Pure & Appl.Chem., Vol.53, pp.2389-2399. 0033-4545/81/122389~11$02.00/0
Printed in Great Britain. Pergamon Press Ltd
©1981 IUPAC
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CATALYZED BY GROUP VIII TRANSITION METAL COMPLEXES
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Abstract - A review is given on oxidation of terminal olefins to methyl ketones by
09, ROOH, or Hy0p in the presence of rhodium, palladium, platinum and iridium cata-
lysts. a) Rhodium catalysts can use both oxygen atoms of the dioxygen molecule for
the oxidation of two moles of terminal olefins by the coupling of a cyclic or
pseudocyclic peroxymetalation process with aWacker-type intramolecular hydroxy-
metalation pathway. b) Palladium catalysts act as alkyl peroxidic (stable) or hyd-
roperoxidic (generated from H202 or protonation of peroxo complexes) reactive spe-
cies for the oxidation of terminal olefins to methyl ketones. c) Platinum peroxo or
hydroperoxidic species are generally inactive, but a stable and reactive platinum
tert-butyl peroxide trifluoroacetate complex has been synthesized. d) Although iri-
dium catalysts can coordinate both Oy and olefin on the same metal center, they
exhibit a different behavior with respect to rhodium complexes, and are generally
poor oxidation catalysts. However IrOOH species, generated from reaction of O with
iridium hydride was found to oxidize coordinated cyclooctene to cyclooctanone. The
problem of activation and transfer of molecular oxygen by the stepwise utilization
of both oxygen atoms will be discussed.

INTRODUCTION

The search for transition metal catalysts capable of fixing molecular oxygen, and of trans-
ferring it selectively to organic substrates.is a rewarding goal, owing to the economic
impetus to develop new processes for the selective oxidation of hydrocarbons, and owing to
the relevance of such catalysts to the naturally occurring oxygen-storage and transfer enzy-
matic systems. Reduced group VIII transition=metal complexes interact with molecular oxygen,
even to the extent of forming stable reversible and irreversible dioxygen adducts (1). Since
such adducts are potential oxygen donors to reactive substrates, they have been used for the
oxidation of phosphines (2) and isonitriles (3), but until recently they were found quite
reluctant to react with unactivated olefins by non-radical pathways (4). Potential group
VIII oxygen donors involve : a) peroxidic species, i.e. peroxo 1, hydroperoxidic 2, and
alkyl-peroxidic 3 complexes and b) non peroxidic species, i.e. dxo 4, hydroxo 5 and alkoxo

6 complexes.
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Peroxo complexes can be obtained either from the reaction of a réduced two - electron donor
metal complex with molecular oxygen (eq 1), or from the reaction of a high-valent metal-oxo
complex with H202 (eq 2) (5)
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Hydro- or alkyl peroxidic complexes result from the reaction of a metal salt or complex with
H20 or ROOH (eq 3), from the insertion of O, between a metal-hydrogen or metal-carbon bond
(eq“4), or from the protonation or alkylation of a peroxo metal complex (eq 5) (5).

mx + Hoon — X (eq 3)
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The way in which oxygen transfers from peroxo and hydro- or alkyl-peroxidic complexes is
therefore relevant to oxidations involving activation and transfer of molecular oxygen (eq 1,
4 and 5), and to oxidations using Hy0p and ROOH as the oxygen source (eq 2 and 3). Since
peroxidic complexes 1 - 3 can only release one oxygen atom to a reactive substrate, oxo 4,
hydroxo 5 and alkoxo 6 complexes result from the reduction of peroxo 1, hydroperoxo 2 and
alkyl peroxo 3 complexes. Oxygen transfer from 4 - 6 complexes would result in the formation
of reduced species which could reincorporate dioxygen, allowing the utilization of both oxy-
gen atoms of the dioxygen molecule for the oxidation of two moles of substrate. Important
questions are the following : i) What are the suitable conditions for realizing an oxygen
transfer from group VIII transition metal peroxides to olefins ? ii) Which metals are capable of
using both oxygen atoms of the dioxygen molecule to oxidize two molecules of olefins ? We
will successively consider the behavior of rhodium, palladium, platinum and iridium catalysts
in the selective oxidation of terminal olefins to methyl ketones by molecular oxygen, hydro-
gen peroxide and alkyl-hydroperoxides.

I. RHODIUM CATALYSTS

Read and coworkers have shown that rhodium complexes such as RhCl(PPh3)3 are able to pro-
mote the co-oxygenation of terminal olefins to methylketones and triphenylphosphine to tri-
phenylphosphine oxide, in conditions under which a Wacker-type oxidation (hydroxymetallation
by water of the coordinated olefin) is disfavored (eq 6) (6)

RhC1(PPhy) 4

- = - -
R CH CH2 + PPh3 + 02—’Benzene R ﬁ CH3 + Ph3 PO (eq 6)
0

In this reaction, one oxygen atom of the dioxygen molecule is incorporated into the olefin,
while the phosphine acts as a coreducing agent by reacting with the second oxygen atom to
produce the phosphine oxide. We have reported a different process for the catalytic oxida-
tion of terminal olefins to methyl ketones by molecular oxygen using RhCly + Cu(Cl0y)3 or
Rh(C104)3 alone as catalyst, and operating in alcoholic solvents in the absence of water
or co-reducing agents such as phosphines (eq 7) (7).

- = ———————— - - b
2R -CH CH2 + 02 2R % CH3 (eq 7)
0

In this reaction, both oxygen atoms are incorporated into two mol. of olefin to give two mol.
of ketone with a selectivity based on consumed olefin and O, of up to 98 %. Ketones are
produced only from olefins which can form T -complexes with rhodium (I), e.g. terminal olefins
and internal olefins such as cycloheptene or cyclooctene. Instead, olefins which form 7-ally-
1ic complexes of rhodium (III), e.g. cyclopentene, are transformed into alkenyl ethers
resulting from the oxidative substitution of the alcohol used as solvent, on the saturated
positions of the olefin (eq 8) (7)

@ + ROH + 0.5 02—+® + H,0 (eq 8)
OR

The overall catalytic oxidation of terminal olefins to methyl ketones by molecular oxygen has
been interpreted as resulting from the coupling of two complementary reactions : a) an oxygen
activation and transfer pathway in which the first peroxidic oxygen atom is transferred to
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the coordinated olefin to give the methylketone according to a cyclic peroxymetalation pro-
cedure (eq 9) followed by b) a Wacker-type cis-hydroxymetalation of a second coordinated
olefin by a rhodium hydroxy species (resulting from the protonation of the rhodium oxo com-
plex) consuming the second oxygen atom of the dioxygen molecule and thus making the reaction
catalytic (eq 10)
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The oxygen activation and transfer pathway (eq 9) has been demonstrated by the selective
obtaining of methylketones either from the reaction of cationic rhodium (III) dioxygen com-
plexes with terminal olefins, or from the reaction of cationic rhodium (I) wm-olefinic com-
plex with 02.

A : Oxidation of Terminal Olefins by Rhodium (TIT) Dioxygen Complexes

Rhodium cationic dioxygen complexes of general formula [L RhO ] A” L = AsPh3, AsPh-Me, ;
A = Cl0y, PFg) selectively transfer one oxygen atom to terminal olefins in anhydrous
and anaerobic CH,Cl, solution to give the corresponding methyl ketone. The reaction of

18p_ 1abelled [(is?% Rhoz] PF6 complex with l-octene showed the exclusive incorporation
of coordinated oxygen, and not oxygen from water, into the resulting 2-octanone (8). Mares
et al brought up an additional support for this oxygen activation grocess by igowing that
l-octene was oxidized to unlabeled 2-octanone in the presence of 1 and Hy "0 using RhCl
(AsPh3)3 as catalyst (9). The proposed mechanism for this reaction involves the cyclic
peroxymetalation of the coordinated olefin giving a peroxometallocyclic adduct which decom-
poses, after a f-hydride migration, to the ketone and a non isolated rhodium (III) oxo com-
plex (eq 11).
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This reaction, which bears some similarity with epoxidation of olefins by molybdenum peroxo
complexes (10) requires the coordination of the olefin to the metal prior to its insertion
(by an intramolecular 1,3 dipolar cycloaddition reaction) between the rhodium-oxygen bond,
forming the five-membered peroxo metallocyclic adduct., However, the decomposition of this
peroxidic adduct occurs differently from that of the molybdenum analogue, and produces methyl
ketone instead of epoxide, owing to the - hydride abstraction ability of rhodium. Cationic
rhodium peroxo complexes bearing bidendate strongly coordinating ligands, e.g., [RhO, (PhyP -
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(CHy) 5PPhy) 21C10y were found inactive for the oxidation of l-octene. This illustrates the
necéssity of liberating vacant sites on rhodium for complexation of the olefin prior to reac-
tion with coordinated dioxygen (8). The formation of a five-membered peroxometallocyclic
adduct as intermediate in the reaction of rhodium (III) dioxygen complexes with olefins

(eq 11), has been illustrated by the isolation of the stable compound 9 from the reaction of
7 with tetracyanoethylene (eq 12). It should be pointed out that only one of the two oxygen
atoms bonded to rhodium in 7 is available for oxidation of terminal olefin (and coordinated
phosphine). The nature of the oxygen atom remaining on rhodium has not yet been identified,
and has been assumed to be "oxo" (Rh I = 0), by analogy with reaction of molybdenum peroxo
complexes. Since such rhodium (III) oxo complexes have been yet unknown, it is probable that
such species would have a strong tendency to dimerize and protonate.

B : Oxidation of a Terminal Olefin Coordinated on Rhodium (I) by Molecular Oxygen.

As shown in eq 9, the peroxometallocyclic adduct can also be obtained from the reaction of
rhodium (I) m-olefinic complexes with molecular oxygen. The complex RhCl(l,7-octa-

dierie) , reacts with 0y in CH,Cl, solution, producing l-octene-7 one with ca. 20 % yield.
This result has been largely improved using anhydrous alcohols as solvents, and a cationi-
zing reagent such as Ag BF, which can remove the bridging chlorine atoms and liberate coordi-
nation sites on rhodium (eq.13) (8) :

CEGE )+ anatr -2~

——-Z[CR@O] BFy + 2AgCl (eq 13)

In dry isopropanol solution, the cationic complex 10 absorbs 1 mole of dioxygen per mole of
rhodium, producing ca. 1 mole of l-octene-7-one and one mole of H,0. Since isopropanol is not
oxidized during the reaction, we assumed that the hydrogen source for water formation was the
olefin itself, producing 7~allylic Rh" (III) species 14 and 15 through the intramolecular
protonation of the oxo complex 13 resulting from the decomposition of the peroxometallocycle
12 (scheme I). In the presence of an excess of 1,7-octadiene and one equivalent of anhyd-
rous HBF,, more than one equivalent of O, was absorbed, while no water and no acetone

(coming %rom isopropanol used asvsolvent% were produced. In this case, both atoms of the
dioxygen molecule were incorporated into 2 moles of olefins, and the production of l-octene-
7-one became slightly catalytic. This catalytic formation of methyl ketone has been inter-
preted as resulting from the coupling of an oxygen activation process consuming the first
peroxidic oxygen atom, and an intramolecular hydroxymetalation process (Wacker-type) consu-
ming the Second hydroxylic oxygen atom, each process producing one mol of ketone (Scheme I)
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The presence of a strong acid can induce the formation of the hydrido 18, hydroxo 16, and
hydroperoxo 19 from the protonation of the reduced 10, oxo 13, and peroxo 1l complexes,
respectively. The hydroperoxo complex 19 is a potential oxygen donor to the terminal olefin,
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according to a pseudocyclic hydroperoxymetalation mechanism (vide infra), producing the
ketone and the rhodium hydroxy complex 16. Such a process has been illustrated by the trans-
metalation of mercury by rhodium in (CF4C0,) Hg CH,- CH(Ph)-OOH 21 (11, producing the un-
stable pseudocyclic compound 22 which decomposes to give acetophenone in 95 % yield (4h,
20°C, THF) (12) (eq 14).

0 H LH2 o
CF}(DzFQ; S + U Cy o= OREY 20+ HaClp +CRyCOglia sliCl (g 14)
» -0 4h "»)o-ou
A ) .
h(l:Me
0
95%

The resulting Rhodium (III) hydroxo complex 16, which can also be obtained from the protona-
tion of the oxo complex 13, can further react with a second molecule of olefin according to
an intramolecular hydroxymetalation mechanism (Wacker type) to give the hydrido complex 18.
This complex 18 can directly react with Oy and regenerate the hydroperoxo complex 19 (13),
making the reaction catalytic. Hence, the catalytic formation of 2 mol of methyl ketone
from 2 mol of terminal olefins and one mol of dioxygen can be interpreted as resulting from
a reaction step by step of each oxygen atom of 0,5. The first peroxidic oxygen atom reacts

by a cyclic (from peroxo complex 11), or a pseudocyclic (from hydro peroxo complex 19) pero-
xymetalation procedure, while the second hydroxilic oxygen atom reacts by a Wacker-type hy-
droxymetalation procedure.

IT. PALLADIUM CATALYSTS

1. Oxidation of Olefins by Palladium (II) tert-Butyl Peroxide Carboxylates

A new family of palladium (II) tert-butyl peroxide carboxylates of general formula
[RCO Pd-00-t-Buf, has been synthesized in high yield from the reaction of tert-butyl hydro-
perox%de with palladium carboxylates (eq 15) (14),

4 (RCOy)o Pd + 4 t-Bu-OOH

[ Rco,Pa00-t-Bu] , + 4 RCO, H  (eq 15)

These stable crystalline yellow-orange complexes have been characterized by elemental analy-
sis, IR., NMR and X-ray crystallography. The structure of BKH.CO Pd-OOt—Bu]4 consists of
four coplanar palladium atoms bonded between them alternatively by the oxygen atoms of the
trichloroacetate groups and by the terminal oxygen atom of the 0Ot-Bu groups. These comple-
xes are most efficient reagents for the selective oxidation of terminal olefins to methyl
ketones in anhydrous and anaerobic conditions. Their reactivity toward terminal olefins
decreases in the order R = CFy > CgFy; > CCl, > CH,. The reaction of [CF3COZPd-00t-Bu]4 with
l-hexene has been shown to proceed in two steps : %a) Oxygen transfer from the tert-butyl
peroxidic complex to the olefin, producing the methylketone and the palladium tert-butoxy
complex (eq 16) followed by (b) a rapid substitution of the O-t-Bu group by the olefin on the
metal, giving rise to the formation of tert-butanol and the n-allylic complex (eq 17).

CF,C0,Rd00L-Bu +\N\  ———  CF,COPdOtBU  + A (eq 16)
v . Me
CF,C0,Pd0t-Bu + "N —~  crcopd } + £-BuOH (eq 17)

Only terminal olefins are selectively oxidized to the corrggbonding methylketones. Internal
olefins directly produce the n-allylic complex upon exchange with the 00t -Bu group (eq 18)

CF3CO2
Several m-allylic Pd(II) trifluoroacetate complexes of general formula [CF3COZPd(n-ally1)]
have been isolated in this way from the reaction of [CF3¢02Pd00tBu] 4 With both terminal an
internal olefins (14,15). The suggested mechanism for the oxidation of terminal olefins by
[cFyc0,Pd 0Ot-Bu], is depicted in Scheme II. The first step consists of coordination of the
terminal olefin on palladium, producing the alkyl peroxidic m-olefinic complex 24. The intra-
molecular nucleophilic attack of the -00t-Bu group on the coordinated electrophilic olefin
constitutes the cis-peroxypalladation step of this mechanism and gives rise to the formation
of the five membered pseudocyclic intermediate 25. The pseudocyclic nature of 25 is due to
electron donation from the oxygen atom adjacent to the tert-butyl group to the vacant coordi-
nation site on the metal resulting from the peroxymetalation of the olefin. Decomposition of
25 occurs with the rupture of the 0-0 bond, followed by a S-hydride migration, producing the
methylketone and the palladium tert-butoxy complex 26. The decomposition of 25 is similar to

Me
PdOOtBu + ~ <N CF4CO,Pd )2 "+ t-Bu OOH (eq 18)
: Et
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that of the closed five-membered rhodium peroxymetallocyclic adduct previously shown in eq 9.
The pseudocyclic peroxypalladation procedure has been evidenced, as previously shown in eq.
14, by the transmetalation of mercury by palladium in the reaction of Na,Pd Cl, with
CF 3C0,HgCH,CH(Ph)-00tBu, producing acetophenone in 95 % yield (20°C, THF solution).

Methylketones can be obtained on a catalytic scale when an excess of t-BuOOH is used for
regenerating the initial tert-butyl peroxidic complex 23 from the fert-butoxy complex 26.
(Scheme II). In order to avoid the formation of a n-allylic complex 27 causing lower selec-
tivities, a large excess of t-Bu OOH with respect to olefin is required (eq 19) (16)

Pd(RC02)2
t-Bu OOH + R-CH = CH2—> tBu OH + R~ ﬁ CH3 (eq 19)
0

2. Palladium-Catalyzed Oxidation of Terminal Olefins to Methyl-Ketones by Hydrogen Peroxide

Palladium carboxylates are effective catalysts. for the selective oxidation of terminal ole-
fins to methyl ketones by hydrogen peroxide (eq 20) (17)

Pd(RCO )

- —————-—» - =
R-CH = CH2 + H202 R ﬁ CH3 + H20 (eq 20)
’ 0

This reaction can be carried out at room to moderate (80°C) temperature, in biphasic
(benzene or ethyl acetate) or monophasic (tert-butanol or acetic acid) solution. A large
excess of Hy0p with respect to olefin is required in order to prevent n-allylic complex for-
mation causing isomerization of olefin. Only terminal olefins, e.g., l-hexene, l-octene,
allyl acetate, were selectively oxidized to the corresponding methyl ketone. Internal linear
or cyclic olefins were found to be unreactive. Palladium-catalyzed decomgos1tion of Hy0y
occurs during the reaction, Oxidation of l-octene in t-Bu OH by H,0 0) catalyzed by

Pd (0Ac)2, and in the presence of a large excess of H20 (180), only produces unlabeled
2-octanone, This indicates that the oxygen source for ketone formation is only H,0, and not
water as in the Wacker Process., The following mechanism, similar to that previously shown for
the oxidation of terminal olefins by Palladium tert-butyl peroxidic complexes, has been sug-
gested (Scheme III) (17)

H.0, RCO:H =JB' =/W
+
[RCO: 12Pd ;L* RCOPd-00H ——— RCO-Pd-00H

oy

Pd-OH R
L e “’"5
0

Scheme III

As a reactive intermediate,this mechanism involves the palladium hydroperoxidic compound 28
resulting from the exchange on Pd of one carboxylate by H,0,. This compound -acts similar

to the palladium tert-butyl peroxidic complex 23, and releases one oxygen atom to the coordi-
nated terminal olefin according to a pseudocyclic hydroperoxypalladation procedure, producing
the methylketone and a palladium hydroxo complex 31. The hydroperoxidic complex 28 is regene-
rated from 31 upon reaction with Hy0p, liberating water. Despite many attempts, and due to
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extensive H,0 decomposition, the isolation of such palladium hydroperoxidic species failed.
However, the existence of such complexes as reactive intermediates will be justified in the
next paragraph.

3, Oxidation of Terminal Olefins to Methyl Ketones by Palladium Dioxygen Complexes Induced by
Strong Non-Coordinating Acids and Alkylating Agents

Contrary to rhodium dioxygen complexes, palladium compounds such as L,Pd0, (L = phosphine)
do not react with terminal olefins (eq 21). Since hydroperoxidic and alkylperoxidic palla-
dium species are potential oxidizing reagents, we have tried to generate such compounds by
protonating or alkylating inactive palladium peroxo compounds by strong non-coordinating
acids and alkylating agents (18). Hydroperoxidic species have been previously shown to be
involved as intermediates in the acid hydrolysis of Pd and Pt dioxygen complexes, yielding
Hy0o (19). Addition of a stoichiometric amount of MeSO4H to an anhydrous solution of
(Ph3P)2 Pd 0, in CH2012-1-octene solution in anaerobic condition, results in an immediate
change in color from green to bright red, and progressive formation of 2-octanone (50 % based
on Pd) and Ph,PO (36 %), while no precipitation of metallic palladium occurs. The quantity
of 2-octanone produced was found proportional to the quantity of added MeSO3H until a ratio
: Pd = 1, Addition of H BF4 instead of Me SO,H results in lower yields in 2~-octanone
(ca 20 %), but in this case, the final complex gas been identified as [(Ph P) Pd(OH)2
Pd(Ph4P) ]*‘1qu3 “(20). A labeling study using (PhsP), Pd 16 0,, MeSO,H, 1-dcténe, and an
excess o H21 0 1indicated the exclusive incorporation of un%abeled oxygen into the resul-
ting 2-octanone, showing that the oxygen source in this reaction is molecular oxygen, and
not water as in the Wacker Process. Only terminal olefins were selectively oxidized to the
corresponding methyl ketone. Internal cyclic and acyclic olefins were found unreactive.

- Mo reaction (eq 21)
(mp}z":z—;w;— (hsl’)zl’l(% TFs 2t Noresction (eq 22)
wroen 3 0
32 + R +
*hS(hH /m - =7 \,M
MSOSH _ iy e, "M ] mast3 -—.[(m’:)zn_% ] (eq 23)
b ‘ N
% " P /" *
[ ni}:(»ﬁ)z] -t mr—{"a')z"{)ﬁ, 3]
nm’ 50% LI

Treatment of (Ph4P),Pd0,  with a strong coordinating acid such as CF3COzH results in a quite
complete inhibition of the reaction, which is probably due to the occupation of the vacant
site by the trifluoroacetate group in 33 (eq 22). Equation 23 illustrates a plausible inter-
pretation of the oxidative properties of 32 in the presence of strong non-coordinating acids.
Protonation of 32 results in the opening of the peroxo group liberating a vacant site adja-
cent to the hydroperoxidic group in 34. The complexation of terminal olefin in 35 is followed
by a pseudocyclic hydroperoxypalladation giving the intermediate 36 which decomposes to pro-
duce the methyl ketone and the hydroxo complex which ends in the form of a di-p-hydroxo com-
plex 37. A further evidence for the involvement of palladium hydroperoxidic species as reac-
tive intermediate has been obtained from the transmetalation reaction of mercury in
CF3COZHgCHZCHPh-OOH by palladium in Lide014, producing the unstable pseudocyclic palladium
peroxidic adduct which decomposes to give acetophenone in 85 % yield (THF, 20°C, &4h) (18).
2-Octanone has also been produced, albeit in lower yields (ca 20 %), from the reactiog of 32
with l-octene in the presence of an alkylating agent such as FSO4qMe, CF3505Me or Ph3C BFa’.
Also in this case, a change in color from green to bright red was observed, but in every
case, the medium was heterogeneous. A mechanism similar to that of eq 23 could be suggested,
with the formation of reactive alkyl-peroxidic species.

III. PLATINUM CATALYSTS

Platinum dioxygen complexes such as LyPtO, (L = phosphine) are known to catalyze the oxida-
tion of phosphines (2), or to cause oxidative cleavage of electrophilic olefins (21). Howe-
ver, like the palladium analogues, they are quite reluctant to react with unactivated ole-
fins. Platinum hydroperoxidic species have been postulated as intermediates in the acid
hydrolysis of Pt peroxo complexes (19) . L Pt(CF,)OOH complexes (L = bidendate diphosphine)
have been recently synthesized but were alSo found inactive toward olefins (22). We have
used the procedure previously described for PdO, complexes, in order to induce a reactivity
toward olefins of the platinum analogues. However, no oxygenated products were detected from
the reaction of (Ph3P)2Pt02 with both terminal (l-octene) or internal (norbornene, cyclohexe-
ne) olefins in the presence of MeSO4H or Ph3C+BF4' (eq 25). This absence of reactivity was
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attributed to the lack of complexation of olefin to platinum which is poorly electrophilic,

. .
e oreact (eq 24)

(PP
37 o . f
Mo SOH OO
CH Ok [(ﬂsf)z:é | W0, Neresction (eq 25)

We therefore tried to synthesized alkylperoxidic complexes of platinum bearing strongly elec-
tron-attractor substituents such as trifluoroacetate. The complex (NBD)Pt(CF3C0,), (NBD =

norbornadiene) was prepared in high yield from the reaction of (NBD)PtCl, with CF4C05Ag in
trifluoroacetic acid (eq 26 ) (23)

01 Pick,+ 20 TFA -SF2C02M upy pyren, + 20g01 (eq 26)
85%

ool Pt (EM, RO (e pr oot 8e0H ],

27)
Anorphoes yellew powdor (eq

This complex dissolved in t~Bu OOH, giving a dark orange solution from which an amorphous
yellow powder was_isolated. (eq 27), Elemental analysis and physicochemical methods

(IR and_lH, 1%, 13c, 170 MMR) indicated for this complex the formula [(CF4C0,),Pt(00tBu)
(tBuOH)]2 39 with a mixed-valence Pt(II) 3= Pt(IV) dynamical structure, ang concerted exchan-
ge of OOtBu and CF3C0, groups between the metals.

FC \{’
N gH\ a
o [o]
°\1 /NG osg-cF,
Pt pe O
Fc-c-07 ! \_/ No

This complex did not undergo an oxygen transfer reaction to terminal olefins at room tempe-
rature. However, when the oxidation of l-octene by was carried out in CyH,Cly at 70°C, 2-
octanone was selectively produced in ca 100 % yield in 2 hours based on 39 (or 50 % based on
active oxygen). Several turnovers in ketone formation were observed when the reaction was
carried out in the presence of an excess of tBuOOH, but at a much lower yield than the cor-
responding palladium oxidation. The use of Pt(acac), or ﬂCH3C0 TNorbornadienyl)Pt(OAci[2
as catalysts for the oxidation of l-octene by t-BuOOH gave negat%ve results. This therefore
emphasizes the strong accelerating effect of the trifluoroacetate group on the reactivity of

Pt-00tBu complexes. Oxidation of terminal olefins by 39 at higher temperature could be at-
tributed to a decomposition of 39 into a CF3C0 PtOOtBu complex which would react with termi-
nal olefins like the palladium analogue (eq 289

R
, CH,
CF,CO,Pt-00 < CF,CO,Pt” H\/c:: —=CF,CO,Pt-0-& + RCCH,

0 4 0—O o

7(
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Thus, in contrast to palladium, platinum forms less-well defined alkyl peroxidic complexes
with tBuOOH, which are far less reactive toward olefins. This reactivity however exists, and
is strongly dependent upon the electrophilic character of the metal favoring the complexation
of the olefin. Another difficulty in the case of platinum catalysed oxidation of olefins
comes from the fact that platinum (II) is more easily oxidized to Pt (IV), in contrast to
palladium.

IV, TRIDIUM CATALYSTS

In contrast to rhodium cationic dioxygen complexes (8), iridium analogues such as '

[ (AsPhMe;)4Ir0,1C104 (24) do not undergo an oxygen transfer reaction to terminal olefins
such as l-octene (eq 29). No reaction occurs even in the presence of a stoichiometric
amount of a strong acid, such as MeSO3H or HBF,

. R
[(Asnm,).ugz] 00 = Nersction
42

(eq 29)

Iridium dioxygen complexes being inactive with respect to terminal olefins, we have studied
the reactivity of iridium (I) m-olefinic complexes toward molecular oxygen. OQur attempts to
synthesize the complex [}rC1(1,7-octadiene)] failed, so we started from the known [IrCl
cyclooctene) o compound, and we prepared %n situ the iridium cationic complex -
EIr(Csﬁla)A] BF4 from the reaction of the di-u-chloro complex with AgBF4 in CH2012 in the
‘presence of an excess of cyclooctene (eq 30 : . .

[1rC1(Cgh,,),), + 2 AgBF, + 4 CH, 2|'_1:c(c8}114)l:]+ BF, + 2 AgCl - (eq 30)
43 :
The orange solution of 43 in CH2012 absorbed onemole of dioxygen per mole of iridium, and the
solution became green. However, no formationof cyclooctanone was detected by GLC analysis
(eq 33) (12). All attempts to isolate this green complex, probably having olefin and 0,
coordinated on the same metal, failed even in the presence of ligands such as phosphines or
2,2'-bipyridine. It is noteworthy that a stable iridium complex having both ethylene and

dioxygen coordinated to the same metal has been synthesized, without any oxygen transfer
reaction occuring in this case (eq 31) (25)

Cl H
S
[irci(CyHy,), 1, + 2PPhy.CH, . O, 8J" CH, (eq 31)

Hence, it appears that coordination of olefin and dioxygen on the samé metal center is a
necessary but not sufficient condition for achieving an oxygen transfer reaction. A suitable
position for both substrate and reagent is also required in the coordination sphere of the
metal, James and coworkers have recently shown that cyclooctene can be catalytically oxidi-
zed to cyclooctanone and water by a mixture of Hy + O, in the presence of [IrCl(C H,,.) ]

2 8714724 2
(eq 32) (26)

Cyclooctene + H, + 0, ——— Cyclooctanone + H,0 (eq 32)

Ir-OOH species, obtained from the reaction of 0y with iridium hydride, have been assumed to
be the reactive intermediates in this reaction. As we did for rhodium and palladium, we have
tried to generate reactive iridium hydroperoxidic species by carrying out the oxidation by
02 of the cationic complex 43 in the presence of one equivalent of HBF, and excess cycloocte-
ne (12). The orange solution of 43 in CH,Cl, absorbed one mole of dioxygen per mole of iri-
dium in 4h at 20°C without change in color, but glc analysis indicated the formation of cy-
clooctanone in ca 40 % based on iridium. A plausible mechanism for this reaction shown in

eq 34 involves the protonation of the cationic complex 43 by HBFA,.fOIIOWed»By 07 addition
giving the hydroperoxidic species 45. Ketone formation would result from the intramolecular
hydroperoxymetalation of a coordinated cyclooctene molecule. It should be pointed out that
ketone yields obtained with iridium are much lower that those previously observed with rho-
dium. However, less than one oxygen atom can be transferred to the olefin. This indicates
that a consecutive hydroxymetalation of olefin on iridium does not occur, thus preventing a
catalytic formation of ketone.

CONCLUSION

We have shown in this study that molecular oxygen can be activated by group 8 metal complexes.
and transferred to unactivated olefins, provided that reactive peroxidic species are
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0—02 )
» I.I:ﬁ:ﬁd—-——hlﬂm (eq 33)
[ iCyelonctenal, Ir ] BFs
Orange 43 !
e " 00H 0
- g -, 00
e (]2 -0 (eq 3)
u Onepe  A0%

produced. Oxygen transfer from transition metal peroxides requires the complexation of the
olefin on a suitable position with respect to the peroxidic moiety on the coordination sphe-
re of the metal. It likely occurs according to a cyclic peroxymetalation procedure (from a
peroxo metal complex), or according to a pseudocyclic peroxymetalation procedure (from alkyl
or hydroperoxidic metal complexes). Amongst those metals, rhodium alone can use both oxygen
atoms for the oxidation of two moles of olefins. Palladium and iridium complexes only trans-
fer the peroxidic oxygen atom. These results are summarized in Scheme IV,

. i~
e S N
g B ! 0 B
! -/
Hyoroxy | Parsxy [, ]
i C
T/l .5» El‘um "\/ \/c/" 'z \n::
H 0-0 0-0
N ")
M=0
RCMe
e ¥
R
Scheme IV it Ll

Platinum peroxidic complexes are reluctant to react with olefins, except when the metal is
strongly electrophilic e.g. in [(CF3002) Pt (00tBu) (tBuOH)]z. The interpretation of the
oxidative properties of group VIII transition metal complexes based on the behavior of their
peroxidic derivatives, allows a rationalization of catalytic oxidation of olefins whatever
the oxygen source is Oy, ROOH or Hy0y. The peroxymetalation concept places these reactions
inside the scope of conventional metal-catalyzed transformation of olefins.
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