)

Scheme 5.14 (a) Effect of 'Prl on Pd-catalyzed Kumada coupling and (b) radical
clock test for the presence of aryl radicals.

Initiation
R + LPd® —= R® + LPd-|
Propagation

/I °
LPd-l + Ary-Br —> LPd[Br + Ary

|
_ . I
LPd"  + A" —= LPd"-Ar,

Br
Br

| Ar,

I
LPd"-Ar; + Arp-MgX — LPd"-Ar; + MgX,
Br X

1
LPd"-Ar, —> ArzAry + LPd-X

X

Scheme 5.15 Proposed mechanism for the Pd-catalyzed radical Kumada coupling.
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reductive elimination to form C-C or C-heteroatom bond, as to date no
isolated mononuclear Pd™ species were shown to exhibit such reactivity.

5.2.34 Pd" Intermediates in Homocoupling of Aryl Triflates

The Pd™ intermediates were proposed in the electrosynthesis of binaphthyls by
reductive coupling of naphthyl triflates catalyzed by Pd complexes with
bidentate phosphine ligands (P-P)PdCl, (P-P =dppe, dppp; Scheme 5.16a).*°
Electrochemical studies suggest a mechanism that involves an initial activation
of the catalyst by two-electron reduction to form a Pd(0) species, which reacts
with aryl triflate to generate a Pd" monoaryl complex (Scheme 5.16b). CV
studies indicate that the reduction of the (dppe)Pd"! monoaryl complex is a one-
electron process,”” and a mechanism similar to the (dppe)NiCl,-catalzyed aryl
halide coupling was proposed’’ that involves the formation of Pd' and Pd"™
species, followed by the C—C reductive elimination of biaryl from a Pd"Ar,
intermediate (Scheme 5.16b).*

5.2.3.5  Pd"™ Intermediates in Other Arylation Reactions

Pd"™ intermediates were proposed by Sanford er al. in a photocatalyzed C-H
arylation reaction using diazonium salts in the presence of Pd(OAc), and a
Ru(bpy);Cl, photocatalyst (Scheme 5.17a).> The proposed mechanism

_ (P-P)PdCI, OO _
05

P-P = 1,2-bis(diphenylphosphino)ethane (dppe),
1,2-bis(diphenylphosphino)propane (dppp)

(b) (P-P)Pd''CI,
l+ 2e”
1" ar-ot
+1e” (P-P)Pd°CI-
/ oTi-
(P-P)Pd'CI (P-P)Pd'(Ar)CI
P-P = dppe +1e”
Ar-Ar ’\K / _or
(P-P)Pd"(Ar),Cl (P-P)Pd'(Ar)
OTf~ Ar-OTf + CI-

Scheme 5.16 (a) Pd-catalyzed reductive coupling of naphthyl triflates and
(b) proposed mechanism.
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(a) 10 mol % Pd(OAc),
~ 2.5 mol % Ru(bpy)sCl2*6H,0 | N e
| /_R hv N~ ~
NNt PRNZBF, | R
| MeOH, 25 °C Ph
47-76%
(b) hv
Ru(bpy)z2** Ru(bpy)s?* L C—
(bpy)s (bpY)s (L>,|:dlv/
Ny* cTl T
Ar N2 Ar
VRS
L C—Ar
N, + Ar® Ru(bpy)s>* +H
L\l n— (L\ n—
Pd Pd
<C/| ~— C/ ~
" \A—(
Ar®

Scheme 5.17 (a) Pd/Ru-catalyzed C-H arylation with aryldiazonium salts and (b)
proposed mechanism.

involves the reduction of diazonium salt with the photoexcited Ru(bpy);>**

species to generate an aryl radical, which reacts with the palladacycle to
produce a Pd"™ intermediate (Scheme 5.17b). A subsequent one-electron
oxidation of the Pd"™ species is proposed to form a Pd'Y intermediate that is
responsible for the C—C bond reductive elimination.

Yu et al. reported Pd-catalyzed C-H bond arylation and ethoxy-
carbonylation reactions that are proposed to involve the generation of aryl or
ethoxyacyl radicals and formation of high-valent Pd intermediates, although it
remains unclear whether Pd"™ or Pd" species form under these conditions.>*>*

Interestingly, formation of a Pd'™ intermediate by reaction of a Pd"
precursor with a phenyl radical source, phenylazotriphenylmethane (PAT),
was also proposed by Baird ef al.>®> Thermal decomposition of PAT forms both
Ph and trityl radicals that react with the Pd"-allyl complex 17 to give a Pd""Ph
species and 4,4,4-triphenyl-1-butene (Scheme 5.18). The proposed mechanism
involves an initial attack of the Ph radical at the Pd" center to generate a
Pd""Ph(allyl) species 18, which reacts with the trityl radical to give the observed
products (Scheme 5.18).

Overall, the formation of Pd"" intermediates was proposed in a number of
Csp3—Cgps and C,pr—Cgpr coupling reactions and such intermediates can be
formed by either oxidation of Pd" precursors with one-electron oxidants,
oxidative addition of ArX (X = halide or triflate) to Pd" species, or reaction of
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A . .
Ph3CN=NPh — Ph3C + Ph + N;

T e ak
«PPhs Ph e | y*PPha
/,' APdL s /\_~Pd\

PPhs PPh;

17 18
J Ph,C
_ I+

PhgPu P C! PhgPoy "

ci” Spphy /7 Ph3C\/\/ “SPPh,
PhiCasd =

Scheme 5.18 Proposed formation of a Pd™ intermediate in presence of phenyl
radical.

Pd" complexes with carbon-centered radicals. The formation of the Pd™
intermediates in a number of C—C coupling reactions can thus be considered
as a viable alternative to the commonly accepted Pd°/Pd" mechanisms.>® It is
important to note that the Ag™ salt additives that are commonly employed in
Pd-catalyzed C-H functionalization reactions can also act as one-electron
oxidants and promote formation of Pd"™" species.

5.2.4 Proposed Pd"" Intermediates in C—Heteroatom Bond
Formation Reactions

5.24.1 Pd" Intermediates in the Radical O, Insertion into a
Pd-Me Bond

The radical insertion of dioxygen into the Pd—C bond of a dimethyl Pd"
complex was reported by Goldberg et al.’’ When a solution of (bipy)Pd'"Me,
(19) in benzene was exposed to O, (1-10 atm) at RT, formation of the Pd"
methylperoxo complex (bipy)Pd"Me(OOMe) (20) was observed in up to
~70% yield (Scheme 5.19a). The reaction was accelerated in the presence of
light or radical initiator additives, and reproducible reaction rates were
obtained in the presence of excess AIBN radical initiator. Detailed kinetic
studies suggest a radical chain mechanism in which a chain propagation step
involves a stepwise associative homolytic substitution at the Pd center
(Scheme 5.19b). Addition of the MeOO radical to a square planar Pd" center
generates a five-coordinate Pd"" intermediate 21, which then extrudes a Me
radical with concomitant formation of (bipy)Pd""Me(OOMe) (20). Analogous
reactions of alkylperoxo radicals with first row transition complexes leading to
a one-electron oxidation of a metal center have been reported previously,>® ¢
and also proposed in the radical-chain aerobic oxidation of a Pt'" complex in
the presence of 'Prl.°!
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@ ~o N

| N /Me 02 | /N\

Pdll B — Pd“

AN TMe CeDs ST TMe
19 20

N _OOMe

(b)

Initiation
AIBN — 21n°® AIBN = 2,2'-azobisisobutyronitrile
In® + 0, — In0OO*®

INOO® + (bipy)Pd"Me, — (bipy)Pd"Me(OOIn) + Me®
19
Propagation
Me® + O, —> MeOO®
OOMe
MeOO® + (bipy)Pd"Me, —= (bipy)Pd'"Me,
19 21
OOMe
(bipy)Pd""Me, — (bipy)Pd'Me(OOMe) + Me®
21 20
Termination
OOMe

(bipy)Pd""Me, + Me0O® non-propagating products

Scheme 5.19 (a) Reaction of (bipy)PdMe, (19) with O, and (b) proposed mechanism
for the insertion of O, into the Pd—Me bond.

5.24.2 Pd™ Intermediates in Catalytic C—H Functionalization
Reactions

Yu et al. reported intramolecular C—H amination reactions catalyzed by
Pd(OAc), in the presence of the one-electron oxidant Ce(SOy), (Scheme 5.20).%
The formation of a Pd"™' intermediate was proposed, although it remains
unclear whether its further oxidation to Pd"Y occurs before the C—N reductive
elimination step.®?

The involvement of high-valent Pd intermediates as an alternative to the
more common Pd’/Pd" catalytic cycles was also discussed by Glorius in the
C-H amination in the presence of AgOAc, which can act as a one-clectron
oxidant (Scheme 5.21).%

In general, the oxidation of Pd" complexes with one-electron oxidants
may yield either Pd"™" or Pd"Y species, depending on the relative stability of the
two oxidation states and the ligand environment. For example, stable Pd"Y
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15 mol % Pd(OAc),
3 equiv Ce(SOqy), SN
|

R
” NHTf 6 equiv DMF
CH,Cl,, 100 °C

Scheme 5.20 Pd-catalyzed intramolecular C-H amination in presence of Ce(SOy),.

10 mol % Pd(OAc),

d< 3 equiv AgOAc Cf%
NHAc Na,COg4 N

Ac

mesitylene, 140 °C

Scheme 5.21 Pd-catalyzed intramolecular C-H amination in presence of AgOAc.

complexes were obtained by oxidation with Fc¢® of palladacycles
LPd"(CH,CMe,C¢H,) (L = hydrotris(pyrazolyl)borate anion, Tp"), since the
Tp ligand is known to stabilize Pd'Y complexes.®* In addition, examples of
disproportionation of Pd™ to Pd'V and Pd" species,®> ®” as well as the
comproportionation of Pd"Y and Pd" to form Pd™ species are known.**
Therefore, it may not be possible to unambiguously assign the oxidation
state of high-valent Pd intermediates, and both Pd"™" and Pd'V species may
be involved in oxidatively-induced C—C or C-heteroatom bond formation
reactions.

5.24.3 Pd"" Intermediates in C—CI Bond Formation Reactions

The transient formation of a Pd"" intermediate was proposed in a number of
reactions involving CCly or CCIl;Br as the oxidant, such as the C—H chlori-
nation of saturated hydrocarbons with CCly, catalyzed by (L),PdX; (L = PPhs,
p-TolsP, MeCN; X=CI, Br, I; Scheme 5.22a).%% Based on the reaction
selectivity, a mechanism was proposed in which the Pd" complex reacts with
CCl, to produce a transient Pd"™CI species and a CCl; radical, which reacts
with the C—H bond of an alkane to generate chloroform and an alkyl radical
that then reacts with the Pd""Cl species to give alkyl chloride and regenerate the
Pd" complex (Scheme 5.22b).

A similar mechanism was proposed for the Kharasch addition of CCl;Br
to alkenes catalyzed by Pd" complexes.””’! For example, the Pd"
complexes (Mestacn)PdCl, and (Mestacn)PdBr, (Mestacn = N,N'N'-trimethyl-
1,4,7-triazacyclononane) were shown to be good catalysts for the radical
addition of CCl3Br to alkenes, most likely due to their low Pd"/™ oxidation
potentials.”! While the proposed catalytic mechanism involves a mononuclear
trihalide Pd"™" intermediate that was not detected, a dinuclear Pd"" species was
observed in the reaction mixture (vide infra).
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(@) L,PdX,
R-H + CCly; ———— R-Cl +CHCl3
120 °C

R-H = cyclohexane, adamantane, n-hexane

(b)
L,Pd"X, + CCl, === ClI3C" + L,Pd"'X,CI

ClsC" +RH — CHCI3 +R’

R"+ LyPd""X,Cl ==== RCI + L,Pd"X,

o\

LoPd"VX,CI(R)

Scheme 5.22 (a) Pd-catalyzed C—Cl bond formation and (b) proposed mechanism.

5.3 Dinuclear Pd"" Complexes

5.3.1 Electronic Properties of Dinuclear Pd"

Complexes

The interaction of two square planar Pd" d® centers along the z-axis leads to
mixing of the d orbitals and a molecular orbital diagram in which both the
bonding and antibonding molecular orbitals are filled (Figure 5.2), and
thus no metal-metal bonding interaction is expected for such complexes.
However, due to symmetry-allowed mixing of Pd 5p, and 5s orbitals into the
4d,, orbital, weak metal-metal bonding interactions may be present in such
complexes.”” One-electron or two-electron oxidation of Pd" dinuclear species
removes electrons from antibonding orbitals and generates mixed-valent
Pd"-pd"™ or Pd"-Pd"™ complexes with Pd-Pd bond orders of 0.5 or 1,
respectively.?**

5.3.2 Dinuclear Pd" Complexes

Cyclometalated Pd" complexes are common precursors in Pd-mediated
oxidative C—H bond functionalization reactions. In this context, the geometry
of bridged dinuclear Pd complexes depends on the nature of the bridging
ligands and directly affects their redox reactivity. For example, while the
dichloro-bridged palladacycle 22 is essentially planar and exhibits no
metal-metal interactions, the acetato- (23) or trifluoroacetate-bridged
complexes adopt an open ‘‘clamshell” geometry with two Pd centers in close
proximity (2.862 A Pd---Pd distance for complex 23) and exhibit weak attractive
d®-d® interactions between two Pd centers and n-stacking interactions between
two phenylpyridine ligands (Scheme 5.23).7>

Interestingly, weak d®—d® interactions between two cationic Pd"" centers were
also observed for Pd" complexes supported with the macrocyclic tetradentate
ligand 2,11-dithia[3.3](2,6)pyridinophane (N2S2), 24 and 25 (Scheme 5.24).”
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PdIIPdII PdIIPdIII PdIIIPdIII

% 'T_ — d,: - dye
?; % % dyz - dyz, dy, - dy,
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?; % % dyz + dys, dyz + dyz
*i_ ﬂ_ ﬂ— dzz + dzz

d®d®,s=0 d®d’, s=1/2 d’d’,s=0
0 Pd-Pd bond order 0.5 Pd-Pd bond order 1 Pd-Pd bond order

Figure 5.2 Molecular orbital diagram for Pd""Pd", Pd""Pd™, and PA"Pd"™ dinuclear
complexes with interacting metal centers. The z axis is along the Pd—Pd
vector and the dashed line represents the separation between bonding and
antibonding molecular orbitals.

N,
_ N N - deH mO
~-Nu, W Cl, A
11, d” 'I:/,Pdll
~c— . Me
'nu,PdII‘

closest Pd"...Pd” contact: 3.691 A
Pd”...Pd” 2.862 A

Scheme 5.23 Examples of dinuclear bridged Pd"™ complexes with planar (22) or
“clamshell” (23) geometry.

4+
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N
1) (PhCN),PdCl, N~ ) (COD)PdMeCI Q
<~ S S

2) 2 eq AgOTf N ) 1eq AgoTf
MeCN | P acetone

N2S2

25
Pd...Pd 3.066 A Pd...Pd 3.113 A

Scheme 5.24 Dinuclear (N2S2)Pd" complexes with weak d®~d® interactions.
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These interactions are not supported by any bridging ligands and were
proposed to play a role in the observed oxidatively-induced Me group transfer
reactivity leading to the Pd" species [(N2S2)Pd"VMe,]**.7

5.3.3 Mixed-Valent Pd"-Pd"" Complexes

The first isolated mixed-valent Pd"-Pd"™ complexes were the amidinate-
bridged dinuclear complexes 26-28 obtained by chemical or electrochemical
oxidation of the corresponding tetrabridged Pd" precursors (Scheme 5.25).7+77
These paramagnetic complexes were characterized by X-ray crystallography
and high-field EPR spectroscopy that confirmed a metal-centered
oxidation,”*”” while DFT calculations suggest a Pd—Pd bond order of 0.5 for
such complexes.”’

Detailed electrochemical studies suggest that the number of ligands bridging
the two Pd centers has a pronounced effect on the redox properties of these
complexes. Thus, the oxidation of the dibridged complex 29 was shown to be a
two-electron process that corresponds to the oxidation of the two non-
interacting Pd centers (Scheme 5.26), in line with the long Pd---Pd distance of

R R +
R / R I
\rROSNR \N R “N R_.
MR PP
. < 7/ N AgPFYCHCl, g, < N
;\\l 7 | < />— ' or ;‘\l :',N E III’( />—R'
/ Ao N —pd' —
, \ 1e7, CPE R v N
L R |
26:R =p-tolyl, R'=H
27:R =R =Ph

28: R =p-anisyl, R"=H
Complex 28: Pd...Pd 2.597 A

Scheme 5.25 Synthesis of mixed-valent Pd"-Pd™ complexes.

\/N \FI, 1] N N
/P\d” AV < = Ph—<<@
N v
\2 Ph

29

Pd".Pd" 2.900 A Pd".Pd" 2.576 A

Scheme 5.26 Dinuclear Pd" complexes with bridging N,N’-diphenylbenzamidinate
ligands.
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2.900 A. By contrast, the tetrabridged complex 30 undergoes a reversible one-
electron oxidation corresponding to a Pd"-Pd"/Pd"-Pd™ oxidation at a
potential that is 0.37 V less positive compared to 29, and supported by the
shorter Pd---Pd distance of 2.576 A enforced by the four bridging ligands.”®

5.3.4 Dinuclear Pd""-Pd"" Complexes with a Pd""-Pd"" Bond

In 1996, Bond, Canty et al. reported electrochemical studies of the dinuclear
palladacyclic complexes 31 and 32 (Scheme 5.27).”® These studies suggest a
stepwise oxidation to Pd"-Pd"™ and Pd"™-Pd"™ dinuclear species, respectively,
although both oxidation products were unstable and could not be isolated. The
CV of complex 32 revealed that the first one-electron oxidation was chemically
reversible, indicative of a limited stability of the mixed-valent Pd"-Pd™
product, however, electrolysis of this complex results in an overall two-
electron oxidation, presumably due to the disproportionation of the mixed-
valent intermediate to Pd"-Pd" and Pd"-Pd"" species.”

Similarly, the CV study of the diacetato-bridged 2-phenylpyridyl complex
23 and its 2-tolylpyridyl analog revealed two one-electron oxidation steps
corresponding to sequential formation of Pd"-Pd"" and Pd™-Pd"" species.
The mixed-valent species was proposed to undergo disproportionation to
Pd"-Pd"" and Pd"-Pd" resulting in a decreased intensity for the second
oxidation wave.”?

In 1998, Cotton reported the first isolated Pd™-Pd™ complex 34,
which was obtained by chemical oxidation of the dinuclear Pd"-Pd"
precursor 33 with PhICl, (Scheme 5.28).”° Complex 34 exhibits a Pd-Pd
single bond that is supported by four bridging 1,3,4,6,7,8-hexahydro-
2H-pyrimido[1,2-a]pyrimidinate ligands.

In 2011, Ritter et al. found that complex 33 catalyzes the aerobic hydroxy-
lation of the a-carbonyl tertiary C—H bonds (Scheme 5.29).%° Moreover,
UV-vis studies suggest formation of a transient Pd"'-Pd"! intermediate, and

31a: L = 4-Mepy

31b: L = 3,4-Me,py 32

31c: L = 3,5-Meypy pd" pd' 2.855A
31d: L = 2-Bnpy

31a; Pd'...Pd" 3.062 A

Scheme 5.27 Dinuclear Pd" complexes with bridging pyridine-2-yl(phenyl)methyl-
C,N and bis(pyridine-2-yl)phenylmethyl-C,N,N’ ligands.

G20z Areniga4 2z uo Jasn eueqin - siouljil 0 Ausiaaun Aq Jpd-zzT00-v0LSEL6¥8T8.EMA/SZEEYIT/PA-10)deyd/oWN|OA-PaYPa/S300a/BI0-0S1'S3000)/:dNY WOl PapeojUMOd



Organometallic Reactivity of Pd"™ Complexes 143

&K\/'Pd” NN Phicl, § Zpgni” N

N N sN 2l 5 ’/\IN \N 7

N/</\/ ll’l’Pd”"'{\B'j\ MeCN N/<\/ b iy N
N SN

o PN\
N | \,\%\N

u cl

33 34
Pd...Pd 2.555 A Pd-Pd 2.391 A

Scheme 5.28 Synthesis of the first isolated dinuclear Pd"-Pd"" complex by Cotton
et al.

Me 5 mol % 33 Me. OH
THF, 0°C

77%

Scheme 5.29 Alpha-hydroxylation of carbonyl compounds catalyzed by 33.

R
cl Br cl /e
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\
R
35a: R = Me, Pd-Pd 2.524 A 37a:R = Ph,
35b: R = CF3, 37b: R = p-MeCgHa,
35¢c: R="Bu 37c: R = p-MeOCgH,

Scheme 5.30 Dinuclear Pd™ complexes with bridging orthometalated triphenyl-
phosphine ligands.

0, uptake and '®0, labeling experiments imply that both oxygens from O, are
incorporated into the product. Although the mechanism of this transformation
remains to be elucidated, the absence of peroxide or hydroperoxide products
and a lack of reactivity for PhsCH suggest that a radical metal-mediated
autooxidation mechanism is unlikely.

In 2006, Cotton, Lahuerta, Ubeda er al. reported the first organometallic
Pd"-Pd" complexes 35a—c, with the Pd"™! centers being supported by two
bridging orthometalated triphenylphosphine ligands and two carboxylate
groups (Scheme 5.30).*" The observed short Pd—Pd distances of 2.524-2.543 A
imply a single bond between the two Pd centers that is supported by DFT
calculations. In addition, several analogs (36-37) were synthesized using acetate
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(a)

/— Bocaty Beat Beat NaOH/H202 HQ oH
R —_— >
Pd cat. R R
R = Ph, 'Bu, p-MeCgHg4, p-FCgH4 o]
Bcat = @[ ,B-é—
(¢}
(b) 2) ArBr,
B Bcat Bcat C82C0s, HQ, Ar
oS ) Bocaty H,0 > /
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Pd cat. By 3) NaOH/H20; gy
Pd cat. = 35, 36 or 37 Ar = m-OMeCgHy, p-NO,CgHy4, 2-naphthyl

Scheme 5.31 (a) Diboration/oxidation and (b? tandem diboration/arylation/
oxidation catalyzed by dinuclear Pd"™" complexes.

or formamidinate bridging ligands (Scheme 5.30).5*** Complexes 35-37 were
employed as pre-catalysts for the diborylation and tandem borylation/arylation
of alkenes (Scheme 5.31).8%%% The Pd"™ complexes were shown to be reduced to
Pd" by the diboron reagents under the catalytic reaction conditions and thus
most likely serve as precursors for the active catalyst.

5.3.5 Dinuclear Pd"" Complexes in Catalytic C—H
Functionalization Reactions

5.3.5.1 Pd™ Intermediates in C—H Acetoxylation

Palladium complexes have been known to catalyze aromatic C—H bond
functionalization in the presence of strong oxidants since the 1960s and the
involvement of Pd"V intermediates has been proposed.®*®° General methods
for the regioselective ligand-directed functionalization of Cy,,—H and C,p3-H
bonds to esters, ethers, halides, and amines in the presence of oxidants such as
PhI(OAc),, N-chlorosuccinimide (NCS), or N-bromosuccinimide (NBS) was
reported initially by Sanford es al,*''°! and then by Yu et al..”** Gaunt
et al.’* and others.'” ' For example, the regioselective acetoxylation of
2-phenylpyridine and benzo[h]quinoline was accomplished using Pd(OAc), as
the catalyst and PhI(OAc), as the oxidant (Scheme 5.32a).% As no product was
formed in the presence of benzoquinone or Cu(OAc),— typical oxidants used in
Pd"/Pd%-mediated reactions — and no reaction occurred in the absence of the
oxidant, a Pd"/Pd" catalytic cycle was proposed that involves C—H activation
and formation of a palladacycle, which is oxidized by PhI(OAc), to form a Pd"Y
species followed by reductive C—O elimination (Scheme 5.32b).

In 2009, Ritter et al. demonstrated that the two-electron oxidation of
the dinuclear palladacycle 23 with PhI(OAc), at low temperature yields a
structurally characterized dinuclear Pd™-Pd"™ product 39 that was stable
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Scheme 5.32 (a) Pd-catalyzed C—H bond acetoxylation and (b) Pd"/Pd" catalytic
cycle proposed by Sanford ez al.

below —10 °C (Scheme 5.33a).>” The Pd—Pd distance in 39 is 2.555A, 0.307 A
shorter vs. the Pd"-Pd" precursor 23. The complex 39 is diamagnetic,
consistent with the presence of a Pd"™-Pd"" single bond. Warming up the
solution of 39 to 40°C leads to C-O reductive elimination and yields the
acetoxylated product (Scheme 5.33a). Based on these results, a catalytic cycle
was proposed involving (i) cyclopalladation to give 23, (ii) bimetallic oxidation
of 23 with PhI(OAc), to generate 39, and (iii) bimetallic C—O reductive elim-
ination (Scheme 5.33b). The complex 39 was shown to be a kinetically
competent catalytic intermediate, although a potential involvement of a
transient Pd" species could not be excluded.

5.3.5.2  Pd"™ Intermediates in C—H Halogenation

The oxidation of the palladacycle 40 with PhICl,, leading to formation of the
structurally characterized diamagnetic Pd"™-Pd™ complex 41, was also
reported (Scheme 5.34).>° Complex 41 is stable at low temperature, yet it
reductively eliminates 10-chlorobenzo[h]quinoline at 23°C in high yield
(Scheme 5.34), and the authors proposed a direct C—ClI reductive elimination
without prior dissociation to mononuclear Pd"™! species or disproportionation
to Pd" and Pd" complexes.?® Detailed experimental and computational studies
suggest a synergistic effect of the bimetallic core in both oxidation and C—Cl
reductive elimination that lowers the overall energy barrier of these trans-
formations.?” The complex 41 could also be formed under catalytic conditions,
in the presence of excess benzo[h]quinoline.

The mechanism of C—H bond chlorination with N-chlorosuccinimde (NCS)
as an oxidant was also investigated, and formation of the Pd"-Pd"™ dinuclear
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Scheme 5.35 (a) Pd-catalyzed C-H bond chlorination with NCS and (b) proposed
bimetallic Pd"/Pd™ catalytic cycle.

intermediate 43 was detected by NMR (Scheme 5.35).%° The resting state of the
catalyst is a dinuclear succinimide anion-bridged complex 42. Mechanistic
studies of the catalytic chlorination reveal a turnover-limiting oxidation of 42
by NCS, while the first order of the reaction rate in 42 implies this dinuclear
complex is directly involved in an acetate-assisted bimetallic oxidation by NCS
(Scheme 5.35b).

Formation of dinuclear and/or mononuclear Pd"" intermediates can also be
considered in a number of other cases in which Pd" intermediates were
proposed initially, for example, in catalytic chlorination of C-H bonds of
arylpyridines or acetanilides with NCS*?"? or CuCL,'% as an oxidant.
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5.3.5.3  Pd"™ Intermediates in C—H Arylation and
Trifluoromethylation

Ortho-phenylation of C—H bonds with diaryliodonium salts catalyzed by
Pd(OAc), was demonstrated for a number of substrates such as arylpyridines
(Scheme  5.36a), quinolines, pyrrolidinones, oxazolidinones, and
benzodiazepines.”®!'?'" 1% Mechanistic studies of the ortho-phenylation of
3-methyl-2-phenylpyridine reveal that the mononuclear complex 44 is the
catalyst resting state (Scheme 5.36b).*® The catalytic reaction rate shows a
second order dependence on 44, and the turnover limiting step was proposed to
be the oxidation of the dinuclear Pd"' species 45 to give the dinuclear Pd"V—Pd"!
complex 46a, which can alternatively be formulated as the isoelectronic
Pd"™-Pd"™ species 46b. Subsequent reductive C~C elimination from 46 affords
the arylated product and regenerates the Pd'! catalyst.

Computational studies were employed to elucidate the electronic structure
and reactivity of dinuclear complexes of type A and B (Scheme 5.37) as a
function of ligand environment, as these species are proposed in various Pd-
catalyzed C-H functionalization reactions.'®*'®> The Pd'"V—Pd" bonding
character in complex of type A was found to be favored when X is a strong
o-donor, while the Pd"-Pd"™ bonding character was found to be predominant
when X is a weak o-donor ligand.'®

The arylation of Cyp—H and Cgp3-H bonds using aryl iodides in the presence
of a stoichiometric amount of Ag salts was also developed
(Scheme 5.38).191:106°109 Thege reactions were proposed to involve oxidative
addition of the aryl iodide to Pd" to give a Pd"V(Ar)(I) product, however, one-
electron oxidation to form Pd"™ intermediates cannot be ruled out.'*-10¢1%?

Interestingly, the formation of the mononuclear Pd"Y complex 47 by treatment
of the dinuclear Pd" precursor 40 with 3 3-dimethyl-1-(trifluoromethyl)-
1,2-benziodoxole (Togni reagent)''’ was proposed to involve the transient
formation of a Pd"™-Pd"! species 48 followed by Pd™-Pd"™ bond heterolysis, as
suggested by a recent combined experimental and computational study
(Scheme 5.39).""" Thus, such dinuclear Pd"™ complexes may play a role as
intermediates in Pd-catalyzed C—H bond trifluoromethylation reactions using
electrophilic trifluoromethylating reagents.'!'~'!3

Overall, the generation of dinuclear Pd"™-Pd"™ intermediates by two-electron
oxidation of palladacycle Pd" precursors and their facile C-O, C-Cl, and C-Br
elimination reactivity suggests that Pd""-Pd"™ species may be involved in a range of
Pd-catalyzed C—H oxidative functionalization reactions and should be considered
as a viable alternative to Pd"/Pd" catalytic cycles. The formation of dinuclear
Pd"-Pd"™ species is generally dictated by the ligand environment and the presence
of bridging ligands that bring together the two Pd centers. By contrast, the
formation of mononuclear Pd" complexes by two-electron oxidation of the
mononuclear Pd" precursors was also observed in many cases.” Thus, it can be
difficult to assign the observed reactivity to either dinuclear Pd™ or mononuclear
Pd" species, as both oxidation states can be generated by an overall two-electron
oxidation of two or one mononuclear Pd" precursors, respectively.”!%:12104.105.114
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Scheme 5.36 (a) Pd-catalyzed C-H arylation with diaryliodonium salts and (b) proposed mechanism for C-H arylation of
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Scheme 5.37 Proposed geometries for dinuclear Pd™ diacetato-bridged complexes.
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Scheme 5.39 Proposed formation of a dinuclear high-valent Pd intermediate during
the oxidation of a Pd" precursor to a mononuclear Pd" species.

5.3.6 Dinuclear Pd"" Complexes Without a Pd—Pd Bond

In 2011, Mirica et al. reported a series of dinuclear Pd"™" complexes 50a—c that
were synthesized by electrochemical oxidation of mononuclear Pd" precursors
(Scheme 5.40).”" These complexes employ the tridentate macrocyclic ligand
N,N’,N'-trimethyl-1,4,7-triazacyclononane, Mestacn, and the two Pd™ centers
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Scheme 5.40 (a) Reversible synthesis of [(Mestacn),Pd",X,(n-Y)]"  and

[(Mestacn)Pd™VX5]" complexes (X, Y=CI, Br) and (b) compro-
portionation reactivity.

are bridged by a single halide ligand, representing the first examples of
dinuclear Pd"™" species that are not stabilized by a Pd-Pd bond. The two Pd"™
centers exhibit a distorted octahedral geometry and are strongly antiferro-
magnetically coupled through the bridging halide ligand. Further elec-
trochemical oxidation of these complexes in the presence of external halide
affords the mononuclear Pd" complexes 51a-b, which were structurally char-
acterized (Scheme 5.40a). Interestingly, the interconversion between these
Pd"/pd"™/Pd" species is reversible: reduction of the mononuclear Pd"Y complex
generates a dinuclear Pd"! species and eventually the mononuclear Pd" species.
Moreover, the Pd"Y complexes react rapidly with 1 equiv. of Pd" complex to
quantitatively generate the dinuclear Pd"™ complex (Scheme 5.40b), suggesting
that the latter species is more stable than the corresponding mononuclear Pd"Y
and Pd" complexes under an analogous ligand environment. The facile inter-
conversion of dinuclear Pd™ and mononuclear Pd" species suggests that for
a given ligand environment both types of intermediates can be present, with
direct implications into the proposed involvement of analogous intermediates in
Pd-catalyzed C—H oxidative functionalization reactions (vide supra).''!
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Scheme 5.41 (a) Pd-catalyzed Kharasch radical addition of CCl;Br to alkenes and
(b) proposed mechanism.

Interestingly, the Pd" complexes 49a-b catalyze the Kharasch radical
addition of CCI;Br to alkenes (Scheme 5.41a).”' The proposed catalytic cycle
involves an electron transfer/halogen transfer from CCl;Br to Pd' to generate a
Pd"™" species and a CCly radical (Scheme 5.41b). Although no mononuclear
Pd"" species were detected under catalytic conditions, the formation of
dinuclear Pd"™" species was detected by UV-vis at RT in the absence of the
alkene substrate. Moreover, a higher yield of the dinuclear Pd"" species was
obtained in the presence of O,, which can act as a radical trap for the CCl;
radical. As the kinetic analysis revealed a first order dependence of the reaction
rate on Pd", formation of the dinuclear Pd"" species could be a means of
stabilizing the mononuclear Pd"" intermediates involved in the catalytic cycle
(Scheme 5.41b).

A recent report showed that the paramagnetic dinuclear Pd"" complexes 54
and 55 are active catalysts for asymmetric aza-Claisen rearrangement
(Scheme 5.42).'"> When the chloride-bridged pentaphenylferrocene oxazoline
(52) and imidazoline (53) palladacycle precursors were treated with 4 equiv.
Ag*, formation of the dinuclear paramagnetic complexes 54 and 55 was
observed (Scheme 5.42a). Characterization of these complexes by XAS, EPR,
and Mossbauer spectroscopy suggests that the ligand ferrocene unit remains
intact upon oxidation, while two Pd"" centers are oxidized to Pd"". The oxidized
complexes show an enhanced catalytic activity compared to the Pd" species,
presumably'®® due to their higher Lewis acidity.'"
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Scheme 5.42 (a) Synthesis of dinuclear paramagnetic Pd™ complexes and (b) Pd-
catalyzed asymmetric aza-Claisen rearrangement.

5.4 Summary and Outlook

This chapter provides an overview of the organometallic chemistry of isolated
Pd™ complexes and the proposed involvement of Pd"" intermediates in various
organometallic transformations. The first mononuclear organometallic Pd"
complexes were isolated and characterized in 2010 and shown to exhibit C—C
bond formation reactivity. Moreover, mononuclear Pd"! intermediates have
been observed during the dioxygen-induced C—C bond elimination from Pd"!
precursors. In addition, the involvement of mononuclear Pd"" intermediates
has been proposed in a wide range of C—C and C-heteroatom bond formation
reactions.

The first isolated dinuclear organometallic Pd"™ complexes have been
reported in 2006, and such dinuclear Pd™ species were shown to act as cata-
lytically active intermediates in a range of C—H functionalization reactions,
suggesting that Pd"™ species may be more prevalent than previously
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anticipated. In addition, dinuclear Pd"" complexes that are not stabilized by a
Pd-Pd bond and their role in catalytic processes have also been reported.
Importantly, the facile interconversion between Pd"™ and Pd" complexes has
been demonstrated, suggesting that the intermediacy of either Pd"" or Pd'Y
species cannot always be unambiguously confirmed or ruled out. Finally, we
envision that in the near future the chemistry of the less-common oxidation
states of Pd, such as Pd"™", Pd"" will lead to novel organometallic reactions that
employ odd-electron oxidation states and involve one-electron oxidation or
reduction steps.

Acknowledgements

We thank the Department of Chemistry at Washington University, the
American Chemical Society Petroleum Research Fund (49914-DNI3), and
Department of Energy Catalysis Science Program (DE-FGO02-11ER16254) for
financial support. L.M.M. is a Sloan Fellow.

References

1. P. M. Henry, Palladium Catalyzed Oxidation of Hydrocarbons, D. Reidel,
Boston, 1980.

2. E. Negishi, Handbook of Organopalladium Chemistry for Organic

Synthesis, John Wiley & Sons, Hoboken, NJ, 2002.

J. F. Hartwig, Organotransition Metal Chemistry: From Bonding to

Catalysis, University Science Books, Sausalito, 2010.

N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457-2483.

S. S. Stahl, Angew. Chem., Int. Ed., 2004, 43, 3400-3420.

B. M. Stoltz, Chem. Lett., 2004, 33, 362-367.

K. M. Gligorich and M. S. Sigman, Chem. Commun., 2009, 3854-3867.

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

2300-2301.

9. A. Canty, J. Chem. Soc., Dalton Trans., 2009, 10409—10417.

10. K. Muniz, Angew. Chem. Int. Ed., 2009, 48, 9412-9423.

11. T. W. Lyons and M. S. Sanford, Chem. Rev., 2010, 110, 1147-1169.

12. P. Sehnal, R. J. K. Taylor and I. J. S. Fairlamb, Chem. Rev., 2010, 110,
824-889.

13. L.-M. Xu, B.-J. Li, Z. Yang and Z.-J. Shi, Chem. Soc. Rev., 2010, 39,
712-733.

14. P. K. Byers, A. J. Canty, B. W. Skelton and A. H. White, J. Chem. Soc.,
Chem. Commun., 1986, 1722—-1724.

15. A.J. Canty, Acc. Chem. Res., 1992, 25, 83-90.

16. P. L. Alsters, P. F. Engel, M. P. Hogerheide, M. Copijn, A. L. Spek and
G. van Koten, Organometallics, 1993, 12, 1831-1844.

17. R. van Asselt, E. Rijnberg and C. J. Elsevier, Organometallics, 1994, 13,
706-720.

(O8]

PN e

G20z Areniga4 2z uo Jasn eueqin - siouljil 0 Ausiaaun Aq Jpd-zzT00-v0LSEL6¥8T8.EMA/SZEEYIT/PA-10)deyd/oWN|OA-PaYPa/S300a/BI0-0S1'S3000)/:dNY WOl PapeojUMOd



Organometallic Reactivity of Pd"™ Complexes 155

18.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

R. van Belzen, H. Hoffmann and C. J. Elsevier, Angew. Chem., Int. Ed.,
1997, 36, 1743-1745.

M.-C. Lagunas, R. A. Gossage, A. L. Spek and G. van Koten, Organo-
metallics, 1998, 17, 731-741.

Y. Yamamoto, T. Ohno and K. Itoh, Angew. Chem., Int. Ed., 2002, 41,
3662-3665.

Y. Yamamoto, S. Kuwabara, S. Matsuo, T. Ohno, H. Nishiyama and
K. Itoh, Organometallics, 2004, 23, 3898—-3906.

J. Campora, P. Palma, D. del Rio, E. Carmona, C. Graiff and
A. Tiripicchio, Organometallics, 2003, 22, 3345-3347.

J. Campora, P. Palma, D. del Rio, J. A. Lopez and P. Valerga, Chem.
Commun., 2004, 1490-1491.

D. C. Powers and T. Ritter, Top. Organomet.Chem., 2011, 35, 129-156.
L. M. Mirica and J. R. Khusnutdinova, Coord. Chem. Rev., 2013, 257,
299-314.

D. C. Powers and T. Ritter, Nat. Chem., 2009, 1, 302-309.

D. C. Powers, M. A. L. Geibel, J. Klein and T. Ritter, J. Am. Chem. Soc.,
2009, 131, 17050-17051.

N. R. Deprez and M. S. Sanford, J. Am. Chem. Soc., 2009, 131,
11234-11241.

D. C. Powers, D. Benitez, E. Tkatchouk, W. A. Goddard, IIT and
T. Ritter, J. Am. Chem. Soc., 2010, 132, 14092-14103.

A. Tressaud, S. Khairoun, J. M. Dance, J. Grennec, G. Demazeau and
P. Hagenmuller, C. R. Acad. Sci., 1982, 295, 183.

A. J. Blake, A. J. Holder, T. I. Hyde and M. Schréder, J. Chem. Soc.,
Chem. Commun., 1987, 987-988.

A. J. Blake, L. M. Gordon, A. J. Holder, T. I. Hyde, G. Reid and
M. Schréder, J. Chem. Soc., Chem. Commun., 1988, 1452-1454.

A. McAuley and T. W. Whitcombe, Inorg. Chem., 1988, 27, 3090-3099.
E. Stephen, A. J. Blake, E. Carter, D. Collison, E. S. Davies, R. Edge,
W. Lewis, D. M. Murphy, C. Wilson, R. O. Gould, A. J. Holder,
J. McMaster and M. Schroder, Inorg. Chem., 2012, 51, 1450-1461.

J. R. Khusnutdinova, N. P. Rath and L. M. Mirica, J. Am. Chem. Soc.,
2010, 132, 7303-7305.

M. S. Remy, T. R. Cundari and M. S. Sanford, Organometallics, 2010, 29,
1522-1525.

A. L. Seligson and W. C. Trogler, J. Am. Chem. Soc., 1992, 114,
7085-7089.

M. P. Lanci, M. S. Remy, W. Kaminsky, J. M. Mayer and M. S. Sanford,
J. Am. Chem. Soc., 2009, 131, 15618-15620.

J. R. Khusnutdinova, N. P. Rath and L. M. Mirica, J. Am. Chem. Soc.,
2012, 134, 2414-2422.

V. V. Rostovtsev, L. M. Henling, J. A. Labinger and J. E. Bercaw, Inorg.
Chem., 2002, 41, 3608-3619.

E. M. Prokopchuk, H. A. Jenkins and R. J. Puddephatt, Organometallics,
1999, 18, 2861-2866.

G20z Areniga4 2z uo Jasn eueqin - siouljil 0 Ausiaaun Aq Jpd-zzT00-v0LSEL6¥8T8.EMA/SZEEYIT/PA-10)deyd/oWN|OA-PaYPa/S300a/BI0-0S1'S3000)/:dNY WOl PapeojUMOd



156
42

43.

44.

45.

46.
47.

48.

49.
50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66

Chapter 5

E. M. Prokopchuk and R. J. Puddephatt, Can. J. Chem., 2003, 81,
476-483.

F. Tang, Y. Zhang, N. P. Rath and L. M. Mirica, Organometallics, 2012,
31, 6690-6696.

J. R. Khusnutdinova, F. Qu, Y. Zhang, N. P. Rath and L. M. Mirica,
Organometallics, 2012, 31, 4627-4630.

H.-B. Kraatz, M. E. Van der Boom, Y. Ben-David and D. Milstein, Isr. J.
Chem., 2001, 41, 163-171.

T. T. Tsou and J. K. Kochi, J. Am. Chem. Soc., 1979, 101, 7547-7560.
J. Hassan, M. Sevignon, C. Gozzi, E. Schulz and M. Lemaire, Chem. Rev.,
2002, 102, 1359-1469.

G. Manolikakes and P. Knochel, Angew. Chem., Int. Ed., 2009, 48,
205-209.

A. Jutand and A. Mosleh, J. Org. Chem., 1997, 62, 261-274.

C. Amatore, A. Jutand, F. Khalil and M. F. Nielsen, J. Am. Chem. Soc.,
1992, 114, 7076-7085.

C. Amatore and A. Jutand, Organometallics, 1988, 7, 2203-2214.

D. Kalyani, K. B. McMurtrey, S. R. Neufeldt and M. S. Sanford, J. Am.
Chem. Soc., 2011, 133, 18566—-18569.

W.-Y. Yu, W. N. Sit, Z. Zhou and A. S. C. Chan, Org. Lett., 2009, 11,
3174-31717.

W.-Y. Yu, W. N. Sit, K.-M. Lai, Z. Zhou and A. S. C. Chan, J. Am.
Chem. Soc., 2008, 130, 3304-3306.

S. J. Reid and M. C. Baird, Dalton Trans., 2003, 3975-3980.

Z. Weng, S. Teo and T. S. A. Hor, Acc. Chem. Res., 2007, 40, 676—684.
L. Boisvert, M. C. Denney, H. S. Kloek and K. I. Goldberg, J. Am. Chem.
Soc., 2009, 131, 15802-15814.

E. Solomon-Rapaport, A. Masarwa, H. Cohen and D. Meyerstein, /norg.
Chim. Acta, 2000, 299, 41-46.

C. Mansano-Weiss, H. Cohen and D. Meyerstein, J. Inorg. Biochem.,
2002, 91, 199-204.

C. Mansano-Weiss, A. Masarwa, H. Cohen and D. Meyerstein, norg.
Chim. Acta, 2005, 358, 2199-2206.

G. Ferguson, P. K. Monaghan, M. Parvez and R. J. Puddephatt, Orga-
nometallics, 1985, 4, 1669-1674.

T. S. Mei, X. S. Wang and J. Q. Yu, J. Am. Chem. Soc., 2009, 131,
10806-10807.

J.J. Neumann, S. Rakshit, T. Droege and F. Glorius, Angew. Chem., Int.
Ed., 2009, 48, 6892-6895.

J. Campora, P. Palma, D. del Rio, J. A. Lopez, E. Alvarez and
N. G. Connelly, Organometallics, 2005, 24, 3624-3628.

S. Takaishi, M. Takamura, T. Kajiwara, H. Miyasaka, M. Yamashita,
M. Lwata, H. Matsuzaki, H. Okarnoto, H. Tanaka, S. Kuroda,
H. Nishikawa, H. Oshio, K. Kato and M. Takata, J. Am. Chem. Soc.,
2008, 130, 12080-12084.

M. Yamashita and S. Takaishi, Chem. Commun., 2010, 46, 4438-4448.

G20z Areniga4 2z uo Jasn eueqin - siouljil 0 Ausiaaun Aq Jpd-zzT00-v0LSEL6¥8T8.EMA/SZEEYIT/PA-10)deyd/oWN|OA-PaYPa/S300a/BI0-0S1'S3000)/:dNY WOl PapeojUMOd



Organometallic Reactivity of Pd"™ Complexes 157

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

91.

S. Takaishi, H. S. Wu, J. X. Xie, T. Kajiwara, B. K. Breedlove,
H. Miyasaka and M. Yamashita, Inorg. Chem., 2010, 49, 3694-3696.

A. N. Vedernikov, M. D. Sayakhov, A. G. Zazybin and B. N. Solomonov,
Russ. J. Org. Chem., 1998, 34, 812-815.

A. N. Vedernikov, A. I. Kuramshin, M. D. Sayakhov, A. A. Sobanov and
B. N. Solomonov, Russ. J. Org. Chem., 1997, 33, 29-33.

A. S. Dneprovskii, A. A. Ermoshkin, A. N. Kasatochkin and
V. P. Boyarskii, Russ. J. Org. Chem., 2003, 39, 933-946.

J. R. Khusnutdinova, N. P. Rath and L. M. Mirica, 4Angew. Chem., Int.
Ed., 2011, 50, 5532-5536.

J. E. Bercaw, A. C. Durrell, H. B. Gray, J. C. Green, N. Hazari,
J. A. Labinger and J. R. Winkler, Inorg. Chem., 2010, 49, 1801-1810.

J. Luo, J. R. Khusnutdinova, N. P. Rath and L. M. Mirica, Chem.
Commun., 2012, 48, 1532-1534.

F. A. Cotton, M. Matusz and R. Poli, Inorg. Chem., 1987, 26, 1472—-1474.
F. A. Cotton, M. Matusz, R. Poli and X. Feng, J. Am. Chem. Soc., 1988,
110, 1144-1154.

C. L. Yao, L. P. He, J. D. Korp and J. L. Bear, Inorg. Chem., 1988, 27,
4389-4395.

J. F. Berry, E. Bill, E. Bothe, F. A. Cotton, N. S. Dalal, S. A. Ibragimov,
N. Kaur, C. Y. Liu, C. A. Murillo, S. Nellutla, J. M. North and
D. Villagran, J. Am. Chem. Soc., 2007, 129, 1393-1401.

A. M. Bond, A. J. Canty, J. B. Cooper, V. Tedesco, P. R. Traill and
D. M. Way, Inorg. Chim. Acta, 1996, 251, 185-192.

F. A. Cotton, J. D. Gu, C. A. Murillo and D. J. Timmons, J. Am. Chem.
Soc., 1998, 120, 13280-1328]1.

G. J. Chuang, W. Wang, E. Lee and T. Ritter, J. Am. Chem. Soc., 2011,
133, 1760-1762.

F. A. Cotton, 1. O. Koshevoy, P. Lahuerta, C. A. Murillo, M. Sanau,
M. A. Ubeda and Q. Zhao, J. Am. Chem. Soc., 2006, 128, 13674-13675.
D. Penno, F. Estevan, E. Fernandez, P. Hirva, P. Lahuerta, M. Sanau and
M. A. Ubeda, Organometallics, 2011, 30, 2083-2094.

D. Penno, V. Lillo, I. O. Koshevoy, M. Sanau, M. A. Ubeda, P. Lahuerta
and E. Fernandez, Chem.—Eur. J., 2008, 14, 10648—-10655.

J. M. Davidson and C. Triggs, Chem. Ind. ( London), 1966, 457.

G. T. Tisue and W. J. Downs, J. Chem. Soc., Chem. Commun., 1969, 410.
P. M. Henry, J. Org. Chem., 1971, 36, 1886—1890.

D. R. Fahey, J. Organomet. Chem., 1971, 27, 283-292.

L. M. Stock, K.-t. Tse, L. J. Vorvick and S. A. Walstrum, J. Org. Chem.,
1981, 46, 1757-1759.

S. J. Tremont and H. ur Rahman, J. Am. Chem. Soc., 1984, 106,
5759-5760.

T. Yoneyama and R. H. Crabtree, J. Mol. Catal. A: Chem., 1996, 108,
35-40.

J. M. Racowski and M. S. Sanford, Top.Organomet.Chem., 2011, 35,
61-84.

G20z Areniga4 2z uo Jasn eueqin - siouljil 0 Ausiaaun Aq Jpd-zzT00-v0LSEL6¥8T8.EMA/SZEEYIT/PA-10)deyd/oWN|OA-PaYPa/S300a/BI0-0S1'S3000)/:dNY WOl PapeojUMOd



158

92.

93

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.
115.

Chapter 5

R. Giri, X. Chenand J. Q. Yu, Angew. Chem., Int. Ed., 2005, 44,2112-2115.
R. Giri, J. Liang, J. G. Lei, J. J. Li, D. H. Wang, X. Chen, I. C. Naggar,
C.Y. Guo, B. M. Foxman and J. Q. Yu, Angew. Chem., Int. Ed., 2005, 44,
7420-7424.

E. M. Beck, N. P. Grimster, R. Hatley and M. J. Gaunt, J. Am. Chem.
Soc., 2006, 128, 2528-2529.

K. M. Engle, T.-S. Mei, M. Wasa and J.-Q. Yu, Acc. Chem. Res., 2012,
45, 788-802.

D. C. Powers, D. Y. Xiao, M. A. L. Geibel and T. Ritter, J. Am. Chem.
Soc., 2010, 132, 14530-14536.

D. Kalyani, A. R. Dick, W. Q. Anani and M. S. Sanford, Tetrahedron,
2006, 62, 11483-11498.

D. Kalyani, A. R. Dick, W. Q. Anani and M. S. Sanford, Org. Lett., 2006,
8, 2523-2526.

S. R. Whitfield and M. S. Sanford, J. Am. Chem. Soc., 2007, 129,
15142-15143.

X. Wan, Z. Ma, B. Li, K. Zhang, S. Cao, S. Zhang and Z. Shi, J. Am.
Chem. Soc., 2006, 128, 7416-7417.

O. Daugulisand V. G. Zaitsev, Angew. Chem., Int. Ed., 2005, 44, 4046—4048.
J. Spencer, B. Z. Chowdhry, A. 1. Mallet, R. P. Rathnam, T. Adatia,
A. Bashall and F. Rominger, Tetrahedron, 2008, 64, 6082—6089.

D. Kalyani, N. R. Deprez, L. V. Desai and M. S. Sanford, J. 4m. Chem.
Soc., 2005, 127, 7330-7331.

A. Ariafard, C. J. T. Hyland, A. J. Canty, M. Sharma and B. F. Yates,
Inorg. Chem., 2011, 50, 6449-6457.

A. Ariafard, C. J. T. Hyland, A. J. Canty, M. Sharma, N. J. Brookes and
B. F. Yates, Inorg. Chem., 2010, 49, 11249-11253.

D. Shabashov and O. Daugulis, Org. Lett., 2005, 7, 3657-3659.

V. G. Zaitsev, D. Shabashov and O. Daugulis, J. Am. Chem. Soc., 2005,
127, 13154-13155.

H. A. Chiong, Q.-N. Pham and O. Daugulis, J. Am. Chem. Soc., 2007,
129, 9879-9884.

F. Yang, Y. Wu, Z. Zhu, J. Zhang and Y. Li, Tetrahedron, 2008, 64,
6782-67817.

P. Eisenberger, S. Gischig and A. Togni, Chem.—FEur. J., 2006, 12,
2579-2586.

D. C. Powers, E. Lee, A. Ariafard, M. S. Sanford, B. F. Yates, A. J. Canty
and T. Ritter, J. Am. Chem. Soc., 2012, 134, 12002—-12009.

X. Wang, L. Truesdale and J.-Q. Yu, J. Am. Chem. Soc., 2010, 132,
3648-3649.

Y. Ye, N. D. Ball, J. W. Kampf and M. S. Sanford, J. Am. Chem. Soc.,
2010, 132, 14682-14687.

D. Milstein and J. K. Stille, J. Am. Chem. Soc., 1979, 101, 4981-4991.
S. H. Eitel, M. Bauer, D. Schweinfurth, N. Deibel, B. Sarkar, H. Kelm,
H.-J. Kriger, W. Frey and R. Peters, J. Am. Chem. Soc., 2012, 134,
4683-4693.

G20z Areniga4 2z uo Jasn eueqin - siouljil 0 Ausiaaun Aq Jpd-zzT00-v0LSEL6¥8T8.EMA/SZEEYIT/PA-10)deyd/oWN|OA-PaYPa/S300a/BI0-0S1'S3000)/:dNY WOl PapeojUMOd



