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Density functional theory (DFT) calculations were performed
for three ruthenium/nitrous oxide(N2O) adducts, RuIICl2(η1-
N2O)(P–N)(PPh3) {P–N = [o-(dimethylamino)phenyl]diphen-
ylphosphane} (1), RuII(η1-N2O)(TMP)(THF) (TMP = dianion
of tetramesitylporphyrin, THF = tetrahydrofuran) (2), and
[PW11O39{RuII/(η1-N2O/H2O)}]n– (3). The bonding interac-
tions between the N2O molecule and the metal–ruthenium
fragment were determined from the energy-decomposition
analysis (EDA) and their electronic structures. The results
show that the bonding in the ruthenium(II)/N2O adducts 1–3
can be interpreted in terms of weak donor–acceptor interac-

Introduction

Nitrous oxide (N2O) is a potential greenhouse gas;[1] it
can affect the atmospheric ozone concentration. The ef-
ficient removal or conversion of N2O has attracted con-
siderable attention. Chemistry and catalysis relevant to the
control of N2O emissions are focused on the activation of
N2O by transition-metal complexes. Although a large
number of reactions between transition-metal complexes
and N2O have been reported based on experimental and
theoretical studies, it is always regarded as a kinetically in-
ert molecule and very poor ligand.[2] Thus, none of the crys-
tallographic structures of metal complexes containing the
N2O ligand are reported.

Various reactions between metal complexes and the N2O
molecule, including cleavage of N2O to give terminal/
bridged metal-oxide/oxido complexes, insertion of the N2O
oxygen atom into M–C and M–H bonds, and oxidation of
CO/PR3 ligands of metal complexes, have been explored.[3]

Among them, the utilization of the N2O molecule as an
oxygen donor in the synthesis is receiving increasing atten-
tion because of the high O components of the N2O mole-
cule and the environmentally benign byproduct N2. To date,
the mechanisms of these reactions are unclear because it is
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tions between the N2O molecule and the ruthenium(II) cen-
ter. The geometrical optimization of the polyoxometalate
(POM) adduct 3 indicates a bent Ru–NNO linkage, which
effectively enhances donor–acceptor interactions with the
quasi π-symmetry orbital. The mono-ruthenium(II) substi-
tuted Keggin-type POM adduct 3 is a potential reagent for
the activation of the N2O molecule because of the strong Ru–
NNO bond and the significant RuNN–O π*-antibonding or-
bital character relative to adducts 1 and 2, according to our
DFT calculations.

difficult to detect N2O complexes. But coordination of N2O
to form the metal/N2O adduct is the key step in the reaction
of oxygen transfer from N2O to alkyl, alkene, and imido
ligands, etc. Armor and Taube have spectroscopically char-
acterized the structure of the metal/N2O adduct,[4] [RuII-
(NH3)5(N2O)]2+, where the ruthenium(II) atom coordinates
to the terminal N atom of the N2O molecule in a linear end-
on mode. As another rare example, the metal/N2O adduct,
RuIICl2(η1-N2O)(P–N)(PPh3) {P–N = [o-(dimethylamino)-
phenyl]diphenylphosphane} (1) (see Figure 1) has been
characterized by using 31P(1H) NMR spectroscopy.[5]

Furthermore, the 15N NMR spectrum confirmed that N2O
is ligated through the terminal nitrogen atom. The experi-
mental measurements showed that it is stable below –40 °C.
Another interesting example is the catalyzed oxidation of
the organic substrate with N2O by a ruthenium por-
phyrin,[6] RuII(TMP)(THF) (TMP = dianion of tetrames-
itylporphyrin, THF = tetrahydrofuran). Treatment of it and
N2O in the toluene solution gave the ruthenium porphyrin
dioxido species, RuVI(TMP)(O)2, which displayed high reac-
tivity in the oxygen-transfer reaction. 1H NMR spectra sug-
gested that reaction intermediates should contain a ruthe-
nium porphyrin/N2O adduct, RuII(TMP)(THF)(N2O) (2)
(see Figure 1). These results show that the ruthenium atom
is unique relative to other metal atoms, and it may serve as
a good activation center for the inert N2O molecule.

Polyoxometalates (POMs) are early transition-metal ox-
ido clusters; this class of inorganic compounds is un-
matched not only in terms of molecular structural diversity
but also with regard to reactivity and relevance to analytical
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Figure 1. Optimized geometries (bond lengths [Å]) at the BP86/
TZP calculations of all the ruthenium(II) adducts studied here.

chemistry, catalysis, medicine, and materials science.[7] In
the past decade reactions of POM adducts with N2O have
been reported, most of them focus on transition-metal sub-
stituted POMs.[8] Neumann et al. described the activation
of N2O by a sandwich-type MnIII-substituted POM,
Q10[MnIII

2ZnW(ZnW9O34)2] [Q = (C8H17)3CH3N+] to
epoxidation of alkenes,[8a] and a divanadium-substituted
Keggin-type POM [{nBu4N}5{PV2Mo10O10}] to oxidize
alcohols and alkylarenes.[8b] On the basis of experimental
observations, they showed that reaction mechanisms are
different from each other, but that the electron-transfer fea-
tures between the POM complex and N2O in the POM/
N2O adduct is very important for the activation of the N2O
molecule.

On the basis of the good nature of the ruthenium atom
for activation of N2O in the ruthenium(II) porphyrin and
relevant ruthenium(II) complexes,[5,6] the mono-ruthenium
substituted Keggin-type POM should thus be considered
for the activation of N2O because it possesses an analogous
coordination sphere to the metalloporphyrin, and its cata-
lytic feature is similar to that observed for metalloporphyr-
ins in oxygen-transfer reactions.[9] The low-valent rutheni-
um(II) derivative of the Keggin-type POM has been re-
ported,[10] the ruthenium(II) center is replaced by a tung-
sten- or molybdenum-oxido group at the Keggin-typical
POM surface. The lacunary POM ligand represents a bond-
ing site that is pentadentate, and thus the octahedral coordi-
nation sphere of the ruthenium(II) center needs to be com-
pleted by an additional sixth labile ligand, H2O, which gen-
erates Keggin-type aquametal derivatives (I) (see Fig-
ure 2).[11]

The reaction intermediates are very difficult to isolate
and characterize experimentally. By contrast, the quantum
chemical calculation based on the density functional theory
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Figure 2. The ball and stick model of the mono-ruthenium substi-
tuted Keggin-type polyoxometalate [{PW11O39}RuII(H2O)]5– (I).

(DFT) is a useful tool for understanding and rationalizing
the electronic structure and reactivity of the transition-
metal-substituted Keggin-type POM and analogous metal
complexes.[9g,12] In this paper we report on a detailed DFT
calculation for mono-ruthenium substituted Keggin-type
POMs. The aim of this work is to look at the electronic
structures of the N2O/POM adduct and bonding features
between the ruthenium center and the N2O molecule.

Results and Discussion

1. Why Does the N2O Molecule Coordinate to the
Ruthenium(II) Center with the Terminal Nitrogen Atom?

The ground-state geometries of the adduct 1 optimized
by BP86/TZP calculations are shown in Figure 1. It should
be stressed that the phenyl ring of the triphenylphosphane
ligand has been simplified to a methyl group in order to
save on computational costs. The N2O molecule can coordi-
nate to the metal center through the O end or N end. In
this paper both of the possible models have been considered
for adduct 1. The BP86/TZP calculations show that the N-
end coordination model is 15.69 kcalmol–1 more stable
than that of the O-end coordination model for adduct 1,
which is in good agreement with the experimental result.[5]

DFT calculations show that the two bonding models give
very different structures, the RuNNO unit displays slight
bending character [171.59° for RuNN(O) angle] for the N-
end coordination model, whereas the bonding with the ter-
minal oxygen atom gives a more bent structure [the calcu-
lated RuON(N) angle is 127.37°] (see Figure 1). This feature
has also been found for another ruthenium adduct, [RuII-
(NH3)5(N2O)]2+, based on DFT calculations using different
levels of theory.[18] The calculated Ru–NNO bond length
(1.97 Å) in the N-end model is shorter than the Ru–ONN
bond length (2.31 Å) in the O-end model, Δr(Ru–N/Ru–O)
= 0.3 Å.

The data in Table 1 show that the interaction energy be-
tween the N2O molecule and the metal fragment in the N-
end model (–21.05 kcal mol–1 for Ru–NNO bond) is signifi-
cantly larger than the interaction energy of the Ru–ONN
bond in the O-end model (–2.61 kcal mol–1). We note that
the contribution of electrostatic attractions ΔEelstat of the
Ru–ONN bond in the O-end model is greater than the or-
bital interaction, and displays high ionic character, while
for the N-end model, the orbital interaction ΔEorb and elec-
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trostatic attractions are nearly the same for the Ru–NNO
bond. This indicates that the Ru–NNO bond in the N-end
model has a higher degree of covalent bonding (49.5%)
than the Ru–ONN bond in the O-end model (39%).

Table 1. Energy decomposition analysis of all the ruthenium(II) ad-
ducts at the BP86/TZP calculations (energy contributions for RuII–
NNO or RuII–ONN bond in kcalmol–1).

1(η1-N) 1(η1-O) 2 3 I

ΔEint –21.05 –2.61 –28.08 –76.81 –23.17
ΔEPauli 112.65 43.82 109.34 142.67 69.77
ΔEelsat –67.57 –28.23 –64.63 –85.84 –62.15
ΔEorb –66.13 –18.20 –72.79 –133.64 –30.79
ΔEprep 13.52 – 5.57 30.64 2.49
ΔEprep(RuII) 13.17 – 5.29 6.24 1.74
ΔEprep(H2O/N2O) 0.35 – 0.28 24.4 0.75
ΔE (= –De) –7.53 – –22.51 –46.17 –20.68

The ruthenium(II) center in adduct 1 possesses a d6 elec-
tronic configuration with low spin, which leads to the t2g

orbitals dxy, dxz, and dyz being fully occupied. As a result
they can only serve as a π-donation orbital and not a π-
acceptor orbital (see Figure 3). Figure 4 shows the molecu-
lar orbital diagram for free N2O, the two σ orbitals are
easily identified, and display lone pair character on the ter-
minal oxygen and nitrogen atoms, and thus they can serve
as both an O- and N-donation orbital with σ symmetry,
and provide a good orbital basis for O-end- and N-end-
coordinated models. The N-donation orbital is ca. 3.5 eV
higher in energy than that of the O-donation orbital accord-
ing to BP86/TZP calculations. The large energetic difference
between the low-lying, σ-donation orbital of the N2O mole-

Figure 3. Schematic representation of the σ(Ru–NNO/Ru–ONN)
and metal(d)-to-N2O(π*) back-bonding interaction in the linear
end-on mode.
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cule and the high-energy, unoccupied metal dz2 orbital is a
key unmatched factor for the bonding interaction between
two fragments. Thus, the more low-lying O-donation orbital
of the N2O molecule would be more unmatched than the
N-donation orbital for the donor–acceptor bonding inter-
action with σ symmetry, which does not favor the O-end-
coordinated model for adduct 1 (see Figure 3). The EDAs
also support the evidence that the Ru–ONN bond has a low
orbital interaction energy, and displays high ionic character.
Because the bonding contribution of electrostatic attrac-
tions ΔEelstat to the Ru–ONN bond has been largely can-
celled by the repulsive term ΔEPauli, the interaction energy
between the N2O molecule and the metal fragment of the
O-end model is very small –2.61 kcalmol–1 (see Table 1).
For the porphyrin and POM adducts, 2 and 3, respectively,
the optimized calculations can not give the O-end-coordi-
nated model because of the very weak bonding interaction.

Figure 4. Molecular orbital diagram for free N2O obtained by
BP86/TZP calculations, energies are given in eV.

2. Is It Possible for the POM Adduct 3 to Activate the
N2O Molecule?

Porphyrin and lacunary POM ligands have analogous
bonding situations to that of the ruthenium(II) center.
Moreover, the porphyrin complex has been used to prepare
a high-valent ruthenium-dioxido species by the activation
of the N2O molecule.[5] Figure 1 shows the optimized geo-
metries of the porphyrin and POM adducts, 2 and 3, respec-
tively. It is very necessary to analyze the geometrical data
in detail because the calculated results already provide valu-
able information about the bonding features of the mole-
cule. The BP86/TZP calculated bond angles of the
RuNN(O) and (Ru)NNO units (165.17 and 143.0°) are
more bent in POM adduct 3 than the porphyrin adduct 2
that has a nearly linear model. The calculated value for the
Ru–NNO bond length of the POM adduct 3 (1.848 Å) is
smaller than that determined for the other two adducts 1
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and 2 (1.970 and 1.931 Å). This suggests that the POM ad-
duct 3 possesses a strong Ru–NNO bond relative to adducts
1 and 2. The theoretical BDEs of all ruthenium(II)
adducts at the BP86/TZP levels also indicate that the POM
adduct 3 has a much stronger Ru–NNO bond (De =
46.17 kcalmol–1) than adducts 1 and 2 (De = 7.53 and
22.51 kcal mol–1, respectively) (see Table 1). Generally, the
low-valent aquametal derivative of the Keggin-type POM
complex contains a water molecule coordinated to the
metal center (see Figure 2). Thus, the activation of the N2O
molecule by the ruthenium(II) center needs to replace the
aqua ligand with the N2O molecule. The BP86/TZP results
suggest that substitution of the aqua ligand of the POM
complex I by the N2O molecule gives a larger total bond
energy in the POM adduct 3 (De = 46.17 kcal mol–1) than
in I (De = 20.68 kcalmol–1) (see Table 1).

The enhancement of the Ru–NNO bonding interaction
in the POM adduct 3 is mainly due to the large orbital
interaction energy ΔEorb; it is about twice as large as that
of adducts 1 and 2 (see Table 1). Figure 5 shows the frontier
molecular orbital (FMO) of all adducts. We are now only
concerned with the shape of the HOMO–2 of the POM
adduct 3, it clearly reveals the metal-based dyz orbital char-
acter, and some contributions at the N2O molecule. The
bent structure of the RuNNO unit provides a very specific
topology for this orbital, it enhances the Ru–NNO bonding
interaction by a quasi Ru–NNO π-bonding orbital. This
remarkable topology thus explains the large orbital interac-
tion energy for the Ru–NNO bond of the POM adduct 3.

Figure 5. The metal-based t2g orbitals of all ruthenium(II) adducts
studied here.

Activation of N2O as an O donor is a result of the cleav-
age of the RuNN–O bond. The optimized calculations show
that the RuNN–O bond length increases in the order
1� 2�3, but these differences are not substantial. All of
the RuNN–O bond lengths in these adducts are longer than
that in the free N2O molecule (1.20 Å) according to BP86/
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TZP calculations (Δr = 0.02–0.09 Å) (see Figure 1). A large
number of experimental and theoretical studies have sug-
gested that N2O was activated by accepting two electrons
from the metal center.[2a,2b,3f,3k,3l] Thus, the fully occupied
t2g orbitals of the ruthenium(II) center, dxy, dxz, and dyz,
with potential π-donation orbital character become very
important for activation of the N2O molecule. The FMOs
of adduct 1, 2, and 3 are shown in Figure 4, while Table 2
summarizes the electronic structural parameters. It can be
found that the HOMO, HOMO–1, and HOMO–2 of these
adducts are the metal-based t2g orbitals. Compared with ad-
ducts 1 and 2, the metal-based dxy orbital (HOMO) of the
POM adduct 3 causes a rearrangement of the orbital order.
This arises from the geometrical differences of the first co-
ordination sphere of the ruthenium(II) center among the
three adducts. For adducts 1 and 2, the four coordinated
atoms of the equatorial site are nearly coplanar, by con-
trast, the ruthenium(II) center is pushed out of the equato-
rial plane with respect to the four coordinated oxygen
atoms in the POM adduct 3, and thus the ruthenium atom
hangs over the plane. This effect increases the amount of
POM ligand character in the metal-based dxy orbital, and
displays some antibonding features between the rutheni-
um(II) center and four coordinated oxygen atoms, which
raises its energy, reflecting the HOMO of the adduct 3. Be-
cause of symmetry forbidden transitions, the metal-based
dxy orbital in these adducts can not serve as a π-donation
orbital. The metal-based dxy orbital (HOMO–2) of adduct
1 contains the contributions from the (RuN)NO unit be-
cause of the broken symmetry caused by the mixing of the
metal-based dxy orbital and the p orbital of the chlorine
atom, but the relevant low compositions on the (RuN)NO
unit indicate that it is not a strong π-donation orbital.

Table 2. Electronic structure parameters for all ruthenium(II) ad-
ducts studied here (molecular orbital compositions [%]).

Orbital 1 2 3

Ru N N O Ru N N O Ru N N O

HOMO–2 54 0 0 0 88 0 0 0 38 3 12 17
HOMO–1 54 0 3 4 49 0 4 5 55 0 7 11
HOMO 53 0 4 5 50 0 4 5 55 0 0 0

The HOMO and HOMO–1 of adducts 1 and 2, and
HOMO–1 and HOMO–2 of adduct 3 are the metal-based
dxz and dyz orbitals, respectively. These orbitals are mainly
localized on the ruthenium(II) center and the (RuN)NO
unit of the N2O molecule, displaying the metal(d)-to-
N2O(π*) back-bonding interaction. These orbitals may be
viewed as RuNN–O π*-antibonding orbitals. Because of the
antibonding features of these occupied orbitals, the RuNN–
O bond length in all adducts is longer than that of the free
N2O molecule. For the POM adduct 3, the contributions of
the (RuN)NO unit in HOMO–1 and HOMO–2 are 18%
and 29 %, respectively, which is larger than that of the
(RuN)NO unit in HOMO and HOMO–1 for adducts 1 and
2 (ca. 9%) (see Table 2). The high compositions of the
(RuN)NO unit in the two orbitals of the adduct 3 effectively
enhance the RuNN–O π*-antibonding character.
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As an oxygen donor in synthesis, the attack of the oxygen
atom of the N2O molecule is thus important in many of the
catalytic processes. Thus, the reactivity of the adducts
studied here is usually associated with the acidity/basicity
of the oxygen sites. In this paper, we employed a molecular
electrostatic potential (MEP), which plots an electrostatic
potential (EP) over an electron density isosurface to de-
scribe the basicity of the molecules. The EP values at each
point are coded by colors. Red-yellow indicates the nucleo-
philic regions and green-blue the electrophilic regions. As
shown in Figure 6, the MPE analysis predicts that the oxy-
gen atom of the N2O molecule in all ruthenium(II) adducts
studied here is basic (red area in Figure 6), but it is not the
most basic site in the whole molecule. The chlorine atom in
the adduct 1, the oxygen atom of the THF ligand in the
adduct 2, and oxygen atoms of the POM ligand in the ad-
duct 3 are more basic than the oxygen atom of the N2O
molecule. Especially for the POM adduct 3, which is stable
under the acidic conditions and has protons that are stabi-
lized by an attractive interaction with more negative EP
(printed in red) regions, the MPE analysis suggests that the
protonated site is likely to be the more basic oxygen atoms
of the lacunary POM ligand, and not the oxygen atom of
the N2O molecule. This suggests that the oxygen atom of
the N2O molecule is not occupied by protons that are avail-
able for the oxygen-transfer reaction. The ruthenium(II)
center in each adduct is identified in green because of its
cationic character.

Figure 6. MEP for all ruthenium(II) adducts studied here. The
more nucleophilic regions are printed in red, green and blue de-
notes the less nucleophilic regions.

On the basis of the above mentioned, we theoretically
conclude that the mono-ruthenium(II) substituted Keggin-
type POM can serve as a potential reagent for the activation
of the N2O molecule because of the strong Ru–NNO bond
and significantly RuNN–O π*-antibonding orbitals relative
to adducts 1 and 2 that have been used to activate N2O
experimentally.

Conclusions

The theoretical data present here suggest that the bond-
ing interactions between the N2O molecule and the rutheni-
um(II) center in adducts 1–3 can be referred to as weak
donor–acceptor interactions. A detailed comparison of the
O-end and N-end models for the N2O molecule coordina-
tion to the ruthenium(II) center in adduct 1 indicates that
the O-end model is unstable. The bending structure of the
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RuNNO unit provides a quasi Ru–NNO π-bonding orbital
and effectively enhances the Ru–NNO bond of POM ad-
duct 3. The mono-ruthenium(II)-substituted Keggin-type
POM adduct 3 can serve as a potential reagent for the acti-
vation of the N2O molecule because of the strong Ru–NNO
bond and significantly RuNN–O π*-antibonding orbitals
relative to adducts 1 and 2, according to our DFT calcula-
tions.

Computational Details
BP86 generalized gradient approximations[13] and VWN[14] local
density functionals have been employed for the consideration of
the exchange-correlation effect. Triple-ζ basis plus polarization
Slater-type orbital basis sets (TZP), and integration parameter 6.0,
as implemented in the ADF 2008 program system.[15] The 1s shell
for C, N, O, 1s to 2p shells for P, Cl, 1s to 3d shells for Ru, and 1s
to 4d shells for W have been treated by frozen core approximations.
The relativistic effects were taken into account by using the zero-
order regular approximation (ZORA).[16]

The energy-decomposition analysis (EDA)[17] has been employed
to investigate interactions between the ruthenium(II) center and the
N2O ligand. There are several contributions to the bond dissoci-
ation energy De (by definition with opposite sign to ΔE) with physi-
cally meaningful entities. Firstly, the ΔE is separated into two major
components ΔEprep and ΔEint.

ΔE = ΔEprep + ΔEint

The preparation energy ΔEprep represents the relaxation of the frag-
ments into their electronic and geometrical ground states. The in-
stantaneous interaction energy, ΔEint, which represents bonding de-
tails between two fragments, can be divided into three main compo-
nents.

ΔEint = ΔEelstat + ΔEPauli + ΔEorb

Here, ΔEelstat represents the quasi-classical electrostatic interaction
between the unperturbed charge distributions of the prepared
atom. The Pauli repulsion term ΔEPauli corresponds to the destabi-
lizing interactions between electrons of the same spin on either
fragment. The stabilizing orbital interaction term ΔEorb accounts
for charge-transfer and polarization effects.
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