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ABSTRACT: We report on Ru(II)(μ2-O2) nitrosyl pincer
complexes that can return to their original Ru(0) state by
reaction with mono-oxygen scavengers. Potential intermediates
were calculated by density functional theory (DFT) and a
mechanism is proposed, revealing a new type of metal−ligand
cooperation consisting of activation of the O2 moiety by both
the metal center and the NO ligand. Reaction of the Ru(0)
nitrosyl complex 1 with O2 quantitatively yielded the
crystallographically characterized Ru(II) (μ2-O2) nitrosyl
complex 2. Reaction of 2 with the mono-oxygen scavengers phosphines or CO gave the Ru(0) complex 1 and phosphine
oxides, or the carbonyl complex 3 (1 trapped by CO) and CO2, respectively. Reaction of 2 with 1 equiv of phosphine at room
temperature or −40 °C resulted in immediate formation of half an equivalent of 1 and 1 equiv of phosphine oxide, while half an
equivalent of 2 remained unchanged. Overnight reaction at room temperature of 2 with excess CO (≥3 equiv) resulted in 3 and
CO2 gas as the only products. Reaction of 1 with 1 equiv of mono-oxygen source (dioxirane) at −78 °C yielded the Ru(II)(μ2-O2)
complex 2. Similarly, reaction of the Ru(0) dearomatized complex 4 with O2 led to the crystallographicaly characterized
Ru(II)(μ2-O2) complex 5. Further reaction of 5 with mono-oxygen scavengers (phosphines or CO) led to the Ru(0) complex 4
and phosphine oxides or complex 6 (4 trapped by CO) and CO2. When instead only 1 equiv of 5 was reacted with 1 equiv of
phosphine at room temperature, immediate formation of half an equivalent of 4 and 1 equiv of phosphine oxide took place, while
half an equivalent of 5 remained unchanged. When 5 reacted with an excess of CO (≥3 equiv), complex 6 and CO2 gas were the
only products obtained. DFT studies indicate a new mode of metal−ligand cooperation involving the nitrosyl ligand in the
oxygen transfer process.

■ INTRODUCTION

Molecular oxygen can interact with low-valent, electron-rich
metal complexes ([Mn]) to give the corresponding peroxo
complexes and effectively oxidize the metal center by two
electrons, yielding [Mn+2](μ2-O2), such as in the reactions of
molecular oxygen with M(0)((PPh)3)4 (M = Ni, Pd, Pt) to give
the corresponding M(II)(μ2-O2)((PPh)3)2.

1

Several ruthenium complexes of this type were synthesized,
such as Ru(O2)(NCS)(NO)(PPh3)2, RuCl(NO)(μ2-O2)-
(PPh3) 2 , Ru(μ 2 -O2)(CO)2(P tBu2Me)2 , and Ru-
(Ph2PNMeNMePPh2)2(μ

2-O2).
2−5 Recently even Ru(IV)(μ2-

O2) pincer complexes bearing the dioxygen moiety have been
reported.6

We have previously reported rhodium pincer complexes
bearing a dioxygen moiety: (Me2C6H(CH2P

tBu2)2)Rh(O2),
7

and the unusual hydrido-alkene-O2 complex RhH(O2)(CH2
C(CH2CH2P

tBu2)2) formed8 when a very dilute mixture of O2
(2 ppm) in argon was bubbled through a solution of
RhH(CH2C(CH2CH2P

tBu2)2). Pincer ligands can stabilize
normally unstable complexes such as the d6 (PCN)PtO
complex that was reported by our group.9 Such oxygen species
are potential intermediates in catalytic reactions.

Because of the importance of oxidation reactions with
molecular oxygen, several mechanistic studies were performed
concerning biological systems10−12 and homogeneous catal-
ysis.12−15 Potential catalytic reactions based on these complexes
such as16 formation H2O2 from O2 may replace in the future
industrial processes such as the anthraquinone process.17 This
type of oxidation reactions may proceed via terminal oxo
intermediates.
Terminal oxo complexes of transition metals are thought to

play major roles in various processes, such as catalytic oxidation
of organic compounds in chemical and enzymatic pro-
cesses.18−25 Since the terminal oxo ligand is a strong p electron
donor via the lone electron pairs, it binds most strongly to high-
valent early transition metals, such as Ti(IV) and V(V). In these
complexes, electrons can delocalize from oxygen into the vacant
d orbitals of the metal, and therefore, d0 to d2 oxo compounds
are common, and the oxo ligand can be ancillary to reactions in
the coordination sphere of the metal. Moving from left to right
across the Periodic Table, the d orbitals fill up with valence
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electrons, and the oxo ligand becomes destabilized by
repulsion.24,26−29 There are very few terminal oxo complexes
with five or more valence d electrons9,30 (in the past there were
several reports on such complexes; however they were
retracted31). A rare pincer-type, PCN d6, PtO complex was
reported by our group.9

Several ruthenium pincer-type complexes developed in our
laboratory show substantial catalytic activity in various
reactions.32−52 These catalytic reactions may proceed via a
new mode of bond activation by metal−ligand cooperation,
based on aromatization−dearomatization53,54 of pyridine- (and
acridine)-based pincer complexes that facilitates the activation
of chemical bonds.32−42,45−52,55−61 In the present work, we
report O2 activation by ruthenium nitrosyl pincer complexes
that may involve Ru oxo intermediates, including a new type of
metal−ligand cooperation involving O2 activation in which the
NO ligand is involved, as supported by density functional
theory (DFT) calculations.

■ RESULTS AND DISCUSSION
We have previously described the synthesis of the Ru(0)
complex 1.51 This complex reacts immediately with 1 equiv of
O2 or by simple exposure to air to yield complex 2. In the solid
state 2 was stable overnight under a high vacuum, indicating
that the O2 ligand is strongly bound.

The fully characterized complex 2 gives rise to a singlet at
67.21 ppm in the 31P{1H}NMR spectrum, and the phosphorus
methylene groups of the ligand appear as two multiplets (due
to the Cs symmetry of 2) at 3.74 and 3.44 ppm in the 1H NMR
spectrum. The NO stretch in the IR spectrum appears at
1646.3 cm−1 and the O−O stretch appears at 796.4 cm−1.
When 2 is prepared with 18O2, the

18O−18O stretch is shifted to
760 cm−1 corresponding to reported values for ruthenium
dioxygen compounds.2,5,62 Complex 2 is unstable toward light
and decomposed under Raman measurements.
Crystals suitable for X-ray analysis (containing the BArF

anion) were obtained by relatively fast (3−4 min, due to the
instability of 2 in solution) partial evaporation of an ether
solution of 2. The X-ray structure of 2 reveals a linear NO
ligand Ru−N−O angle of 162.8(7)° located trans to the oxygen
atom. The Ru−NO bond distance of 1.776(4) Å is almost
identical to the reported Ru(II)−NO bond length of 1.775 Å
for an analogous pincer complex51 Ru(PNP)(Cl)2(NO) that
was previously reported by us having two chloride atoms cis to
each other instead of the two oxygen atoms in 2. The N−O
bond length in 2 (1.201(6) Å) is longer in comparison to
Ru(PNP)(Cl)2(NO) (1.123 Å), indicating more back-donation
to the NO ligand of 2. The O−O bond length in the complex
(1.395(6) Å) suggests a bond order close to 1, as compared to
calculated values at the same level of theory for the O−O bond
in H2O2 (1.458 Å) and for the OO bond in O2 (1.21 Å).
Previously reported O−O bond lengths in Ru complexes range

between 1.33(2) and 1.47(1) Å.38−41 The aromatic (rather than
dearomatized) structure of 2 is clearly evident in its crystal
structure, in which the two hydrogen atoms connected to C1
and C7 were located. In addition, the pairs of bonds C1−C2/
C6−C7, C2−C3/C5−C6, C3−C4/C4−C5, and C3−C4/C4−
C5 are (within experimental error) of the same length, unlike
the expected alternating bond lengths in the putative
dearomatized complex.

The reactivity of 2 toward oxygen scavengers was
investigated next. Reacting 2 equiv of 2 with 2 equiv of
triethylphosphine at room temperature resulted in immediate
formation of 1 equiv of 1 and 2 equiv of triethylphosphine
oxide, while 1 equiv 2 remained unreacted. The two oxygen
atoms of 2 fully reacted. In order to make sure that this result is
not simply due to triethylphosphine dissociation and reaction
with free O2, complex 2 was reacted with 2 equiv of PPh3,
which normally does not react rapidly with free O2. The result
was basically identical, i.e., immediate formation of 1 equiv of 1
and 2 equiv of triphenylphosphine oxide. This result shows that
full consumption of the two oxygen atoms on one complex
molecule occurred prior to reaction with the O2 ligand of a
second molecule of 2. We then attempted to monitor this
reaction at −40 °C by UV/vis. Surprisingly the reaction
reached completion in less than 0.5 s (the minimal time
between scans) at −40 °C. This suggests that an intermediate
formed on the way from 2 to 1 is more reactive than 2 itself and
therefore not observable.
Reaction of 2 at room temperature with 1 equiv of CO

resulted in 3 (in an average yield of 36% (out of three
experiments, two yielding 30−32% and one 45%, due to the
instability of 2) and a large amount of decomposition products.
When 2 was reacted with an excess of CO (≥3 equiv), an
unseparable mixture of products forms that converge to give 3
as the only product after being left overnight at room

Scheme 1. Formation of 2 by Reaction of 1 with O2

Figure 1. X-ray structure of 2 (ellipsoids shown at 50% probability
level). Hydrogen atoms are omitted for clarity. tBu groups are
presented as wireframe for clarity.

Table 1. Selected Bond Lengths (Å) and Bond Angles
(Degree) of Complex 2

O2−O3 1.396(6) C1−C2 1.494(6)
Ru1−O3 2.012(4) C6−C7 1.496(6)
Ru1−O2 1.935(4) C2−C3 1.383(5)
Ru1−N2 2.124(3) C3−C4 1.372(6)
Ru1−N1 1.776(4) C4−C5 1.386(6)
N1−O1 1.201(6) C5−C6 1.385(6)
Ru1−P1 2.404(1) Ru1−N1−O1 162.8(7)
Ru1−P2 2.433(1)
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temperature. IR analysis of the gas phase above the reaction
revealed the presence of CO2 gas.

In order to verify the structure of 3, it was prepared
independently by reaction of 1 with CO and was fully
characterized (Scheme 4). Complex 3 gives rise to a singlet at

82.00 ppm in the 31P{1H}NMR spectrum, and the (Ar)−CH2−
(P) methylene groups of the ligand appear as two multiplets
(due to the Cs symmetry of 3) at 4.44 and 4.28 ppm in the 1H
NMR spectrum. The NO stretch in the IR spectrum appears at
1572 cm−1, while the CO stretch appears at 1940 cm−1.
We surmise that the reaction of 2 with an excess of CO (or

with a phosphine) proceeds as follows: upon the addition of
CO to a solution of 2, it reacts with the first two equivalents of
CO to give 1 and CO2. Complex 1 is immediately trapped by
CO to give 3. We believe that the intermediate formed after
reaction of 2 with 1 equiv of CO is highly reactive, leading to
mainly decomposition products in the absence of a second
equivalent of CO.
Next we reacted 1 with mono-oxygen sources. Reaction of 1

with 1 equiv of dioxirane at room temperature led to a

complicated mixture of products including 2. A similar reaction
at −34 °C gave a mixture of products including 2 and 1. Finally
this reaction at −78 °C yielded 33−45% of 2 as the only
identified product (Scheme 5).
We believe that after transferring one oxygen atom from

dioxirane to 1 the intermediate formed is the same as the one
formed upon oxygen atom removal from 2 with a phosphine or
CO. This intermediate is more activated toward the mono-
oxygen source (dioxirane) than 1, and hence transfer of the
second oxygen atom is faster and thermodynamically more
favorable with the less stable species (the intermediate) than
with the original complex.
Interestingly, the reactivity of 451 is similar to that of 1. There

is no observable interaction or influence of the dearomatized
moiety. Upon reaction of 4 with 1 equiv of O2 or simply by
exposure to ambient air complex 5 was immediately formed
(Scheme 6). 5 is stable under high vacuum overnight, indicating
that the O2 ligand is strongly bound.

The fully characterized complex 5 gives rise to two doublets
in the 31P{1H}NMR spectrum at 86.83 and 45.21 ppm (JPP =
344 Hz). In the 1H NMR spectrum the methylene groups of
the ligand appear as a doublet of doublets at 2.85 ppm (JHH =
15.3 Hz, JHP =10.5 Hz) and 2.49 (JHH = 13.5 Hz, JHP =10.5 Hz),
and the “arm” vinylic proton appears as a doublet at 3.54 ppm
(JPH = 6.3 Hz). The corresponding carbon exhibits a doublet at
68.1 ppm (JCP = 52.3) in the 13C{1H} NMR spectrum. The NO
stretch in the IR spectrum appears at 1733 cm−1, and the O−O
stretch appears at 1021 cm−1. 5 was unstable toward light and
decomposed when subjected to Raman measurements.
Single crystals of 5 suitable for X-ray diffraction were

obtained by slow evaporation of an ethereal solution of 5. The

Scheme 2. Reaction of 2 with Phosphines

Scheme 3. Reaction of 2 with CO

Scheme 4. Synthesis of 3

Scheme 5. Reaction of 1 with Dioxirane

Scheme 6. Synthesis of 5
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X-ray structure of 5 reveals a linear NO ligand (Ru−N−O
angle of 168.7(2)°) located trans to an oxygen atom. The Ru−
NO bond distance (1.752(2) Å) is slightly shorter than the
Ru(II)−NO bond (1.777(4) Å) of complex 2. The N−O bond
length in 5 (1.169(2) Å) is slightly shorter than in 2 (1.201(6)
Å). This indicates more back-donation to the NO ligand of 2
compared to 5. The dearomatized structure of 5 is clearly
evident in its crystal structure, in which the hydrogen atom
connected to C1 was located. In addition, as in the case of 4,
the pairs of bonds C1−C2/C6−C7, C2−C3/C5−C6, C3−C4/
C4−C5, and C3−C4/C4−C5 show alternating bond lengths in
line with a dearomatized complex.51 The O−O bond length in
5 of 1.440(2) Å indicates a single bond. It is longer than the
O−O bond of 1.396(6) Å of the cationic complex 2, indicating
higher backbonding to O2 in the case of the neutral complex 5.

The relatively long O−O bond in 5 suggested that it might
react with electrophiles. However, no reaction was observed
with methyl iodide at rt, and when the mixture was heated to 60
°C for 1.5 h the only product was the oxidized ligand. Complex
5 was also inert to hexamethyldisilane at rt, and upon heating to
60 °C a small amount of 5 decomposed to give the oxidized
ligand.
Next, we checked the reactivity of 5 with a phosphine as an

oxygen scavenger. As observed with complex 2, reaction of 5
with 1 equiv of PPh3 resulted in immediate formation of half an

equivalent of 4, half an equivalent of unreacted 5, and 1 equiv
of OPPh3 (Scheme 7). This result indicates full consumption of
both oxygen atoms of one molecule of 5 prior to reaction with
the dioxygen ligand of a second complex molecule. It also
suggests that an intermediate (probably mono-oxo) is formed,
which is more reactive than 5 and therefore cannot be detected.
Hoping to be able to detect it, by sterically hindering its further
oxygen transfer reactivity, we chose to react it with the bulky
tri-tert-butylphosphine.
Reaction of 2 equiv of 5 with 2 equiv of tBu3P at room

temperature was very slow (in contrast to the immediate
reaction of PPh3), and after 3 days 1 equiv of 4 and 1 equiv of
unreacted 5 were obtained; in addition two singlet peaks in the
observed 31P[1H} NMR spectrum indicate formation of
unidentified compounds. Thus, tBu3P reacted fully with both
the oxygen atoms of 5; additionally, tBu3P is more reactive
toward free oxygen then PPh3, and the faster reaction of the
latter (immediate vs 3 days) supports the notion that the O2
ligand is activated by the metal center. Unfortunately, the
mono-oxo intermediate was not observed.
Next, the reactivity of 5 toward CO was examined, leading to

similar results as in the case of 2. Reaction of 5 with 1 equiv of
CO resulted in unidentified decomposition products, whereas
the same reaction using excess (3 equiv) of CO led to an
inseparable mixture of products, which when left overnight at
room temperature interconverts to yield 6 as the only product,
as shown by 31P NMR and 13C NMR. CO2 gas was detected by
IR analysis of the gas phase.

Complex 6 was also prepared independently by the reaction
of 4 with CO (Scheme 9) and was fully characterized, including
by X-ray diffraction (Figure 3). Pure 6 is not reactive toward
O2.

Figure 2. X-ray structure of 5 (ellipsoids shown at 50% probability
level). Hydrogen atoms (except for the methylene and vinylic protons)
are omitted for clarity. tBu groups are presented as a wireframe for
clarity.

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg)
of 5

Ru1−O2 2.012(1) C1−C2 1.408(3)
Ru1−O3 1.970(1) C6−C7 1.454(3)
O2−O3 1.440(2) C2−C3 1.420(3)
Ru1−P1 2.4163(5) C5−C6 1.394(3)
Ru1−P2 2.4263(5) C3−C4 1.364(4)
Ru1−N1 2.095(2) C4−C5 1.386(4)
Ru1−N2 1.752(2) Ru1−N2−O1 168.7(2)
N2−O1 1.169(2)

Scheme 7. Reaction of 5 with PPh3

Scheme 8. Reaction of 5 with CO

Scheme 9. Independent Synthesis of 6
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The fully characterized complex 6-13CO gives rise to two
doublets of doublets in the 31P{1H}NMR spectrum at 82.68
and 81.18 ppm (JPP = 154.0 Hz, JPC = 12.0 Hz). In the 1H
NMR spectrum of 6-13CO the methylene groups of the ligand
appear as a doublet of doublets at 2.99 ppm (JHH = 16.4 Hz, JHP
= 6.0 Hz), and the “arm” vinylic proton appears as a doublet at
3.61 ppm. (JHP = 3.0 Hz). The corresponding carbon exhibits a
doublet of doublets at 62.4 ppm (JCP = 46.6 Hz, JCC = 6.5 Hz),
and the CO gives rise to broad singlet at 208.5 ppm in the
13C{1H} NMR spectrum of 6-13CO. The NO stretch in the IR
spectrum appears at 1558 cm−1, and the C−O stretch appears
at 1941 cm−1, similar to the N−O stretch of 1570 cm−1 and the
C−O stretch of 1914 cm−1 for the analogous square
pyramidal63 Ru(FBF3)(CO)(bent-NO)(P

tBu2Me)2.
Single crystals of 6 suitable for X-ray diffraction were

obtained by cooling a toluene solution of 6 to −70 °C for a few
hours. The X-ray structure of 6 reveals a square pyramidal
structure with a bent NO ligand, (Ru1−N2−O2 angle
131.1(2)°) located in the apical position, similar to the angle
of 135.6° in the analogous square pyramidal Ru(FBF3)(CO)-
(bent-NO)(PtBu2Me)2.

63 The Ru−NO bond length of 1.858
(2) Å is slightly longer as compared with the Ru−NO bond
length of 1.839 Å in Ru(FBF3)(CO)(bent-NO)(P

tBu2Me)2.
The N−O bond length of 6 (1.202(3) Å) is slightly longer as
compared with that of Ru(FBF3)(CO)(bent-NO)-
(PtBu2Me)2)

63 (1.190 Å). This indicates less back-donation
to the NO ligand of 6. The CO ligand is located trans to the
pyridine nitrogen with the Ru−CO bond length of 1.848(2) Å,
longer than the corresponding bond ((1.802 Å) of Ru(FBF3)-
(CO)(bent-NO)(PtBu2Me)2.

63 The dearomatized structure of
6 is clearly evident in its crystal structure, in which the
hydrogen atom connected to C1 was located. In addition,
similar to 4 and 5, the pairs of bonds C1−C2/C6−C7, C2−
C3/C5−C6, C3−C4/C4−C5, and C3−C4/C4−C5 exhibit
alternating bond lengths.51

We believe that the reaction of 5 with excess of CO proceeds
as follows: 5 reacts first with 2 equiv of CO to give 4 (and
CO2), which is immediately trapped by CO to give 6.

■ COMPUTATIONAL RESULTS
In order to better understand the experimental results, we
analyzed the electronic structure of complex 2 and its reactivity
toward CO using accurate quantum chemical calculations. The

virtually square planar structure of 1, with the NO ligand trans
to the aromatic ring, favors its strong π acceptor character.
QTAIM analysis shows that the Ru−N bond is a double bond
with a delocalization index DIRu−N = 1.64, while the total charge
on the NO ligand of −0.38. Initial weak end-on interaction of
incoming O2 molecule with Ru reduces the symmetry of O2 π
orbitals and favors its “transformation” to the singlet state.64 It
also causes bending of the complex and corresponding
stabilization of the dz2 orbital and destabilization of the Ru
dyz orbital, such that for ∠N2−Ru−N1 smaller than 120°65 this
orbital becomes the HOMO (Scheme 11). Electron transfer
from this MO to the empty π* orbital of O2 results in the
formation of the closed-shell Ru(II)(μ2-O2) complex.
Formation of 2 (Scheme 10) is accompanied by a room

temperature energy gain of 15.9 kcal/mol in dichloromethane

and 16.4 kcal/mol in acetone. The optimized geometry of 2
accords well with the X-ray structure (Table 1S in Supporting
Information). Two O atoms in this complex are not equivalent
with Ru−O bond lengths of 1.937 and 2.013 Å (Table 1).
QTAIM analysis indicates they correspond to a double and a
single bond, respectively, with delocalization indices DIRu−O
(“QTAIM bond orders”) of 1.78 and 0.73, respectively, while
the total negative charge on O2 ligand of −1.01 (see SI). The
triplet state of 2 is 31.1/31.5 kcal/mol higher in energy in
dichloromethane/acetone and possesses the Ru•-OO− inter-
action rather that η2-O2 bonding.
Inner-sphere O2 dissociation in 2 has prohibitively high

activation barriers in both singlet and triplet states (Figure 4)
and leads to O atom transfer to NO (complex I). This reaction
is slightly exergonic in the triplet state (complex IT), which
again could be better represented as Ru•-O− than as an oxo
complex. Formation of two oxo ligands was found only on the
triplet PES, and it is accompanied by a strong increase in energy
(ΔG298 = 54.2 kcal/mol). Thus, complex 2 is stabilized

Figure 3. X-ray structure of 6 (ellipsoids shown at 50% probability
level). Hydrogen atoms are omitted for clarity. tBu groups are
presented as a wireframe for clarity.

Table 3. Selected Bond Lengths (Å) and Bond Angles (deg)
of 6

Ru1−P2 2.3822(6) C6−C7 1.386(3)
Ru1−P1 2.3742(6) C2−C3 1.367(3)
Ru1−N1 2.143(2) C5−C6 1.436(3)
Ru1−C24 1.848(2) C3−C4 1.411(4)
Ru1−N2 1.858(2) C4−C5 1.352(4)
N2−O2 1.202(3) Ru1−N2−O2 131.1(2)
C1−C2 1.512(3) Ru1−C24−O1 177.4(2)

Scheme 10. Qualitative Representation of Orbital
Interactions Leading to the Formation of Complex 2
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kinetically, and O−O breaking does not occur in the absence of
a reductant.
CO coordination to 2 at the side of O atom is energetically

strongly unfavorable (ΔG298 = +48.4 kcal/mol) and causes
breaking of one of the Ru−O bonds with formation of a Ru−
O−O⊖ moiety. In spite of numerous efforts we did not find a
transition state for direct coupling between coordinated CO
and O ligands. CO coordination at the side of NO leads to NO
movement into the plane of the complex accompanied by
nonactivated breaking of one Ru−O bond and formation of a
new N−O bond (complex II). Strong Ru → CO π-
backdonation in this complex (QCO = −0.17 and DIRu‑CO =
1.37) markedly weakens the Ru−NO bond (DIRu‑NO decreases
from 1.64 in 2 to 0.79 in II). Consequently, O−O bond
breaking is the first of the rate limiting steps. The lowest energy
reaction profile initiated by these entrance-channel reactions on
the singlet PES and its close triplet analogue calculated at the
DSD-PBEB95-D3BJ/TZVP(P) level of theory are shown in
Figure 5. The alternative reaction pathways are shown in the
Supporting Information.66

The formation of the singlet CO adduct II is apparently
slightly endergonic. This is almost certainly an artifact of the
gas-phase RRHO approximation. In the gas phase, the
association is significantly negentropic, but in solution trans-
lational and rotational degrees of freedom are significantly

restricted by the solvent,67 and as a result the translational and
rotational entropy change of an A + B → AB reaction is
significantly reduced. A proposed crude approximation67 for
bimolecular reactions would be to ignore the translational and
rotational entropy contributions in solution and only consider
the vibrational entropy: This is physically analogous to
considering instead A(solvent)nA + B(solvent)nB +→ (solvent)n
+ A(solvent)nAB + (solvent)nAB‑nA‑nB. As far as translation and
rotation movements are in fact not completely suppressed in
solution,68 this approximation is expected to somewhat
underestimate the entropy effect. For the formation of II this
approximation yields an energy gain of 8.4 kcal/mol. Thus, the
activation energies of the subsequent monomolecular reactions
should be calculated with respect to II. This results in the
apparent activation energy for O−O bond dissociation via
TS(II−III) of 25.7 kcal/mol, in good agreement with the
experimentally observed reaction rate.
The ability of the stable NO radical to interact with O2 in its

ground triplet state to form a peroxo adduct in the gas phase is
well-known and a widely applied industrial process (in HNO3
production).69 Similar peroxo moieties were found in transition
metal complexes. For instance, the coordinated peroxynitrite
Co−O−O−NO moiety was formed as an intermediate in the
NO oxidation by the oxy-cobolglobin models of the general
formula (NH3)Co(Por)(O2) at cryogenic temperatures.

70 The
Cu(I)-NO complex was shown to generate a peroxynitrite

Scheme 11. Two Possible Ways of CO Coordination with 2
and Key Optimized Geometric Parameters of the Complexes

Figure 4. Calculated reaction profiles for O−O bond dissociation in
the monocationic complex 2 in singlet and triples states in
dichloromethane (DCM).

Figure 5. Reaction profiles for CO oxidation by complex 2 in the
singlet (top) and triples (bottom) states calculated at the DSD-
PBEB95/TZVP(P) level of theory. All the complexes are mono-
cationic; the “+” sign is omitted for clarity.
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(O=NOO−)−Cu(II) species when exposed to oxygen.71 The
oxidation of a nitrosyl ligand into the corresponding η2-nitrito
and nitrato complexes in treatment of the benzylidene
dinitrosyl complex [Re{=CH(C6H5)}(NO)2(P-

iPr3)2][BAr
F]

with dioxygen was suggested to proceed via (η2-ON)-OO
intermediate based on the DFT calculations.72 Thus, depending
on the nature of complex and reaction conditions, peroxynitrite
is coordinated by the end O atom of the peroxo group or by
NO. Complex II is unique because both these atoms are
coordinated, although much weaker than in 2 (DIRu−N = 0.79;
DIRu−O = 0.56 in comparison with 1.64 and 1.78, respectively,
in 2).
In the transition state TS(II−III) the Ru−O bond is

strengthened (DI = 1.27) at the expense of O−O bond (DI =
0.4), whereas the Ru−NO bonding is further weakened (DI =
0.70). The resulting complex III could be seen as a Ru4+ nitrito
oxo complex with large negative charges on the NO2 and oxo
ligands of −0.66 and −0.71, respectively, and DI of 0.70 and
1.47. The nitrito-group is responsible for the oxidative
properties of complex 2 whereas oxo ligand is ancillary. Similar
O atom transfer from nitrite to substrate was observed, for
example, in cobalt nitro complexes73 and in iron(III) porphyrin
complexes.74 The second rate-determining step is accompanied
by strong weakening (DIRu−N = 0.28 in TS(III−IV)) and
breaking of Ru−N bond and movement of NO group to
coordinated O.
Coordination of the second CO molecule (complex VI) is

thermodynamically much more favorable, its subsequent
oxidation being kinetically more favorable than for the first
molecule. This is in agreement with the experimental
observation that full consumption of both oxygen atoms of
one complex molecule occurs prior to reaction with the oxygen
ligand of a second complex molecule. However, a mono-
oxygenate does not form as an intermediate in this process, and
the coordinated nitrito group again plays the role of an oxygen
donor. In the resulting complex 1 NO again retains a significant
negative charge of −0.38 and is doubly bound to Ru (DI =
1.86).
Although the triplet state of 2 is much higher in energy, we

wanted to ensure that no intersystem crossings occur along the
reaction path. All the calculated complexes with nondissociated
O−O bond (in the presence and absence of coordinated CO),
as well as all found transition states for O−O dissociation are
significantly less stable in the triplet state. In contrast, O−O
dissociation leads to complex IIIt, which is 6.1 kcal/mol more
stable in the triplet than in the singlet state. This is due to the
formation of Ru•−O− in IIIt instead of Ru−O2− in III. CO
oxidation in this complex has an internal activation barrier of
29.9 kcal/mol (vs 26.5 in the singlet state) and results in a
complex IVT, in which NO is not directly bound to Ru, but
forms an NO2 moiety bound by an O atom. Further
transformation of this complex could result in entropy-driven
NO2 dissociation, in agreement with the experimentally
observed decomposition of 2 in the course of the CO oxidation
reaction. NO dissociation is energetically strongly unfavorable
with ΔG298 = 40.7 kcal/mol. Alternatively, ONO ligand
transforms into NO2 coordinated by N (complex VT), followed
by transformation to singlet V, which is 1.1 kcal/mol lower in
energy, and additional stabilization of the singlet state by CO
coordination.
Thus, the main reaction route for oxidation of two CO

molecules occurs on the singlet PES, while the triplet pathway
is mainly responsible for the observed decomposition at low

CO concentration. We calculated the singlet reaction path
more accurately at the DLPNO-CCSD(T)/TZVP(P) level of
theory (Figure 6). The results obtained generally confirm the
double hybrid DFT findings.

■ CONCLUSION
We have synthesized and studied two systems of Ru(0)-Ru(II)O2,
based on aromatic (1, 2, 3) and dearomatized (4, 5, 6)
complexes. Complexes 2, 3, 5, and 6 are new; complexes 2, 5,
and 6 were also X-ray characterized. These systems activate
molecular oxygen toward reaction with the mono-oxygen
acceptors triphenylphosphine and CO. The nature of the
intermediates involved was examined computationally, suggest-
ing that a new type of metal−ligand cooperation because the
NO ligand plays a fundamental role in those reactions (as well
as possibly Ru(IV)Oxo intermediates75−78). The fact that the
intermediates have a low barrier for mono-oxygen transfer, and
that the Ru(0)-Ru(II)O2 systems can be interconverted, makes
them reasonable candidates to act as intermediates in catalytic
oxidation cycles.

■ EXPERIMENTAL SECTION
General Procedures. All experiments with metal complexes and

phosphine ligands were carried out under an atmosphere of purified
nitrogen in a Vacuum Atmospheres glovebox equipped with a MO 40-
2 inert gas purifier or using standard Schlenk techniques. All solvents
were reagent grade or better. All nondeuterated solvents were refluxed
over sodium/benzophenone ketyl and distilled under argon
atmosphere. Deuterated solvents were used as received. All the
solvents were degassed with argon and kept in the glovebox over 4 Å
molecular sieves. Commercially available reagents were used as
received. 1H, 13C, and 31P spectra were recorded at 400, 100, 162,
and 376 MHz, respectively, using a Bruker AMX-300 AMX-400 NMR
and AMX-500 spectrometer. All spectra were recorded at 295 K,
unless otherwise noted. 1H NMR and 13C{1H} NMR chemical shifts
are reported in ppm downfield from tetramethylsilane and referenced
to the residual signals of an appropriate deuterated solvent. 31P NMR
chemical shifts are reported in ppm downfield from H3PO4 and
referenced to an external 85% solution of phosphoric acid in D2O. ESI-
MS spectroscopy was performed by the Department of Chemical
Research Support, Weizmann Institute of Science. The nitrosyl
complexes described in this work were unstable in general and
specifically unstable toward light; in some cases these complexes
decomposed during analysis. All reactions were performed in the dark.
When accurate elemental analysis could not be obtained, HRMS was
determined.

Figure 6. Reaction profiles for O−O bond dissociation in complex 2 in
the singlet and triples states calculated at the DLPNO-CCSD(T)/
TZVP(P) level of theory.
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Synthesis of 2. A solution of 1 (10 mg, 0.0163 mmol) in 2 mL of
CH2Cl2/C6D6 (1:1) in a NMR tube was bubbled with O2 for 2 min. A
color change from purple to brown took place, and complex 2 was
immediately formed. The solvent was removed under a vacuum,
resulting in a brown solid in quantitative yield.
Crystals of 2 suitable for X-ray analysis (with BArF anion) were

obtained by fast (3−4 min) partial evaporation of an ethereal solution
of freshly prepared 2. Because of the instability of 2, the crystals were
immediately placed in Paratone oil and flash frozen in a nitrogen stream
at 100 K. Data were collected immediately.

31P{1H} NMR (121 MHz, CD2Cl2, C6D6): 67.21 (s). 1H NMR (300
MHz, CD2Cl2, C6D6): 7.72 (t, 1H, JHH = 7.4 Hz, Py-H4), 7.51 (d, JHH
= 7.4 Hz, 2H, Py-H3, H5),), 3.74 (m, 2H, PCHHPy), 3.44 (m, 2H,
PCHHPy), 1.07 (m, 36H, PC(CH3)3).

1H{31P} NMR (300 MHz, CD2Cl2, C6D6): 7.71 (t, 1H, JHH =7.4
Hz, Py-H4), 7.51 (d, JHH = 7.4 Hz, 2H, Py-H3, H5),), 3.77 (d, 2H, JHH
=17.1 Hz PCHHPy), 3.45 (d, 2H, JHH =17.1 Hz PCHHPy), 1.07 (s,
18H, PC(CH3)3), 1.05 (s, 18H, PC(CH3)3).

13C{1H} NMR (CD2Cl2, C6D6): 164.7 (s, Py-C2, C6), 143.4 (s, Py-
C4), 124 (s, Py-C3, C5), 39.1 (t, JCP = 6 Hz, PC(CH3)3), 38.8 (t, JCP =
6 Hz, PC(CH3)3), 36.2 (t, JCP = 7.8 Hz, PCH2Py), 29.9 (bm,
PC(CH3)3), 29.4 (bm, PC(CH3)3).
IR: ν N−O 1646.3 cm−1, ν O−O 796.4 cm−1, ν 18O−18O 759.6

cm−1.
HRMS: m/z 599.1816 (M+, calcd m/z 599.1792).
Anal. Calcd for C23H43BF4N2O3PRu: C, 42.8; H, 6.7; N, 4.3. Found:

C, 42.1; H, 6.8; N, 4.2.
Synthesis of 3 from 1. To a solution of complex 1 (18 mg, 0.029

mmol) in 1 mL of acetone was added 2 equiv (1.43 mL) of CO gas in
a septum screw cap NMR tube, and the mixture was shaken at room
temperature. There was immediate color change and the solvent was
removed under vacuum, leaving pure 3 in quantitative yield.

31P{1H} NMR (121 MHz, acetone-d6): 82.00 (s). 1H NMR (300
MHz, acetone-d6): 8.20 (t, 1H, JHH = 7.8 Hz, Py-H4), 7.97 (d, 2H, JHH
= 7.8 Hz, Py-H3, H3), 4.44 (m, 2H, PCHHPy), 4.28 (m, 2H,
PCHHPy), 1.28 (m, 36H, PC(CH3)3).

13C{1H} NMR (125 MHz, acetone-d6): 191.7 (m, CO) 164.8 (s,
Py-C2), 142.2 (s, Py-C4), 123.8 (s, Py-C3), 46.5 (bs, PCH2Py), 38.1
(bm, PC(CH3)3), 37.2 (m, PC(CH3)3), 30.0 (bs, PC(CH3)3), 28.8
(bm, PC(CH3)3).
IR: ν N−O 1572 cm−1, ν C−O 1940 cm−1.
HRMS: m/z 555.1857 (M+, calcd m/z 555.1843).
Synthesis of 5. A C6D6 (1 mL) solution of 4 (10 mg, 0.019 mmol)

in a NMR tube was bubbled with O2 for 30 s. An immediate color
change from purple to brown was observed. The solvent was removed
under a vacuum, yielding 5 as a brown solid in quantitative yield.
Single crystals of 5 suitable for X-ray diffraction were obtained by

slow evaporation of an ethereal solution of 5.
31P{1H} NMR (121.1 MHz, C6D6): 86.83 (d, JPP = 344 Hz, 1P), 45.21

(d, JPP = 344 Hz, 1P). 1H NMR (C6D6): 6.43 (m, 1H, Py-H4), 6.30 (d,
JHH = 8.7 Hz, 1H, Py-H3), 5.36 (d, JHH = 6.3 Hz, 1H, Py-H5), 3.54 (d,
JHP = 6.3 Hz, 1H, PCHPy), 2.85 (dd, JHH = 15.3 Hz, JHP =10.5 Hz,,
1H, PCHHPy), 2.49 (dd, JHH = 13.5 Hz, JHP =10.5 Hz, 1H, PCHHPy),
1.50 (d, JHP = 13.5 Hz, 9H, PC(CH3)3), 1.32 (d, JHP = 13.5 Hz, 9H,
PC(CH3)3), 1.23 (d, JHP = 13.2 Hz, 9H, PC(CH3)3), 1.03 (d, JHP =
13.2 Hz, 9H, PC(CH3)3).

1H{31P} NMR (300.1 MHz, C6D6): 6.40 (dd, JHH = 9 Hz, JHH = 6.3
Hz, 1H, Py-H4), 6.30 (d, JHH = 9 Hz, 1H, Py-H3), 5.36 (d, JHH = 6 Hz,
1H, Py-H5), 3.54 (1H, PCHPy), 2.85 (dd, JHH = 15.6 Hz, Hz,, 1H,
PCHHPy), 2.48 (d, JHH = 15.6 Hz, 1H, PCHHPy), 1.50 (s, 9H,
PC(CH3)3), 1.32 (s, JHP = 13.5 Hz, 9H, PC(CH3)3), 1.23 (s, 9H,
PC(CH3)3), 1.03 (s, 9H, PC(CH3)3).

13C{1H} NMR (100 MHz, C6D6): 172.3 (dd, JCP = 13.4 Hz, JCP = 3
Hz, Py-C2), 167.5 (s, Py-C6), 132.2 (s, Py-C4), 116.3 (d, JCP = 16.1
Hz, Py-C3), 100.2 (d, JCP = 9 Hz, Py-C5), 68.1 (d, JCP = 52.3 Hz,
PCHPy), 34.5 (dd, JCP = 17 Hz, JCP = 2.3 Hz, PCH2Py), 30.7 (m,
PC(CH3)3), 29.8 (m, PC(CH3)3), 29.7 (t, JCP = 6 Hz, PC(CH3)3),
29.1 (m, PC(CH3)3).
IR: ν N−O 1733.0 cm−1, ν O−O 1020.6 cm−1.
HRMS: m/z 559.1824 (MH+, calcd m/z 559.1792).

Synthesis of 6. To a solution of complex 4 (20 mg, 0.038 mmol) in
1 mL of C6D6 was added 1 equiv (0.93 mL) of CO in a septum-screw
cap NMR tube, and the mixture was shaken at room temperature.
There was an immediate color change from purple to red, and the
solvent was removed under a vacuum, quantitatively yielding pure 6, as
analyzed by 31P{1H} NMR.

Single crystals suitable for X-ray diffraction were obtained by
cooling a toluene solution of 6 to −70 °C for a few hours.

31P{1H} NMR (6-13CO, 162 MHz, C6D6): 82.68 (dd, JPP = 154.0
Hz, JPC = 12.0 Hz, 1P), 81.18 (dd, JPP = 154.0 Hz, JPC = 12.0 Hz, 1P).

1H NMR (6-13CO, 300.1 MHz, C6D6): 6.61 (m, 1H, Py-H4), 6.57
(d, JHH = 8.0 Hz, 1H, Py-H3), 5.36 (d, JHH = 6.0 Hz, 1H, Py-H5), 3.61
(d, JHP = 3.0 Hz, 1H, PCHPy), 2.99 (dd, JHH = 16.4 Hz, JHP = 6.0 Hz,
1H, PCHHPy), 2.81 (dd, JHH = 16.4 Hz, JHP = 10.8 Hz, 1H,
PCHHPy), 1.21 (m, 18H, PC(CH3)3), 0.89 (m, 18H, PC(CH3)3.

1H{31P} NMR (6-13CO, 300.1 MHz, C6D6): 6.63 (m, 1H, Py-H4),
6.58 (d, JHH = 8.0 Hz, 1H, Py-H3), 5.62 (d, JHH = 6.3 Hz, 1H, Py-H5),
3.61 (s, 1H, PCHPy), 2.99 (d, JHH = 16 Hz, 1H, PCHHPy), 2.80 (dd,
JHH = 16 Hz, 1H, PCHHPy), 1.21 (d, 18H, JHC = 3.8 Hz, PC(CH3)3),
0.90 (m, 18H, JHC = 11.7 Hz, PC(CH3)3.

13C{1H} NMR (6-13CO, 100 MHz, C6D6): 208.5 (bs, 13CO) 172.1
(s, Py-C2), 158.2 (s, Py-C6), 132.5 (s, Py-C4), 114.6 (dd, JCP = 14.1
Hz, JCC = 2.2 Hz, Py-C3), 99.4 (d, JCP = 9.5 Hz, Py-C5), 62.4 (dd, JCP
= 46.6 Hz, JCC = 6.5 Hz, PCHPy), 36.9 (m, PCH2Py), 36.8 (m,
PC(CH3)3), 36.0 (m, PC(CH3)3), 29.7 (d, JCP = 4.7 Hz, PC(CH3)3),
29.4 (d, JCP = 4.0 Hz, PC(CH3)3), 29.2 (d, JCP = 2.4 Hz, PC(CH3)3),
28.4 (d, JCP = 2.7 Hz, PC(CH3)3).

IR: ν N−O 1558 cm−1, ν C−O 1941 cm−1.
MS: m/z 555.05 (MH+, calcd m/z 555.18).
HRMS: m/z 555.1844 (MH+, calcd m/z 555.1843).
Reaction of 5 with MeI. To a solution of 5 (16.7 mg, 0.03 mmol) in

1 mL of C6D6 was added one drop of MeI in a J. Young NMR tube.
The mixture was placed in a 60 °C oil bath for 1.5 h to give the
oxidized ligand as the only product according to NMR analysis.

General Procedure for Reactions of Ru(O2) Complexes (2 and 5)
with Phosphines. To a solution of the specified Ru(O2) complexes (2
or 5, 0.03 mmol) in 1.5 mL of the specified solvent (acetone or C6D6)
was added 1 equiv of the specified phosphine, and the mixture was
stirred for the specified time (1 s to 3 days) and then transferred to an
NMR tube, and the products were determined by NMR analysis.

Reaction of 2 with PEt3. To a solution containing 2 equiv of 2
(19.4 mg, 0.03 mmol) in 1.5 mL of acetone were added 2 equiv of
PEt3 (3.5 mg, 0.03 mmol), and the solution was stirred for a few
seconds. The solution was then transferred to an NMR tube, and 31P
NMR analysis showed the formation of 1 equiv of 1 (50% yield), 1
equiv (50% yield) of 2, and 2 equiv of triethylphosphine oxide (100%
yield).

Reaction of 2 with PPh3. To a solution containing 2 equiv of 2
(19.4 mg, 0.03 mmol) in 1.5 mL of acetone were added 2 equiv of
PPh3 (7.7 mg, 0.03 mmol), and the mixture was stirred for a few
seconds. The solution was then transferred to an NMR tube, and 31P
NMR and 1H NMR analysis of revealed the formation of 1 equiv of 1
(50% yield), 1 equiv of 2 (50% yield), and 2 equiv of
triphenylphosphine oxide (100% yield).

Reaction of 5 with PPh3 in Acetone. To a solution containing 2
equiv of 5 (16.7 mg, 0.03 mmol) in 1.5 mL of acetone were added 2
equiv of PPh3 (7.7 mg, 0.03 mmol), and the solution was stirred for a
few seconds. The solution was then transferred to an NMR tube and
31P NMR analysis revealed the formation of 1 equiv of 4 (50% yield), 1
equiv of 5 (50% yield), and 2 equiv of triphenylphosphine oxide
(100% yield).

Reaction of 5 with PPh3 in C6D6. To a solution of 2 equiv of 5
(16.7 mg, 0.03 mmol) in 1.5 mL of C6D6 were added 2 equiv of PPh3
(7.7 mg, 0.03 mmol), and the mixture was stirred for a few seconds.
The reaction mixture was then transferred to an NMR tube, and 31P
NMR and 1H NMR analysis of it revealed the formation of 1 equiv of
4 (50% yield), 1 equiv of 5 (50% yield), and 2 equiv of
triphenylphosphine oxide (100% yield).

Reaction of 5 with tBu3P in C6D6. To a solution of 2 equiv of 5
(16.7 mg, 0.03 mmol) in 1.5 mL of acetone were added 2 equiv of

Inorganic Chemistry Article

DOI: 10.1021/ic502832j
Inorg. Chem. XXXX, XXX, XXX−XXX

H

http://dx.doi.org/10.1021/ic502832j


tBu3P (6.1 mg, 0.03 mmol), and the solution was stirred for 3 days. It
was then transferred to an NMR tube and 31P NMR analysis of it
revealed the formation of 1 equiv of 4 (50% yield), 1 equiv of 5 (50%
yield), and in addition two unidentified compounds, which exhibit
singlet peaks.
Reaction of 2 with One Equivalent of CO. To a solution of 2 (19.4

mg, 0.03 mmol) in 0.8 mL of acetone in a septum-screw cap NMR
tube was added 1 equiv of CO (0.73 mL) gas at room temperature.
The mixture was shaken and 31P NMR analysis after 1 h, 2 h, and
overnight showed only formation of decomposition products.
Reaction of 2 with Three Equivalents of CO. To a solution of 2

(19.4 mg, 0.03 mmol) in 0.8 mL of acetone in a septum-screw cap
NMR tube was added 3 equiv of CO (2.20 mL) gas at room
temperature. The solution was shaken and 31P NMR analysis taken
after 1 h, 2 h, and overnight showed formation of an unseparable
mixture of products that converge to give 3 as the only product in
quantitative yield after a night at room temperature. The structure of 3
was verified by 1H NMR and 13C NMR spectroscopy.
Reactions of 5 with One Equivalent of CO. To a solution of 5

(16.7 mg, 0.03 mmol) in 0.8 mL of C6D6 in a septum-screw cap NMR
tube was added 1 equiv of CO (0.73 mL) gas at room temperature.
The solution was shaken and 31P NMR analysis taken after 1 h, 2 h,
and overnight showed only the formation of decomposition products.
Reaction of 5 with Three Equivalents of CO. To a solution of 5

(16.7 mg, 0.03 mmol) in 0.8 mL of C6D6 in a septum-screw cap NMR
tube were added 3 equivalents of CO (2.20 mL) gas at room
temperature. The solution was shaken and 31P NMR analysis after 1 h,
2 h, and overnight showed that an unseparable mixture of products
was formed that converge to give complex 6 as the only product in
quantitative yield after a night at room temperature. The structure of 6
was verified by 1H NMR and 13C NMR spectroscopy.
General Procedure for Reactions of 1 with Dioxirane. To a

solution of 1 in 1.5 mL of acetone at the specified temperature was
added 1 equiv of freshly degassed and titrated dioxirane (0.1−0.075M,
0.03 mmol) in 1.5 mL of acetone, and the mixture was stirred or
shaken for the specified time (rt: 10 min; −34 °C: 30 min; −78 °C 16
h), and the products were analyzed by NMR.
X-ray Crystal Structure Determination of Complexes. Crystal data

were measured at 100 K on a Bruker Apex-II KappaCCD
diffractometer equipped with [λ(Mo−Kα) = 0.71073 Å] radiation,
graphite monochromator and MiraCol optics. The data were
processed with APEX-II collect package programs. Structures were
solved by the AUTOSTRUCTURE module and refined with full-
matrix least-squares refinement based on F2 with SHELXL-97. Full
details can be found in the CIF files and Table 4S in the Supporting
Information.

■ COMPUTATIONAL METHODS
The geometries of the molecules were optimized using the PBE0
hybrid density functional,79 in conjunction with the PC-1 basis set.
This basis set is a combination of Jensen’s polarization consistent pc-1
basis set80 for the main group elements and the relativistic energy-
consistent pseudopotential (RECP) and associated basis set SDD81 for
ruthenium, with an added f-type polarization exponent taken as the
geometric average of the two f-exponents given by Martin and
Sundermann.82 This combination is of double-ζ plus polarization
quality. For comparison, several important complexes were optimized
at the same level of theory with acetone as solvent, as well as in the gas
phase at the PBE0/def2-TZVP-D3BJ level, that is, using the larger
Weigend-Ahlrichs83 triple-ζ plus polarization basis set def2-TZVP as
well as Grimme’s empirical dispersion correction84 using the Becke-
Johnson damping function.85 (The Weigend-Ahlrichs basis sets
employ the same RECP as SDD for elements heavier than Kr: for
lighter elements they are all-electron.) In both cases the optimized
geometries were very similar to the PBE0/PC1 results: a comparison
of the geometries obtained for complex 2 can be found in Table 1S in
the Supporting Information. All PBE0 calculations were carried out
using the Gaussian 09 software package.86

All structures were fully optimized in the gas phase and
characterized as minima or transition states by calculating the
harmonic vibrational frequencies. The connectivity of the transition
states was confirmed by performing intrinsic reaction coordinate
(IRC) calculations87 with 10 points in each direction followed by full
optimization of the resulting geometries. Bulk solvent effects of the
experimental acetone or dichloromethane (DCM) media have been
taken into account via the self-consistent reaction field (SCRF)
method, using the integral equation formalism polarizable continuum
model (PCM)88 as implemented in Gaussian 09.

In order to improve the accuracy of the calculated energetics
(particularly the barrier heights) we carried out single-point energy
calculations using the DSD-PBEB95-D3BJ89 and DSD-PBEP86-
D3BJ90 double-hybrid functionals. DSD-PBEP86 was shown89,90 to
yield thermochemistry and barrier heights comparable to composite ab
initio methods, while DSD-PBEB95-D3BJ additionally yielded
accurate singlet−triplet splittings (see Table 12 in ref 89). In the
double-hybrid calculations we employed the def2-TZVP(P) basis set,
which refers to def2-TZVP on the main group elements and def2-
TZVPP on the transition metal. In practice, the difference amount to
2f1g rather than 1f polarization functions on the metal. This particular
set of calculations was carried out using ORCA91 version 3.0.2: the RI
(resolution of the identity) approximation92 as implemented in ORCA
was employed, using the def2-TZVP/JK auxiliary basis set93 for the
Coulomb and exchange integrals, and the def2-TZVP/C auxiliary basis
sets94 for the RI-MP2-like part. Especially the latter affords a dramatic
reduction in both CPU time and I/O overhead.

Unless stated otherwise, energetic data presented in the main text of
the paper are based on the resulting DSD-PBEB95-D3BJ energies with
solvation and statistical thermodynamic effects obtained at the PBE0/
pc-1 level in acetone at 298.15 K. A modified rigid rotor-harmonic
oscillator (RRHO) correction was applied. The corresponding data
obtained in the DSD-PBEP86 calculations could be found in
Supporting Information.

As an additional sanity check, we repeated our single-point energy
calculations for the singlet surface only using the DLPNO-CCSD(T)
(domain localized pair natural orbital−coupled cluster with all single
and double substitutions plus quasiperturbative triple excitations)
method of Neese and co-workers95 as implemented in ORCA. The
same orbital and auxiliary basis sets, as well as the same RECP, as for
the double hybrid calculations were employed. Two sets of
calculations were carried out, one with the various cutoff parameters
left at their default values TCutPNO = 3.331 × 10−7; TCutPairs = 1 ×
10−4; TCutMKN = 1 × 10−3; TCutTNO = 1 × 10−7, the other with
TCutPairs tightened to 1 × 10−5.

For qualitative interpretation of the computational results, the
PBE0/PC1 electron density of the complexes in optimized geometries
was analyzed using natural bond orbital (NBO).96 Full topological
analysis was performed using the program AIMALL.97
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