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Abstract: Palladium(II) catalysis allows various aerobic
oxidation reactions, but the mechanism of the regenera-
tion of the active catalytic species remains, in many cases,
undetermined. In recent years, considerable effort has
been directed toward the comprehension of the reaction
of dioxygen with hydridopalladium(II) and palladium(0)
complexes. This Focus Review highlights the results of

these experimental and theoretical studies that can con-
tribute to the exploitation of the powerful nature of Pd"
catalysis.
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palladium - regeneration
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1. Introduction

A number of Pd"-mediated reactions require the addition of
oxidants to be catalytic. For this purpose, oxidants such as
copper salts and benzoquinone are often employed in stoi-
chiometric quantities and even in excess. In some cases, sub-
stoichiometric amounts of redox mediators are used in con-
junction with oxygen as, for an example, in the Wacker pro-
cess, for which CuCl, is the oxidant of palladium and
oxygen the oxidant of copper (Scheme 1);!'! such conditions
reduce the cost of the processes. Nevertheless, the use of
mediators complicates product isolation, increases reaction
waste, and limits large-scale applications.

Interestingly, various Pd"-catalyzed reactions occur effi-
ciently with only molecular oxygen to regenerate active Pd"
species.”! For some of them, such as the homocoupling of ar-
ylboronic acids in the presence of dioxygen, it has been es-
tablished that the reaction causes the reduction of the cata-
lyst, the regeneration of which occurs via the peroxopalladi-

prd'lcl, CH,=CH,

2 HCI

2CuCl,, TH2O
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Scheme 1. Oxidation of ethylene by the Wacker process.
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um complex [(n*-O,)Pd"L,] (L=n?’ligand). In contrast, the
mechanism is much less obvious for oxidations that involve
the loss of two hydrogen atoms, such as the oxidation of al-
cohols,>*  the dehydrogenation of ketones,”! oxidative
heterocyclization,’ and intermolecular oxidative C—H cou-
pling reactions.?®” Indeed, the [X,Pd"L,]-catalyzed aerobic
oxidation of SubH, to Sub,, has been explained by the
mechanisms depicted in Schemes?2 and3 (X=n' ligand,
mainly Cl and OAc, SubH, =substrate, Sub,, = oxidized sub-
strate). Both proposals involve [HPd"XL,] as an intermedi-
ate (steps a and b) and lead to the regeneration of the active
catalytic species with concomitant production of H,O,.

[X»
ﬂoz SubH,

;/_> d”(SubH)L”]

A

c

Scheme 2. Pd-catalyzed aerobic oxidation of SubH, involving oxygen
insertion into the H—Pd bond.

According to Scheme 2, oxygen inserts into the H—Pd
bond to afford [HOOPd"XL,] (step c),>* % and the formal
+2 oxidation state of palladium is preserved all along the
reaction pathway. The hydroperoxy complex leads to H,O,
and either [L,Pd"X,] (step d) or [L,Pd"™X(SubH)] (step d,)
by reacting with HX" or SubH,,®*%I respectively. The au-
thors who proposed this mechanism for the oxidative cycli-
zation of 2-allylphenols/®l and the oxidation of alcohols®®>~
suggested that step d, rather than d; occurs.[®®# Step d, is
actually more suitable than d; for alcohol oxidations carried
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Scheme 3. Pd-catalyzed aerobic oxidation of SubH, involving the
reduction of Pd".

out in the presence of a base’l In contrast, for the Pd-
(OCOCEF;),-catalyzed aerobic dehydrogenation of ketones
explained with Scheme 2, the increase in the turnover with
the addition of catalytic amounts of trifluoroacetic acid® in-
dicates the possible participation of step d;.

The other proposal (Scheme3) is the reduction of
[HPd"XL,] to [Pd’L,] (step e)®""! and the formation of a
peroxopalladacycle (step £)®*°! from which the regeneration
of the starting catalyst could occur via [HOOPd"XL,] by
protonolysis with HX (steps g, and d,).™ In fact, most of
the published mechanistic schemes that suggest the forma-
tion of [Pd’L,] intermediates do not mention the formation
of [HOOPd"XL,] from [O,Pd"L,], that is, path g, occurs in
place of steps g, 4+d,.”*®"I Moreover, simplified catalytic
cycles that lead directly to [X,Pd"L,] from [Pd’L,] (step g;)
have been published."**=*<l Consequently, stepd, of
Scheme 3 is usually not suggested. Scheme 3 with steps g;
and d, has been proposed for the Pd"-catalyzed aerobic in-
tramolecular oxidative amination of olefinic substrates:®
the low efficiency of this process in the absence of carboxyl-
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ic acids agrees with the critical role of HX in this catalytic
cycle. Besides, the formation of water-soluble cationic binu-
clear complexes from [O,Pd"L,] (L, =phenanthroline deriv-
atives) has been assumed for oxidations in aqueous solvents
(Scheme 4).0?!

o H,0, n
-0y

05 [LPd” >pd'L,
0~

O 2+
| >Pd'L,
0

H,0

Scheme 4. Formation of a cationic from a

peroxopalladacycle.

palladium  dimer

Over the last few years, the reaction of oxygen with Pd"
hydrides and Pd° species has led to experimental and theo-
retical studies that can contribute to the exploitation of the
powerful nature of Pd" catalysis. Therefore, this literature
makes for interesting discussion.

2. Peroxopalladacycles from Pd’ Complexes—
Synthesis and Reactivity

The formation of peroxopalladacycles from the oxygenation
of Pd’ complexes!™ has been established since 1966 mainly
from phosphine-coordinated complexes, but their reactivity
towards acids was, until recently, not studied except by
Muto and Kamiya.'"¥ These authors demonstrated the for-
mation of H,0, and [(RCO,),Pd"(PPh,),] from the addition
of RCO,H (R=Me, CICH,) to [O,Pd"(PPh,),]." The
study of this reaction, with the successive addition of
CICH,CO,H and Ph;CBr to the peroxo complex and its
monitoring by IR spectroscopy with CICH,CO,H and
AcOD as reagents, led them to suggest a stepwise mecha-
nism (Scheme 5).04

Recent research has been focused on Pd complexes that
bear heterocyclic ligands. In 2001, Stahl etal. used a Pd’
complex with a bidentate nitrogen ligand, [Pd’(bc)(dba)]
(bc =bathocuproine, dba=dibenzylideneacetone), to obtain
the peroxopalladium” complex [O,Pd"(bc)] (Scheme 6).1
Addition of AcOH to [O,Pd"(bc)] led to H,0, (73% yield)
and [Pd"(OAc),(bc)] (quantitative). The oxygenation of
[Pd’(bc)(dba)] is irreversible,™ but electron-deficient al-
kenes displace dioxygen from [O,Pd"(bc)] reversibly to
form the corresponding alkene complexes (Scheme 6).1'!7]
It is of interest to point out the role of the ligands on the re-
versibility and stability of the peroxopalladium complexes.
Indeed, [O,Pd"{PPh(sBu),},] binds dioxygen reversibly;[3:¢l
[O,Pd"(PPh;),] in benzene decomposes slowly at 20°C to
the free metal and OPPh,;"™ [O,Pd"(fBuNC),] in the crys-
talline state is fairly stable at ambient temperature, whereas
the decomposition of its solution in CHCI; occurs rapidly at
OOC.[13d]

Stahl et al. also reported the synthesis, even without sol-
vent, of the N-heterocyclic carbene (NHC)-coordinated per-
oxopalladium complex [O,Pd"(IMes),] (Imes=1,3-di(2,4,6-
trimethylphenyl)imidazoline-2-ylidene) from [Pd’(IMes),]

Chem. Asian J. 2006, 1, 508 -515
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CICH,CO, with AcOH occurred at a slow

CI(?LIZES;H 1-%(2/20 * CICILCO;” Pd7(PPh;), rate to afford hydrogen perox-

C‘(?IZC%H K ide and [Pd"(OAc),(IMes),].
equiv

00
_~Pd"(PPh;),

CICH,CO; ’
,CBr
(1 equiv)

0
I > Pd"(PPhy),
Y CH,Cl,, -78°C o

Ph,COOH +

50%

Scheme 5. Reaction of [(1*-O,)Pd(PPh;),] in acidic medium.
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[(ArCH=CHNO,)Pd’(bc)]

Scheme 6. Synthesis and reactions of an [(nz—Oz)Pd(I\/IT\I)] complex.

and its fast transformation into the Pd" hydroperoxide
[HOOPd"(OAc)(IMes),] by protonolysis with acetic acid
(Scheme 7). Further reaction of [HOOPd"(OAc)(IMes),]

- Ar~ N X
AN N~ur >"’ N
Y 0, (1 atm) ?\Pd Ar
Pd —_— g
)\ -78°C,15min O N Ar
Ar< N N ~Ar PhMe o N I
. 97%  Ar \) [O,Pd" (IMes),]
[Pd°(IMes),]  Ar = 2,4,6-Me,C H,
o lAcOII (1.52 equiv)
PhMe, RT, 5 min
ILO,
+
’_‘ ] '_~
Ar’N N\Ar AcOH Ar/NYN\Ar
PhMe, RT, 3 days

AcO—Pd—OAc HOO—Pd—OAc

conv.: 80%
Ar~

>_

ArxN N/Ar - Ar
\—/

[Pd"(OAC),(IMes),]

NN
\—=/

[HOOPd"(OAc)(IMes), |

Scheme 7. Synthesis and protonolysis of an [(11>-O,)Pd(NHC)] complex.
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The nature of the ligand plays a
role in the isolation of
[HOOPAXL,] from [O,PdL,],
as the addition of less than
2 equivalents of AcOH to
[O,Pd"(bc)] led only to uncon-
verted starting complex, H,O,,
and [Pd"(OAc),(bc)].*® Hydro-
peroxopalladium complexes
were isolated!™ before this
report by Stahl etal., and the
formation  of  [HOOPd™
(OCOCF;)(PPh;),] from the
treatment of [O,Pd’(PPh,),]
with CF;CO,H was suspected
by Igersheim and Mimoun,?”
but the transformation PdO,—
[XPAOOH] was demonstrated
for the first time by Stahl. At
this level, we have to remember
that most of the published
mechanistic schemes depicting
the regeneration of PdX, from
PdO,™1*1121 do not include
[XPAOOH] as an intermediate
(path g, in Scheme 3).

Another peroxopalladium
complex with an NHC ligand,
[O,Pd"(Itmt),], was prepared
by Kawashima and co-workers
from [Pd’(Itmt),] and dioxygen (Itmt=1,3-bis(2,2",6,6"-tet-
ramethyl-m-terphenyl-5'-yl)-imidazol-2-ylidene).?? This re-
action was immediate and quantitative when CsD4 was used
as solvent; however, [O,Pd"(Itmt),] is very sensitive to CO,
from air, thus producing the corresponding peroxocarbonate
(Scheme 8). As with [Pd’(IMes),],l" the oxidation of [Pd’-
(Itmt),] also occurred in the solid state; this contrasts with
the phosphine complexes [Pd(PCy;),], [Pd(PtBu;),], and the
NHC-coordinated complex [Pd(Ipr),] (Cy=cyclohexyl,
Ipr=1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene),
which did not react with O, under such conditions.?

Brs > Pd"(PPhy),
CICH,CO,”

[Pd"(OAc),(be)]

H0,

Ar = p-CF;CgH,

Ar=3,5-(1,6-Me,-CgHy),CoH,

~N N-
r Ar >—-’N
\r O, (1 atm) O\
e

Ar— N/ﬁ Are N/ﬁ

YOJ’

neat _Ar ncat LA
A‘”‘N)\N’Ar RT, 2 h >~ RT,3h >~ ‘
\=/ ’T\ / Ar’N\)
[Pd°(ITmt),] [0,Pd"(ITmt),]
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Scheme 8. Synthesis of an [(1*-O,)Pd(NHC)] complex and its reaction
with CO,.
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With [Pdo(l\ﬁ\l)] complexes as model substrates, Stahl
et al. used spin-unrestricted density functional theory to in-
vestigate the spin-forbidden reaction between [Pd’L,] and
molecular oxygen.”®! According to the authors, initial deloc-
alization of spin density from *O, onto the Pd center de-
creases the exchange interaction between the unpaired spins
and facilitates cross-over from the triplet to the singlet sur-
face; the formation of the [(n*-O,)Pd"] complex occurs via
the [(n'-O,)Pd"] diradical (Scheme 9).

N N N O N
v O \ N =
’Pd — pdle —>» /Pd\
/
N SN (')\. N 0 N
\O

Scheme 9. Theoretical intermediate leading to a peroxo complex from [Pd(I\?f\I)]

3. Hydroperoxopalladium Complexes from
Hydridopalladium Complexes—Computational
Studies and Synthesis

Although the insertion of dioxygen into an H—Pd bond had
been suspected since at least 19734 and often proposed as
a reactive intermediate,>% %] jts first observation, by
Kemp, Goldberg, and co-work-
ers® was only disclosed in
2005 after theoretical studies
reported simultaneously and in-

H,0,

dependently by Goddard and 240 A
co-workers®  and  Privalov \
et al.” in 2004. C AN /Cl

Goddard and co-workers car- Pd" /
ried out a computational study N/ \0/0
of the insertion of dioxygen f 0.98 A
into the toluene-solvated Pd—H 1.97 A 143 A
bond of [HPd"CI((—)-spar- e

2544 2.00 A

teine)] and the model com-
pound [HPA"Cl(bipyridine)].?”
In fact, the PdX,/(—)-sparteine
system was independently dis-
closed by Ferreira and Stoltz?
and Sigman and co-workers
for the efficient catalyzed oxi-
dative kinetic resolution of sec-
ondary alcohols with oxygen,
whereas Uemura and co-work-
ers showed experimentally that
[Pd(OAC),(bipyridine)] is not a
competent catalyst for the aero-
bic oxidation of alcohols.® The
main results of the quantum
mechanics for [HPd"CI((-)-
sparteine)] and [HPd"CI-(bipyr-
idine)] are illustrated in

512
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Scheme 10. According to Goddard and co-workers, 1) the
reaction of molecular oxygen with Pd" hydride starts by a
weak bonding between oxygen and hydrogen (step b), and
2) the formation of the [CIPd"OOH] complex requires assis-
tance by Cl through hydrogen bonding between H and Cl
(step d). [CIPdH—O,] obtained in stepb would lead to
[CPA"OOH] via 1) a transition state with elongated Pd—H,
H—O, and O=0 bonds (step c), and 2) the abstraction of the
hydrogen atom by O,, leading to a hydrogen bond with Cl

to afford an intermediate with

stretched Pd—Cl and Pd—OOH

and the peroxy radical HO,-.
The catalytic cycle is completed
with protonation of
[HOOPA"CI(NN)] by base-HCl
(step f). From a complementary
theoretical study with [HPd"Me(bipyridine)] as a model,
Goddard and co-workers assumed that, in the absence of a
H-bond acceptor cis to the hydride and/or electron-with-
drawing ligands that can stabilize Pd', the reaction, in a non-
polar environment, will not proceed through the palladium
hydride insertion of O,.

Z ] bonds, the latter in particular
NI, N (stepd); this intermediate
or would be the result of an asso-
ciation between a Pd' radical
NH, Z N
™

R,CHOH
R,CO

base
Cl

N

\Pé“

/N

N H
b 0=—0
))/\\

1.21A
Cl

base-HCI
1.52A

N
\ /

G

Pd
236 A
N HmQ

L
X
<N|/N
or
N/N
<

I
(6]

/N
N

il

1.26 4

1.68 4

Scheme 10. Theoretical analysis of the reaction of O, with [HPd“Cl(l\/IT\I)]. Bond lengths (elongated bonds in
italics) were calculated with (—)-sparteine as the ligand.
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Privalov et al. applied density functional theory to the
mechanistic study of the interaction of O, with the Pd hy-
dride [HPd"(CN)(py)] (py= pyridine, CN =2-(pyridin-2-yl)-
phenyl),?! which is suspected to be an intermediate in the
aerobic alcohol oxidations mediated by the [{Pd"(OAC)-
(CN)} |/pyridine system used by Moberg and co-workers
and pyridine.’"! Scheme 11 illustrates these computational

pyridine = py

[Pd"(OAcKC N,

AcOH

Scheme 11. Theoretical analysis of the regeneration of [AcOPd”(C/l\\I)(py)] with O,.

P(rBu)z
Cg 0, (0:8-10 atm)
Pd—H(D)

studies. The insertion of dioxy-
gen into the Pd—H bond is pre-
ceded by the formation of an
[HPd"(n'-O,)] complex for
which an interaction between
the hydrogen and terminal
oxygen atoms was identified.
The release of H,O, from the
hydroperoxypalladium complex
is promoted by AcOH, but the
addition of AcOH to the cata-
lytic system inhibits the rate of oxidation of alcohols by ef-
fective back-protonation of the alkoxide. This observation
on the effect of AcOH on the formation of H,0, is in agree-
ment with the study of Muto and Kamiya™ (Scheme 5),
whereas the insertion of O, into the Pd—H bond without a
H-bond acceptor cis to the hydride contrasts with the above
analysis of Goddard and co-workers.””!

As exemplified in Schemes 10 and 11, the above theoreti-
cal studies””® do not propose the same intermediates but,
nevertheless, indicate that the insertion of dioxygen into a
Pd" hydride is, at least for a select subset of Pd com-
plexes,? a possible reaction pathway. Less than one year
later, this theoretical conclusion agreed with the experimen-
tal studies of Kemp, Goldberg, and co-workers,” who re-

P(rBu),

Chem. Asian J. 2006, 1, 508 -515
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ported that the oxygenation of an isolable hydridopalladium
pincer complex, previously disclosed by Moulton and
Shaw,® provided the corresponding hydroperoxo and hy-
droxy complexes (Scheme 12). The main product was the
hydroperoxo adduct; it evolved toward the hydroxy complex
with time, especially upon exposure to light. According to
Kemp and Goldberg, the decrease in the rate of oxygena-
tion of the deuteropalladium
analogue implicates the in-
volvement of Pd—H(D) cleav-
age in the rate-determining
step.

With a Pd—C bond, the
above hydridopalladium com-
plex is a suitable model of the
catalyst of Moberg and co-
workers but not of the diace-
toxy- and dichloropalladium
catalysts. This gap was very re-
cently closed by Stahl and co-
workers with [Pd’(IMes),] as
the substrate.” Addition of
one equivalent of RCO,H to
[Pd°(IMes),] afforded [HPd"-
(OCOR)(IMes),] quantitatively.
Upon exposure to dioxygen,
the hydrido complex led cleanly
to [HOOPA"(OCOR)(IMes),]
(Scheme 13). The authors envis-
aged that the formation of this

P(7Bu), P(/Bu),

Pd—OOH(D) T Pd—OH(D)
CGDG

P(Bu), P(:Bu),

Ratio =25:1
from Pd-H, kg, = 1.13(3) x 10~ 57!
from Pd-D, ky,, = 1.95(11) x 10~ s~

Scheme 12. Insertion of O, into the H-Pd bond of a pincer complex.

hydroperoxopalladium complex could occur by a retroreac-
tion of [HPd"(OCOR)(IMes),], leading to RCO,H and
[Pd°(IMes),] followed by oxidation (Scheme 7). However,
the discovery that exogeneous benzoic acid catalyzed the
oxygenation of [HPdY(OCOPh)(IMes),]® is rather in
agreement with the insertion of oxygen into the H—Pd bond,
as the addition of acid should inhibit the retroreaction.

4. Conclusion
The experimental and theoretical investigations highlighted

here contribute to a better understanding of the Pd"-cata-
lyzed oxidative intra- and intermolecular reactions that use

www.chemasianj.org 513
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Ar= 2,4,6—MC3C6H2, R= MC, Ph, p—OZN—C6H4

AN Y N~ar  RCOH AN N~ar
(1 equiv) O, (1 atm)
ArsN NrAr Ar\N N,Ar
\—/ \—/
(Pd°(IMes),] [HPd"(OCOR)(IMes),]

Scheme 13. Synthesis of an [HOOPd"X] complex from an NHC-coordinated Pd” complex.

dioxygen to regenerate active palladium species.*¥ Even
though the above reactions of NHC-coordinated Pd’ and
Pd" complexes were analyzed with complexes not really
used as catalysts, these studies have important applications
in the mechanism of aerobic alcohol oxidation with other
Pd—NHC catalysts reported by Sigman and co-workers.[**1%
It is, nevertheless, necessary to point out that even if
peroxopalladacycles and hydroperoxopalladium complexes
that bear the ligands used for the catalytic processes were
isolated, they could be different from the real key inter-
mediates involved in high-turnover catalytic reactions. A
common mechanistic scheme that explains all Pd"-catalyzed
reactions for which the active Pd" species are regenerated
aerobically seems to be unrealistic as it appears that the
pathway leading to the regeneration depends highly on the
nature of the ligands. Furthermore, some reactions are car-
ried out in the presence of a base that is able to capture the
acid generated in step a of Schemes 2 and 3; this could also
have an influence on the behavior of the H-Pd intermedi-
ates. In fact, the factors that lead to one of the two transfor-
mations, [HPd"XL,]+O,—[HOOPd"XL,] or [HPd"XL,]—
[Pd°L,]+HX, over the other remain to be determined.

Addendum (September 9, 2006)

Recently, the use of [(Ipr)Pd(OAc),(H,0)] as the catalyst
led Nielsen and Goddard III to question the traditional {3-
hydride elimination leading to [HPdOAc] and R,CO from
[R,CHOPdOACc].”! According to correlations between ex-
perimental and calculated data, the B-hydrogen atom is
rather directly transferred to the free oxygen atom of the
acetate group.
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