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Mechanistic study on reduction of nitric oxide to nitrous oxide 
using a dicopper complex
Yohei Kametani,a Tsukasa Abe,a Kazunari Yoshizawaa and Yoshihito Shiota*a

A density functional theory study was carried out to investigate 
the reduction mechanisms of NO to N2O using a dicopper complex 
reported by Zhang and coworkers (J. Am. Chem. Soc. 2019, 141, 
10159–10164). The reaction mechanism consists of three steps: N–
N bond formation, isomerization of the resultant N2O2 moiety, and 
cleavage of the N–O bond.

The reduction of nitric oxide (NO) to nitrous oxide (N2O) is 
important in biological denitrification and in heterogeneous 
catalytic processes useful for pollution control.1-3 In biological 
systems, this reaction is accomplished by NO reductase (NOR) 
and flavodiiron NO reductase (FNOR), which convert 2 equiv. 
of NO, two electrons, and two protons into N2O and water.3-15 
Extensive efforts have been devoted to fully elucidating the 
corresponding catalytic cycle. On the basis of experimental 
evidence, NO reduction is widely acknowledged to proceed via 
a hyponitrite (N2O2

2−) intermediate via N–N bond formation.16-

23 Another useful clue in unraveling the mechanism is a µ-oxo 
bridged species (M–O–M), which has been characterized as 
the resting state of NOR.24,25 Still, details of the N–N bond 
formation, N–O bond cleavage, various possible intermediate 
species, and the exact timing of metal redox shuttling remain 
elusive.26-35 Uncovering such details would provide substantial 
insights for the design of NOR-related therapeutics as well as 
for improving NOx purification systems.36-42

The reduction of NO to N2O using mono-43–47 and 
dicopper22,48 complexes has been experimentally 
demonstrated using information obtained from modeling 
studies. For example, Zhang and co-workers49 have reported 
that NO can be activated by the dicopper complex supported 
by 1,2-bis(di(pyridin-2-yl)methoxy)benzene (A). The reaction of 
A with 3 equiv. of NO provides the (µ-oxo)(µ-nitrosyl)dicopper 
complex and N2O (Figure 1). Possible reaction mechanisms 
based on measured kinetics and isolated intermediates have 
been postulated. Metz50 used density functional theory (DFT) 

calculations to theoretically investigate the reduction of NO to 
N2O by monocopper complexes.44-46 However, in the case of 
dicopper complexes, the literature contains no studies that 
present a complete mechanism including all intermediates. We 
were therefore motivated to propose a reaction mechanism 
using a dicopper model for the reduction of NO. In a reduction 
of NO to N2O using a bimetallic complex, the µ-oxo complex is 
generally considered an intermediate or a product. Therefore, 
the presumed reaction pathway is that dicopper complex A 
reacts with 2 equiv. of NO to form µ-oxo complex B, followed 
by another NO coordinating to B to give the product complex 
(Figure 1). In the present study, we focus on the reduction of 
NO to form N2O and B.

We here used DFT calculations to investigate how NO 
reduction occurs via dicopper complex A. All calculations were 
performed using the spin-unrestricted B3LYP functional51 
implemented in the Gaussian 16 package52 for the structural 
optimization. Because the total charge of dicopper(I) complex 
A is +2, we considered three possible spin states: closed-shell 
singlet, open-shell singlet, and triplet states. The open-shell 
singlet state was computed using the broken-symmetry 
approach. Vibration frequencies were systematically 

Figure 1 Possible reaction pathway of the NO reduction using 
dicopper complex A.
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computed to ensure that the potential energy surface for each 
optimized geometry corresponded to a local minimum with no 
imaginary frequencies, or to a saddle point with only one 
imaginary frequency. We used the (16s10p6d) primitive set of 
Wachters–Hay supplemented with one polarization f-function 
(α = 1.44 for Cu)53 for the Cu atoms and the D95** basis set for 
the H, C, N, and O atoms.54 We added the Gibbs free energy 
correction (T = 298.15 K) and the Grimme’s dispersion 
correction (D3).55 Implicit solvent effects of tetrahydrofuran (ε 
= 7.4257) were included via the polarizable continuum model 
(PCM).56

Fig. 2 shows calculated free energy profiles for the 
reduction of NO to N2O. The calculated reaction mechanism 
comprises three steps: (1) N–N bond formation (1, TS1/2, 2); (2) 
isomerization of the N2O2 moiety (2, TS2/3, 3); and (3) N–O 
bond cleavage (3, TS3/4, 4). The DFT calculations suggested that 
the potential energy surfaces of the closed-shell singlet, open-
shell singlet, and triplet states lie close together along the first 
half of the reaction path. In the first step, the three spin states 
compete energetically. After formation of the N–N bond, the 
closed-shell singlet is dominant for the isomerization of the 
N2O2 moiety. In the final step, the open-shell singlet and triplet 
states are low-lying states. The calculated binding energy 
between A and 2 equiv. of NO is −20.2 kcal/mol to form 1 with 
the end-on coordination mode. In the triplet state of 1, the Na–

Oa and Nb–Ob bond lengths were calculated to be 1.177 Å and 

1.176 Å, respectively. The Na–Nb distance of 3.815 Å is too far 
for the two N atoms to interact. The Cu–Cu distance of 4.454 Å 
is also too far. The computed spin densities of the Cu atoms in 
1 (t) are nearly zero, and the spin densities are spatially 
localized at the two NO moieties. Thus, the formal charges of 
the Cua and Cub atoms can both be assigned as +1 (3d10). Given 
that the relative energies are –1.0 kcal/mol in the open-shell 
singlet state and +5.4 kcal/mol in the closed-shell singlet state, 
the other two spin states in 1 are also energetically possible. 
The optimized geometry of 1 (oss) is similar to the triplet 
geometry, and the Na–Nb distance is 3.319 Å, whereas 1 (css) 
has a short Na–Nb distance of 1.918 Å. The Na–Nb bond 
formation occurs at TS1/2, which is a transition state. The 
coordination of the two NO moieties then changes from the 
end-on mode to the side-on mode, resulting in the formation 
of the two Cu–O bonds in 2. The Na–Nb distance decreases 
from 1.918 Å in 1 to 1.417 Å in 2 via 1.655 Å in TS1/2 in the 
closed-shell singlet state. Given the lengths of the Na–Nb, Na–
Oa, and Nb–Ob bonds, the N2O2 moiety of 2 is assigned as the 
mono-anion N2O2

–, indicating that one electron was 
transferred from the dicopper center to the N2O2 moiety. The 
activation energies for TS1/2 are 24.6 kcal/mol in the closed-
shell singlet state and 21.8 kcal/mol in the triplet state. 
Accordingly, the triplet state is dominant to facilitate N–N 
bond formation. 

Fig. 2 Gibbs free energy profiles for the reduction of NO to N2O starting from the dissociation limit of A + 2 NO in the closed-
shell singlet (blue), open-shell singlet (red) and triplet states (black). Notations, css, oss and t, represent the closed-shell singlet, 
open-shell singlet and triplet states, respectively. Energies and distances are given in units of kcal/mol and Å, respectively. 
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Next, the N2O2 moiety of 2 isomerizes via TS2/3, which is a 
transition state corresponding to the cleavage of the Cub–Nb 
bond and the formation of the Cub–Oa bond. In the closed-
shell singlet state, the Cub–Nb bond distance increases from 
1.910 Å in 2 to 2.679 Å in 3 via 2.378 Å in TS2/3, whereas the 
Cub–Oa bond distance decreases from 3.300 Å in 2 to 1.946 Å 
in 3 via 2.662 Å in TS2/3. This step also corresponds to the cis–
trans isomerization with respect to the Oa–Na–Nb–Ob dihedral 
angle, which decreases from 154.4° in 2 to 3.6° in 3 via 75.8° in 
TS2/3. Calculated energies of TS2/3 are 42.1 kcal/mol in the 
triplet state and 30.5 kcal/mol in the closed-shell singlet state. 
Thus, the singlet pathway is energetically favored, leading to 
the formation of 3. The DFT calculations indicate that electron 
transfer occurs from the Cu center to the N2O2 moiety. In fact, 
the Na–Nb bond distance decreases from 1.344 Å in 2 to 1.267 
Å in 3 via 1.501 Å in TS2/3. The Na–Nb bond is shortened during 
the step from 2 to 3, whereas it is elongated in the vicinity of 
TS2/3. Such a change of the Na–Nb bond length represents a 
decrease in the π-character of the Na–Nb bond, which 
facilitates the trans–cis rotation. After TS2/3, the ground state 
of 3 changes from the closed-shell singlet to the triplet state. 

To help the better understanding of the change in the 
electronic state induced by the isomerization, we performed 
an orbital analysis. Figure 3 shows (a) schematic 
representation electronic states from 2 to 3 and (b) an orbital 
analysis of the isolate N2O2 molecule with the dihedral angle of 
75.8˚ and TS2/3 (css). The N2O2 moiety was assigned to mono 
anion in 2, neutral molecule in TS2/3 and dianion in 3 from 
geometrical information of N2O2 species (SI). The orbital 
analysis of TS2/3 shows that the occupied orbital of TS2/3 has 
the same σ(N-N) orbital as the neutral N2O2 molecule. 
Furthermore, similarities were observed for other orbitals, 
indicating that TS2/3 and the neutral N2O2 molecule have a 
similar electronic configuration. Thus, our DFT calculations 
suggest that the valence of the dicopper active site changes 
from Cu(I)Cu(II) in 2 to Cu(II)Cu(II) or Cu(I)Cu(III) in 3 via 
Cu(I)Cu(I) in TS2/3. The orbital analysis of TS2/3 is also consistent 
with the ground singlet state. 

The closed-shell singlet state and the open-shell singlet 
state of 3 correspond to Cu(I)Cu(III) and Cu(II)Cu(II), 
respectively. The disproportionate valence of Cua and Cub is 
energetically unfavorable for 3; thus, one electron is 
transferred to form the open-shell singlet state of the two 
Cu(II) centers. The geometrical structure of 3 is unique, where 
the N2O2 moiety coordinates to the two Cu ions to form a µ-
oxo structure. On the basis of the Mulliken spin densities, we 
assigned the formal charges of the Cua and Cub atoms and the 
N2O2 moiety in 3 (oss), (t) as +2, +2, and −2, respectively. 
Notably, the Na–Oa bond of 3 is distinctively elongated to 1.424 
Å in 3 (oss), which is longer than the N–O bond of the cis-
N2O2

2− dianion (calculated to be 1.362 Å). A similar 
intermediate has been reported in the NO reduction by a 
diiron complex, which is a model of FNOR.57 

In the final step, Na–Oa bond cleavage occurs to provide the 
(µ-oxo)dicopper(II) complex and an N2O molecule. During the 
Na–Oa bond cleavage, the Na–Nb and Nb–Ob bonds shorten and 
the Na–Nb–Ob geometry changes from bent to linear. In 

addition, the Cu–Cu distance is further shortened (3.059 Å in 4 
(t)) to form a µ-oxo bridge. The open-shell singlet and triplet 
states are dominant in this step because TS3/4 (oss) and TS3/4 
(t) are lower in energy by 12.4 and 13.7 kcal/mol than TS3/4 
(css), respectively. The activation energies of TS3/4 are 6.5 
kcal/mol in the triplet state and 8.7 kcal/mol in the open-shell 
singlet state. In the Na–Oa bond cleavage, the Mulliken charges 
of the two Cu atoms remain unchanged. The charge of the Oa 
atom decreases from −0.40 to −0.59, whereas the total 
charges of the Na, Nb, and Ob atoms increase from –0.17 to 
0.12. Therefore, this step is completed by the electron transfer 
from the Na, Nb, and Ob atoms to the Oa atom. In 4, the open-
shell singlet and triplet states are stable and no significant 
differences in geometry or energy are observed. The spin 
density of the N2O moiety is almost zero. Accordingly, the 
NaNbOb moiety exists as the N2O molecule, indicating that little 
interaction occurs between the (µ-oxo)dicopper complex and 
the N2O molecule. Finally, the desorption energy of N2O from 4 
requires 7.4 kcal/mol (electronic energy) to give the (µ-
oxo)dicopper complex B in the triplet state. However, the 
desorption energy becomes unnecessary when entropy 
correction is considered, as shown in Figure 2.

We next consider the small activation energy for the 
cleavage of the N–O bond in 3. We have reported a reaction 
mechanism for NO reduction in which protonation of the NO 

(a)

(b)

Figure 3. (a) Schematic representation of electronic states from 2 
to 3. (b) Molecular orbitals of N2O2 molecule and TS2/3 (css). The 
N2O2 molecule was produced by rotating the O–N–N–O dihedral 
angle of the optimized cis-N2O2 molecule to 75.8°. 
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moiety facilitates the formation of N–N bonds;58,59 however, 
the cleavage of the N–O bond in the N2O formation process 
requires a large activation energy and the mechanism by which 
it proceeds energetically favorably remains unclear. For 
example, in the NO reduction by copper-exchanged zeolite 
(Cu-ZSM-5),58 an O–N=N–O intermediate corresponding to 3 
has an N–O bond length of 1.230 Å and the activation energy 
for cleavage of the N–O bond is 55.3 kcal/mol. In the NO 
reduction by a diruthenium complex,59 the intermediate has 
an N–O bond length of 1.344 Å and the activation energy is 
17.4 kcal/mol.59 By contrast, the Na–Oa bond is elongated to 
1.424 Å and cleavage of the N–O bond can occur with an 
activation energy of only 8.7 kcal/mol. In dicopper complex 3, 
the Na–Oa and Nb–Ob bonds have different lengths of 1.424 Å 
and 1.311 Å, respectively. In particular, the NaOa moiety is 
coordinated to the two Cu atoms as [Cua–(µ-η2:η1-NaOa)–Cub], 
whereas the NbOb is coordinated end-on to one Cu atom [Cub–
ObNb]. From the structural analysis, this unusual coordination 
to Cu plays an important role in the N–O bond cleavage in the 
final step.

Conclusions
We have investigated the mechanism for the reduction of 

NO to N2O by a dicopper complex using DFT calculations. The 
computed results indicate that the reaction consists of three 
fundamental steps: (1) N–N bond formation, (2) isomerization 
of the N2O2 moiety and (3) N–O bond cleavage. The calculated 
reaction mechanism predicts that the coupling of two NO 
molecules initially occurs. The two NO molecules then 
transform from the end-on to the side-on mode. The first step 
requires an activation energy of 21.8 kcal/mol in the triplet 
state and is the rate-determining step in this mechanism. The 
cis–trans isomerization of the N2O2 moiety then occurs as the 
O atom is bridged between two Cu atoms with an activation 
energy of 13.1 kcal/mol in the closed-shell singlet state. 
Finally, cleavage of the N–O bond occurs to give [Cu2(µ-O)]2+ 
with N2O. The elongated N–O bond in the reaction 
intermediate [Cu2(µ-ONNO)]2+ contributes to the small 
activation energy of only 6.5 kcal/mol in the triplet state. The 
overall reaction was calculated to be exothermic by 35.0 
kcal/mol in the triplet state. These computed results are 
consistent with the experimental observation, where N2O is 
released using the dicopper complex. In addition, the large 
binding energy of NO and Cu atoms in the reactant complex 
[Cu2(NO)2]2+ and the small binding energy of N2O in the 
product complex [Cu2(N2O)(µ-O)]2+ favor this catalytic cycle.
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