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ABSTRACT: Solving ozone depletion and climate change problems require the development of effective methods for sustainably curbing 

them. With this aim, Milstein and coworkers developed a PNP pincer ruthenium catalyst for the homogeneous hydrogenation of nitrous 

oxide (N2O), an ozone-depleting substance and the third most important greenhouse gas, to generate dinitrogen and water as resultant 

products. The mechanism of this promising transformation was unveiled by means of experiments together with Density Functional Theory 

(DFT) calculations, which inspired Milstein and coworkers to use similar (PNN)Ru-H pincer catalysts for the reduction of N2O by CO to 

produce N2 and CO2. The use of the latter type of catalysts resulted in the proposition of a new reaction protocol and allowed to work under 

milder conditions. Here we describe the detailed mechanism of the last transformation catalyzed by a (PNN)Ru−H catalyst by means of DFT 

calculations, and not only this, but we also discover the way to block undesired parasitic reactions. Apart from that, we have explored a new 

evolution of this family of catalysts to go beyond previous experimental outcomes. The mechanism consists in a cascade of easy steps, 

starting from an insertion of the N2O oxygen into the Ru-H bond generating a hydroxo intermediate and releasing N2, and ending with a β-

hydride elimination to form CO2 and regenerate the catalyst. The whole process occurs in a facile way with the exception of two steps: the 

formation of the hydroxyl ligand and the final β-hydride elimination to form CO2. However, the energy barriers of these two steps are not 

the bottleneck of the catalysis, but rather the easiness of the pyridyl group bonded to Ru to isomerize by C-H activation. We propose to solve 

this drawback by tuning the PNN ligand to block the pyridyl free rotation. 
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 INTRODUCTION 

Over the last fifty years, the concerns about the chemical 

anthropogenic perturbations to the composition of the atmosphere 

have become more notorious, especially because of the fatal 

consequences derived from it.1 The efforts to stop and reverse this 

situation allowed to identity most of the global warming (GW) 

agents.2 The variety of existing greenhouse gases (GHGs) and/or 

ozone depleting substances (ODSs) is huge, including gases like 

methane (CH4), hydrofluorocarbons (HFCs), sulphur hexafluoride 

(SF6), perfluorocarbons (PFCs), carbon dioxide (CO2) or nitrous 

oxide (N2O). Among them, CO2 and N2O are recognized as the 

main responsible agents with a great GW potential.3,4 By itself, CO2 

represents an 80% of the GHGs,5  becoming the major contributor 

to the GH effect, nonetheless N2O is more harmful since it is not 

only a GHG but also an ODS. Whereas the traditionally dominant 

ODSs (chlorofluorocarbons) have been greatly reduced with the 

adoption of strict protocols,6  N2O emissions have been maintained 

during the last two decades and, consequently, N2O has become 

one of the today’s most significant ODSs. Moreover, N2O is nearly 

300 times more powerful than CO2 at trapping heat in the 

atmosphere and it is much more persistent than other GHGs such 

as CH4, due to its steady-state lifetime of about 120 years.7,8 The 

main sources of N2O are fertilizers, pesticides, and burning fossil 

fuels, between them agriculture is the major responsible of its 

generation representing a 56-81% of the anthropogenic 

contribution.9,10 Some emissions associated with food production 

are inevitable, and it is estimated that with a business-as-usual 

scenario, by 2050 we will double our N2O emissions.11 For all these 

reasons, it is crucial to find ways to destruct or functionalize this 

hazardous gas, decreasing its levels in the atmosphere. Chemically, 

the cleanest way to eliminate N2O is by a reductive process, such 

as the hydrogenation of N2O to generate innocuous N2 and H2O. 

This procedure has proved feasible using homogeneous12,13 and 

heterogeneous14 catalytic systems. Thus, this sustainable reaction 

has become of great interest in the field of green chemistry.15,16 

However, the reaction mechanisms of the reported homogeneous 

catalysts were poorly characterized, and in some cases the reactions 

involving N2O and those metal complexes proceed under 

stoichiometric conditions.12 

Over last years, Milstein and coworkers have been developing new 

metal complexes,13,17,18 bearing PNP and PNN pincer ligands, for 

the homogeneously catalyzed reduction of N2O by H2 and also 

exploring other possible reactions changing the reducing agent (i.e. 

using CO instead of H2). The used meridional tridentate chelate 

ligands are prone to switch on/off the aromaticity,19,20 specially 

when being part of a pyridyl moiety affecting the reaction 

energetics,21 as Gonçalves and Huang proved from a computational 

point of view.22  

The new protocol for the homogeneously catalyzed N2O reduction, 

with CO as reducing agent was proposed by Milstein and 

coworkers in 2018 using a set of ruthenium hydride pincer 

complexes, holding PNN pincer ligands (see Scheme 1).23,24 which 

displayed higher TONs than PNP ones.  
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Scheme 1. Reduction of N2O by the PNN-pincer Ru based catalysts 

1-5. For the reaction, 0.01 mmol of catalyst, 0.01 mmol of base 

(tBuOK), 3.7 mmol of CO and 7.4 mmol of N2O in 4 ml of toluene 

were used, at a temperature of 100°C during 22 h. (a the reaction 

was conducted in THF at 70 °C).  

In the proposed reaction mechanism, the oxygen of the N2O 

molecule is selectively inserted into the Ru–H bond by means of an 

O-atom transfer (OAT) process (first steps of cycle A in Scheme 2, 

from intermediate 7 to 10). The OAT process was computationally 

characterized using similar Ru-based complexes,25 and it is known 

to occur in a stepwise manner; starting with a nucleophilic attack 

of the hydride ligand on the N2O terminal N followed by a 

concerted N2 release.  

 

 

Scheme 2. Proposed mechanism by Milstein and coworkers, with 

all intermediates characterized by X-Ray crystallography and/or 

NMR techniques.  

After the OAT step, the formed Ru-OH intermediate evolves to a 

Ru-COOH species (intermediate 11axial, with one CO in axial 

position), resulting from the intramolecular nucleophilic attack of 

the OH moiety on the adjacent CO ligand. Next a β-hydride 

elimination takes place, resulting in the liberation of CO2 and the 

regeneration of the catalytic species (7) in the presence of CO. 

However, the exact mechanism is still unknown. Thus, one of our 

goals is to characterize both the OAT and the CO2 release steps for 

the particular case of the CO oxidation catalyzed by the (PNN)Ru-

H complex 5 by means of Density Functional Theory (DFT). Our 

calculations are guided by the many experiments conducted by 

Milstein and coworkers23 who gave detailed mechanistic insight 

about the catalytic cycle (see Scheme 2).  

Even though the (PNN)Ru-H complex presents promising catalytic 

activity, it is important to remark that over time the active species 

7 suffers an isomerization process forming the less active for N2O 

fixation compound 8. In compound 8, the lateral pyridine of the 

PNN ligand is coordinated to the metal through the C atom (in meta 

with respect the N) instead of N and the C=C double bond of the 

bridge connecting the phosphine ligand with the pyridine ring is 

reduced, resulting in the recovery of the aromaticity of the central 

pyridine moiety.26 Consequently, we explored computationally the 

isomerization reaction and the catalytic cycle B to understand the 

decrease of the activity due to the formation of species 8. In 

addition, we proposed and test new complexes with modified PNN 

ligands specially designed to avoid the transformation from 7 to 8. 

We also tested different Ru-based catalysts for the CO oxidation 

reaction, including PNP and PNN pincer ligands, to unravel the 

different activity according to the nature of the pincer ligand. The 

phosphine substituents and the solvent also influence the activity of 

the complex, the best candidates for the catalysis being the 

complexes bearing PNN ligands with P(tBu)2 and P(iPr)2 moieties 

in a THF solution.  

 

 RESULTS AND DISCUSSION 

Calculations begin from the X-Ray data for complex 5. Treatment 

of this species with a base (tBuOK) generates intermediate 6. Then, 

the coordination of a CO ligand is exergonic by 14.5 kcal/mol and 

leads to the catalytically active species 7. The catalytic cycle A in 

Figure 1 starts with O-atom insertion of the N2O into the Ru-H bond 

with an energy barrier of 31.4 kcal/mol. The next step corresponds 

to the N2 release with a barrier of 22.7 kcal/mol (33.5 kcal/mol from 

7) and extremely favored thermodynamics (62.7 kcal/mol). The 

kinetics are favored by 6.8 kcal/mol when assisted by an external 

water molecule, however without the latter assistance the energy 

barrier is still reasonable (29.5 kcal/mol). After the N2 release, 

intermediate 10 bearing a hydroxyl ligand is rather reactive and 

together with the closest carbonyl ligand collapses into a carboxylic 

ligand trans to the central pyridine ring of the pincer ligand (11axial) 

overcoming an energy barrier of 15.2 kcal/mol.  
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Figure 1. Computed mechanism for the CO oxidation by N2O 

homogeneously catalyzed by ruthenium hydride pincer 7 following 

cycle A (relative Gibbs energies in solution and referred to catalyst 

6+CO+N2O). Energies are given in kcal/mol. All data shown were 

calculated at T = 70  ̊C, mimicking the experiments. See SI Figure 

S2 for a more detailed picture. aComplex 6 + CO2 + N2 after one 

catalytic cycle has a Gibbs energy of -84.8 kcal/mol, corresponding 

to the exoergonicity of the CO + N2O → CO2 + N2 reaction. 

Due to the fact that basal sites of a nearly flat square pyramid are 

more π-basic than apical sites, the π-acidic ligands (i.e. CO) will 

tend to occupy these basal positions to get an extra stabilization 

given by the stronger backbonding.27 Therefore, thermodynamics 

favors that the new carboxylic ligand flips to cis (11equatorial), to 

place again a carbonyl group trans to the central pyridine moiety. 

This step is rather facile, with a low energy barrier of 5.6 kcal/mol, 

and releasing 6.4 kcal/mol. At this point, the final CO2 release can 

follow different mechanisms starting from complex 11equatorial to 

regenerate the catalytic species 7 overcoming an energy barrier of 

35.7 (G‡ between 12 and 11equatorial-6) or 42.5 kcal/mol (G‡ 

between 12 and 12-7). In all cases, the reaction follows a stepwise 

process involving the coordination of a CO ligand and a β-hydride 

elimination to release CO2. The difference between them is the 

decoordination of the axial CO ligand. In the first case, this CO is 

decoordinated and then the CO2 is released (via the transition state 

11equatorial-6) forming intermediate 6, whereas, in the other case, the 

CO keeps coordinated to the metal during the elimination step. The 

first mechanism is the most likely to occur, because the energy 

barrier for the second mechanism is too high to be reached working 

at 70  ̊C. Moreover, even intermediate 12 is more stable than 

11equatorial by 9.1 kcal/mol, the low concentration of CO in solution 

favors the decoordination of one CO. Therefore, the CO2 

elimination step will take place after the leaving of the labile CO 

ligand, which next (after the CO2 release) will coordinate to the 

ruthenium in complex 6 to recover the catalytic species 7. 

The two most kinetically demanding transition states of the cata-

lytic cycle A correspond to the N2 and the CO2 releases, competing 

to be the rate determining step (rds). In the case of the N2 release, 

there is an energy barrier of 33.5 kcal/mol even so, this step is in 

competition with the previous N2O insertion, with an energy barrier 

of 31.4 kcal/mol, and thus, both transition states must be taken into 

account.28 However, the absolute rds corresponds to the last CO2 

release with an energy barrier of 35.7 kcal/mol. Even though ex-

perimentally by any reason it could be possible that the CO is not 

able to recoordinate from intermediate 11equatorial, it is necessary to 

point out that kinetically by calculations we must describe the pes-

simistic scenario, calculating the energy cost from 12.  

The isomer of the PNN hydride species 7, with the aromatized PNC 

pincer type complex 8, can also catalyze the CO oxidation by N2O, 

as shown in Figure 2 (cycle B in Scheme 2). Qualitatively the 

mechanisms proceed in the same way as cycle A, in Figure 1.  

 

 

Figure 2. Computed mechanism for the CO oxidation by N2O 

homogeneously catalyzed by ruthenium hydride pincer 8 following 

cycle B (relative Gibbs energies in solution and referred to catalyst 

6+CO+N2O). Energies are given in kcal/mol. All data shown were 

calculated at T = 70  ̊C, mimicking the experiments (see Figure S3 

for further details).  

 

The relative exoergonicity of 8 with respect to 7 (1.5 kcal/mol) 

explains in part the increase of the N2O insertion Gibbs energy 

barrier by 2.5 kcal/mol. Contrarily to what happens for 7, the N2 

release is 1.4 kcal/mol kinetically more facile than the N2O 

insertion. Until the N2O insertion step, the comparison between 
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PNC in cycle B and PNN pincer complex in cycle A (cycles A and 

B present barriers of 33.5 and 33.9 kcal/mol, respectively) suggests 

that cycle B is only 0.4 kcal/mol more kinetically demanding, but 

following with the rest of cycle B, we realize that the upper energy 

barrier of cycle B, i.e. CO2 release, requires to overcome a barrier 

of 41.8 (G‡ between 12 and 11equatorial-6) or 40.4 (G‡ between 

12 and 12-6, respectively) kcal/mol. The latter energy barrier is 4.7 

kcal/mol higher than for the PNN pincer type coordination (cycle 

A). Thus, it is also computationally confirmed, in agreement with 

experiments, that the PNC type coordination (cycle B) leads to a 

worse catalytic efficiency.  

The two isomers 7 and 8 can be interconnected through the 

isomerization process involving the intermediates displayed in 

Figure 3a. We have fully characterized the whole reaction 

mechanism of the transformation from 7 to 8. First of all, the 

decoordination of the terminal pyridine of the PNN ligand takes 

place with an energy barrier of 27.2 kcal/mol forming a rather 

unstable unsaturated intermediate (13). Then, if there is a proper 

orientation of the pyridine ring, the C-H in meta with respect the N 

atom is activated and the intermediate 14 is formed, overcoming an 

energy barrier of 10.3 kcal/mol. The resulting intermediate 14 has 

a H2 molecule bonded to the Ru atom. From this intermediate the 

system evolves to complex 8 by means of a hydrogen abstraction 

(inverse β-hydride elimination). As a result, we obtain species 8 

overcoming an energy barrier of 10.0 kcal/mol. As a whole, the 

global energy barrier is of 35.9 kcal/mol starting from 7. The 

resulting complex 8 is more aromatic than 7 (vide infra) and it is 

more stable too, which makes difficult the reverse step to reconvert 

8 into 7. Interestingly, the barrier that links 7 to 8 is only 0.2 

kcal/mol above the upper barrier that we found for the catalytic 

cycle A. The small energy difference concurs with the experimental 

observations that the two processes occur simultaneously, resulting 

in less efficient catalytic activity. Moreover, by thermodynamics, 

with the passage of time complex 7 will be converted into 8, which 

presents a less efficient mechanism (cycle B) since the reaction 

barrier of the rds is higher in energy than in the case of cycle A. 

Therefore, the detailed understanding of the conversion mechanism 

will help us to find out new strategies to avoid it, and thereby 

improving the catalysis. 

 

Figure 3. (a) Reaction mechanism of the interconversion between 7 and 8, relative Gibbs energies (in kcal/mol, referred to catalyst 

6+CO+N2O) using THF (toluene in parentheses) as solvent. In all cases and P = PtBu2. As shown in the inset, the relative Gibbs energy 

values in purple, green, red, and blue correspond to the species with -CF3 and -OMe group in para with respect the N (X position) or the C-

H (Y position). In all cases, when X=CF3 or OMe, Y=H and viceversa. (b) Aromaticity results: The blue surface is the global resonance 

(EDDB(r)G) of the whole system and grey numbers inside the rings represent the electron density of delocalized bonds (EDDB) index for 

the rings of the pincer ligand, the black numbers outside the hexagons correspond to the HOMA values for the 6-MRs. 

Experimentally, Milstein and coworkers found out that the catalytic 

activities increase when they change the solvent from toluene to 

tetrahydrofuran (THF). We tested the possible formation of a THF-

Ru complex adduct (13+THF), that will block the formation of 8. 

We found that the 7 THF adduct is unstable with respect to 

dissociation to 7 + THF by 13.7 kcal/mol, and, therefore, this 

intermediate is not preventing the isomerization. In addition, we 

computed the catalytic activity of 7 in toluene at 100°C, 

reproducing the experimental conditions (see Tables S2 and S4). 

And the barriers for N2 and CO2 release are 35.9 and 34.9 kcal/mol, 

respectively. Compared to the values obtained for THF, the N2 

release barrier has increased, becoming higher than the original β-

hydride elimination rds by 0.2 kcal/mol, while for the CO2 release 

it has decreased by 0.8 kcal/mol. The rds in toluene corresponds to 

the N2 release, whereas in THF the rds is the CO2 release. The 

former requires 0.2 kcal/mol more than the latter, in agreement with 

experimental observations.  

To further characterize the electronic structure of compounds 7 and 

8 and understand their different reactivity, we have analyzed the 

aromaticity, geometries, Mayer bond orders (MBO), atomic 

charges, and effective oxidation states (EOS) of these two species 
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(Figures 3b and 4 and Tables S5-S8). We employed several 

aromaticity indices based on magnetic, geometric, and electronic 

criteria, to determine the aromaticity of the two 6-membered rings 

(-MRs) of the pincer ligand and the two 5-MRs formed between 

this ligand and the metal. 

 

Figure 4. Bond distances in Å (black) and MBOs in e (violet) of 

the pincer and the hydride ligand in complexes 7 and 8.  

For the analysis of aromaticity results, we took as a reference 

isolated pyridine and consistently we have computed all the indices 

for this system. In the particular case of EDDB, isolated pyridine 

(our reference as aromatic compound) has a value of 5.5 

delocalized electrons. For all the intermediates of the isomerization 

process, the aromaticity indices employed point in the same 

direction, indicating that the 5-MRs are non-aromatic while the 6-

MR present some aromatic character (see Figure 3b). Intermediate 

8 is the most aromatic compound, with HOMA values close to 0.90 

in both 6-MR. The central 6-MR of the PNN in intermediates 7, 13-

14, and 14 (and the same for 13, not shown in Figure 3b, but 

depicted in Figure S13) has weak aromatic character, with HOMA 

values around 0.75 and a difference of more than two delocalized 

electrons (with respect to pyridine) according to EDDB results. On 

the other hand, the external 6-MR has aromatic character in all 

intermediates (HOMA close to 0.90 and EDDB close to 5 

electrons). Finally, in the case of intermediate 8 the central 6-MR 

has gained aromatic character, making both 6-MRs equally 

aromatic. One can also notice that part of the ~1.5 electrons gained 

by the central ring come from the C=C bond in the phosphine side, 

which changes its character from double (in 7, 13, 13-14, and 14) 

to single (in 8) bond. The results obtained with other electronic 

indices (see Table S9) lead to the same conclusions. 

In terms of structure, the main differences between 7 and 8 are in 

the central pyridine and the bridging C of the pincer. For the 

bridging C-C bond the distance increase by 0.113 Å from 7 to 8 and 

the MBO decreases by 0.524 electrons indicating that the character 

of the bond changes from double to single.2 9  On the contrary, some 

bonds of the central ring change the character from single (in 7) to 

aromatic (in 8), in good agreement with the aromaticity analyses.

 

Table 1. Gibbs energy barriers of the main elementary steps for the CO oxidation by N2O catalyzed by ruthenium hydride complexes (shown 

in Figure S5 of the SI). Energies in kcal/mol for the most relevant steps of the reaction shown in Figure S6 of the SI. All data shown was 

calculated at T = 70°C, with THF as solvent. 

catalyst 7-9 7-10+H2O 9-10+H2O  11equatorial-6 12-6a 12-7 7-13 7-14  13-14 7-8b 14-8  

5 31.4 33.5 22.7 26.6 35.7 42.5 27.2 33.5 10.3 35.9 10.0 

4 30.7 29.6 22.2 30.0 45.3 42.3 26.8 34.4 12.7 36.3 11.3 

P(CH3)2 31.0 29.6 21.5 27.8 43.7 41.3 26.3 35.6 13.4 38.0 10.4 

P(CF3)2 34.3 33.8 20.5 30.0 43.2 41.8 31.1 36.1 11.2 45.3 16.9 

external o-CF3 32.0 32.9 20.9 26.6 34.5 41.3 22.4 28.3 9.3 29.4 9.8 

external p-CF3 32.1 33.7 23.0 27.0 35.7 43.2 27.4 32.4 9.7 34.7 11.1 

central p-CF3 32.9 33.7 22.2 26.8 34.7 42.0 26.9 33.6 10.1 37.2 11.6 

p-CF3 32.5 33.8 22.8 26.4 34.4 42.5 26.8 32.3 9.8 35.9 12.7 

external o-OMe 31.0 33.3 24.1 26.3 35.9 42.1 27.8 33.2 11.3 37.0 10.3 

external p-OMe 31.5 33.3 23.0 26.6 35.6 42.8 27.8 31.6 9.4 34.8 10.2 

central p-OMe 31.4 33.4 22.8 26.4 35.8 43.2 26.2 32.7 10.1 34.6 9.7 

p-OMe 31.0 33.2 23.1 26.4 35.7 43.1 26.5 30.8 9.1 33.4 9.7 

2 33.3 33.7 21.7 26.2 32.7 41.5 - - - - - 

3 32.0 33.8 22.7 29.7 35.7 40.1 - - - - - 

15 43.3 44.0 17.4 32.1 31.6 44.6 - - - - - 

16 32.2 33.3 22.6 29.2 35.7 40.3 - - - - - 

a Non-elementary step, G‡ = G11equatorial-6-G12. b Non-elementary step, G‡ = G14-8-G7. 

Our goal of improving the catalytic activity is focused in preventing 

the isomerization reaction of Figure 3. Specially, we tried to avoid 

the C-H activation step of this last mechanism. Further, the main 

steps of cycle A were also calculated for the sake of comparison 

between the upper barrier of the catalytic cycle with respect to the 

barrier of the conversion from 7 to 8. Therefore, by means of 

predictive catalysis, we have proposed and tested different PNN 

ligands. On the one hand, we have evaluated the substituent effect 

with an electron-withdrawing group (EWG,-CF3) and an electron-

donating group (EDG,-OMe) in para positions with respect to the 

N atom (external p-X or external o-X) and C-H bond (p-X), 

activated in the isomerization process, in the lateral ring of the PNN 

ligand (groups X and Y in Figure 3a, respectively). We also 

anayzed the effect of having the same EDG or EWG in para 

position with respect the N in the central ring (central p-X). 

Unfortunately, in terms of energy no significant differences were 
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observed, apart from a small decrease of about 1 kcal/mol in the 

barrier of the CO2 release in some cases like the external o-CF3, 

central p-CF3 and p-CF3. In the case of central p-CF3, there is 

also an increase of more than 1 kcal/mol in the barrier of the 

isomerization process (barrier 7-8, Table 1). This goes in the same 

direction as our aim to prevent catalyst isomerization. On the other 

hand, we tested the effect of changing the phosphine ligands. Going 

from P(tBu)2 (complex 5) to less bulky phosphines P(iPr)2 

(complex 4), P(CH3)2 or P(CF3)2, we have seen that the 12-7 

transition state becomes more kinetically facile than the 12-6 one 

(see Table S4) the corresponding energy barriers being 42.3, 41.3, 

and 41.8 kcal/mol, respectively. Anyway, in all the latter three 

cases, the rds is higher in energy by at least 5.7 kcal/mol than for 

the complex with P(tBu)2. In the case of the N2O reduction 

catalysis, the substitution of the P(tBu)2 phosphine moiety by 

P(iPr)2 or P(CH3)2 improves by 3.9 and 3.8 kcal/mol, respectively, 

the kinetics of the first step (water assisted step 7-10+H2O). The 

reduction of the sterical hindrance on the metal center clearly 

facilitates the process. Thus, sterically it is possible to somewhat 

make up the kinetic cost. In the case of P(CF3)2 the energy barrier 

for the 7-10+H2O step is slightly larger by 0.3 kcal/mol than in the 

case of P(tBu)2. However, with all the new tested phosphines, the 

barrier of the last CO2 release (either 12-6 or 12-7) increases by at 

least 7.5 kcal/mol. Therefore, the change of P(tBu)2 by the less 

bulky P(iPr)2, P(CH3)2 or P(CF3)2 ligands does not lead to an 

improvement of the catalyst.  

Alternatively, we have also evaluated the effect of other pincer 

ligands (2, 3, and with another PNP ligand, 15, see Scheme 3) 

previously tested experimentally by Milstein and coworkers.23 We 

selected these catalysts because even though the experimental 

TONs obtained were lower than for 5, their structures do not allow 

the isomerization of the pincer ligand (in the case of 3, the lateral 

ring is a pyrimidine, thus the isomerization of the ligand gives the 

same compound). We found that with 2 and 3 there is no substantial 

difference in the energy barriers of the first two steps. However, in 

comparison to the reference 5, with 15 the N2 release process is 

kinetically disfavored by 10.5 kcal/mol. This is in good agreement 

with the fact that experimentally they just observed traces of 

product using 15. Regarding the CO2 release step, only catalyst 2 

presented a smaller barrier (by 3.0 kcal/mol as compared to catalyst 

5), which is reasonable taking into account that TONs reported in 

toluene and 100 ̊C for catalysts 2 and 5 were 62 and 24, 

respectively. Finally, we proposed a new PNN ligand with a 

phenanthroline moiety (16) to constrain the free rotation of the 

lateral pyridine ring. In this case, we found similar barriers than for 

5 in cycle A. Actually the N2 release is favored by 0.2 kcal/mol, 

whereas the CO2 release proceeds with the same barrier, thus the 

rds requires again 35.7 kcal/mol), with the advantage that the 

isomerization cannot take place. Consequently, we propose that 16 

will be a better candidate for the catalysis. 

 

Scheme 3. Ruthenium hydride complexes 15 and 16. 

By comparing the geometries of the transition states equivalent to 

7-9 with ligands 2, 5, 15, and 16, one can notice that there is a big 

difference between complexes having a PNN (2, 5, 16) or PNP (15) 

ligand (Figure 5a). In the last case, the N2O has to coordinate 

perpendicular to the equatorial plane due to the sterical hindrance 

of the tBu groups of the phosphines, which explains the 

destabilization of this transition state. On the other hand, in case of 

the PNN complexes the N2O is bent to the site of the lateral ring, 

minimizing the steric repulsion. Between them, these three 

complexes look pretty similar and it might seem that as long as we 

do not block the coordination site of the N2O (by using bulky 

ligands) we will not increase the energy. With the transition state 

11equatorial-6, the main difference comes from the possible 

orientation and the interaction between the O of the CO2 with other 

ligands. This is the case of complex 2, in which the structure of the 

transition state 11equatorial-6 is stabilized by the formation of an 

intramolecular hydrogen bond between the O and the N-H (see 2 in 

Figure 5b). 
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Figure 5. Transition state corresponding to steps (a) 7-9 and (b) 

11equatorial-6 for different catalysts (selected bond distances in Å).  

 

 CONCLUSIONS 

Milstein and coworkers23 developed a PNN pincer ruthenium 

catalyst for the homogeneous fixation of nitrous oxide (N2O), an 

ozone-depleting substance and the third most important greenhouse 

gas, to generate dinitrogen and CO2 as resultant products. In this 

work, we have performed DFT calculations to unravel the reaction 

mechanism. We have also analyzed different solutions to block the 

potential deactivation channel of the best catalyst to improve its 

efficiency. The characterization of the mechanism described two 

highly kinetically demanding steps that consist of the N2 and CO2 

releases, being the latter the rds in THF. On the other hand, the 

PNN pincer ligand can isomerize to a PNC arrangement by a 180º 

rotation of the lateral pyridine ring, with a Ru-N bond cleavage. 

This isomerization reduces the catalytic performance of the 

catalyst. In order to address this drawback, we focused our efforts 

in unveiling the full mechanism of this PNC Ru based 

conformation, as well as the conversion from the PNN to the PNC 

pincer type coordination. From in silico predictions, we found that 

a phenanthroline moiety in the PNN ligand would block completely 

this isomerization maintaining almost identical the energy barriers 

of the rds of the catalytic cycle (cycle A) despite the increased 

rigidity of the pincer ligand. 

 

 COMPUTATIONAL DETAILS 

All DFT static calculations were performed with the Gaussian 16 

set of programs,30 using the BP86 functional of Becke and 

Perdew,31,32,33 together with the Grimme D3BJ correction term to 

the electronic energy.34 The electronic configuration of the 

molecular systems for main-group atoms was described with the 

double- basis set of Ahlrichs and coworkers (standard split 

valence basis set with a polarization function, SVP keyword in 

Gaussian),35 whereas for ruthenium the small-core quasi-

relativistic Stuttgart/Dresden effective core potential, with an 

associated valence basis set (standard SDD keywords in 

Gaussian16), was employed.36,37,38 The geometry optimizations 

were performed without symmetry constraints, and analytical 

frequency calculations were carried out for the characterization of 

the located stationary points. These frequencies were used to 

calculate unscaled zero-point energies (ZPEs) as well as thermal 

corrections and entropy effects at 343.15 K. Energies were obtained 

by single-point calculations on the optimized geometries with the 

M06-L functional39 and the cc-pVTZ basis set,40 and estimating 

solvent effects with the universal solvation model SMD of Cramer 

and Truhlar,41 using THF as solvent. The reported Gibbs energies 

in this work include energies obtained at the M06-L/cc-pVTZ~sdd 

level of theory corrected with zero-point energies, thermal 

corrections, and entropy effects evaluated at 343.15 K with the 

BP86-D3BJ/SVP~sdd method. 

In addition, we have evaluated the Mayer bond orders,42 3D-space 

charges, effective orbitals (eff-Os), and effective oxidation states. 

The three later analyses, have been computed at the M06-L/cc-

pVTZ~sdd//BP86-D3BJ/SVP~sdd level of theory using the topo-

logical fuzzy Voronoi cells (TFVC) 3D-space partitioning method 

implemented within the APOST-3D program.43,44 The atomic grid 

used for the numerical integrations was 70 × 434. 

The changes in local aromaticity have been quantified using 

electronic and structural probes of local aromaticity.45  As 

electronic indices, we employed EDDB, MCI, Iring, and PDI, at the 

M06-L/cc-pVTZ~sdd//BP86-D3BJ/SVP~sdd level of theory. The 

multicenter indices Iring, MCI, and PDI measure the electron 

delocalization between different centers (just taking into account 

the atoms in para positions in the case of PDI) therefore, can be 

used to quantify the delocalization aspect of aromaticity.46 In the 

case of EDDB, the method is based on the representation of the 1-

electron density using the n-center bond orbitals, and it allows us 

to get visual (qualitative) and also quantitative results.47 Finally, as 

a structural measure of aromaticity, the harmonic oscillator model 

of aromaticity (HOMA) index, defined by Kruszewski and 

Krygowski, was used.48 In this case, values close to 1 are indicative 

of aromatic structures, while values close to 0 indicate non-

aromaticity. In this case the computational level was BP86-

D3BJ/SVP~sdd. The software used for the computation of all the 

aromaticity indices are Gaussian16 for obtaining the wavefunction 

files used in AIMAll together with ESI-3D packages for MCI, Iring, 

PDI, and HOMA; and NBO 6.0 software together with the in-house 

code available at http://www.eddb.pl/runeddb/ for the EDDB 

analysis.49,50,51,52 

Supporting Information 

Cartesian coordinates of all studied compounds are collected in the 

xyz file. The extended results including: isomer benchmark, 

complete reaction profiles, EOS, aromaticity analysis, energies and 

lowest frequency in the SI pdf file. This material is available free 

of charge via the Internet at http://pubs.acs.org.  
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Better catalytic activity of a (PNN)Ru based catalyst for the reduction 

of N2O by CO from DFT calculations. 

 

 

 

 


