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ABBREVIATIONS

P P=dp = 1, 2-bis(diphenylphosphino) ethane

2=phos = c¢is-1, 2-bis(diphenylphosphino) ethylene

P = triphenylphosphine

RUOQ = RU(Oz) (NCS) (NO) (PPh3)2

DMG = dimethylglyoxime

A, INTRODUCTICN

The process whereby low-valent coordination compounds of transition metals are co-
ordinated by molecular dioxygen has interested coordination chemists (and biochemists)
for almost ten years. While such coordination does not necessarily activate the dioxygen
for reaction (and indeed, in most cases does not appear to do so), the possibility of such
activation, and hence catalysis by this route, does exist and is the subject of considerable
current research. The most significant property of dioxygen complexes is their ability fo
catalyse the oxygenation of substrates under unuosuaily mild conditions, However, at this
stage it is not yet possible to synthesise a dioxygen compound which will catalyse the oxi-
dation of a given substrate. It is hoped that further work will eliminate the hit-or-miss
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152 V.I. CHOY, C.1. 0'CONNOR

situation that exists at the present time.

This review is a survey of the field of chelating dioxygen compounds of the platinum
metals and aims to cover the jourmrial literature to December 1971, All the dioxygen com-
pounds that have been reported are tabulated in Table 1 with a brief description of their
formation and properties. Schiff base dioxygen carriers are not mentioned, nor are dinucle-
ar dioxygen compounds and dioxygen bridged complexes included, since the oxygen
atorns in these compounds are generally non-equivalent.

The findings of the major investigations of oxidations catalysed by dioxygen compounds
are described briefly.

B. THE INFRA-RED SPECTRA OF DIOXYGEN COMPOUNDS

Infra-red absorption bands due to the dioxygen group attached to a metal have been
reported for 2 wide range of compounds. In general, the only band observed for this group
is in the region 800—900 cm™!; such bands have been assigned to the O—0 stretch 18,

The assignment of the infra-red band in the region 800—900 ¢cm—! has been confirmed
for IrC1{CO) (PPh3); (O,) (ref. 48) and for M(0,)(r-BuNC) (M = Ni, Pd) (refs. 40,49) by
isatopic studies. Spectra of the corresponding complexes containing heavy dioxygen
showed new bands at 800—900 cm—! (also additional unassigned bands at 480—550 ¢m—1).
For example, the band* at 856 cm~! for the iridium complex split into three absorption
bands at 856, 836 and 808 cm~1. These three bands can be explained in terms of 0—0
stretching since the dioxygen contains three molecular species, 1502, 160_180 and I302.
Qualitatively the relative intensity of the three bands was found to be that expected from
the isotopic composition of the dioxygen gas. Calculations on the assumption of free di-
atomic molecules gave the wave-numbers 856, 832 and 807 em—1,

The implication of this excellent agreement is that the band near 00 em—! is assigned
to the stretching vibration of the 0—0O bond. The agreement further implies that the
oxygen atoms coordinate to a metal as a peroxy group forming an isosceles triangle.

M(0,)(+-BuNC), (M = Ni, Pd) have been studied in a similar way 49. The nickel com-
plex shows a band at 898 em~! (isotopic substitution gave 898, 873, 848 cm—1) and for
the palladium complex it is at 893 cm—1 (isotopic substitution gave 893, 868, 837 em— 1),
The fact that substitution of nickel by palladium had little effect on the stretching fre-
quency (consistent with the isosceles structure) suggests that mixing with other vibrations
is slight or absent (but see below). A bent, linear or bridged form is thus excluded.

Otsuka et al. 40 concluded that the band at 800—900 cm™! is not solely due to “pure”
O—Q stretching, after caleulating isotopic splitting and force constants for the assumed
triangular geometsy for a number of dioxygen complexes. The frequency of the so-called
“0O—0 stretching” mode is increased by an increase in the M—0 (M = metal) symmetric
stretching frequency. The experimentally observed constancy of the “O—0 stretching™
vibration could be a consequence of two opposing forces; that is, an increase in the 0--O
force constant in most cases reduces the M—0, (M = metal) force constant.

* The value obtained by Takao et al ¥® is different from that obtained by Vaska and Ibess (see Table 1).



CHELATING DIOXYGEN COMPOUNDS 153

The same conclusion was reached by Ibers and co-workers?l who measured the 0O
bond lengths for IrX(04)(CO) (PPh3),. They decided that the assignment of the charac-
teristic infra-red band as an O—Q stretch did not explain why a difference of 0.2 A in
0—0 bond length between the chloro and iodo compounds resulted in a change of only
4 cm—1 in the position of the absorption. Normally the position of an absorption should
vary greatly with the bond length and bond strength.

{ THE STRUCTURE OF DIOXYGEN COMPOUNDS
¥

It is generally accepted for dinitrogen complexes that the term covers any mode of
preparation leading to the formation of a complexed dinitrogen moiety. Such unanimity
does not occur in the case of dioxygen compounds whese an attempt is usually made to
distinguish between the coordinated dioxygen molecule and the related peroxo (02‘) and
superoxo (07 ) ligands. Platinum metal tertiaryphosphine dioxygen complexesil, 20, 36, 50
and chromium, molybdenum and titanium peroxc complexes>! have the dioxygen group
symmeirically bonded (Fig. 1 (a)), whereas cobalt(IIT) amine and Schiff base peroxo and
superoxo complexes, which are usually binuctear, have the less symmeirical geometry 52,53
(Fig. 1(b)).

A few examples of chelating dioxygen compounds are shown in Fig. 2.

/O
0\ /O [a)
~ i
s -
\\ - |
Mf [ ¥]
fa} {b)

Fig. 1, The z-bonded (a) and norlinear (b) metal—dioxygen geometries.
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Fig. 2. Examples of dioxygen complexes
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The equivalence of the oxygen atoms is consistent with Griffith’s4 model of the -
bonding of dioxygen to iron in haemoglobin. The fact that dioxygen uptake is reversible
and that O—O bond length is significantly shorter than that in a typical peroxide is con-
sistent with the view33 that reversibility probably depends upon some electron transfer
from metal to oxygen, though the transfer is not sufficient to bring about irreversible oxi-
dation of the metal. In the case of Vaska’s compound (Fig. 2(a)), this transfer amounis to
approximately one electron since the OO distance corresponds closely to O3 (Table 2).
Such evidence suggests that division of classification of compounds containing a complex-
ed dioxygen moiety is unnecessary, and that explicit usage of the term dioxygen complex-
es for all such compounds would prevent confusion.

Structures of different compounds11.36 which differ only in the central metal atom
have analogous structures (Fig. 3). However, these structures have different structiral
parameters (the bond lengths) and different chemical properties (the reversibility of di-
oxygen addition). In the rhodium cation where the addition of dioxygen is reversible

TABLE 2
0O-0bond lengths of dioxygen

Bond

Compound fength Ref.
02 (bond order 2.5) 1.123 56

03 (bond order 2.0) 1.207 57

03 {bond order 1.5} 1.28 56
0%~ (bond order 1.0H 1.49 56
[Cr (04} 1.405 58
[U€02)(02)41% 1.51 59
K2[Ti(02)(C7H304N)] O-5H, 0 1.45 51
[(NH2a)sCoQ2Co (NHz)5] [(SCN) 4] 165 60
IrC1{CO) (PPh; Et); (O3) 1.573 27
IrCH(CO) (PPh3}3 {O3) 1.30 20, 50
Is1 (CO) (PEhy); (Og) 1.51 20,50
§Er{dp)4 (03] 1.625 11, 36
[Rh(dp)2 (O} 1.418 11,36
[Pt (PPh3); (O2))1.5 CgHg 1.45 44

p )
1 T e
e -~ \.\ pl
1l 1625 A RE 1410 A

{(where P F z1,2-bis{ciphenyiphosphino ethane)

Fig 3. Structures of [M{O3)}P  P)o 1t cations (M = Rh, Ir).
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(Table 1), the Rh—O mean distance 2.025 A is significantly longer than the corresponding
Ir—0 mean distance 1.976 A. The weaker metal—dioxygen bond is accompanied by a
stronger O—O bond (and a shorter O—0O bond length, 1.418 &). The addition of dioxygen
to the iridium complex is irreversible, The stronger metal—dioxygen hond is accompanied
by a weaker O—0 bond (and a longer O—O bond length, 1.625 A).

The dioxygen adduct formed from chlorotris(triphenylphosphine) shodinm(I) is
{RhCI(05)(PPh3), }4- The structure 13 contains dimeric units situated at inversion centres
in the crystal. The overall geometry of each rthodium atom-can be described in terms of a
distorted trigonat bipyramid (Fig. 4).

The O—0 bond lengths of a series of dioxygen complexes are listed in Table 2 along
with those of various oxidation states of dioxygen.

Ibers and co-workers11. 36 discovered the remarkable trend in the O—O bond lengths
that can be seen for the seres of iridium complexes in Table 2. Both the O—0O distance and
the tendency to bind dioxygen increase as the ancillary ligands become more electron-
releasing (dp > PPh,Et > PPhy and X > CI).

P. THE BONDING IN DIOXYGEN COMPOUNDS
The electron configuration®! of the dioxygen molecule might be either
(61)2 (0D (0)2(@D* (2*)2

or
@12 (62 (M (82)% (n*)?

The bond order is predicted to be 2 and two unpaired electrons are expected. As expected
on the basis of simple molecular orbitat theory, removal of electrons strengthens the bond,
while addition of electrons weakens the bond (Table 2).

The addition of dioxygen to d8 systems can be discussed on the basis of the #-bonding
scheme of Chatt and Duncanson 2 and Dewar63 used to explain the coordination of the

PPhy

£Ph,

Fig. 4. The structure of [RhCI(Oa4) (FPha)ala.
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ethylene molecule to platinum in Zeiss’s salt. A g-bond is formed by donation from a
filled m-bonding orbital on the ligand to an unfilled metal & or hybrid orbital. Back-
donation then occurs, to offset the resultant dipole, from a filled metal orbital to a x*-
antibonding orbifal on the ligand molecule.

For the dioxygen molecule an early scheme was proposed in which electron transfer
occurred to the ligand, which then assumed the character of the superoxide ion, O3, or the
peroxide ion, 0%‘, depending on whether one or two electrons were transferred. However,
the diamagnetism of the compound IrCI{CO){(FFh3),(03), in which the O—O bond length
approximates that of O3, suggests that there is no formal transfer of an electron to dioxy-
Fen.

The most reasonable explanation of the bonding in dioxygen compounds is analogous
to that proposed by Griffith34 for oxygenated haem. This theory has been discussed fur-
ther by Ibers2! in terms of the complex ItCI(CO)(PPh;),0,. The processes discussed are
theoretical and have no semblance to the chemical intermediates of the oxygenation reac-
tion. Prior to bonding, the O, group forms its valence state, i.e. the oxygen atoms are sp2-
hybridised and the molecule has two lone eleciron pairs on each oxygen atom with one
g- bond and one 7-bond, both occupied by one pair of electrons. In this state the O, mol-
ecule is diamagnetic. The O, molecule acts as a ligand by donating one pair of electrons
from the 7-bond to iridium (and thus the O—O axis must be at right angles to the direction
of coordination). Prior to oxygenation, the ceniral atom Irf, a d® systemn, was dsp2-hybrid-
ised. The valence state of iridium can be considered to be dsp3-hybridised with one direc-
tional vacant orbital which, in oxygenation, receives the pair of electrons from the O,
group. In conjuncton with the formation of this bond, there is back-donation from one of
the filled iridium d-orbitals to the m*.orbital of the O, group. As electrons begin to be
donated to iridium from dioxygen, a dipole is set up which tends to stop further donation;
the hack-donation reduces this dipole and thus the overall bond strength depends very
largely upon the degree of back-donation that is possible.

For the dioXygen molecule to form a m-bond with the metal substrate several conditions
must be fulfilled. Firstly, there must-be available on the subsirate an empty orbital of the
correct energy and symmetry to overlap with the dioxygen m-bonding orbitals to form a
o-bond. Similatly, an essentially non-bonding, filled d-orbital (or hybrid orbital) must exist
on the suhstrate through which electron density can be back-donated to the dioxygen
ligand into the w-antibonding orhitals. The degree of back-hongding which occurs will de-
pend upon the relative energies and the amount of overlap between the orhitals,

The two complexes containing bis-chelating phosphine ligands (Table 2) may be con-
sidered in these terms 1 36, In the iridium complex there is extensive back-donation to
the ligand. This is manifested both in the long O—O bond (1.625 A) and in the strong,
short Ir—O bonds (mean, 1.976 A). Thus, the orbital energies are exceptionally favourable
for overlap, and extensive back-donation cccurs. This effectively reduces the bond order
of the O, to less than 1.0. In the rhodium complex, the overlap between the ligand and the
substrate orbitals is less owing to the higher energies of the rhodium d-orbitals compared
with those of iridium. The O—O bond length is now 1.418 A, and the mean Rh—0O dis-
tance is 2.025 A.

The two complexes IrX(CO)(PPhy), (05) (X =Cl or 1) are expected to show changes in
uptake properties and molecular geometry analogous to those observed above. The energy
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of the substrate orbitals is varied by the change in the halide substituent. With the more
electronegative chlorine atom the overlap between the orbitals is such that back-danation
to the O only occurs to the extent that the O—0 bond is lengthened to 1.30 A. With the
less electronegative iodine substituent the O—O distance is 1.51 AL

Comparison of IrCHCO)(PPh4), (04) and IrC1{CO)(PPh, Et), (O,) shows that the
more basic, ethyl-substitnted phosphine results in more residual electron density on Ir,
again leading to a longer 0—0O bond.

The symmetry arguments outlined by Mingos®* support Griffith’s model of the dioxy-
gen ligand in its valence state and its bonding arrangement to the metal. The bonding is
interpreted in terms of a second-order Jahn--Teller effect which suggests that changes in
geometry during complex formation between Lewis acids and bases depend solely on the
direct product of the symmetries of the donor and acceptor orbitals. This treatment im-
plies that only the dioxygen n and * (valence) orbitals need be considered because the
approximation has been used that only the ground and first excited states of the complex
contribute significantly to the second-order Jahn—Teller effect. In dioxygen complexes,
symmetric coordination of dioxygen is expected because a prerequisite of bond formation
is that the lipand filled n (valence) orbital has the same symmetry as the empty metal
orbital, and therefore their direct product must be totally symmetric.

In a more theoretical approach, Mason®5 compared the coordinated dioxygen with the
excited states of dioxygen gas. If the bonding of O, is similar to the bonding in other
mcomplexes, the dioxygen electron configuration would be similar to the one correspond-
ing to the excitation

(M (@*)2 - (M3 (1*)?

in the free molecule. The precise amount of electron density transferred to the antibonding
orbitals on the dioxygen through the metal will depend on the remaining ligands in the
complex. The difference in the 00 distance for different sets of ligands reflects the do-
nor and acceptor refatioris of these ligands with the metal. However, it is felt1! that the
range of O—0 distances is too great to allow easy allocation of a different excited state of
0, to the dioxygen in each complex.

In { RhC1(0,)(PPh3),} 5, the Rh—0, bonding !5 can be rationalised using the conven-
tional molecular orbital scheme for dioxygen. Within this framework the O, has an electron
configuration (7%)2 (7*)° rather than the ground state electron configuration (a*)! (x*)1.
The bonding within the rhodium—oxygen—oxygen triangle is then described by ligand-to-
metal donation from a fully occupied morbital and back-donation to the empty m*-o1bital.
The full m*-orbital of the u-bonded dioxygen molecule is perpendicular to the rhodium—
oxygen—oxygen triangle and is available for the formation of a ¢-bond to the second rho-
dium atom.

This particular view of the bonding of the central Rh,0, unit does not allow an imme-
diate discussion of the OO distance because the participation of both orbitals of each O,
produces oppaosite effects, i.e. there is a force tending to increase the O—0Q distance and an
opposing force tending to decrease it. The relative effect of these two forces is not known.
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E. FORMATION DATA OF DIOXYGEN COMPOUNDS

The electronic factors affecting dioxygen uptake by coordination compounds now ap-
pear to be well understood. An increase in electron density at the metal caused by changing
the ligands or the metal improves uptake properties. It is impossible to predict precisely
whether or not a substrate will have molecular orhitals of energy and symmetry suitable
for overlap with the Q4 orbitals. However, the present range of complexes could be ex-
tended. For example, in ItBr{CO){(PPh3),(0,) the O—0 distance is expected to be be-
tween the O—0 distance of the chloro and iodo analogues. Intermediate uptake properties
for IrBr{CO)(PPhy4), are expected. Other series of complexes have been studied to obtain
further important reactivity orders.

The reactivities of three different transition metals in the same periadic group have
been compared by Vaska et al.37. In simple addition reactions, the reactivity of the activa-
tor complex and the stability of the adduct are generally observed to follow the sequence
third-row > second-row transition metal. However, compasison with the first-row metal
has not been possible until recently when the series of compounds [M{2=phos),]* (M = Co,
Rh, Ir) was made 37, Vaska et al. studied the reactions in eqn. (1) and the results show an
unexpected reactivity order Co > Ir >> Rh.

k
[M(27phos),]* + XY 522 [(XY)M(2=phos), * LW

where XY = 04, HCL, H,, CO, 830,, k; = second-order rate constant, k_; = first-order rate
constant,

The unmistakable order of attraction of the univalent cations to dioxygen, Co > It > Rh,
is shown in Table 3. Tt was suggest=d37 that the reactivity of the a8 MI camplexes is di-
rectly dependent on their field stabilisation energies. This could be a guide for predicting
the zelative energetics of analogous addition reactions.

TABLE 3

Kinetic and activation patameters for the addition of O, to [M{2=phos);}” in chlorobenzene at 25°C

M ky (M1 sect) AHL* AS,*
{kcal. mole™!} {e.)
Co 1.7 x 10? 3.4 -28
Rh 0.12 11.6 --24
Ir 0.47 6.5 —-35

Vaska and Chen 26 have also found that the rates of dioxygen addition

k.

ICL(CO)L, + O, % IrC1(CO)L, (O5) 2
-1

(where L = tertiary phosphine)

to frans-[IrCHCO)(R3P)» 1 (R3P = tertiary phosphine) and the stability, viz.
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K3 = kyfk_y = [IZCI(CO)L, (0)} / [IrCI(COYL,] [O,] ®)

of the resulting dioxygen adduct increase with the basicity of the substituent R, This is
true only if the ligands are isostructural or nearly so (2, 3, 6, 9 in Table 4). The geometry
of R exerts a profound effect on the dynamics of these reactions.

The data in Table 4 can be summarised in linear free-energy relationships (eqn. (4))
which are new in organometallic chemistry but are expected to become increasingly im-
portant,

TABLE 4

Kinedc and activation parameters for the reversible reactions of Gy with rrans-IrC1(CO)} L, in chloro-
benzene at 40°C

kq X 107 AH,* asf
L M -1 Sec_l) (kcal.mole"!) (e.u.}
1 (CgHip)aP 0.127 9.5 42
2 (pClCsHa4)a P 3.10 10.8 =31
3 (CgHs)P 9,93 9.5 33
4 (C5H5)3 As 14.2 8.1 -37
5 (CgHg)2(C2HHP 14,2 84 -36
&6 (pCH3CgHz)3P 216 9.3 -32
7 (mCqHg)aP 26.1 9.0 -33
5 (CaHg)aP 338 8.5 -34
9 (p-CH3OCgHq)sP 48.4 8.5 -33

log k5 = 0.194 — 14.16(X) 4)

where k5 = rate of oxygenation (second-order rate constant) and o(X) = Hammett con-
stant for the para substituent in the arylphosphine ligand (p-XCgH,); P.

Recently we have studied30 the uptake of dioxygen by [Ir{CQ)(PPh,CH,),1[ClO,}
in acetone and dichloromethane, and the rate law fits the expression

—d[Ir(CO)PPh,CH;,)5*] / df =k, [Ir(CO)PPh,CH3)3*1(0,]

The results (Table 5) are similar to those found by previous workers.
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TABLE 5

Kinetic and activation parameters for the addition of O3 to {Ir(CO}(®Ph;CH3}3}[ClO4] in acetone
and dichloromethane at 25°C

ka AHT ASy
Solvent M sec™) (kcal mole ™) &)
Acetone 0.33 7.99 -34.0
Dichlorsmethane 061 9,71 —271

F. THE REACTIONS OF DIOXYGEN COMPOUNDS

The interest in reactions of coordinated dioxygen derives from the realisation that a
broad class of atom iransfer redox reactions ¢can be promoted by a metal which holds both
reductant and oxidant in adjacent coordination sites65. Such pracesses can be imagined
to embody as discrete steps oxidative addition, migratory insertion, and reductive elimina-
tion.

N S S e )
A_B+/M\""—F \‘B / \A

The overall reaction becomes catalytic if ligand replacement of the reduced fragment A by
the reductant C occurs.

ST e - S ea ©®
PN TN

Reactions between singlet molecules and free (triplet) dioxygen usually experience
high activation energies®? because of the problem of spin conservation8. Apparently this
“symmetry barrier” may be overcome by forming singlet complexes between the transition
metals and dioxypgen. The long O—O bond length and diamagnetic character of these di-
axygen complexes suggests some similarity to singlet dioxygen which is 23 kcal more ener-
getic than the ground state dioxygen.

The most significant property of the dioxygen complexes is their ability to oxygenate
substrates under unusually mild conditions. Both catalytic and stoichiometric oxidations
are possible.

{i} Stoichiometric reactions

Stoichiometric oxidations of gaseous non-metal oxides occur readily (Fig. 5).
_The formation of bidentate suiphate with sulphur dioxide
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is helieved to be a reaction characteristic of all dioxygen complexes. In several instances
free dioxygen also reacts with the metal—SO, complexes (eqn. (8)}.

avde

M—50; +03 —_— M

ANZEAN ®

but this does not always happen.
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The mechanism of eqn. (9) has been partially clarified through a study employing *0
isotopic labelling 22,

FPhy PPha

| . N / ©)
1 + 803 ———=

o N / 1\ N\
PPhg PPhg

This study showed that one oxygen atom from the O, and one originally from the SO,
are attached to the iridium atom. The mechanism probably occurs in the manner shown
in eqn. (10) (where O* denotes isotopic labelling) through the formation of a postulated
peroxysulphate intermediate.

T soread el
+ 503 \S \0/ \O. ()

OQ

On the basis of infra-red studies?2 and the apparent coordinative saturation, chelated sul-
phate structures have been assigned to all these complexes33.

Similar reactions of dioxygen complexes with NO,, CO and NO to give dinitrates,
carbonates and dinitrates respectively are known25 69-71_ The reactions with other un-
saturated molecules such as CO,, CS,, aldehydes, ketones, acetone oxime and thiourea
have been studied by Hayward et al. 72 These reactions can be nsed to synthesise 25 an ex-
tended range of nitro, nitrato and sulphato complexes of platinum metals.

(1i} Homogeneous catalytic oxygenation

Catalytic oxidations are more immportant than the stoichiometric reactions discussed
above and the kinetics of some of these have been investigated. For any complex to func-
tion effectively as a homogeneous catalyst it must fulfil a nimber of requirements. It must
() provide vacaai coordination sites for the reactants; (i} orient the reactants into the po-
sition required for atom transfer; (#{) activate the reactants and (i) readily release the pro-
ducts so the ¢ycle can continune. Because complexes of Group VIII metals possess these
properties they are particularly suitable for use as catalysts and have been the principal
subjects for the investigations discussed below. Well-characterised camplexes have been
used in these Kinetic studies to determine equilibrium constants, rate constants, and activa-
tion parameters, and to establish mechanisms.

Solutions of MP, (M = Ni, Pd, Pt; P = PPh,) react with dioxygen to form dioxygen com-
pounds*l 73 viz,

MP4 + 02 +P2M.02 +2P
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The dioxygen molecule coordinated to the zerovalent metal seems to be very reactive. The
dioxygen compounds catalyse the oxidation of phosphine to phosphine oxide and of iso-
cyanide to isocyanate?® 7477

Thus, if a mixture of MP4 (M = Ni, Pd, Pt; P = PPhy) and an excess of PPh; in toluene
is allowed to react with dioxygen at such a temperature that the dioxygen compound de-
composes again, the triphenyiphosphine is oxidised catalytically to triphenyiphosphine
oxide 4t 42, 713-77

The mechanism of the abave reaction has been studied by Halpern and co-workers74.
The predominant species present in a benzene solution of Pt(PPhg), is the tris complex
Pt(PPh3)3, and both dissociation (i.e. to Pt(PPh3),) and association (i.e. to Pt(PPh3),)
are very small over a wide range of phosphine concentrations.

The reaction with dioxygen which yiclds the complex Pt(PPh3),(0,), in accord with

Pt(FPhy)3 + O3 = Pi(PPhy),(0;) + PPhy (i1)
has the rate law

—d[Pt(FFh3)3]/ dr = k; [Pt(PPh3)3] [0;]
where ky = 2.6 + 0.1 M~ 1_sec— 1. The rate of this reaction was unaffected by addition of
up to 3 X 10~3 M excess phosphine but, confirming the earlier work 73, it was found that
Pt(PPh3); (O,) does react further with excess phosphine to regenerate Pt(PPhs)y4, i.e.

Pt(PPhy),(0,) + 3 PPhy — Pt(PPhs), + 2 Ph3PO (12)

so that a catalytic cycle for the oxidation of triphenylphosphine to triphenylphosphine
oxide is established. The second reaction has the rate law

d[Pt(PPh3),]/dr = k4 [Pt(PPhy),(O,)] [PPhs]

where ko = 0.15 + 0.01 M—1. sec™L.

The rate laws are consistent with the postulated mechanism but do not unambiguously
establish how the initial reaction between Pt(PPhy); and O, proceeds. This may take
place as depicted above or by alternative reactions

Pt(FPhy); + 1.5 O4 = Pt(PPh3),{0,) + Ph3PO {13)
or
—PPh, 0,
Pt(PFh;); S PPha Pt(PPhj); + Pt(PPh3),(03) (14)

since Pt(PPh3)2 is known to coexist with Pt(PHls):i’ in SO]UﬁOﬂTS.

A study of the rate of consumption of dioxygen /6 and the excellent agreement be-
tween the measured and calculated values of this rate over a wide range of conditions lends
strong support to the mechanism depicted by eqns. (11), (12). A significant coniribution
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from a step with stoichiometry corresponding to egn. (13) (instead of eqn. (11 Jjwould
be reflected in a higher value of rate than that calculated from eqns. (11), (12). The possi-
bility of a significant contribution from eqn, (14) would be reflected in a departure
(which was not observed) from the dependence on [PPhs].

‘The general features of the mechanism for the Pt(PPhj)j-catalysed oxidation of tr-
phenyiphosphine are firmly established. However, the detailed mechanisms of the indivi-
dual steps, particularly of egn. (12}, which has been interpreted in terms of a dissociative
“oxygen insertion™ sequence 7+ shown in Fig. 6 remain to be fully elucidated.

PPhy
f/'--h‘--""o
PL{PPhyy(0s) —rn2 Phap—rfe" " ]
{ 2)2(C2 stow x ST H
N =0
hY -—
-
BPh,
Oz
OPPhg
PPN
PL(PPhyly a2 PhyP pi
-OPPhy
fast
OPPhy

Fig. 6. Scheme for catalysed oxidation of triphenylphosphine by Pt{PPha);.

The above ohservations have been extended to dioxygen complexes of different coor-
dination number and geometry2.78 . Ru(NCS)(CO)Y(NO)(PPh,), and Ru (0,)(NCS) (NO)-
(PPh3), were found o be efficient catalysts for the oxidation of triphenylphosphine, The

reaction sequence proposed is shown in Fig. 7.
The actual catalytic cycle involves the steps Il -+ I IV -+ V —+11. The rate equations foz

the mechanism are
d[PPhs] B k1K, [RuO,][P]
T 1+K,[P]

for the dioxygen compound, and

d[PPhz] k& K;K,[RuCO][05][P]
dr  [CO} +K,[0,] + K; K5 [Fj10,]

for the carbonyl compound, where P = PPh;, RuO, = Ru(0,)(NCS)(NO)(PPh3 ),, and
RuCO = Ru(NCS){(CO)YNO)(PPh3},. Analysis of the data on the basis of these equations
yields k; = 1.26 + 0.03 X 10~2 sec—! and K, = 1.63 + 0.04 M~1,

In comtrast to the rate law observed by Halpern and co-workers 74, where the rate of
oxidation of triphenylphosphine by Pt(05)(PPh,), depended on [PPhy], the above two
rate equations require that the reciprocal of the rate depends on [PPhs]—!. Similar in-
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Fig 7. Scheme for gatalysed oxidation of triphenyliphosphine by Ru (NCS)(COY(NO) (PPha); and
Ru {02) (NCS) (NO) (P.Pha }2.

verse dependence has also been observed for the homogeneous oxidation of -butylisocya-
nide using Ni(z-BuNC), as catalyst 79,

The catalytic cycle is initiated by the entry of PPhy into II to form IIL. The intermedi-
ate III is reasonably formulated as a six-coordinate derivative of Ru!!, the nitrosy! lipand
being bound as NO™. The rate-determining step is the oxygen atomn transfer process to
give a OPPhy complex IV. This species must be unstable and readily undergoes exchange
to produce the coordinatively unsaturated Ru® complex V which, in tum, readily takes up
dioxygen to re-form the catalyst II. Thus two molecules of PPhy are oxidised to OPPhy by
ane molecule of dioxygen in one catalytic cycle.

Another dioxygen Rull complex has been reported!. Ru{0,)Cl, (AsPPhg)q appears to
be the first example of a paramagnetic 1:1 dioxygen complex of a d® system. In benzene
solution, it appears to oxidise triphenyiphosphine to triplienylphosphine oxide. However,
this is yet to be studied fully.

Ru(PPhj);3 Cl, is an effective catalyst for the oxidation of PPhy to OPPh; at room
temperature and atmospheric pressure 20, For example, at 20°C in benzene (20 mi),
Ru(PPhy)3Cl, (0.15 m3) oxidised PPh3 (1.5 mM) nearly quantitatively in about 15 min,
under a pure atmosphere of dioxygen. The dioxygen is probably activated when it reacts
with the Rull complex

RU(PPII3)3C].2 == Ru (PPII3)2C].2 ¥ PPh3 (15)
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Ru (PPh3)2C12 + 02 -> Ru(PPh3)2C12 (02) (16)

However, the proposed dioxygen compound has not been isolated to date. Evidence for
eqn. (15) is provided by the inducton time which was observed in all experiments; the
presence of excess phosphine makes the dissociation of Ru(PPhy);Cl, into the active
species more difficult. The mechanism (Fig. 8) of this oxidation is now under study, but it
is expected to be like the one proposed by O’Connor and co-workers2 78,

Ru(PPhy1,Clg

I

RU{PPhy,Cly

Ru (PPhy)y Cl(0

~QFPhy |+ PPhy PPhny

RU{CPPhylsl PPRyIChy Ru{PP hg}3CI-{O5)

Fig. 8. Postulated scheme for catalysed oxidation of triphenylphosphine by Ru(PPhy)3Cl,.

Japanese workers8! have studied the oxidation reactions of styrene and triphenylphos-
phine catalysed by various iridium complexes. Triphenylphosphine is oxidised easily by
the Vaska complexes (IRX(CO)(FPhy),. X = Cl, Br, 1) to afford triphenylphosphine oxide
catalytically, and the catalyst is recovered with decomposition after the reaction. The
yield increases in the order: X = C1 <1< Br. The fact that the Vaska complexes coordinate
with dioxygen easily under a dioxygen atinosphere suggests that the reaction proceeds via
an iridinm dioxygen complex.

According to La Placa and Ibers2? and McGinnety et al.2! the 0—O bond lengths of
the dioxygen complexes prepared by Vaska et al. are 1.30 A and 1.51 A for the chloride
complex and the analogous iodide complex respectively. That increasing bond length of
O-—0 increases the yield of oxide formed seems to show that the oxygen molecule is high-
1y activated by coordinating with the iridium(I} metal. Heating of the dioxygen com-
plexes in the absence of dioxygen resulted in the formation of triphenylphosphine oxide.

These results suggest the mechanism shown in Fig. 9. The catalysed oxidation may pro-

PPhy PEBaay
Phy x X } A .| A
\ / 02 '\\ // '\\ //
/ir — /lr\—l- Ir\
oC FFPhy oc ’ C oc “,,0
PFhs FP 3-)
l |
+PPh3

Fig. 9. Postnlated scheme for catalysed oxidation of triphenylphosphine by Vaska complexes
(ItX(CO) (PPha),.
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ceed through the coordination of both dioxygen and triphenylphosphine to iridium(I)
metal followed by oxygen atom transfer and by the replacement of OPPh, ligands by
phosphine.

The Vaska complexesB? can also cause the oxidation of styrene to give acetophenone
in considerable yields. In the absence of the complexes no oxidation product was formed
so they function as catalysts. The vield of acetophenone increases in the order: X =I< Br
< Cl which is different from that observed in the oxidation of triphenylphosphine. This can
be explained by considering the steric hindrance between the halide ligand and the coor-
dinated styrene (Fig. 10).

The complexes RhX(PPhs); (X = Cl, Br, I), especially RhCIH(PPh3 ), can oxidise
styrenes in the presence of oxygen to produce carbony! compounds®2_ A remarkable sol-
vent effect is observed in the reaction and this is consistent with the postulated reaction
sequence (Fig. 10). It seems that the species RhCl(PPhy)a which is derived from the dis-
sociation of RhCl(PPhs); has an important role in the reaction. This species has a vacant
site which is essential to catalytic acvity and will be coordinated easily with dioxygen
under a dioxygen atmosphere.

Recent communications have reported the oxidation of cyclohexene to cy¢clohexenone
catalysed by rhodium66 and iridium83 phosphine complexes. Although in the first paper
on this subjectb® a eiscoordinative interaction between the alkene and dioxygen was sug-
gested, subsequent investipations®9.83.%% have clearly established the radical nature of
the antoxidation of cyclohexene catalysed by low oxidation state phosphine complexes.

The action of the phosphine metal complexes does not involve a catalytic dioxygen ac-
tivation which favours the formation of hydroperoxides but only a radical transformation
of the hydroperoxides already present in the reaction mixture3? ., It follows that the
postulated unique dioxygen activation by these complexes in hydrocarbon oxidation gen-

FPhy
sofvent CHa
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F'hCH/ e
styrene \ /

o2 _ /T’\

RhCI{PPhy), «5

2]

PPhy

1 |

~oxtdation products

{S =anlvent)

Fig. 10. Postulated scheme for catalysed oxidation of styrene by RhCI(PPh3),.
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erally does not take place, in contrast with the phosphine oxidation. The metal complexes
do not take part in chain initiation and their effect becomes possible only after the appear-
ance of peroxides.

The mechanisms of these metal ion-promoted autoxidations remain to be clarified. How-
ever, the existence of numerous oxygenases, metalloenzymes which catalyse the direct
oxygenation of organic substrates (at least in some instances by non-radical pathways),
sustains the expectation that non-radical, atom transfer oxidations of organic substrates by
metal—dioxygen complexes will be discovered.

A rather novel homogeneous catalytic reaction has been reported by Vaska and Tadros36,
They describe what appears to be a homogeneous catalytic combination of molecular hy-
drogen and dioxygen to form water in the presence of some triphenylphosphine complexes
of platinum, iridium, rhodium and mithenium, in toluene solutions under ambient condi-
Hons.

Most of the complexes showed autocatalysis which demonstrates that in these cases the
active catalytic species are different from the starting materials. This may indicate the
formation of dioxygen adducts. Although their evidence supports the premise that the re-
actions are not surface-catalysed by traces of colloidal metal, Vaska and Tadros have not
provided absolute proof for the homogeneity of the catalyses.

G. SUMMARY

Dioxygen in dioxygen complexes may be bound reversibly or irreversibly. The mterest
in these compotinds lies mainly in their stmctural properties and the insights which they
might give to bonding and cooxrdination requirements in oxyhaemoglobin, oxygenase en-
zymes and oxidation processes in general. There is good reason ito believe that investigations
of the coordination of molecules such as O, and N, in complexes of transition metals, and
an understanding of their reactions, especially those of homogeneous catalysis, will aid in
the understanding of the processes by which metallo-enzymes function. This review has
dealt specifically with the properties of the chelating dioxygen complexes of the platinum
metals.
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