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ABSTRACT: Nitrous oxide (N2O) is a potent greenhouse gas (GHG) with limited use as a mild
anesthetic and underdeveloped reactivity. Nitrous oxide splitting (decomposition) is critical to its
mitigation as a GHG. Although heterogeneous catalysts for N2O decomposition have been
developed, highly efficient, long-lived solid catalysts are still needed, and the details of the catalytic
pathways are not well understood. Reported herein is a computational evaluation of three potential
molecular (homogeneous) catalysts for N2O splitting, which could aid in the development of more
active and robust catalysts and provide deeper mechanistic insights: one Cu(I)-based,
[(CF3O)4Al]Cu (A-1), and two Ru(III)-based, Cl(POR)Ru (B-1) and (NTA)Ru (C-1) (POR
= porphyrin, NTA = nitrilotriacetate). The structures and energetic viability of potential
intermediates and key transition states are evaluated according to a two-stage reaction pathway:
(A) deoxygenation (DO), during which a metal−N2O complex undergoes N−O bond cleavage to
produce N2 and a metal−oxo species and (B) (di)oxygen evolution (OER), in which the metal−oxo species dimerizes to a dimetal−
peroxo complex, followed by conversion to a metal−dioxygen species from which dioxygen dissociates. For the (F−L)Cu(I)
activator (A-1), deoxygenation of N2O is facilitated by an O-bound (F−L)Cu−O−N2 or better by a bimetallic N,O-bonded, (F−
L)Cu−NNO−Cu(F−L) complex; the resulting copper−oxyl (F−L)Cu−O is converted exergonically to (F−L)Cu−(η

2,η2-O2)−
Cu(F−L), which leads to dioxygen species (F−L)Cu(η

2-O2), that favorably dissociates O2. Key features of the DO/OER process for
(POR)ClRu (B-1) include endergonic N2O coordination, facile N2 evolution from LR′u−N2O−RuL to Cl(POR)RuO, moderate
barrier coupling of Cl(POR)RuO to peroxo Cl(POR)Ru(O2)Ru(POR)Cl, and eventual O2 dissociation from Cl(POR)Ru(η

1-O2),
which is nearly thermoneutral. N2O decomposition promoted by (NTA)Ru(III) (C-1) can proceed with exergonic N2O
coordination, facile N2 dissociation from (NTA)Ru−ON2 or (NTA)Ru−N2O−Ru(NTA) to form (NTA)Ru−O; dimerization of
the (NTA)Ru-oxo species is facile to produce (NTA)Ru−O−O−Ru(NTA), and subsequent OE from the peroxo species is
moderately endergonic. Considering the overall energetics, (F−L)Cu and Cl(POR)Ru derivatives are deemed the best candidates
for promoting facile N2O decomposition.

1. INTRODUCTION AND BACKGROUND

Nitrous oxide (N2O) is an abundant gaseous compound that is
thermodynamically unstable relative to its elements, N2 and O2

(ΔGdecomp −26 kcal/mol), but it is quite unreactive. Its chief
use as a mild and nontoxic anesthetic contrasts with its high
potency as a greenhouse gas (GHG).1 The GHG properties of
nitrous oxide have stimulated the investigation and technical
development of solid catalysts for its mitigation via
decomposition2 (eq 1) or reduction.3 These reactions have
been examined in the context of diesel fuel emissions and
methane partial oxidation.4 Practical limitations of the available
heterogeneous (solid) transition metal-supported nitrous oxide
decomposition catalysts include their low activity, requiring
high operating temperatures, and their ready degradation by
common impurities (H2O, O2, etc.). Moreover, the details of
the catalytic pathways for these systems are not well
understood, especially the process leading to oxygen evolution
(OE). As for many solid catalysts, the rational design and
preparation of improved single-site catalysts remain a
considerable challenge.

G

splitting/decomposition

N O (cat) N 1/2 O , 26 kcal/mol2 2 2 decomp+

(1)

Studies of both reduction and decomposition catalysts, e.g.,
with Fe- and Cu-zeolites, suggest that N2O reacts with the
reduced metal center (e.g., Cu(I) or Fe(II)) to lose N2 and to
generate a reactive metal−oxide (oxido) species, M−O, which
can O−O couple to subsequently produce O2.5 On a
fundamental level, the association and activation of N2O by
metal zeolites have been probed spectroscopically and
computationally. In a study of N2O−Fe(II) zeolites by IR,
Mossbauer, UV−vis spectroscopy, and DFT modeling of N2O
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binding by the Sels and Solomon groups monometallic Fe−N
binding was formulated at low temperatures, and at higher
temperatures, an O-bound species and a bis-Fe(N2O)2 species
were assigned, which can denitrogenate to Fe�O.6 These
collaborators also computationally modeled a Cu2 zeolite N2O-
binding site and proposed a bimetallic η

1,η1-O,O-Cu-O(N2)-
Cu intermediate at shorter Cu−Cu distance and an
monometallic O-bound Cu−O−N2 with a longer Cu−Cu
distance.7

A deeper knowledge and understanding of metal−N2O
coordination and activation would aid the rational develop-
ment of more efficient and robust catalysts for N2O
decomposition. More broadly, fundamental experimental and
computational reactivity studies of N2O−transition metal
interactions could lead to the discovery and development of
new chemical transformations of nitrous oxide, which are
presently rather limited.8 In this vein, gas-phase metal ion−
N2O reactions have been reported and modeled computation-
ally.9 For the Fe(II)/N2O system, deoxygenation (DO) to
FeO has been observed by MS and modeled in terms of a
Fe(II)−O−N2 intermediate preceding N−O cleavage.10 Only
a few studies of N2O coordination to well-defined metal
complexes in solution have been reported.11 These feature
metal centers in low/mid oxidation states, bonded η

1-N-end-
on or η

2-side-on (Figure 1).12−15 A couple of bifunctional,

N2O-bridged adducts with frustrated Lewis pairs (FLPs) have
also been prepared that show a bent N2O fragment, suggesting
a considerable electronic perturbation of the N2O unit.16,17

Rather little is known of the reactivity of discrete N2O
complexes. Among well-characterized N2O complexes and
presumed adducts, O-atom abstraction by a reducing metal
center has been observed (eq 2), e.g., by LV(III)13 and early
metallocenes, Cp2M,18 breaking a relatively weak N−O bond
while forming a strong M−O bond. A rare study of N−O
cleavage of various N-oxides, including N2O, by LV(III) to
give LV(V)O, showed N2O to be among the most reactive of
O-transfer agents.13b Another pathway involving N−O scission
of N2O results in O-transfer to an oxidizable substrate, as
illustrated by the reaction of N2O with RuCl2L(PPh3),19 which
produces both an oxo−bimetallic species (eq 3) and
phosphine oxide. It was also claimed that at low temperature,
the Ru−N2O adduct forms cis-RuCl2L(PPh3)(N2) and
molecular oxygen, the only example we are aware of in
which O2 is produced from N2O in a soluble metal complex.
Analogously, an FLP−N2O adduct, when heated, evolves N2

and the O-atom is transferred to a phosphine oxide−BZ3

product (eq 4).16 A unique instance of N−N bond cleavage of
N2O comes from its reaction with Mo[N(R)Ar]3 (eq 5).20

LM N O LMO N
2 2

+ + (2)

RuCl L(PPh ) N O LCl Ru O RuLCl OPPh2 3 2 2 2 3+ +

(3)

t

t

Bu P N N O B(C F )

Bu P O B(C F ) N

3 6 5 3

3 6 5 3 2

=

+ (4)

Mo N(R)Ar N O

Ar(R)N Mo(N) Ar(R)N Mo(NO)

3 2

3 3

[ ] +

[ ] + [ ] (5)

There are a small number of reported N2O reactions with
oxidizable reactants that are catalyzed by soluble, transition
metal compounds and which produce N2 and an oxidized
product, e.g., LM-catalyzed oxidation of PPh3 by N2O (eq 6),21

the epoxidation of alkenes (eq 7),22 and oxidation of alcohols
and hydroaromatics (eq 8).23 The intervening deoxygenation
of N2O by a reduced (TMP)Ru(II) species in the catalysis is
supported by the finding that (TMP)Ru(THF) reacts with
N2O at rt to give (TMP)RuO1,2.24 Ruthenium complexes also
can catalyze the deoxygenation (reduction) of N2O by
hydrogen25 or carbon monoxide (eqs 9 and 10).26 Finally,
we note the facile biochemical reduction of N2O (N2O + 2e− +
2H+ --(N2OR)→ N2 + H2O) catalyzed by the enzyme nitrous
oxide reductase (NOR) at a unique Cu4S-active site (eq 11).27

Experimental and computational mechanistic studies on the
enzyme and model CuxSy compounds suggest that N2O is
activated by coordination in a bimetallic bridging fashion,
followed by reduction and proton transfer.

N O PR (LM) OPR N2 3 3 2+ + (6)

N O alkene (TMP)RuO N epoxide2 2 2+ [ ] + (7)

N O alcohol (TMP)RuO N ketone H O2 2 2 2+ [ ] + +

(8)

N O H (LRuH) N H O2 2 2 2+ + (9)

N O CO (LRuH) N CO2 2 2+ + (10)

N O 2H 2e (Cu NOR) N H O2 2 2+ + +
+

(11)

There is much still to be learned about the factors that
facilitate nitrous oxide activation and its chemical trans-
formation. In the present study, we examine the viable
pathways for the transition metal-catalyzed N2O decomposi-
tion to N2 and O2. To our knowledge, there are no
experimental reports of catalytic N2O decomposition/splitting
by molecular transition metal complexes. The potential for
N2O splitting by Ti(II)(porphyrin) was evaluated computa-
tionally, finding that initial N−O cleavage would be facile, but
very large activation barriers would exist in steps leading to O2

evolution.28 Although homogeneous solution-phase catalysts
would not likely be practical for large-scale N2O decom-
position/mitigation, the design and development of such
species could 1. provide new insights into the factors
controlling the activity and selectivity of the N2O catalytic
decomposition reaction; 2. lead to improved solid catalysts via
tethering of designer homogeneous species to solid supports;
and 3. identify the structure/reactivity factors that would lead
to the development of new catalytic transformations of N2O.
The following are among the important unanswered questions:
What qualities of a ligated metal center, LM, influence the
affinity for N2O and its mode of coordination, N- vs O-, and
the favorability of mono- vs bimetallic coordination? How does

Figure 1. Coordination modes of N2O established by X-ray
diffraction.
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the coordination mode affect the energetics of N−O cleavage?
What are the energetically viable pathways for the incipient
oxo−metal species proceeding to evolve molecular oxygen? We
address these questions and others by computationally
examining the interaction and subsequent transformations of
N2O with three ligated metal systems, one of copper and two
of ruthenium.

1.1. Computational Methods. The B3LYP29 functional
resident in Gaussian 0930 was used to determine the energy-
minimized structures, vibrational frequencies, and electronic
energies of stationary point and saddle point species. For the
B3LYP optimizations, the 6-31G(d) basis set was used for H,
C, N, O, and F atoms, 6-311+G(d,p) for Al, Cl, and S, and
LANL2DZ for Cu and Ru. The Gibbs free energies and
enthalpies include zero-point vibrational energies and thermal
corrections at 298 K. Transition states were approached by
single-variable relaxed (mod-redundant) scans and character-
ized by single imaginary frequencies with displacement along
the reaction coordinate and intrinsic reaction coordinate
(IRC) scans. Minimum energy crossing points (MECPs)
were calculated using the sobMECP program by Lu,31 which is
based on the Harvey MECP search algorithm.32 Pathways
connecting MECPs to reactants and products were generated
using Global Reaction Route Mapping (GRRM) 1.22
software.33 Thermal correction at the MECP was performed
using the procedures in the Supporting Information. CYL-
view34 was used for visualization of Gaussian output structures.
Energies and Cartesian (x,y,z) coordinates for each of the
species analyzed are provided in the Supporting Information.

2. RESULTS AND DISCUSSION

2.1. Rationale. We propose a two-stage process for
transition metal-mediated nitrous oxide decomposition based
on experimental and computational studies of water oxidation
and nitrous oxide deoxygenation and decomposition (Scheme
1). The process consists of (A) coordinative deoxygenation
(DO) via LM(N2O) or LM(N2O)ML to produce a dinitrogen
complex LM−N2 (that loses N2) and an oxo−metal species,
LMO, from two-electron oxidation of the LM center and (B)

oxygen evolution (OE) via LMO coupling to give a peroxo−
metal species, LM−O2−ML, that converts to a metal−
dioxygen species, LM(O2), and subsequently dissociates O2.
This OE pathway has been designated as I2M and has been
experimentally and computationally studied in Ru-catalyzed
water oxidations.35,36 The viability of this OER pathway is
further supported by the existence of well-characterized
metal−peroxo and −dioxygen complexes.37,38

2.2. Catalyst Candidates. With consideration to the
putative deoxygenation/oxygen evolution of Scheme 1 for
N2O decomposition, we have selected three prospective
catalyst systems for reaction modeling based on their
unprecedented ability to either coordinate with N2O (for
LCu, A) or to produce O2 (OE) from LMOx species, LRu(V)
O (B, C) or L−Cu−O2 (A). Each of the selected LM species
features a low/mid oxidation state metal and is coordinatively
unsaturated for favorable N2O binding. General principles of
coordination chemistry structure/reactivity such as oxidation
state, total charge, ligand donor/acceptor properties, and
coordination number also guided the selection of A−C. The
(fluoroalkoxyaluminate)Cu complex (F−L)Cu (A-1) is a
computationally simplified, electronically similar model for
the experimentally characterized {[(CF3)3CO]4Al}Cu−N2O
species that features a weakly coordinating anionic bidentate
ligand.12 We note that the Cu-aluminate unit of A is also
structurally and electronically similar to the O,O-silicate/
aluminate sites of Cu-zeolites that activate and decompose
N2O.5−7 We also consider here the N2O-coordinating ability of
other simple Cu(I)X species, including Cu(OTf) (OTf =
CF3SO3). Less well established is the viability of LCu−O oxyl
species that would result from N−O cleavage, though such
derivatives have been proposed as biochemical intermediates in
enzymatic C−H oxidation.39 Relevant to the OE reaction is the
well-known ability of LCu(I) to reversibly bind/release O2 via
LCu1,2(O2) in both synthetic and biological systems (Figure
2).40,41

We have also selected two LRu(III) systems, (POR)RuCl
(B) and (NTA)Ru (C), for evaluation. Oxide and zeolite-
supported Ru catalysts for N2O decomposition have been

Scheme 1. Two-Stage Reaction Process for Element Oxide, XYO, Splitting Reactions Promoted by an Oxophilic Catalyst LM

Figure 2. Catalyst candidates and corresponding oxo-derivatives for nitrous oxide decomposition according to Scheme 1.
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reported.42 Key features of these materials include charging at
the Ru(III) or Ru(IV) oxidation levels, significant low-
temperature activity (<300 °C), instability in the presence of
O2/H2O, and unknown reaction intermediates. Among
molecular species, the more reduced LRu(II) compounds
have shown N2O coordination and activation ability,19 but
there appears to be no precedent for oxygen evolution (OE)
from a LRu(IV)O species that would result from N2O
deoxygenation by LRu(II). On the other hand, OE from
oxo−Ru(V) species is well established from water oxidation
studies,43 and our recent computational investigation estab-
lished the viability of (POR)ClRu(V)O and (NTA)Ru(V)O
for OE. The (tetraphenylporphyrin)Ru(III)Cl related to B-1 is
reported experimentally,44 and related oxo−metal species
(X)(TTP)Ru(V)O (X = Cl, Ph)45 have been detected as
transient intermediates. The nitrilotriacetate (NTA) complex
C-1 features a common N,O3-tetradentate ligand, but few
(NTA)Ru derivatives have been characterized.46 Since the
coordination affinity of N2O for Ru(III) is unknown, we
considered it appropriate to evaluate the potential of LRu(III)
species B-1 and C-1 to coordinate and deoxygenate N2O. The
differing ligand properties of the B and C derivatives, i.e.,
donor atom set, N4- vs N3O-, and coordination numbers, 5 vs
4, respectively, allow us to assess the impact of these factors on
N2O coordination and subsequent DO and OE reactions.

2.3. LCu(A-1) + N2O. The optimized intermediates that
were located on the putative deoxygenation−oxygen evolution
pathway for (F−L)Cu-catalyzed N2O splitting are illustrated in
Scheme 2 [(F−L) = (CF3O)4Al]. For the initial association of
the unsaturated (F−L)Cu species A-1 with N2O, we were able
to find stable Cu−N- and Cu−O-bonded N2O adducts A-2
and A-2′. The binding energy of (F−L)Cu (A-1) for N2O
(ΔGbind) is exergonic, −11.9 kcal/mol to form N-bound A-2
and −5.5 kcal/mol to form O-bound A-2′. The calculated

greater stability of the N-coordinated A-2 (6.7 kcal/mol) is
consistent with the experimentally identified (F27−L)Cu−
N2O.12 The N-bound complex A-2 has a linear Cu−N2O unit
(Cu−N−N 177°, N−N−O 180°) and has similar bond
lengths to [(F27−L)4Al]Cu−N2O: (F27−L)Cu−N2O, N−N
1.08 Å, N−O 1.18 Å; calculated for A-2: N−N 1.13 Å, N−O
1.18 Å. These are little different from free N2O (N−N 1.13 Å,
N−O 1.18 Å).47 A more subtle feature in the calculated
structure of A-2 is a short F−Cu contact from the ligand, 2.60
Å, which is also detected in the X-ray structure of [(F27−
L)4Al]Cu−N2O, F−Cu = 2.61 Å. This interaction may
stabilize the molecule by increasing the electron count on
the coordinatively unsaturated copper atom. The less stable O-
bonded complex A-2′ shows a bent Cu−O−N2 unit (124°)
and a linear O−N−N fragment (178°). The N−O length of
1.21 Å in the Cu−O−N−N unit is somewhat longer than in
N2O itself (1.18 Å), suggesting some weakening of the N−O
bond upon coordination. This notion is also supported by a
comparison of the N−N/N−O calculated vibrational stretch-
ing frequencies for A-2 and A-2′, which shows N-bonded A-2
to have a higher frequency (2297 cm−1, corr.) than O-bonded
A-2′ (2251 cm−1).48 A generally higher ν(N−N−O) IR
absorption for LM−N2O vs LM−O−N2 is suggested by
calculations on the LRu(N2O) complexes analyzed here as well
(vide infra), a feature that could prove useful in the
identification of the yet to be discovered O-bound complexes.

Analysis of the frontier molecular orbitals (FMOs) (F−
L)Cu−N2O complex A-2 shows an occupied MO (OMO-3)
that is Cu−N π-bonding and N−N and N−O π-antibonding in
character (Figure 3). Inspection of the OMOs of O-bound A-
2′ reveals that OMO-5 is Cu−O σ-bonding, O−N π-
antibonding, and N−N π-bonding. Although no O-bound
metal−N2O adducts have been experimentally proven, O-
coordination and a bent M−O−N geometry have been

Scheme 2. B3LYP-Optimized Intermediates and Transition States (TSs) for (F−L)Cu (A-1)-Catalyzed N2O Splittinga

aAtomic color key: C = gray, H = white, O = red, N = blue, F = green, Al = silver, and Cu = bronze. Reaction free energies are given over the
reaction arrows. Molecular formulae show formal Ru oxidation states by color: Cu(I)�black, Cu(II)�green, and Cu(III)�red; MECP or
transition states = magenta text; most stable spin state is given as a superscript (s = singlet, d = doublet, t = triplet).
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suggested for the gas-phase species Fe+−N2O based on DFT
calculation.10c

To assess the potential ligand electronic effects on the
thermodynamic stability of other LCu−N2O complexes, we
calculated the free energy of association of N2O with various
coordinatively unsaturated LCu moieties possessing common
anionic ligands (Table 1). Most of these LCu species show

relatively favorable N2O binding thermodynamics (gas phase,
298 K) in the range of −3 to −12 kcal/mol, except for the
positively charged (CH3CN)3Cu+ (+4.3 kcal/mol). This
behavior is consistent with the presumed weakly basic, π-
acceptor ligand properties of N2O, with binding being favored
with more electron-rich (neutral or anionic) LCu fragments.
The calculated difference between the F9− and (F27−L)Cu
may result from a combination of the greater steric demand
and lesser π-donor ligand electronic effects of the latter
complex, which are both destabilizing. It should be noted that
in the solid state, most of these LCu species (L = anion) are
oligomeric and coordinatively saturated,49 so stable/detectable
N2O-adducts may only be found in solution with sterically
hindered ligands L that ensure a coordination vacancy, such as
for the experimental (F27−L)Cu(N2O).12

The most obvious low-energy pathway for N−O cleavage is
via the less stable O-bound complex, A-2′, which would
liberate N2 and form (F−L)Cu−O (A-4). The latter was found
to be a ground-state triplet (ΔGtrip/sing 33.5 kcal, vide infra,
Figure 6), which indicates a spin crossover is needed during
the transformation of singlet N2O complex A-2′ to oxyl species
A-4. Searching for a transition state for N−O cleavage, a
relaxed coordinate scan along the N−O distance for the singlet
of A-4 failed to show a saddle point; neither did a comparable
scan from the higher energy triplet state of A-2′. These two
scans crossed at an N−O distance of 1.69 Å, providing a
starting point to optimize a minimum energy crossing point
(MECP) using the sobMECP program.32 The geometry of the
N2O segment of the MECP structure has a 146° bend,
resembling that of the N2O anion50 (Figure 4), suggestive of a
Cu(II) formulation of the MECP-TS with an electron transfer

to the N2O unit. From the MECP, an apparent TS was
identified, in which the O−N distance was lengthened to 1.76
Å. The electronic activation energy from A-2′ to MECP/TS A-
2′* is found to be a substantial 43.4 kcal/mol with a ΔG* of
43.5 kcal/mol.

A bimetallic intermediate, (F−L)Cu−N2−O−Cu(F−L) (A-
3), was also evaluated for its potential to facilitate N−O bond
scission. Both a triplet (SI) and a singlet dicopper species were
optimized, with the closed shell singlet of A-3 found to be
more stable by 36.0 kcal/mol (Scheme 2). In the singlet
species, the N−N−O unit is linear (180°), while the N−O−
Cu fragment is distinctly bent (118°), as observed in the
monometallic (F−L)Cu−N2O (A-2) and (F−L)Cu−ON2 (A-
2′). As in the O-bound monometallic A-2′, the N−O length of
A-3, 1.21 Å, is somewhat longer than in free N2O (N−O 1.18
Å),48 suggestive of a decreased N−O bond order in both A-2′

and A-3. Inspection of the frontier molecular orbitals (FMOs)
of A-3 found an occupied MO with Cu(1)−N and Cu(2)−O
π-bonding and N,N- and N−O π-antibonding character
(Figure 5). Although there are as yet no experimentally
characterized bimetallic N2O complexes, we note that the
reported FLP adducts R3P−N2O−BR3 show more radically
distorted N2O units, e.g., N−N−O (109−111°) and elongated
N−O (1.32−1.34 Å) compared to A-3.16,17 DFT modeling of
a proposed transient intermediate, (P,N,P-L)Rh(I)−N2O−
Rh(I)(P,N,P-L), found a ground-state triplet species with a
strongly bent M−N2O−M geometry.51

The energetics for singlet bimetallic A-3 to form (F−L)Cu−
O (A-4) and (F−L)Cu−N2 (A-5) is nearly thermoneutral
(−1.2 kcal/mol), but a spin crossover is required since the
Cu−oxyl product A-4 is calculated to be a ground-state triplet.
Mod-redundant scans of the N−O bond distance for the
bimetallic singlet and triplet molecules A-3 indicated a crossing
point near 1.5 Å. MECP calculations converged on a structure
with an N−O bond length of 1.33 Å (Figure 5). Further
scanning of the triplet surface from the MECP located an
apparent transition 2.4 kcal/mol higher in energy than the
MECP (Figure 5). The TS showed a more elongated N−O
distance of 1.57 Å and with major spin density on the Cu(O)
unit: Cu(N) 0.11, Cu(O) 0.57, N(Cu) 0.44, N 0.03, and
O(Cu) 0.74. The activation energy from the bimetallic singlet
A-3 is 31.1 kcal/mol, considerably lower than that required for
N−O cleavage of the monometallic (F−L)Cu−O−N2 species
A-2′.

We also considered an alternative bimetallic binding and N−
O cleavage mode based on that suggested by Sels and Solomon
for N2O cleavage in the Cu−Cu zeolite site, i.e., an O,O-
bridged Cu−O(N2)−Cu species.7 Unfortunately, we were
unable to locate a minimum energy species with this structure
derived from A-1. However, when the perfluoroalkoxyalumi-
nate ligand was replaced with the O,O-bidentate triflate,

Figure 3. Frontier MOs showing Cu−N2O bonding for (F−L)Cu−
N2O (A-2) and (F−L)Cu-ON2 (A-2′); atomic color key: C = gray, N
= blue, O = red, F = light blue, Al = pink, and Cu = bronze.

Table 1. Ligand Effects on N2O Binding Energy to LCu

(L)Cu ΔGf (L)Cu−N2O kcal/mol

(F9−L)Cua −11.9

(F27−L)Cub −3.1

(TfO)Cuc −11.8

(MsO)Cud −12.5

(NC)Cu −12.7

(OAc)Cu −11.6

(PhS)Cu −7.9

(CH3CN)3Cu+ +4.3
aF9−L = (CF3O)4Al−. bF27−L = [(CF3)3CO]4Al−. cTfO =
CF3SO2O−. dMsO = CH3SO2O−.

Figure 4. MECP-TS structure for O−N cleavage of (F−L)Cu−O−N2

(A-2′*).

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c01598
Inorg. Chem. 2022, 61, 14591−14605

14595

https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01598?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(CF3SO3
−), a singlet bimetallic species, (TfO)Cu−(O,O-

N2O)−Cu(OTf) (A′-3), could be optimized, as well as a
transition state (A′-3*) for O−N cleavage (Scheme 3). The
activation energy computed for the A′-3/A′-3* transformation
is 12.8 kcal/mol. However, viable access to a peroxo species
(TfO)Cu(O2)Cu(OTf), a requisite for OE via the Cu−oxyl
coupling pathway, is doubtful, since the N−O cleavage product
(TfO)Cu−O−Cu(OTf) (A′-4) failed to form a stable adduct
with N2O, and an alternative intermediate, bis-N2O adduct
(TfO)Cu−(O−N2)2−Cu(OTf), also could not be optimized.
Moreover, the energy cost to regenerate (TfO)Cu and
(TfO)Cu−O from oxide A′-4 (25.3 kcal/mol), needed for
catalytic turnover, would likely render this a dead-end pathway.
Thus, to the extent that triflate is a suitable model for the
perfluroroaluminate ligand, it appears unlikely that N2O
deoxygenation via O,O-bridged A′-3 and (F−L)Cu−O−

Cu(F−L) (A′-4) would be the lowest energy pathway for
N2O decomposition.

The oxygen evolution (OE) half-reaction from (F−L)Cu−O
oxyl species A-4 was then evaluated. The majority of the
Mulliken electron spin density of A-4 is localized on the Cu
and O-atoms (Cu 0.42 e−, O 1.51 e−) and is reflected in the
singly occupied MO (SOMO) that is Cu−O π-antibonding
(Figure 6). The radical character of A-4, with most of its spin
density on O and Cu suggests its potential dimerization to a
dicopper-peroxide (F−L)Cu(O2)Cu(F−L). Protein-bound
copper−oxyl species analogous to A-4 have been proposed

as reactive intermediates in enzymatic hydroxylation,40 but
experimental or theoretical knowledge of them is quite limited.

The optimized structures of the downstream intermediates
derived from Cu−oxyl A-4 are shown in Scheme 2. The A-4/
A-6 oxyl−peroxo conversion is highly exergonic, ΔG −54 kcal/
mol. Two peroxo complexes were located and optimized, A-6
and A-6′, both exhibiting a μ,μ-η2,η2-bonding mode. The
singlet species A-6′ optimized in an open-shell configuration
(antiferromagnetically coupled) with a butterfly-shaped Cu2O2

core unit, featuring an O−O distance of 1.41 Å, a Cu−Cu
distance of 3.05 Å, and a bridging Cu−F−Cu interaction. The
spin densities are located primarily at the Cu atoms (0.41 and
−0.44) and less on the bridging O’s (0.03, 0.03). The
corresponding triplet derivative A-6 also features a nonplanar,
butterfly Cu2O2 core with an O−O distance of 1.40 Å and a
Cu−Cu length of 3.13 Å. The triplet A-6 was found to be only
0.8 kcal/mol more stable than the singlet. These peroxo-
bridged structures may be compared to that of oxy-
hemocyanin, which has an N3-ligand and a longer Cu−Cu
separation of 3.6 Å.52 Experimental relatives of such μ-peroxo
derivatives are well documented in both synthetic41 and
biochemical systems.42 Our initial efforts to locate a transition
state (and activation barrier) for dimerization of the Cu−oxyl
A-4 by various reverse coordinate scans from the peroxo
derivatives A-6(′) were not successful and may be complicated
by spin state crossover issues from the transformation of two
(F−L)Cu−O triplets (total quintet) to a singlet or triplet
peroxo product. The very high exergonicity of this conversion
suggests, however, that the barrier would be rather small.

Continuing toward oxygen evolution from the peroxo
species A-6 and A-6′, both the triplet and singlet derivatives
were investigated for stepwise dissociation of the (F−L)Cu
moiety (A-1) to form a monometallic dioxygen complex, (F−
L)Cu(O2) (A-7(′), Scheme 2). In the singlet manifold from A-
6′, A-7 was found and optimized as an open-shell singlet
species with a symmetrical η

2-coordination mode (Cu−O 2.00,
2.01 Å and O−O 1.28 Å). The majority of electron spin
density for this species is centered on the Cu (0.35) and the
O−O (−0.21) atoms. Compound A-7 has spectroscopically
identified relatives of similar structure possessing N,N-
bidentate ligands.53 Transformation of singlet A-6′ to (F−

Figure 5. Key FMO of A-3 and MECP and TS for N−O cleavage of A-3.

Scheme 3. Structures and Energetics for (TfO)Cu(η1,η1-O−N2)Cu(OTf) (A′-3) N−O Cleavage via Transition-State A′-3* to
Products A′-4 and N2

a

aAtomic color key: C = gray, N = blue, O = red, F = green, S = yellow, and Cu = bronze.

Figure 6. Singly occupied MO (SOMO) for the Cu−oxyl species A-4.
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L)Cu(O2) (A-7) + LCu (A-1) is moderately endergonic (+0.1
kcal/mol), with the loss of Cu−O bonding being partially
compensated entropically by the formation of two product
molecules. Dissociation of triplet dioxygen from the singlet
complex A-7 was calculated to be slightly exergonic at −0.7
kcal/mol. From the more stable triplet peroxo species A-6, the
oxygen evolution pathway proceeds through a somewhat lower
energy set of intermediates. These include an unsymmetrical,

semi-bridging peroxo μ-η1,η2 species A-8 that is nearly
isoenergetic with the symmetrical peroxo A-6. A peroxo
complex similar to A-8 with an unsymmetrical N3,N4-ligand
has been implicated spectroscopically.54 Dissociation of (F−L)
Cu (A-1) from triplet bimetallic A-6 would produce the triplet
η

2-dioxygen complex A-7, which is structurally similar to the
singlet analogue A-7′: Cu−O 2.04 Å, O−O 1.27 Å, but the
former is 8.1 kcal/mol more stable. The predominant spin

Scheme 4. Free Energy Reaction Profile for (F−L)Cu-Catalyzed N2O Splittinga

a(F−L) = [(CF3)3CO]4Al; Cu(I) species in black text, Cu(II) species colored green, Cu(III) species in red; spin states, s (singlet), t (triplet),
indicated as superscripts; transition states in magenta.

Scheme 5. B3LYP-Optimized Intermediates and Transition States for (POR)ClRu-Catalyzed N2O Splittinga

aAtomic color key: C = black, H = white, O = red, N = blue, Cl = green, Ru = blue-green. Reaction free energies (kcal/mol) are shown over the
reaction arrows. Molecular formulae show formal Ru oxidation states by color: Ru(III)�black, Ru(IV)�green, Ru(V)�red; transition state =
magenta text; the most stable spin state is given as superscript, s = singlet, d = doublet, t = triplet.
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density for A-7 is located on the dioxygen O’s (0.85 e−) and on
Cu (0.26 e−), suggesting that A-7 may be viewed as a Cu
complex of triplet dioxygen. Transition states were not sought
for these dissociative transformations along the OE pathway, in
part, because the proven facility of the reverse sequence of (F−
L)Cu + O2 reactions to form Cu2−peroxo species suggests that
activation barriers in either direction would not be very high.

The free energy reaction profile for all species evaluated in
the (F−L)Cu (A-1)-promoted N2O splitting is provided in
Scheme 4. The N−O deoxygenation stage and N−O cleavage
step via the dicopper species A-3/A-3* would likely be
turnover-limiting (TL) for N2O splitting in the lowest energy
pathway, while oxygen evolution via the triplet species A-6/A-
7/A-8 is expected to be relatively facile. These results suggest
that (F−L)Cu(I) derivatives are reasonable prospective
candidates for moderate-temperature homogeneous catalysis
of N2O decomposition.

2.4. (POR)RuCl (B) + N2O. The reactants, intermediates,
products, and important TSs found for Ru(POR)Cl-promoted
N2O decomposition by the deoxygenation−OER pathway
were optimized by the hybrid B3LYP functional. The
structures of those species in their ground electronic states
are shown in Scheme 5. The oxidation states and electronic
spin states are indicated as shown. Note that most
monometallic species are found to be ground-state doublets,
except for LRuO (quartet) and bimetallic peroxo-triplets, and
are indicated accordingly.

Optimized structures were located for an N-bound and an
O-bound N2O complex, B-2 and B-2′, respectively. The
former shows the linear M−N2O geometry found in the X-ray-
determined structures of the reported Cu,V, and Rh
complexes.12−14 Comparing the bond lengths calculated for
free N2O relative to those of B-2, the N−N lengths are the
same, N−N = 1.13 Å, while the N−O distance is lengthened
slightly upon coordination, N−O 1.22 Å in B-2 vs 1.19 Å in
free N2O, suggesting some weakening of the N−O bond.
Comparison of the calculated N−N/N−O vibrational
stretching frequencies for B-2 and B-2′ shows the N-bonded
adduct B-2 to have a higher frequency (2285 cm−1, corr.) than
O-bonded B-2′ (2234 cm−1), as observed with the isomeric
LCu(N2O) complexes A-2/A-2′. The linear geometry is
favored by a Ru−N2O π-(back) bonding interaction most
apparent in OMO-12 (Figure 7). The O-bound species B-2′ is

calculated to have a bent M−O−N2 arrangement (118°) and a
linear N2O moiety (179°). There is little difference in the N−
N and N−O bond lengths between B-2′ and N2O itself, as
shown in parentheses: N−N 1.13 Å (1.13 Å), O−N 1.20 Å
(1.19 Å). Although no O-bound complexes have been
experimentally verified, other O-coordinated structures have
been proposed with a similarly bent predicted geometry.50

This arrangement in B-2′ is favored by a bonding OMO-10

that has a σ-bonding interaction between Ru dz
2 and an O-p of

the π-MO on the N2O unit. In both B-2 and B-2′, most of the
spin density of these doublet species lies on the Ru and Cl
atoms and very little on the N2O unit (e.g., B-2: Ru 0.77 e−, Cl
0.09 e−, N −0.02 e−, N 0.008 e−, O 0.00 e−; B-2′: Ru/POR:
Ru 0.81 e−, Cl 0.08 e−, N −0.00 e−, O −0.00 e−, N 0.00 e−).

In contrast to the apparent stability of the reported
LRu(II)−N2O species,19,43 the thermodynamics of N2O
association with the unsaturated Cl(POR)Ru(III) (B-1) to
form B-2 and B-2′ is somewhat unfavorable, +6 (±1 kcal/
mol), with O-bound B-2′ slightly more stable (+5.8) than N-
bound B-2 (+6.6). The lower affinity of N2O for LRu(III)
relative to LRu(II) is not surprising, given the weakly basic, π-
accepting properties of nitrous oxide and the presumably
weaker π-donor (back-bonding) ability of Ru(III) relative to
Ru(II). However, the inaccuracies of DFT-calculated ligand
association/dissociation energies prevent quantitative conclu-
sions.55 While the limited affinity of Cl(POR)Ru (B-1) for
N2O may preclude the isolation of (POR)ClRu(N2O) (B-2/B-
2′), these species could be accessible in a catalytic system at
high concentrations (pressure) of N2O. Greater N2O affinity
for X(POR)Ru(III) may be achievable through exploitation of
the electronic effects of substitution of the axial or porphyrin
ligand.56

The most obvious low-energy pathway for N−O cleavage is
via the O-bound complex B-2′, from which a strong Ru−O
bond can form, yielding (POR)ClRu(V)O (B-3) and N2. A
relaxed coordinate scan along the N−O distance helped locate
a transition state B-2′* (Scheme 5) with an elongated N−O
distance (1.47 Å) and a 136° O−N−N angle (Figure 8). A free

energy of activation of 25.0 kcal/mol for the transformation B-
2/B-2′* is found. The product (POR)ClRu(V)O (B-3) is
calculated to be a ground-state quartet under B3LYP (5.7 kcal
lower than the doublet). The overall conversion from the N2O
complex to B-3 and N2 is thus exergonic by 20.3 kcal/mol. An
alternate path for N−O cleavage from the N-bound species B-
2 was judged to be highly endergonic, since homolytic N−O
cleavage would generate a highly energetic oxygen atom.

We also considered an N−O cleavage pathway that could
proceed via a bimetallic intermediate in which N2O binds in an
N,O-bridging fashion. Both singlet and triplet bimetallic
complexes B-4 were optimized; the triplet B-4 was found to
be more stable than the singlet by 8.0 kcal. The structure of the
triplet B-4 (Scheme 5) features a bent Ru−N2−O−Ru unit
with an N−N−O angle of 122° and an N−O bond length of
1.37 Å, 0.25 Å longer than in the mono-Ru complex B-2′ and
0.27 longer than in free N2O. The strongly bent N2O unit in B-
4 is comparable to that of the bifunctional FLP N2O-
adducts16,17 and suggests a considerable perturbation of the
electronic state of the coordinated N2O. This notion is
supported by a bonding FMO showing Ru−N and Ru−O π-

Figure 7. Key bonding interactions for N-bound B-2 and O-bound B-
2′ of Cl(POR)Ru(N2O).

Figure 8. Transition states for N−O cleavage�monometallic B-2′*

and bimetallic B-4*.
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bonding, N−N π-antibonding, and N−O σ-bonding character
within the Ru−N−N−O−Ru unit (Figure 9). Inspection of

the calculated Mulliken atomic charges in the Ru−N2O−Ru
unit supports the idea that there is substantial electron transfer
from the (POR)Ru moieties to the N2O unit (net −0.52 e− for
the N,N,O-atoms) vs a net +0.10 e− in Cl(POR)Ru−ON2 (B-
2′). Interestingly, there is also a considerable and unsym-
metrically distributed electron spin density on the Ru−N2O−
Ru fragment of B-4: Ru(N) 0.23 e−, N(Ru) −0.11 e−; N(O)
−0.06 e−; O(Ru) 0.08 e−, O(Ru) 1.32 e−. The formation of B-
4 from B-2 or B-2′ is thermodynamically uphill, ΔG ca. +9

kcal/mol, and therefore B-4 would not likely be experimentally
detectable by conversion from the monometallic B-2.

Completing the deoxygenation stage of the splitting reaction
involves N−O bond cleavage of bimetallic B-4 to Cl(POR)-
Ru−O (B-3) and Cl(POR)Ru−N2 (B-5). A transition state B-
4* with triplet character could be located (Figure 8) that
features an elongated N−O distance of 1.53 Å (vs 1.37 Å in B-
4). The activation energy for the B-4/B-4* cleavage of the N−

O bond is a modest 10.0 kcal/mol, considerably lower than the
23.8 kcal for the Cl(POR)Ru−ON2 B-2/B-2′*, but this is
largely counterbalanced by the entropic cost of association to
form the bimetallic species. The bimetallic N−O cleavage
pathway (B-1, B-2, B-4, B-4*) is thus modestly favored over
the monometallic process (B-1, B-2′, B-2′*) based on a lower
total activation barrier (25.2 vs 29.6 kcal/mol). The overall
conversion from the bimetallic B-4 to (POR)ClRuO (B-3) +
Cl(PO)Ru−N2 (B-5) is highly exergonic, −42.8 kcal/mol. The
N2 complex B-5 (Scheme 5) was found to be a ground-state
doublet, with most of the spin density residing on the Ru−Cl
unit atom (Ru 0.73 e−, Cl 0.10 e−). Complex B-5 is calculated
to release N2 favorably (ΔG −7.5 kcal/mol), regenerating the
reduced Cl(POR)Ru (B-1) for further N2O coordinative
activation. The coproduct Ru−oxyl Cl(POR)RuO (B-3) was
optimized as a ground-state quartet, with the majority of the
spin density localized on the Ru (0.93 e−) and O (0.98 e−)
atoms.

During the oxygen evolution (OE) phase of the N2O
splitting process, Cl(POR)Ru(V)O (B-3) is converted via

Figure 9. Frontier MO of B-4 showing bonding interactions in the
Ru−N−N−O−Ru moiety.

Scheme 6. B3LYP-Optimized Intermediates and TSs for (NTA)Ru-Catalyzed N2O Splittinga

aAtomic color key: C = black, H = white, O = red, N = blue, Cl = green, Ru = blue-green; reaction free energies are given over the reaction arrows.
Molecular formulae show formal Ru oxidation states: Ru(III)�black, Ru(IV)�green, Ru(V)�red, and transition states�magenta; most stable
spin state indicated as superscript, s = singlet, d = doublet, t = triplet.
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dimerization to a Ru2 peroxo species, followed by Cl(POR)Ru
dissociation to a Ru-dioxygen complex and finally dissociation
of the latter to O2 and Cl(POR)Ru. Since we recently
evaluated this sequence computationally in a study of water
splitting by various LRu(III) complexes,57 we will only briefly
highlight the key features and energetics here. The
intermediates and transition states located for this sequence
are summarized in Scheme 5, along with the free energy
changes calculated for each step. Key features include the
location of a transition state for the O−O coupling of
Cl(POR)Ru(O) B-6* featuring an O−O distance of 1.71 Å
and a modest activation energy of 15 kcal/mol. This leads to
the weakly endergonic formation of a μ-η1,η1-peroxo derivative
B-7 that is most stable in the triplet state. The peroxo species
B-7 can be transformed via Cl(POR)Ru dissociation to a
monometallic dioxygen complex Cl(POR)Ru(η

1-O2) (B-8)
with little energy cost; B-8 is best described as a Ru(IV)-
peroxo species. The dissociation of triplet O2 from B-8 is
calculated to be mildly exergonic. Overall, the thermodynamics
of the oxygen evolution half-reaction from the Ru−oxyl B-3 is
almost thermoneutral. Presuming no substantial barriers exist
for the nearly thermoneutral dissociation steps, oxygen
evolution from Cl(POR)RuO should be a facile thermal
process. In support of this notion is the documented reversible
dioxygen affinity of some LRu(III) species.58 For the overall
N2O-decomposition/splitting process with Cl(POR)Ru (B-1),
N2O association to give bimetallic B-4 and its N−O cleavage
step (25.2 kcal overall) is calculated to be the turnover-limiting
barrier to N2O decomposition/splitting.

2.5. (NTA)Ru (C-1) + N2O. The structures of the reactants,
intermediates, products, and important transition states
resulting from B3LYP optimizations along the (NTA)Ru-
N2O deoxygenation/OER pathway are summarized in Scheme
6. A few generalizations are to be noted initially: the
monometallic (NTA)Ru(III)/(V) complexes typically are
calculated to have low spin doublet ground states, whereas
the bimetallic (NTA)Ru(IV) species are found to be ground-
state singlets (e.g., C-4, C-6, C-8). In contrast, recall that the
corresponding (POR)RuCl derivatives generally have inter-
mediate spin ground states (Scheme 5).

Association of N2O with 4-coordinate (NTA)Ru (C-1)
leads to the N-bound and O-bound (NTA)Ru(N2O)
complexes, C-2 and C-2′, respectively (Scheme 6). N-
Coordinated C-2 shows a nearly linear Ru−N−N−O unit
(Ru−N−N angle 177°). As with Cl(POR)Ru−N2O (B-2), the
N−N and N−O bond lengths of C-2, i.e., 1.13 Å and N−O
1.19 Å, are virtually unchanged from N2O itself. The structure
of the Ru−O species C-2′ again shows a “bent” Ru−O−N
fragment (118°) and N−N and O−O bond lengths, 1.13 and
1.21 Å, little different from free N2O. Comparison of the
calculated N−N/N−O vibrational stretching frequencies for

C-2 and C-2′ shows the N-bonded adduct C-2 to have a higher
frequency (2315 cm−1, corr.) than O-bonded C-2′ (2260
cm−1); the same feature was noted for the N- and O-bonded
(F−L)Cu- and Cl(POR)Ru-(N2O) pairs, A-2/A-2′ and B-2/
B-2′. The OMO-3 of (NTA)Ru-N2O (C-2) shows a Ru-N π-
bonding interaction and N−O π-antibonding character (Figure
10). The corresponding (NTA)Ru-ON2 OMO-4 features Ru−
O d-p π-bonding, O−N π-antibonding, and N−N π-bonding
character. In contrast to the Cl(POR)Ru system, complexation
of N2O to the 4-coordinate (NTA)Ru(III) is found to be
mildly exergonic, with the N-bound species C-2 somewhat
more stable than O-bound C-2′ (ΔG = 4.5 kcal/mol).

A transition state C-2′* for N−O cleavage from O-bound C-
2′ was located, featuring an elongated O−N distance of 1.76 Å
(Scheme 6 and Figure 11). The activation free energy from C-

2′ to C-2′* was determined to be 28.3 kcal/mol. Complete
cleavage of the N−O bond of C-2′ results in the release of N2

and the formation of (NTA)Ru−O (C-3); this transformation
is highly exergonic (−26.4 kcal/mol). The resulting Ru−oxyl
species C-3 is calculated to be a ground-state doublet, 4.5 kcal/
mol more stable than the quartet.

Association of the monometallic N2O complexes C-2 or C-
2′ with another (NTA)Ru species can form an N,O-bridged
complex C-4, which could be optimized as either a triplet or
singlet species (Scheme 6). The singlet of C-4 is modestly
more stable than the triplet by ca. 4 kcal and features a severely
bent N2O unit (106°) and a novel η

1/η
2-binding mode. This

bonding mode is supported by the Ru−d−π-bonding
interaction with the N2O fragment in OMO-3 shown in
Figure 10. In comparison with the monometallic complexes,
the N−N and N−O bond lengths, 1.25 and 1.34 Å, are
considerably longer than for the monometallic C-2/C-2′. This
suggests a substantial perturbation of the electronic character
of the N2O unit, with significant electron transfer from the
metal centers, approaching that of the N2O anion.52 The triplet
(NTA)Ru-N2O-Ru(NTA) (SI) features a very similar bent/
bent structure and bonding mode. Formation of the favored

Figure 10. Key occupied molecular orbitals (OMOs) showing bonding character in the Ru−N2O fragment: OMO-3 of (NTA)Ru−N2O (C-2),
OMO-4 of (NTA)Ru−ON2 (C-2′), and OMO-3 of (NTA)Ru−ON2−Ru(NTA) (C-4).

Figure 11. Transition state C-2′* for N−O cleavage from
monometallic intermediate of C-2′.
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bimetallic singlet C-4 from the mono-Ru N2O complexes is
mildly endergonic (ca. 11 kcal/mol).

Completion of the deoxygenation process via N−O bond
cleavage from the bimetallic complex C-4 could proceed
through an optimized transition state C-4*, as shown in
Scheme 6 (Figure 12). In TS C-4*, the N−O distance is 1.57

Å, 0.23 Å longer than in C-4, and the Ru−N−N angle is
linearizing. The activation energy for fragmentation of
bimetallic C-4 via C-4* was determined to be only 4.7 kcal/
mol. An interesting feature of TS C-4* is a short Ru−O
contact from a bridging NTA carboxylate, which may stabilize
the TS relative to the reactant (and products). Completion of
the deoxygenation step from C-4 produces (NTA)Ru-N2 (C-
5) and (NTA)Ru-O (C-3) in a strongly exergonic step (ΔG =
−26.6 kcal). We found both of these species to be favored as
ground-state doublets. It is noteworthy that the total activation
barrier for N−O cleavage from C-2 via the bimetallic C-4
(16.2 kcal) is substantially lower than that from the
monometallic C-2′ (28.3), providing a lower energy pathway
for deoxygenation through the bimetallic complex.

The alternative bimetallic η
1,η1-O,O-bound species (NTA)-

Ru-O(N2)-Ru(NTA) (C-6) was also evaluated for its potential
intermediacy in the deoxygenation of N2O (Scheme 6).
Dinuclear C-6 could be optimized to a structure akin to the
proposed Cu2-zeolite derivative7 with a linear O−N−N unit
and O−N of 1.22 Å and N−N of 1.12 Å; the O−N length is
modestly longer than found for free N2O. The O,O-bridged
species C-6 is calculated to be 11.1 kcal more stable than the
singlet O,N-bridged species C-4. A transition state C-6* for

N−O scission from C-6 was located (N−O length = 1.53 Å)
with an activation free energy of 20.4 kcal (Figure 12).
Comparing the total activation barriers for N−O cleavage from
(NTA)Ru (C-1) via the O,N-bimetallic species C-4* (10.5
kcal/mol) vs O,O-bimetallic C-6* (15.1 kcal), the pathway via
C-4/C-4* is found to be lower in energy by 4.6 kcal/mol.
Thus, although O,O-bridged bimetallic C-6 is calculated to be
more stable than C-4, the kinetically preferred pathway for OE
is likely to proceed via the less stable, N,O-bridged species, C-
4. Additionally, the highly exergonic conversion of O,O-
bridged C-6 to the bridged oxide C-7 may constitute a dead
end in catalysis, since Ru(IV) species C-7 is expected to have
little affinity for weakly donating N2O, and very stable C-7 will
not readily convert to the reactive species (NTA)Ru (C-1) and
(NTA)Ru−O (C-3) (ΔG +39.8 kcal).

The oxygen evolution phases for (NTA)RuO (C-3) and six-
coordinate L(NTA)RuO (L = Cl, H2O, NH3, Pyr) have been
described in our recent publication,59 and so these will only be
briefly highlighted here. The species optimized for the OER
process are shown in Scheme 6, starting from (NTA)RuO (C-
3), along with their relative free energies. The dimerization of
C-3 to the ground-state singlet peroxo species (NTA)Ru−O−

O−Ru(NTA) (C-8) is mildly exergonic (−10.4 kcal),
proceeding through a readily located TS 2C-3* with an
activation energy for dimerization of 20.6 kcal. Dissociation of
(NTA)Ru (C-1) from the peroxo complex C-8 to produce the
η

2-dioxygen complex C-9 is quite unfavorable (+20.9 kcal).
Release of O2 from C-9 is also modestly endergonic (+2.8
kcal), completing the OE process. From (NTA)RuO (C-3),
the overall OE process is substantially endergonic (ca. +20
kcal), while the N−O deoxygenation stage from (NTA)Ru (1)
and N2O is substantially exergonic (−32.4 kcal). For this
potential catalyst, the overall splitting reaction is anticipated to
be kinetically viable at moderate temperatures, with the larger
activation (and thermodynamic) barrier coming in the OE
phase, i.e., deoxygenation (with N2 release), is predicted to be
easier than O2 evolution.

We conclude this section with a comparison of the N2O
splitting energetics promoted by (POR)RuCl (B-1) and
(NTA)Ru (C-1) (Scheme 7). The lowest energy intermediates
and transition states are shown for each complex. The key
comparisons are as follows: (1) the binding energy of N2O to

Figure 12. Bimetallic transition states for N−O cleavage of C-4 and
C-6.

Scheme 7. Comparative Lowest Energy Reaction Profiles for N2O Splitting by Cl(POR)Ru (B-1, in Black) and (NTA)Ru (C-1,
in Blue)a

aTransition states are indicated by *.
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(NTA)Ru is more favorable than to (POR)RuCl; (2) the
activation free energy for N−O scission in monometallic LRu-
O-N2 is similar for both the NTA and POR derivatives (ca.
22−25 kcal); (3) the activation energies for N−O cleavage of
the bimetallic complexes are lower relative to the mono-
metallics, i.e., 5−10 vs 22−25 kcal/mol; (4) there is a lower
Gact for NTA-bimetallic N−O cleavage (5 kcal) than for POR-
bimetallic (10 kcal); (5) the oxygen evolution (OE) process
for (POR)RuCl is nearly thermoneutral, with a modest O−O
coupling barrier (ca. 15 kcal); and (6) the OE for (NTA)Ru is
endergonic (ca. +18 kcal) with a larger LRuO coupling
activation energy (25 kcal) relative to L = POR (15 kcal).
Thus, the deoxygenation/N2 evolution process should be more
facile for (NTA)Ru (C-1), while oxygen evolution should be
easier for (POR)ClRu (B-2). The overall splitting energetics
are expected to be similar for the two activators.

Finally, we note that for the (F−L)Cu and Cl(POR)Ru
catalysts, N−O deoxygenation (N2 evolution) is calculated to
be turnover-limiting (TL). Comparing the deoxygenation stage
for the three catalysts, we found that the activation barriers Gact

for N−O cleavage via the N2O-bridged bimetallics to be in the
order (NTA)Ru < (F−L)Cu < (POR)ClRu. Key contributors
to the activation barrier may be the stability of the preferred
bridged bimetallic intermediate, the energetic viability of the
incipient metal−oxyl species, and the coordination number.
The total activation barriers via bimetallic N2O-bridged
intermediates for these systems (15−25 kcal/mol) suggest
that N2O splitting could be achieved at more moderate
temperatures, e.g., <200 °C, than observed for reported solid
catalysts. As for the oxygen evolution stage, where the
activation barriers are less determined, the thermodynamics
of O2 evolution for these complexes fall in the reverse order
(POR)ClRu < (F−L)Cu < (NTA)Ru. The energetics here are
dependent on the (in)stability of the intermediate metal−oxyl
species and the stability of M−O2 coordination. For these
three representative complexes, the easier the N2O deoxyge-
nation, the more difficult the O2 evolution. A significant
contributor to the energetic barrier for the turnover-limiting
steps is the entropically costly association to form bimetallic
complexes with N2O and for O2 generation. It may thus be
possible to further lower the energy requirements for N2O
decomposition by developing catalysts that have binucleating
ligands that preorganize the metal centers, e.g., cofacial
porphyrins.59 Next-generation catalyst candidates incorporat-
ing this design element are under consideration.

3. CONCLUSIONS

The energetic and mechanistic viability of nitrous oxide
decomposition (splitting) catalyzed by three molecular
complexes, (F−L)Cu (A-1), Cl(POR)Ru (B-1), and (NTA)
Ru (C-1), have been evaluated in a two-stage reaction pathway
involving initial deoxygenation (with N2 evolution) and (di)
oxygen evolution via metal−oxo coupling. (F−L)Cu (A-1) is
determined to be capable of deoxygenating N2O to release N2

with a low barrier via an O-bound monometallic or, more
readily, by a bimetallic N2O-bridged complex. Oxygen
evolution from LCu−O (A-4) is thermodynamically favorable
and unlikely to have significant kinetic barriers, rendering
overall N2O splitting by (F−L)Cu species to be kinetically
viable at moderate temperatures. There are significant ligand
effects on the energetics of the DO and OE for N2O
decomposition by Cl(POR)Ru (B-1) and (NTA)Ru (C-1).
Although N2O binding to five-coordinate Cl(POR)Ru(III) is

relatively unfavorable, subsequent deoxygenation via an O-
bound monometallic or better N,O-bridged bimetallic
derivatives is more favorable, with moderate activation barriers.
The OE process from Cl(POR)RuO is calculated to be both
thermodynamically and kinetically favorable, leading to the
prediction that N2O decomposition catalyzed by Cl(POR)Ru
will be probable at moderate temperatures. In contrast, N2O
deoxygenation with N2 generation is relatively more favorable
by the four-coordinate (NTA)Ru species, particularly via the
N,O-bridged bimetallic intermediate. On the other hand,
oxygen evolution from (NTA)RuO is more energetically
challenging because of the expectedly greater stability of the
intermediate (NTA)2Ru2 peroxo species. Finally, we hope that
this investigation will stimulate experimental studies, leading to
improved systems for nitrous oxide splitting and to other N2O
conversion processes.
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