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Preparation and reactivity of half-sandwich
dioxygen complexes of ruthenium†
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Dioxygen complexes [Ru(η5-C5Me5)(η2-O2){P(OEt)3}2]BPh4 (1) and [Ru(η5-C5Me5)(η2-O2)(PPh3){P(OR)3}]

BPh4 (2, 3) [R = Me (2), Et (3)] were prepared by allowing chloro-complexes RuCl(η5-C5Me5)[P(OEt)3]2 and

RuCl(η5-C5Me5)(PPh3)[P(OR)3] to react with air (1 atm) in the presence of NaBPh4. Substitution of the η2-
O2 in 1–3 by alkenes [CH2vCH2, CHvCHCO(O)CO] and terminal alkynes (PhCuCH) afforded [Ru(η5-
C5Me5)(η2-CH2vCH2){P(OEt)3}L]BPh4 (4) [L = P(OEt)3 (a), PPh3 (b)], [Ru(η5-C5Me5){η2-CHvCHCO(O)CO}

{P(OEt)3}2]BPh4 (5) and [Ru(η5-C5Me5){vCvC(H)Ph}{P(OEt)3}2]BPh4 (6) derivatives. Protonation of dioxy-

gen complexes 1–3 with triflic acid yielded phosphate complexes [Ru(κ1-OTf)(η5-C5Me5){P(O)(OEt)3}2] (7)

and [Ru(κ1-OTf)(η5-C5Me5){P(O)Ph3}{P(O)(OMe)3}] (8). A reaction path for the formation of complexes 7

and 8 is proposed by DFT studies. Besides phosphate complex 7, protonation of 1 under a CH2vCH2

atmosphere (1 atm) afforded acetic acid. Treatment of complexes 7 and 8 with tBuNC afforded the tris

(isocyanide) derivative [Ru(η5-C5Me5)(
tBuNC)3]BPh4 (9). The complexes were characterised spectroscopi-

cally (IR and NMR) and by X-ray crystal structure determination of 1, 2 and 3.

Introduction

The activation of dioxygen by transition metal fragments has
attracted considerable attention in recent decades because of
its relevance to biological oxidation reactions1 and interest for
its application in industrial processes.2 Although the latter
often exploit partially-reduced forms of O2, such as peroxides
or oxo-complexes,2 nature operates with the most readily-avail-
able oxidant, i.e., dioxygen, using metal complexes having a d6

configuration as catalysts.3

In this context, a number of transition metal complexes
containing dioxygen as a ligand (η2-O2) were prepared4,5 and
some studies on the oxygen transfer reaction reported.4,5 The
principal type involves the iron triad as a central metal with
bidentate phosphine or cyclopentadienyl as supporting
ligands.4g–o,q,5a,d,i The activation of dioxygen by these frag-
ments often involves the formation of oxo complexes [M]vO
as intermediates,3,4k,n relevant in olefin epoxidation6 and
alkene hydroxylation reaction.7 Examples of intramolecular
dioxygen transfer to organic substrates are also reported.4b,l,i

We are interested in the chemistry of half-sandwich com-
plexes of ruthenium with phosphite ligands8 and have recently
reported9,10 that the cyclopentadienyl and pentamethyl-
cyclopentadienyl fragments [Ru(η5-C5H5)(PPh3){P(OR)3}]

+ and
[Ru(η5-C5Me5)(L){P(OR)3}]

+ [L = PPh3, P(OR)3] show interesting
properties in the activation of coordinate diazoalkane towards
both (3 + 2) cycloaddition9 and hydrolysis reactions.10 These
results prompted us to extend our studies on half-sandwich
complexes to dioxygen in order to test whether η2-O2 complexes
may form and how these fragments may activate this impor-
tant molecule. The results of these studies are reported here.

Results and discussion
Preparation of η2-O2 derivatives

Dioxygen complexes of ruthenium of the types [Ru(η5-C5Me5)
(η2-O2){P(OEt)3}2]BPh4 (1) and [Ru(η5-C5Me5)(η2-O2)(PPh3){P
(OR)3}]BPh4 (2, 3) [R = Me (2), Et (3)] were prepared by allowing
either the chloro-complex RuCl(η5-C5Me5)[P(OEt)3]2 or RuCl(η5-
C5Me5)(PPh3)[P(OR)3] to stir under air (1 atm) in the presence
of NaBPh4, as shown in Scheme 1.

The reaction proceeds with substituting the Cl− ligand and
forming dioxygen complexes 1–3, which were separated as
BPh4 salts and characterised. Crucial for successful syntheses
was the presence of the salt NaBPh4, which, favoured the sub-
stitution of the Cl− ligand and allowed the complexes to separ-
ate as solids in good yields.
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Both the bis(phosphite) [Ru(η5-C5Me5){P(OEt)3}2]
+ and

mixed-ligand [Ru(η5-C5Me5)(PPh3){P(OR)3}]
+ fragments were

able to coordinate the dioxygen molecule, affording yellow-
orange solids 1–3, stable in air and in solution of polar organic
solvents, where they behaved as 1 : 1 electrolytes.11

Analytical and spectroscopic data (IR and NMR) confirmed
the proposed formulation, which was further supported by
X-ray crystal structure determination of [Ru(η5-C5Me5)(η2-O2){P
(OEt)3}2]BPh4 (1), [Ru(η5-C5Me5)(η2-O2)(PPh3){P(OMe)3}]BPh4

(2) and [Ru(η5-C5Me5)(η2-O2)(PPh3){P(OEt)3}]BPh4 (3).
The three complexes consist of tetraphenylborate salts of

ruthenium complexes. Only the corresponding cation of 2 is
shown in Fig. 1. This is because the other compounds differ
only in phosphorus donors, i.e., 1 contains two phosphite
ligands P(OEt)3 and 3 contains one P(OEt)3 and one PPh3

ligand.
In all cases, the cation complex contains a ruthenium atom

in a half-sandwich piano-stool structure, coordinated by a
pentamethylcyclopentadienide group (Cp*), the two above-

mentioned phosphine ligands and a dioxygen ligand in a η2

coordination manner, also called side-on behaviour. The
overall geometry of the complex is pseudo octahedral, where
three of the positions are occupied by the Cp* ligand and the
dioxygen donor ligand occupies only one of the coordination
sites. In this way, the angles between the legs (see Table 1) are
near 90°. The P–Ru–P angles are between 85.207(12)° and
88.024(13)°, and the other angles to be considered are those
between the centre of the O–O bond and the phosphorus
atom, P–Ru–Ct2 angles. These, probably due to sterical
reasons, are bigger, between 95.639(10)° and 101.837(11)°. The
Ru–P bond lengths depends on the nature of the ligand, with
values around 2.28 Å for phosphite ligands and about 2.37 Å
for triphenylphosphine ligands. Coordination of the Cp*
ligand also shows the small differences depending on the
phosphorus ligands, so the Ru–C bond average is about 2.27 Å
for mixed ligands and slightly shorter for the diphosphite
compound. It is worth noting that these parameters are very
similar to those found in other Ru(II) compounds previously
described by our group.10b,c The dioxygen ligand is situated in
a side-on mode, with Ru–O bond distances between 2.0207(9)
and 2.2939(4) Å. However, the distance between the metal
atom and the middle of the O–O bond (Ru–Ct2 entry in
Table 1) does not depend on the ancillary ligand. The O–O
bond distance is between 1.401(3) and 1.4104(13) Å. These
features have also been found in several similar compound
with the Cp*Ru(O2)P1P2 moiety previously, where P1 and P2
are different phosphorus donors.4i,l,o,s,t,5d,13–15 Worthy of
note is that, in literature, the compounds are discussed as
formally Ru(IV)-peroxo complexes, since the O–O bond distance
is in the middle of the wide range found in classical peroxo
compounds such as potassium peroxide or hydrogen
peroxide.4t

Scheme 1 R = Me (2), Et (3).

Fig. 1 ORTEP12 view of the cation in the compound [Ru(η5-C5Me5)(η2-
O2)(PPh3){P(OMe)3}]BPh4 (2).

Table 1 Selected bond lengths [Å] and angles [°]

1 2 3

Ru–CT1 1.89329(17) 1.9132(3) 1.9140(6)
Ru–CT2 1.90535(14) 1.9039(2) 1.9041(7)
Ru–O(1) 2.0342(9) 2.0366(17) 2.0207(9)
Ru–O(2) 2.0270(9) 2.0211(17) 2.0404(9)
Ru–P(1) 2.2801(4) 2.2895(6) 2.2939(4)
Ru–P(2) 2.2752(3) 2.3752(6) 2.3727(4)
Ru–C(1) 2.2553(12) 2.252(2) 2.2428(13)
Ru–C(2) 2.2845(12) 2.229(2) 2.3025(13)
Ru–C(3) 2.2839(13) 2.236(2) 2.3092(13)
Ru–C(4) 2.2469(12) 2.296(2) 2.2636(13)
Ru–C(5) 2.2126(12) 2.316(2) 2.2325(13)
Ru–Cav 2.2568 2.266 2.2701
O(1)–O(2) 1.4045(13) 1.401(3) 1.4104(13)

CT1–Ru–CT2 125.021(6) 121.110(10) 120.182(7)
CT1–Ru–P(1) 119.886(9) 119.976(18) 119.992(11)
CT1–Ru–P(2) 124.527(10) 128.638(16) 129.292(10)
CT2–Ru–P(1) 95.639(10) 100.642(19) 101.837(11)
CT2–Ru–P(2) 94.595(10) 91.830(16) 92.125(10)
P(1)–Ru–P(2) 88.024(13) 86.22(2) 85.207(12)

CT1 is the centroid of the Cp* ligand. CT2 is the centroid of the O2
ligand.
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In the IR spectrum of 1 a weak band assignable to νO–O was
observed at 935 cm−1, which is absent in the spectrum of the
precursor RuCl(η5-C5Me5)[P(OEt)3]2. In the related complexes 2
and 3 this νO–O band is not unambiguously assignable.

The proton NMR spectra of dioxygen complexes 1–3 show
the signals of the η5-C5Me5 ligand methyl substituents as
either a triplet (1) or a doublet (2, 3), owing to coupling with
the P nuclei of P(OR)3 phosphites. The characteristic signals of
phosphine PPh3, phosphites and of the BPh4

– anion also
appear in the spectra, whereas the 31P NMR spectra are a
singlet for 1 and an AX quartet for 2 and 3, fitting the pro-
posed formulation for the dioxygen derivatives.

DFT calculations on the cation [Ru(η5-C5Me5)(η2-O2){P
(OMe)3}2]

+ support the idea that these compounds are better
described as Ru(IV) peroxo-complexes rather than Ru(II) dioxy-
gen derivatives. Both the π* orbitals of coordinated [O2] are
doubly occupied, that of the highest-energy (HOMO) behaving
as non-bonding with respect to [Ru–O2] interaction. Instead,
the other π* orbital is involved in σ-interactions with the metal
centre, mainly described by HOMO−2 and HOMO−7 orbitals.
The interaction of the [O2] fragment with ruthenium is sup-
ported by the overlap of the occupied O2 π-orbitals with those
of the [Ru(η5-C5Me5){P(OMe)3}2]

+ cation as is observable, for
instance, in HOMO−36, HOMO−38 and HOMO−42 MOs
(Fig. 2). The negative Hirshfeld charge on coordinated [O2],
−0.39 a.u., is in agreement with the formal formation of
peroxo-derivatives. It is worth noting that the Hirshfeld charge
on the metal centre, 0.29 a.u., is quite similar to the value cal-
culated for the Ru(II) bis-organophosphate derivative [Ru(η5-
C5Me5){P(O)(OMe)3}2]

+, 0.32 a.u. (vide infra), highlighting that
formal changes in the oxidation state of the ruthenium centre
are compensated by the ancillary ligands.

Reactivity

Reactivity studies of our dioxygen complexes 1–3 with alkenes
and alkynes were undertaken with the aim of testing whether
the transfer of dioxygen to the organic substrate is possible.
The results show that, at room temperature, complexes 1–3 do
not react with alkene [CH2vCH2, CHvCHCO(O)CO] and alkyne
(PhCuCH), leaving the starting complexes unchanged after 48 h
of reaction. Instead, in refluxing 1,2-dichloroethane, η2-O2 was
substituted, affording η2-alkene [Ru(η5-C5Me5)(η2-CH2vCH2)
{P(OEt)3}L]BPh4 (4), [Ru(η5-C5Me5){η2-CHvCHCO(O)CO}
{P(OEt)3}2]BPh4 (5) and vinylidene [Ru(η5-C5Me5){vCvC(H)
Ph}{P(OEt)3}2]BPh4 (6) derivatives, which can be isolated and
characterised (Scheme 2).

The reaction seems to only involve the substitution of the
η2-O2 ligand by the unsaturated organic substrate, because no
evidence of oxidation products was detected in the reaction
mixture, but only in the excess of organic reagents.

The stability of the η2-O2 ligand and the related absence of
oxygen-transfer reactions prompted us to study the behaviour
of the η2-O2 species in the presence of Brønsted acids. We
began with the reaction of 1–3 with HOTf at low temperature,
adding increasing amounts of acid to a CD2Cl2 solution and
monitoring the progress of the reaction by NMR spectra. The
results showed that adding HOTf to [Ru(η5-C5Me5)(η2-O2){P
(OEt)3}2]BPh4 (1) caused the disappearance of the singlet at
117.0 ppm of the P(OEt)3 and the appearance of a new singlet
at −2.77 ppm in the 31P spectrum, attributed to the co-
ordinated triethylphosphate P(O)(OEt)3 of a new species that
was formed. Apart from the signals of the starting complex 1
and of the phosphate, no other signals appeared both in the
1H and 31P NMR spectra, preventing the identification of other

Fig. 2 Selected occupied MOs of [Ru(η5-C5Me5)(η2-O2){P(OMe)3}2]
+. C-PCM/ωB97X calculations. Hydrogen atoms are omitted for clarity. Surface

isovalue = 0.04 a.u.
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intermediates. We attempted to isolate the formed complexes,
but only an oil was isolated, the NMR spectra of which agree
with the presence of a bis(phosphate) complex of the type
[Ru(κ1-OTf)(η5-C5Me5){P(O)(OEt)3}2] (7) (Scheme 3).

The P(O)(OEt)3 ligand can be removed from complex 7 by
substitution with tbutylisocyanide (Scheme 4) and chromato-
graphic separation.

The NMR spectrum supports the proposed formulation
when compared with an authentic sample of P(O)(OEt)3,
suggesting the coordination of P(O)(OEt)3 in complex 7. On
this basis, we can hypothesise that the acid promotes oxygen-
transfer to each phosphorus atom of the phosphite, affording
two phosphate molecules P(O)(OEt)3, which can O-coordinate

to the metal centre, affording the [Ru(κ1-OTf)(η5-C5Me5){P(O)
(OEt)3}2] (7) derivative.

The protonation reaction of [Ru(η5-C5Me5)(η2-O2){P
(OEt)3}2]

+ (1) in CD2Cl2 was also tested with HBF4·Et2O and in
this case the NMR spectra also indicated the formation of the
phosphate P(O)(OEt)3. Nonetheless, the complex obtained was
not stable and in few minutes decomposed releasing the phos-
phate. This different behaviour may still be explained on the
basis of an initial protonation of the η2-O2, which promotes
the oxygen transfer to P(OEt)3 affording the phosphate species
P(O)(OEt)3. However, the instability of the formed complex,
i.e., [Ru(η5-C5Me5){P(O)(OEt)3}2]

+, may be attributed to the
poor coordinating properties of the BF4

– anion, which is not
able to stabilise the species [Ru(κ1-BF4)(η5-C5Me5){P(O)(OEt)3}2]
which could be formed. Support for this hypothesis came
from the use of CF3COOH, the reaction of which with [Ru(η5-
C5Me5)(η2-O2){P(OEt)3}2]

+ gave a stable oily product formulated
by NMR as [Ru(κ1-OCOCF3)(η5-C5Me5){P(O)(OEt)3}2] (7′). The
use of a Brønsted acid containing a good coordinating anion
(OTf− or CF3COO

−) allowed the stabilisation of the phosphate
complex 7 or 7′ which, unfortunately, can only be separated as
an oil.

Mixed-ligand dioxygen complex [Ru(η5-C5Me5)(η2-O2)(PPh3)
{P(OMe)3}]BPh4 (2) also reacts in the presence of HOTf to
afford the phosphine oxide-phosphate compound of the type
[Ru(κ1-OTf)(η5-C5Me5){P(O)Ph3}{P(O)(OMe)3}] (8) (Scheme 5).

Following the progress of the protonation reaction by
31P NMR spectra, we observed the disappearance of the AX
quartet of the dioxygen precursor 2 and the appearance of
two singlets at 30.5 and 0.47 ppm, attributed to phosphine
oxide P(O)(Ph)3 and phosphate P(O)(OMe)3, respectively,
bonded to the central metal. The formation of phosphine
oxide and phosphate from the oxidation of coordinated phos-
phine by η2-O2 was confirmed by substituting both P(O)(Ph)3
and P(O)(OMe)3 groups from compound 8 with tBuNC,
obtaining compound 9. The 1H and 31P NMR spectra con-
firmed the proposed formation of the species P(O)(Ph)3 and
P(O)(OMe)3 when compared with the spectra of authentic
samples. In addition, a comparison between the spectra
of [Ru(κ1-OTf )(η5-C5Me5){P(O)Ph3}{P(O)(OMe)3}] (8) and of
free phosphine oxide and phosphate suggested the
O-coordination of both P(O)(Ph3) and P(O)(OMe)3 species.
However, even at −90 °C, the 31P NMR spectra of 8 appear as
two singlets, indicating that the 31P coupling between the two
species P(O)(Ph)3 and P(O)(OMe)3, is so small as to result

Scheme 2 L = P(OEt)3 (a), PPh3 (b).

Scheme 3

Scheme 5Scheme 4
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undetectable. It is probable that an exchange process still
occurs even at this temperature, preventing the detection of
the expected 31P–31P coupling.

Acid-promoted oxygen transfer has been proposed for
several peroxo complexes,1,4a,b,n,16 whereas intramolecular η2-O2

transfer to coordinate phosphine is very rare4i,l and seems
to involve hydroperoxide intermediates. A plausible mecha-
nism for the intramolecular oxidation of coordinated phos-
phines is depicted in Scheme 6 (black path), where [Ru(η5-
C5Me5)(η2-O2){P(OMe)3}2]

+ and HBF4 are viewed as reactants
(R). DFT C-PCM/ωB97X calculations allow to optimise possible
intermediates of the reaction affording the corresponding bis
(phosphate) complex as the final product.

Protonation of the coordinated [O2] fragment affording the
intermediate species I1 is a favourable process, the associated
Gibbs energy variation being −16.9 kcal mol−1. Such a result is
in agreement with the previously described peroxo-character
of the coordinated O2 ligand. The compound [Ru(η5-C5Me5)-
(η2-O2H⋯BF4){P(OMe)3}2]

+ (I1) has singlet multiplicity. As
depicted in Scheme 6, the O2-ligand keeps the η2 coordination
mode after protonation, the computed Ru–OH bond length
being only 0.174 Å longer than the Ru–O one (2.188 and
2.014 Å, respectively). The possible change of multiplicity
of the complex after protonation was ruled out, being
[Ru(η5-C5Me5)(η2-O2H⋯BF4){P(OMe)3}2]

+ in triplet state (I1
t,

sketched in red in Scheme 6) less stable than I1 by about
15.8 kcal mol−1.

The first oxygen transfer to one of the phosphine ligands
could involve the protonated oxygen atom of the [O2H⋯BF4]
moiety, affording the oxo-complex I2

oxo (sketched in red in
Scheme 6), or the non-protonated oxygen, with the formation
of the hydroxo-intermediate I2. This last possibility is more
favourable from a thermodynamic point of view, being [Ru(η5-
C5Me5)(OH⋯BF4){P(OMe)3}{P(O)(OMe)3}]

+ (I1) more stable
than the oxo-species I2

oxo by about 6.5 kcal mol−1. Moreover,
the trimethylphosphate ligand dissociates as P(O)(OMe)3·HBF4
from the oxo-intermediate I2

oxo, while it remains coordinated
in the hydroxo-complex I2. In any case, the processes involving
the break of the O–O bond and the consequent formation of a
PvO bond are characterised by high negative ΔG variations,
−58.2 kcal mol−1 where I2 is considered as an intermediate.
Therefore, the relative slowness of the reaction (vide infra) is
probably associated to high-energy transition states. In fact,
DFT calculations for oxygen transfer carried out at EDF2 level
permitted the finding of a coherent transition state geometry
(TS, imaginary frequency = i569 cm−1) and the estimation of
the energy barrier around 32 kcal mol−1.

The formation of the second organophosphate ligand from
I2 is another thermodynamically favourable process, the
associated ΔG being around −19.0 kcal mol−1. The product

Scheme 6 DFT-optimised intermediates proposed for the reaction of [Ru(η5-C5Me5)(η2-O2){P(OMe)3}2]
+ with HBF4 (R) affording [Ru(η5-C5Me5){P(O)

(OMe)3}{P(O)(OMe)3⋯HBF4}]
+ (P). C-PCM/ωB97X calculations, dichloromethane as continuous medium. Relative Gibbs free energies in kcal mol−1.

Black path: Lowest-energy reaction pathway. Selected higher energy intermediates are depicted in red. Energy barrier for the oxygen transfer calcu-
lated at DFT C-PCM/EDF2 level. Pictures and Cartesian coordinates of the DFT-optimised geometries are collected in ESI.†
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[Ru(η5-C5Me5){P(O)(OMe)3}{P(O)(OMe)3⋯HBF4}]
+ (P) is coordi-

natively unsaturated and HBF4 interacts with one of the [OMe]
substituents. It is likely that the use of more coordinating
counter-anions, such as triflate or trifluoroacetate, affords
more stable products.

The acid-catalysed oxidation of coordinated phosphines in
our η2-O2 complex [Ru(η5-C5Me5)(η2-O2){P(OEt)3}2]BPh4 (1) to
give phosphate is rather slow and the formation of [Ru(κ1-OTf)
(η5-C5Me5){P(O)(OEt)3}2] (7) was almost completed only after
24 h. Such a slow intramolecular oxygen transfer prompted us
to test whether other substrates, e.g., alkenes, may be involved
in oxygen transfer giving oxidised products. Because ethylene
did not react at room temperature with [Ru(η5-C5Me5)(η2-O2){P
(OEt)3}2]BPh4, we treated the η2-O2 complex 1 in CDCl3 first
with CH2vCH2 (1 atm) and then with two equivalents of triflic
acid. The progress of the reaction was monitored by NMR
spectra, which showed that the addition of HOTf caused the
disappearance of the signals of starting complex 1 and the for-
mation of acetic acid CH3COOH (Scheme 7), besides the
known phosphate complex [Ru(κ1-OTf)(η5-C5Me5){P(O)(OEt)3}2] (7).

In the spectra, the signal of the known η2-CH2vCH2 derivative
[Ru(η5-C5Me5)(η2-CH2vCH2){P(OEt)3}2]

+ (4a) also appeared.
The formation of acetic acid is rather surprising and indicated
that intermolecular oxygen transfer can also occur, giving oxi-
dation products of the organic substrate present in the solu-
tion. Indeed, inter- and intramolecular processes are in com-
petition, where a prevalence of the intramolecular gives phos-
phate. The ratio between complex 7 and acetic acid is about
6 : 1. The formation of acetic acid may tentatively be explained
as being based on the protonation of ethylene by HOTf. This
gives the carbocation CH2CH3

+, which behaves as an electro-
phile on the coordinated η2-O2 and gives a peroxo intermedi-
ate of the type [C] (Scheme 8). This intermediate may either
give intramolecular oxygen transfer, affording phosphate
complex 7, or lose the ethylene peroxo species CH2–CH2–O–O,
which tautomerises giving acetic acid. In all cases and irre-
spective of the underlying mechanism, the formation of
CH3COOH indicates that our dioxygen complex 1 also behaves
towards ethylene as an oxidising agent.

On this basis, we treated the complex [Ru(η5-C5Me5)(η2-O2)
{P(OEt)3}2]BPh4 with a mixture of CH2vCH2 and O2 (1 atm)
and added triflic acid to test whether catalytic oxidation of
ethylene may occur. Unfortunately, no catalytic cycle was
observed and the amount of detected acetic acid was the same
that was formed in the absence of O2. This is probably due to
the properties of the half-sandwich intermediate [Ru(κ1-OTf)
(η5-C5Me5){P(OEt)3}2]

+ [D] (Scheme 8), which exclusively gave
the η2-CH2vCH2 complex [Ru(η5-C5Me5)(η2-CH2vCH2){P
(OEt)3}2]

+ (4a) in the reaction with ethylene and molecular
oxygen. The non-formation of the η2-O2 derivative [Ru(η5-
C5Me5)(η2-O2){P(OEt)3}2]

+ (1), which should be the key inter-
mediate in the catalytic cycle, prevents the further oxidation
reaction. In fact, after adding the acid, the NMR spectra of the
reaction mixture containing [Ru(η5-C5Me5)(η2-O2){P(OEt)3}2]
BPh4 and ethylene showed the formation of the ethylene
complex [Ru(η5-C5Me5)(η2-CH2vCH2){P(OEt)3}2]BPh4 both in
the absence and in the presence of free O2, which prevents the
activation by coordination of the dioxygen molecule in a cata-
lytic oxidation process.

Characterisation of complexes

η2-Alkene complexes [Ru(η5-C5Me5)(η2-CH2vCH2){P(OEt)3}L]
BPh4 (4), [Ru(η5-C5Me5){η2-CHvCHCO(O)CO}{P(OEt)3}2]BPh4

(5) and the vinylidene derivative [Ru(η5-C5Me5){vCvC(H)Ph}
{P(OEt)3}2]BPh4 (6) were separated as yellow or orange solids,
stable in air and in solution of polar organic solvents, where
they behave as 1 : 1 electrolytes.11 Analytical and spectroscopic
data (IR and NMR) support the proposed formulation. Besides
the signals of the ancillary ligands C5Me5 and P(OEt)3 and of
the BPh4 anion, the 1H NMR spectrum of the ethylene
complex [Ru(η5-C5Me5)(η2-CH2vCH2){P(OEt)3}2]BPh4 (4a)
shows one triplet at 3.05 ppm ( JPH = 3.5 Hz) due ethylene
ligand protons. Instead, the spectrum of the related complex
[Ru(η5-C5Me5)(η2-CH2vCH2){P(OEt)3}(PPh3)]BPh4 (4b) shows
two multiplets, at 2.48 and 2.31 ppm, attributable to the η2-
CH2vCH2 ligand. Lowering the sample temperature caused
some variations in the spectrum, but ethylene peaks are broad
even at −90 °C, indicating that the rotation of CH2vCH2 still
took place at this temperature. However, the RT pattern of the
mixed-ligand compound 4b can be simulated by an ABCDXY
model (X, Y = 31P) with the parameters listed in the
Experimental section and the good fit between the calculated
and experimental spectra strongly supports the proposed attri-
bution. Similar behaviour has been observed in strictly-com-
parable complexes.10c In the temperature range between +20
and −80 °C, the 31P NMR spectrum of the phosphite complex
4a is a singlet at 131.5 ppm, whereas that of the mixed-ligand
4b is an AX quartet, fitting the proposed formulation for the
complexes.

The IR and NMR spectra of maleic anhydride [Ru(η5-C5Me5)
{η2-CHvCHCO(O)CO}{P(OEt)3}2]BPh4 (5) and vinylidene
derivative [Ru(η5-C5Me5){vCvC(H)Ph}{P(OEt)3}2]BPh4 (6) are
exactly the same of the sample previous reported by us10c and
will not be discussed further.

Scheme 7
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Phosphate complexes [Ru(κ1-OTf)(η5-C5Me5){P(O)(OEt)3}2]
(7) and [Ru(κ1-OTf)(η5-C5Me5){P(O)Ph3}{P(O)(OMe)3}] (8) were
obtained as oils. However, the 1H and 31P NMR data support
the proposed formulation showing, in the proton spectra, the
signals of the η5-C5Me5, of the phosphate P(O)(OEt)3 and of
the phosphine oxide P(O)Ph3 ligands. In particular, a quintet at
4.27 and a triplet at 1.36 ppm appear in the proton spectra of
7, due to the OCH2CH3 substituents of P(O)(OEt)3, whereas the
31P spectrum is a singlet at −2.77 ppm of the phosphate.
Instead, in the 1H NMR, a doublet at 3.89 ppm of P(O)(OMe)3
is observed for 8, whereas the 31P spectrum shows a singlet at
30.5 ppm, attributed to P(O)Ph3 and another at 0.47 ppm, due
to P(O)(OMe)3, fitting the proposed formulation.

Good analytical data were obtained for the tris(isocyanide)
derivative [Ru(η5-C5Me5)(

tBuNC)3]BPh4 (9), which was isolated
as an orange solid stable in air and in solution of polar
organic solvents, where it behaves as a 1 : 1 electrolyte.11 Its IR
spectrum shows two strong bands at 2175 and 2230 cm−1,
attributed to the νCN of the isocyanide ligands. The 1H NMR
spectrum supports the presence of the tBuNC ligands, showing
a singlet at 1.48 ppm of the tBu protons, while a singlet at
1.88 ppm is attributed to the methyl protons of the η5-C5Me5,
in agreement with the proposed formulation.

Conclusions

In this paper we report that dioxygen complexes 1–3, stabilised
by the half-sandwich fragment [Ru(η5-C5Me5){P(OR)3}L]

+ [L =
P(OR)3, PPh3] undergo intramolecular oxygen transfer in the
presence of acid, affording phosphate [Ru(κ1-OTf)(η5-C5Me5){P
(O)(OEt)3}2] (7) and [Ru(κ1-OTf)(η5-C5Me5){P(O)Ph3}{P(O)

(OMe)3}] (8) derivatives. Protonation of oxygen complexes
under CH2vCH2 (1 atm) gives, besides phosphate, acetic acid.

Experimental
Materials and physical measurements

All synthetic work was carried out in an appropriate atmo-
sphere (Ar, N2) using standard Schlenk techniques or in an
inert atmosphere dry-box. All solvents were dried over appro-
priate drying agents, degased on a vacuum line, and distilled
into vacuum-tight storage flasks. RuCl3·3H2O was a Pressure
Chemical Co. (USA) product, whereas pentamethyl-
cyclopentadiene C5Me5H was a STREM (USA) product, used as
received. Phosphites P(OMe)3 and P(OEt)3 and

tbutylisocyanide
were Aldrich products used as received. Other reagents were
purchased from commercial sources in the highest available
purity and used as received. Infrared spectra were recorded on
a PerkinElmer Spectrum-One FT-IR spectrophotometer. NMR
spectra (1H, 13C, 31P) were obtained on an AVANCE 300 Bruker
spectrometer at temperatures between −90 and +25 °C, unless
otherwise noted. 1H and 13C spectra are referred to internal
tetramethylsilane. 31P{1H} chemical shifts are reported with
respect to 85% H3PO4, with downfield shifts considered posi-
tive. COSY, HMQC and HMBC NMR experiments were per-
formed with standard programs. The iNMR software package17

was used to treat NMR data. The conductivity of 10−3 mol
dm−3 solutions of the complexes in CH3NO2 at 25 °C was
measured on a Radiometer CDM 83. Elemental analyses were
determined in the Microanalytical Laboratory of the
Dipartimento di Scienze del Farmaco, University of Padova
(Italy).

Scheme 8 Proposed reaction path.
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Synthesis of the complexes

Pentamethylcyclopentadienyl complexes [RuCl(η5-C5Me5)
{P(OEt)3}2] and [RuCl(η5-C5Me5)(PPh3){P(OR)3}] (R = Me, Et)
were prepared following the methods previously reported.10b

[Ru(η5-C5Me5)(η2-O2){P(OEt)3}2]BPh4 (1) and [Ru(η5-C5Me5)(η2-
O2)(PPh3){P(OR)3}]BPh4 (2, 3) [R = Me (2), Et (3)]

In a 25 mL three-necked round-bottomed flask were placed
0.3 mmol of either the appropriate chloro compounds [RuCl
(η5-C5Me5){P(OEt)3}2] or [RuCl(η5-C5Me5)(PPh3){P(OR)3}], an
excess of NaBPh4 (0.6 mmol, 205 mg), 10 mL of ethanol and
8 mL of dichloromethane. The resulting solution was allowed
to stir under air (1 atm) at room temperature for 48 h. The
solvent was removed under reduced pressure to give an oil,
which was triturated with ethanol (2 mL) until a yellow solid
separated out, which was filtered and crystallised from CH2Cl2
and EtOH; yield 85% (235 mg) for 1, 79% (231 mg) for 2, 81%
(247 mg) for 3.

1: IR (KBr, cm−1) νO–O 935 (m); 1H NMR (CD2Cl2, 20 °C) δ:
7.32–6.87 (m, 20H, Ph), 4.17 (m, 12H, CH2), 1.70 (t, 15H, CH3

Cp*), 1.35 (t, 18H, CH3 phos); 31P{1H} NMR (CD2Cl2, 20 °C) δ:
A2 spin syst., 117.0 (s); Anal. calcd for C46H65BO8P2Ru (919.83):
C, 60.06; H, 7.12; found: C, 59.87; H, 7.19%; ΛM = 52.6
Ω−1 mol−1 cm2.

2: 1H NMR (CD2Cl2, 20 °C) δ: 7.44–6.81 (m, 35H, Ph), 3.37
(d, 9H, CH3 phos), 1.38 (dd, 15H, CH3 Cp*); 31P{1H} NMR
(CD2Cl2, 20 °C) δ: AX spin syst., δA 119.15, δX 36.2, JAX = 90.41;
Anal. calcd for C55H59BO5P2Ru (973.88): C, 67.83; H, 6.11;
found: C, 67.62; H, 6.04%; ΛM = 53.2 Ω−1 mol−1 cm2.

3: 1H NMR (CD2Cl2, 20 °C) δ: 7.80–6.86 (m, 35H, Ph), 4.05
(qnt, 6H, CH2), 1.43 (dd, 15H, CH3 Cp*), 1.30 (t, 9H, CH3

phos); 31P{1H} NMR (CD2Cl2, 20 °C) δ: AX spin syst., δA 113.9,
δX 36.62, JAX = 91.38; Anal. calcd for C58H65BO5P2Ru (1015.96):
C, 68.57; H, 6.45; found: C, 68.40; H, 6.57%; ΛM = 54.1 Ω−1

mol−1 cm2.

[Ru(η5-C5Me5)(η2-CH2vCH2){P(OEt)3}L]BPh4 (4) [L = P(OEt)3
(a), PPh3 (b)]

A solution of the appropriate dioxygen complex [Ru(η5-C5Me5)
(η2-O2){P(OEt)3}L]BPh4 (1–3) (0.11 mmol) in 10 mL of 1,2-
dichloroethane was refluxed under ethylene (1 atm) for 1 h.
The solvent was removed under reduced pressure to leave an
oil, which was triturated with ethanol (1 mL). A yellow solid
slowly separated out, which was filtered and crystallised from
CH2Cl2 and EtOH; yield 87% (88 mg) for 4a, 85% (95 mg)
for 4b.

4a: 1H NMR (CD2Cl2, 20 °C) δ: 7.45–6.87 (m, 20H, Ph), 4.08
(m, 12H, CH2 phos), 3.05 (t, 4H, CH2vCH2, JPH = 3.5 Hz), 1.62
(s, 15H, CH3 Cp*), 1.35 (t, 18H, CH3 phos); 31P{1H} NMR
(CD2Cl2, 20 °C) δ: A2 spin syst., 131.5 (s); Anal. calcd for
C48H69BO6P2Ru (915.89): C, 62.95; H, 7.59; found: C, 63.13; H,
7.44%; ΛM = 52.3 Ω−1 mol−1 cm2.

4b: 1H NMR (CD2Cl2, 20 °C) δ: 7.55–6.87 (m, 35H, Ph), 4.02
(m, 6H, CH2 phos), ABCDXY spin syst. (ABCD = 1H; X, Y = 31P),
δA = δB 2.48, δC = δD 2.31, JAB = JCD = 13.2, JAC = JBD = −1.00,

JAD = JBC = 8.35, JAX = JBX = 5.50, JAY = JBY = 0.70, JCX = JDX =
5.50, JCY = JDY = 0.75 (4H, CH2vCH2), 1.42 (br, 15H, CH3 Cp*),
1.29 (t, 9H, CH3 phos);

31P{1H} NMR (CD2Cl2, 20 °C) δ: AX spin
syst., δA 116.2, δX 42.5, JAX = 52.3; Anal. calcd for
C60H69BO3P2Ru (1012.02): C, 71.21; H, 6.87; found: C, 71.04;
H, 6.99%; ΛM = 51.6 Ω−1 mol−1 cm2.

[Ru(η5-C5Me5)(η2-ma){P(OEt)3}2]BPh4 (5) and [Ru(η5-C5Me5)
{vCvC(H)Ph}{P(OEt)3}2]BPh4 (6) [ma = CHvCHCO(O)CO]

An excess (0.3 mmol) of the appropriate reagent
CHvCHCO(O)CO (ma) (29 mg) or PhCuCH (34 µL) was added
to a solution of the dioxygen complex [Ru(η5-C5Me5)(η2-O2)
{P(OEt)3}2]BPh4 (1) (100 mg, 0.109 mmol) in 10 mL of 1,2-
dichloroethane and the reaction mixture refluxed for 1 h. The
solvent was removed under reduced pressure to give an oil,
which was triturated with ethanol (1 mL). A yellow solid separ-
ated out, which was filtered and crystallised from CH2Cl2 and
EtOH; yield 84% (90 mg) for 5, 81% (87 mg) for 6.

5: IR (KBr, cm−1) νCO 1825, 1752 (s); 1H NMR (CD2Cl2,
20 °C) δ: 7.35–6.86 (m, 20H, Ph), 4.12 (m, 12H, CH2), 3.87 (t,
2H, vCH), 1.58 (br, 15H, CH3 Cp*), 1.37 (t, 18H, CH3 phos);
31P{1H} NMR (CD2Cl2, 20 °C) δ: A2 spin syst., 130.0 (s); Anal.
calcd for C50H67BO9P2Ru (985.89): C, 60.91; H, 6.85; found: C,
60.76; H, 6.94%; ΛM = 51.9 Ω−1 mol−1 cm2.

6: IR (KBr, cm−1) νRuvCv 1646 (m); 1H NMR (CD2Cl2, 20 °C)
δ: 7.63–6.88 (m, 25H, Ph), 5.60 (t, 1H, vCH), 4.06 (m, 12H,
CH2), 1.88 (t, 15H, CH3 Cp*), 1.31 (t, 18H, CH3 phos); 31P{1H}
NMR (CD2Cl2, 20 °C) δ: A2 spin syst., 136.9 (s); 13C NMR
(CD2Cl2, 20 °C): 360.85 (t, JCP = 18.5 Hz, RuvCv), 165–122
(m, Ph), 116.29 (s, vCH), 104.84 (d, C5 Cp*), 63.50 (t, OCH2),
16.13 (t, CH3 phos), 10.06 (s, CH3 Cp*); Anal. calcd for
C54H71BO6P2Ru (989.97): C, 65.52; H, 7.23; found: C, 65.33; H,
7.19%; ΛM = 52.5 Ω−1 mol−1 cm2.

Protonation of [Ru(η5-C5Me5)(η2-O2){P(OEt)3}2]BPh4 (1) and
[Ru(η5-C5Me5)(η2-O2)(PPh3){P(OMe)3}]BPh4 (2)

A solution of the appropriate dioxygen complex [Ru(η5-C5Me5)
(η2-O2){P(OEt)3}2]BPh4 (1) or [Ru(η5-C5Me5)(η2-O2)(PPh3)
{P(OMe)3}]BPh4 (2) (0.02 mmol) in CD2Cl2 (1.0 mL), placed in
a 5 mm NMR tube, was cooled to −30 °C and then one equi-
valent of HOTf (0.02 mmol, 1.8 µL) was added. The tube was
introduced into the NMR probe, pre-cooled to −30 °C,
and spectra recorded. Additional amounts of HOTf were added
up to three equivalents and after each addition spectra
recorded.

[Ru(κ1-OTf)(η5-C5Me5){P(O)(OEt)3}2] (7) and [Ru(κ1-OTf)(η5-
C5Me5){P(O)Ph3}{P(O)(OMe)3}] (8)

An excess of triflic acid (0.33 mmol, 29 µL) was added to the
solution of the appropriate dioxygen complex [Ru(η5-C5Me5)
(η2-O2){P(OEt)3}2]BPh4 (1) or [Ru(η5-C5Me5)(η2-O2)(PPh3)
{P(OMe)3}]BPh4 (2) (0.11 mmol) in CH2Cl2 (10 mL) cooled to
−80 °C. The reaction mixture was allowed to reach room tem-
perature and stirred for 24 h. The solvent was removed under
reduced pressure, leaving an oil which we were not able to sep-
arate as a solid.
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7: 1H NMR (CD2Cl2, 20 °C) δ: 4.27 (qnt, 12H, CH2), 1.94 (br,
15H, CH3 Cp*), 1.36 (t, 18H, CH3 phos);

31P{1H} NMR (CD2Cl2,
20 °C) δ: A2 spin syst., −2.77 (s); ΛM = 4.2 Ω−1 mol−1 cm2.

8: 1H NMR (CD2Cl2, 20 °C) δ: 7.69–7.44 (m, 15H, Ph phos),
3.89 (d, 9H, CH3 phos), 1.91 (s, 15H, CH3 Cp*); 31P{1H} NMR
(CD2Cl2, 20 °C) δ: A + A spin syst., 30.5 [s, P(O)Ph3], 0.47 [s,
P(O)(OMe)3]; ΛM = 3.9 Ω−1 mol−1 cm2.

Preparation of [Ru(η5-C5Me5)(
tBuNC)3]BPh4 (9) and separation

of P(O)(OEt)3

An excess of HOTf (0.6 mmol, 53 µL) was added to a solution
of the dioxygen complex [Ru(η5-C5Me5)(η2-O2){P(OEt)3}2]BPh4

(1) (184 mg, 0.2 mmol) in 7 mL of dichloromethane, cooled to
−80 °C. The reaction mixture was allowed to reach room tem-
perature, stirred for 24 h, and then an excess of
tbutylisocyanide (CH3)3CNC (1.0 mmol, 113 µL) added. After
2 h of stirring, the solvent was removed under reduced
pressure to give an oil, which was triturated with ethanol
(3 mL) containing an excess of NaBPh4 (0.4 mmol, 137 mg). A
yellow solid separated out, which was filtered and crystallised
from CH2Cl2 and EtOH; yield 83% (134 mg).

The mother liquor was chromatographed on a silica gel
column (60 cm) using petroleum ether 40–60 °C as eluent. The
first eluted species was evaporated to dryness and character-
ised by 1H and 31P NMR spectra as P(O)(OEt)3 (yield ≥ 75%).

It is worth noting that free P(OEt)3 was not oxidised by air
to P(O)(OEt)3 under the same conditions used for the for-
mation of 7.

9: IR (KBr, cm−1) νCN 2175 (m), 2130 (s); 1H NMR (CD2Cl2,
20 °C) δ: 7.31–6.87 (m, 20H, Ph), 1.88 (s, 15H, CH3 Cp*),
1.48 (s, 27H, CH3

tBu); Anal. calcd for C49H62BN3Ru (804.92):
C, 73.12; H, 7.76; found: C, 72.95; H, 7.62%; ΛM = 54.8
Ω−1 mol−1 cm2.

P(O)(OEt)3:
1H NMR (CD2Cl2, 20 °C) δ: 4.04 (m, 6H, CH2),

1.28 (t, 9H, CH3);
31P{1H} NMR (CD2Cl2, 20 °C) δ: 0.81 ppm.

Separation of P(O)(OMe)3 and P(O)Ph3

The method was exactly like that used for precursor [Ru(η5-
C5Me5)(η2-O2){P(OEt)3}2]BPh4 (1), but starting from the mixed-
ligand derivative [Ru(η5-C5Me5)(η2-O2)(PPh3){P(OMe)3}]BPh4 (2).
After separation of the tris(isocyanide) complex 9, the mother
liquor was chromatographed on a silica gel column (60 cm)
using a mixture of petroleum ether 40–60 °C, dichloromethane
and ethanol in 20 : 5 : 2 ratio as eluent. The first eluted species
was evaporated to dryness and characterised as a mixture
(ratio about 1 : 1) of P(O)Ph3 and P(O)(OMe)3 (yield ≥ 70%).

P(O)(OMe)3:
1H NMR (CDCl3, 20 °C) δ: 3.76 (d, 9H, CH3);

31P{1H} NMR (CDCl3, 20 °C) δ: 2.6 ppm.
P(O)Ph3:

1H NMR (CDCl3, 20 °C) δ: 7.78, 7.45 (m, 15H, Ph);
31P{1H} NMR (CDCl3, 20 °C) δ: 29.6 ppm.

Protonation of [Ru(η5-C5Me5)(η2-O2){P(OEt)3}2]BPh4 (1) under
CH2vCH2 atmosphere

A solution of the dioxygen complex 1 (92 mg, 0.1 mmol) in
5 mL of CDCl3 was allowed to stand under a CH2vCH2 atmo-
sphere (1 atm), cooled to −30 °C and treated with two equiva-

lents of HOTf (0.2 mmol, 17.6 µL). The reaction mixture was
left to reach room temperature and 1H and 31P NMR spectra
recorded. 1H NMR (CDCl3, 20 °C) δ: 2.07 (s, 3H, CH3 HAc).

Crystal structure determinations

Crystallographic data were collected in the CACTI
(Universidade de Vigo) at low temperature using a Bruker D8
Venture with a CMOS Photon 100 detector and Mo-Kα radi-
ation (λ = 0.71073 Å) equipped with a CryoStream 800 system.
The software APEX318 was used for collecting frames of data,
indexing reflections, and the determination of lattice para-
meters, SAINT18 for integration of intensity of reflections, and
SADABS18 for scaling and empirical absorption correction. The
crystallographic treatment was performed with the Oscail
program19 The structures of all the compounds were solved by
using the SHELXT program20 and refined by a full-matrix least-
squares based on F2, SHELXL program.21 Non-hydrogen atoms
were refined with anisotropic displacement parameters.
Hydrogen atoms were included in idealised positions and
refined with isotropic displacement parameters. For com-
pound 3, the Squeeze program22 was used to eliminate the
reflections due a disorder solvent. In addition, some disorder
was found in one of the ethoxy groups in this compound.
Details of crystal data and structural refinement are given in
Table 2. CCDC 1842088–1842090† contain the supplementary
crystallographic data for this paper.

Computational details

The geometry optimisations and energy calculations were
carried out using the hybrid-GGA EDF2 functional23 in combi-
nation with the 6-31G** basis set (ECP-based LANL2DZ basis
set for Ru)24 and the range-separated DFT functional ωB97X25

in combination with the split-valence polarised basis set of
Ahlrichs and Weigend, with Dolg’s and co-workers ECP for the
ruthenium centre.26 The stationary points were characterised
by vibrational analysis, from which zero-point vibrational ener-
gies and thermal corrections (T = 298.15 K) were obtained.27

The implicit solvation model C-PCM (ε = 9.08) was used for
ωB97X optimisations and EDF2 single point calculations.28

The Gaussian 09 Program was used for ωB97X calculations,29

the Spartan’16 Program for EDF2 calculations.30 The software
Multiwfn (version 3.3.8)31 was used for Hirshfeld population
analyses.32
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