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Ruthenium nitrosyl complexes have received considerable attention due to the fact that they are able to 7 
store, transfer and release NO

 

in a controlled manner. It is well-known that the NO reactivity of 8 
ruthenium nitrosyl complexes can be modulated with the judicious choice of equatorial and axial ligands.  9 
In this piece of research we elucidate the nature of the Ru−NO and Ru−NO2 bonding in a cis-10 
[Ru(NO)(NO2)(bpy)2]

2+ complex energy decomposition (Su-Li EDA) and topological (e.g., QTAIM) and 11 
natural bond orbital analysis.  It was observed that the strength of these bonds is directly correlated with 12 
the relative stability of isomers involved in nitro-nitrito and nitrosyl-isonitrosyl isomerism, as described 13 
previously by Coppens and Ooyama.14 
 15 
Introduction 16 
 Metal complexes with coordinated nitric oxide (NO) have 17 
received considerable attention not only in coordination 18 
chemistry but also in other fields, such as biochemistry, biology 19 
and pharmacology.1-4 NO is able to bind with a plethora of metal 20 
centers leading to a wide variety of nitrosyl complexes (M‒NO) 21 
with different geometries, coordination numbers and electronic 22 
properties.5-14 Formally, nitric oxide can assume three oxidation 23 
states, NO+, NO

 

and NO-, depending on the nature of the central 24 
atom and on the coordination environment.12,13 Using the 25 
Enemark-Feltham {MNO}n notation15 (where n is the number of 26 
d-electrons plus π* NO electrons), the formally M‒NO+, M‒NO 27 
and M‒NO- cores can be represented as {MNO}6, {MNO}7 and 28 
{MNO}8

 

(M = Ru(II) or Fe(II)), respectively. The M‒NO (η1-29 
NO) binding mode is commonly accepted as being the ground 30 
state (GS) in the majority of metal nitrosyl complexes.16,17 Two 31 
other linkage isomers have also been identified, the isonitrosyl 32 
M‒ON (η1-ON), MS1,16 and a side-on (η2-NO), MS2, (Figure 33 
1).16,18,19

 

34 
 35 
 36 
 37 
 38 
                        39 

(i)                (ii)                   (iii) 40 
 41 
Fig. 1. Binding modes of nitrosyl: (i) nitrosyl - GS, (ii) isonitrosyl - MS1 42 
and (iii) side-on - MS2. 43 
 44 
 In addition to the importance of metal nitrosyls in studies on 45 
the fundamental aspects of chemistry, such as chemical bonding 46 
and reactivity, interest in these complexes has grown in the past 47 
two decades with the discovery of the role of nitric oxide in 48 
several biological processes, for instance, in the inhibition of 49 
platelet adhesion, synaptic transmission and immune 50 
responses.16,20-25 51 
 52 
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 64 
 Among the different classes of metal nitrosyls, iron or 65 
ruthenium complexes seem to be those of major importance.10,26 66 
Interest in iron nitrosyls can be traced to the importance of the 67 
NO interaction with heme proteins27 and their physiological 68 
relevance.28 In this regard, the reactivity of NO towards iron 69 
metalloporphyrins and heme proteins, such as myoglobin and 70 
their resulting NOx (NOx=NO, NO2

-) derivatives, has been 71 
extensively studied.29-31 Ruthenium nitrosyls have attracted 72 
attention as models for studying the reactivity of coordinated NO6 73 
as well as nitric oxide carriers.32 The activation of {RuNO}6, a 74 
key step in NO release, can be performed thermally (by chemical 75 
or electrochemical reduction) or photochemically.4,32,33 76 
Experimentally, such activation processes have been investigated 77 
by UV-Vis, EPR, IR and other techniques,32-37

 

giving support to 78 
the proposed formation of intermediate species such as 79 
Ru(II)‒NO0 and Ru(III)‒NO0, respectively. The dissociation of 80 
NO from these species can be rationalized considering changes in 81 
their electronic structure upon exposure to the stimuli mentioned 82 
above. The Ru‒NO interaction in {RuNO}6 complexes, formally 83 
Ru(II)‒NO+, is dominated by strong π-back-bonding between Ru 84 
dπ orbitals and π* orbitals of NO+, which is consistent with the 85 
thermodynamic and kinetic stability of NO with regard to 86 
dissociation.33 The strength of the Ru‒NO bond in this situation 87 
is similar to that in six-coordinated {FeNO}6 complexes 88 
(formally Fe(II)‒NO+) with heme models in which NO 89 
dissociation is energetically unfavorable.38 On the other hand, the 90 
NO dissociation from [Ru(III)‒NO0] species, which can also be 91 
denoted as {RuNO}6, differs from that in the species formally 92 
known as [Ru(II)‒NO+]. In the former case the Ru‒NO 93 
interaction is weak, as observed for the ferric heme NO 94 
interaction,38 and can be attributed to a decrease in back-bonding 95 
which reduces the π-interaction. 96 
 Some ruthenium nitrosyl complexes contain polypyridine 97 
ligands such as 2,2´-bipyridine (bpy).39 This class of complex has 98 
been shown to release NO, as observed for cis-99 
[Ru(NO)Cl(bpy)2]

2+ during photolysis in aqueous solution.40  100 
Silva and coworkers studied the photochemistry of a series of cis-101 
[Ru(NO)L(bpy)2]

3+ complexes (L=pyridine, 4-picoline, 4-102 
acetylpyridine) in aqueous solution using laser flash-photolysis 103 
(λirr

 

= 355 nm).41 They proposed that [RuIII(NO•)L(bpy)2]
3+ and 104 

[Ru(ON+)L(bpy)2]
3+ are transient species, the former being 105 

associated with NO release. Not only ruthenium nitrosyls but also 106 
nitro (Ru‒NO2) complexes have been shown to release NO.42 107 
 In addition to NO release, it is well known that light can 108 
trigger NO photo-induced bonding linkage isomerism,16,32,43-46 (or 109 
metastable states), Fig. 1.16,44-46 In most cases, these isomers have 110 
a very short life at ambient temperature. Experimentally, their 111 
photo-induced formation is investigated in the solid state and at 112 

Page 1 of 14 Dalton Transactions



This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  2 

low temperatures.16,17 For instance, Bitterwolf reported that  113 
photolysis in the UV (300 nm < λirr < 400 nm) and visible regions 114 
(λirr= 550 ± 35 nm) of cis-[Ru(NO)Cl(bpy)2]

2+ in an ionic liquid 115 
frozen matrix at ca. 90 K provided evidence of isonitrosyl and 116 
side-on nitrosyl linkage isomers along with free NO formation.46117 
 The challenge of investigating photo-induced isomerizations is 118 
enhanced when nitrito anion (NO2

-) is present, since the two 119 
coordination modes of  the monodentate ligand  are nitro (η1-120 
NO2) and nitrito (η1-ONO). Complexes such as cis-121 
[Ru(NO)(NO2)L2]

2+, where L=ammines and polypyridines 122 
ligands, may display not only nitrosyl-isonitrosyl isomerism but 123 
also nitro-nitrito isomerism.47 These processes can take place 124 
through intramolecular oxygen transfer. 125 
 After oxygen transfer, the remaining NO group can still exhibit 126 
nitrosyl-isonitrosyl isomerism.16,47-52

 

Kovalevsky and coworkers53 127 
showed, via crystallographic and IR analyses, that at low 128 
temperatures (90 K) intramolecular oxygen transfer occurs from 129 
the nitro to the nitrosyl group. At 200 K, only the isomer 130 
containing the nitrito ligand was observed (Fig. 2). The results of 131 
their mechanistic investigation indicated that the oxygen transfer  132 
proceeds via a side-on bound transition state, explaining the 133 
stability of the cis-[Ru(NO)(ONO)(bpy)2]

2+ complex and the non-134 
existence of cis-[Ru(ON)(NO2)(bpy)2]

2+. Coppens and 135 
coworkers16 showed that the metastable states of ruthenium 136 
nitrosyl complexes such as cis-[Ru(NO)(NO2)(bpy)2](PF6)2 are 137 
not electronically excited states, but rather linkage isomers, as 138 
also discussed by Sizova.44,48 139 
 140 

      (i)                                      (ii)                                        (iii) 141 
Fig. 2. Nitro bonding linkage isomerism: (i) and (iii) GS and (ii) MS1 142 
binding modes of nitrosyl. 143 
 144 
 Electronic structure calculations, especially those based on 145 
DFT methods, are widely used in investigations on the chemistry 146 
of nitrosyl complexes, providing information on the geometries 147 
and the electronic structure of {M‒NO} cores and aiding the 148 
assignment of the bands on electronic spectra, stretching 149 
frequencies and, frontier orbitals or even the evaluation of the 150 
excited states of ground or photoinduced metastable states, 151 
electronic transitions and spin density distributions.18,31,38,44,47,53-64 152 
For instance, DFT calculations have been successfully employed 153 
to investigate the occurrence of Fe(II)‒NO+ and Fe(III)‒NO 154 
electronic states in ferric heme nitrosyls.38 They have also been 155 
employed to differentiate local and global minima of the 156 
Cu(I)‒NO bonding modes (end-on or side-on) in cooper nitrito 157 
reductase.18 Kaim and coworkers62 have used DFT calculations to 158 
reproduce structural features and to provide stretching 159 
frequencies and spin-density representations of complexes 160 
containing redox-active metals and two different non-innocent 161 
ligands, L1‒M‒L2, specifically complexes such as 162 
[Ruk(NOm)(Qn)(terpy)]2+, where k = 2+ or 3+; m = 0, + or -; and 163 
Qn = quinone (n = 0), semiquinone (n=1-), or 2-anilidophenolato 164 
(n=2-). Kaim and Lahiri65 explore the alternatives for the 165 
electronic structure of {RuNO} cores (RuIII‒NO+ ={RuNO}5, 166 
RuII‒NO+ = {RuNO}6, RuII‒NO· = {RuNO}7, RuII‒NO- = 167 
{RuNO}8) in ruthenium nitrosyl complexes, [Ru(NO)Ln],   168 
containing non-innocent ligands. Using the Enemark-Feltham 169 
notation in conjunction with experimental and DFT data they 170 
present a concise description of the oxidation state. Based on 171 

papers discussing {RuNO}x 31,38,62,66-68 or {FeNO}x 31,38 172 
configurations, the logical assumption, which is supported by 173 
experiments and DFT calculations,31,38,62,65-68 is that in {RuNO}6 174 
or {FeNO}6 interactions the role of π back-donation from 175 
occupied dπ orbitals to empty π* orbitals of NO+ is crucial, or 176 
even that {RuNO}7 cores present an enhanced covalent character. 177 
However, most authors have not focused on the physical origin of 178 
such interactions. The following questions still need to be 179 
addressed: (i) What is the contribution of exchange and charge 180 
transfer to the well-known π-back-donation in {RuNO}6 and 181 
{FeNO}6 systems? (ii) To what extent are electrostatic and 182 
dispersion contributions present in the {RuNO}6 and {RuNO}7 183 
interactions? (iii) How strong are the electrostatic and covalent 184 
characters in {RuNO}6 and {RuNO}7 interactions and are these 185 
interactions affected by the presence of other non-innocent 186 
ligands? The aim of the study reported herein was to address 187 
these questions by presenting a robust and elegant theoretical 188 
approach in which the interaction energy can be decomposed into 189 
physical meaningful terms.  This will help to improve our 190 
understanding and provide further information regarding the 191 
nature of the chemical interactions involved, taking into account 192 
the electronic effects associated with the vicinity. This approach 193 
is called energy decomposition analysis (EDA). In this study, the 194 
Su-Li EDA69 was employed to investigate the nature of 195 
{RuNO}6, Ru(II)‒NO+ and Ru(II)‒ON+ and also of {RuNO}7, 196 
Ru(II)‒NO0 and Ru(II)‒ON0 as well as Ru(II)‒NO2

- and 197 
Ru(II)‒ONO- bonding in cis-[Ru(NO)(NO2)(bpy)2]

2+ complexes. 198 
The objective is to enhance our understanding of the main 199 
processes that govern the chemical behavior of metal-ligand 200 
bonding, particularly in relation to nitrosyl-isonitrosyl and nitro-201 
nitrito bonding linkage isomerism. Additional insights into the 202 
nature of the Ru−NO and Ru−NO2

 

bonding are provided by 203 
means of QTAIM (Quantum Theory of Atoms in Molecules)70-74 204 
and NBO (Natural Bond Orbitals)75 analyses. The findings 205 
reported herein allow a better comprehension of the experimental 206 
results obtained by Coppens and coworkers,16 explaining why the 207 
cis-[Ru(ON)(NO2)(bpy)2]

2+ isomer has not yet been observed. 208 
 209 
Methods 210 
All calculations were performed with ORCA2.876 211 
GAMESS01.10.1077

 
and GAUSSIAN0378 program packages. 212 

Geometry optimizations, harmonic frequencies and single point 213 
calculations for all complexes were carried out using the BP86,79-214 
81

 
GGA functional. The triple ζ – quality Ahlrich’s basis set 215 

Def2-TZVPP,82 with two sets of polarization functions, was used 216 
for ruthenium, nitrogen, oxygen and hydrogen atoms. In addition, 217 
auxiliary basis sets were used to expand the electron density in 218 
the resolution of identity (RI) approach, and Def2-TZVPP and 219 
Def2-TZVPP/J and ECP83

 
were employed for the ruthenium ion. 220 

Scalar relativistic effects were considered for the ruthenium ion 221 
using the zero-order regular approximation (ZORA).84-86 All 222 
structures reported herein were verified as local energy minima 223 
on the potential energy surface. 224 
 The nature of Ru−NO and Ru−NO2 bonds was analyzed  225 
different methodologies, including energy decomposition analysis 226 
(Su-Li EDA69), which  was employed to characterize the physical 227 
nature of the Ru(II)‒NO, Ru(II)‒ON, Ru(II)‒NO2 and 228 
Ru(II)‒ONO bonds in the {RuNO}6 (1a-3a) and {RuNO}7 (1b-229 
3b) cores, considering the fragmentation scheme presented in 230 
Tables 2 and 3.  231 
 Su-Li EDA analysis is an important tool used to investigate the 232 
nature of chemical bonding, which is rooted in the prototypical 233 
EDA methods of Kitaura and Morokuma (KM),87,88 Ziegler and 234 
Rauk (ZR)89 and Hayes and Stone (HS)90; however, it includes 235 
modifications and extensions of these methods. For a set of 236 
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orthonormal molecular Hartree-Fock spin orbitals, the Hartree-237 
Fock energy, HFE , can be written in terms of orbital energy 238 
integrals, Eq. (1), in which i and j run over occupied spin orbitals, 239 
the one-electron, two-electron, Coulomb and exchange integrals, 240 
are given by ih , jjii , and ijij , respectively, and nucE  241 
represents the nuclear repulsion energy. For a molecule X 242 
comprised of A fragments the total HF interaction energy, 243 

int
HF∆Ε , can be written as Eq.(2), in which 〉XΦ| and 244 
〉AΦ| represent the single-determinant wavefunctions for the 245 

molecule and fragment, respectively. 246 
 247 

nuc
β

i

β

j

α

i

α

j

βα,

i

βα,

j

βα,

i
i

HF E+ijijijijjjii+h=E ∑ ∑∑ ∑∑ ∑∑ −−
2

1

2

1

2

1
     (1)     248 

 249 
∆ΕHF

int = 〈ΦX〈H X〈ΦX〈− ∑
A

〈ΦA〈H A〈ΦA 〈
                                          (2) 250 

                              251 
In the Su-Li EDA, the interaction energy, Eq. (2), is decomposed 252 
into a number of physically meaningful components, such as the 253 
electrostatic, exchange, repulsion and polarization components, 254 
as in Eq. (3): 255 
 256 

polrepexeeleint
HF ∆Ε+∆Ε+∆Ε+∆Ε=∆Ε                                        (3)                                            257 

 258 
The electrostatic term, ele∆Ε , for RHF cases is the same as in the 259 
Kitaura-Morokuma EDA, but applicable to molecules comprised 260 
of many fragments. Physically, ele∆Ε  corresponds to the 261 
interaction energy involved in the process of bringing the 262 
fragments into the final configuration of the molecule, while 263 
keeping the wavefunctions constant as in isolated fragments. In 264 
the Su-Li EDA, the exchange-repulsion energies consist of both 265 
exchange, exe∆Ε , and repulsion, rep∆Ε , components. At the HF 266 
level, the former is given in terms of exchange integrals involving 267 

1−
ijr , while the latter involves integrals over the kinetic energy 268 

and electron-nuclear Coulomb operators. According to Hayes and 269 
Stone, rep∆Ε represents a mixture of electron–electron repulsion 270 
and electron-nuclear and electron kinetic energy effects. In RHF 271 
cases, the sum of the exchange and repulsion components in Su-272 
Li EDA corresponds to the exchange-repulsion term in the 273 
Kitaura-Morokuma EDA. The polarization component, pol∆Ε , 274 
involves interactions between occupied and unoccupied orbitals 275 
within the same fragment and also interactions between occupied 276 
orbitals from one fragment and unoccupied orbitals of the other 277 
fragments and vice versa. Therefore, the polarization term in the 278 
Su-Li EDA includes both the polarization, charge transfer and 279 
mixing terms of the Kitaura-Morokuma scheme.87,88 The 280 
electrostatic, repulsion and exchange terms are isolated according 281 
to the Hayes and Stone method. 282 
 Since the Su-Li EDA is based on spin-orbitals, it can be used 283 
to deal with both closed- and open-shell systems described by 284 
RHF, ROHF, or UHF wavefunctions. The dispersion energy, 285 
Eq.(4), is derived through correlation methods such as MP2 or 286 
CCSD(T). It is important to emphasize that the dispersion term in 287 
the Su-Li EDA is, in fact, the MP2 correction to the Hartree-Fock 288 
interaction energy, including higher-order corrections with the 289 
electrostatic, exchange-repulsion and polarization energies. 290 
 291 

disppolrepexele
MP2 ∆Ε+∆Ε+∆Ε+∆Ε+∆Ε=∆Ε                        (4)                  292 

       293 

 Similarly to the HF method, Eq. (1) can be written in terms of 294 
a single-determinant wavefunction, Ψi, formed by a set of 295 
orthonormal Kohn-Sham orbitals (KS), Eq.(5), in which ih and 296 

jjii are the one and two-electron integrals and nucE  is the 297 

nuclear repulsion energy, nucE , [ ]βα
x ρ,ρE  and [ ]βα

c ρ,ρE are 298 

the exchange and correlation functionals, and αρ and βρ are 299 
spin-alpha and spin-beta electron densities. 300 

 301 

[ ] [ ] nucβα
c

βα
x

α,β

i

α,β

j

α,β

i
i

KS E+ρ,ρE+ρ,ρE+jjii+h=E ∑ ∑∑
2

1
    (5)                  302 

As in the HF method, for a molecule X comprised of A fragments, 303 
the total KS interaction energy is defined according to Eq.(6). In 304 
the DFT version of the Su-Li EDA implemented in GAMESS-305 
US, the total interaction energy, int

KS∆Ε , is decomposed into 306 

electrostatic, ele∆Ε , exchange, ex∆Ε , repulsion, rep∆Ε , 307 
polarization, pol∆Ε , and dispersion, disp∆Ε , components, 308 
Eq.(7), which are dependent on the exchange and correlation 309 
functionals employed. The Boys and Bernardi91 counterpoise 310 
method is also implemented in the Su-Li EDA approach to 311 
correcting the basis set superposition error (BSSE). Further 312 
details can be found in Su and Li’s paper.69 313 
 314 

∑−
A

KS
A

KS
X EE=∆Ε KS                                                                   (6) 315 

 316 
disppolrepexeleint

KS ∆Ε+∆Ε+∆Ε+∆Ε+∆Ε=∆Ε                            (7)      317 
 318 
The Su-Li EDA analysis was performed in the GAMESS77 319 
package using the Zhao-Truhlar hybrid functional M0692,93

 
and 320 

Ahlrich’s
 

Def2-SVP basis sets.82 Additional insights into the 321 
nature of the Ru(II)‒NO, Ru(II)‒ON, Ru(II)‒NO2, and 322 
Ru(II)‒ONO bonding in {RuNO}6 (1a-3a) and {Ru‒NO}7 (1b-323 
3b) cores were obtained by means of QTAIM70-74 and NBO75 324 
analyses. The QTAIM analysis was carried out using the 325 
AIMALL12.11.0994 and Multiwfn2.395

 
softwares.  326 

 327 
Results and Discussion 328 
Ground and metastable state structures of  329 
cis-[Ru(NO)(NO2)(bpy)2]

2+/+ 
complex 330 

 The optimized structures of {RuNO}6 in the GS (1a and 3a) 331 
and MS (2a) states as well as their one-electron reduced 332 
analogues {RuNO}7 (1b-3b) are shown in Fig. 3. Both isomeric 333 
forms of coordinated NO exhibit pseudo-octahedral structures, 334 
belonging to the C1 point group. The geometric parameters are 335 
presented in Table S1 (supporting information) and, as observed 336 
for Ru‒N/O(1), N(1)‒O(1) and Ru‒N/O(2), the bond lengths 337 
are in close agreement with theoretical and experimental data 338 
available in the literature.16,49 The ONO- binding mode of the 339 
NO2

- group in the cis position to NO in the GS of {RuNO}6 340 
complexes is unusual.49,96 In complex 3a, the Ru‒N(1)‒O(1) 341 
bond angle is 175o, which is in good agreement with the values 342 
observed experimentally for [Ru(TPA)(ONO)(NO)](PF6)2 343 
(176o).96 The DFT analysis at the BP86/TZVP level of theory 344 
performed for different isomers of the TPA (tris(2-345 
pyridylmethyl)amine) complex showed that the NO2

- and ONO- 346 
groups in the cis position to NO lead to Ru‒N(1)‒O(1) bond 347 
angles of 179o and 175o, respectively. This small decrease was 348 
also observed upon nitro to nitrito isomerization in complexes 1a 349 
and 3a and it did not influence the Ru‒N(1) bond length (1.732 350 
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Å and 1.737 Å, respectively). For complexes 1a, 2a and 3a the 351 
bond angles for Ru‒N(1)‒O(1) and Ru‒O(1)‒N(1) ranged 352 
from 175.62° to 177.62o, which is consistent with the nitrosonium 353 
character of the NO+ ligand. Nitro to nitrito isomerization 354 
(complexes 1a and 3a) only slightly diminishes the 355 
Ru‒N(1)‒O(1) bond angles and does not influence the Ru‒N(1) 356 
bond length (1.732 Å and 1.737 Å, respectively). In these isomers 357 
the individual bonds of the NO2

- ligand can be differentiated by 358 
their bond lengths, values for the N(2)‒O(2) and N(2)‒O(3) for 359 
nitro being 1.226 Å and 1.232 Å while for nitrito they are 1.450 360 
Å and 1.172 Å, respectively (Table S1). Upon NO isomerization, 361 
no significant changes were observed in the Ru‒O(2) bond 362 
length for the nitrito ligand between isonitrosyl (2a) and nitrosyl 363 
(3a). This behavior is consistent with the less pronounced 364 
electronic interaction of the ligand in the cis compared to the 365 
trans position. N(1)‒O(1) and O(1)‒N(1) are essentially the 366 
same in these isomers. 367 
 Investigations on the effect of the addition of one electron to 368 
the NO group in a series of isomers are scarce. This changes not 369 
only the electronic properties of {RuNO}6 complexes but also 370 
their structural features and reactivity.96-98 The monoelectronic 371 
reduction of {RuNO}6 to {RuNO}7 species (complexes 1b, 2b 372 
and 3b) results in changes in the geometric parameters. The 373 
Ru‒N(1)‒O(1) and Ru‒O(1)‒N(1) bond angles change from 374 
the almost linear to the angular bent form, as shown in Fig. 3 and 375 
Table S1. This bending can be interpreted as Jahn-Teller splitting 376 
due to the breaking of the degeneracy of π* orbitals LUMO and 377 
LUMO +1 after the addition of one electron, due to the lowering 378 
of the symmetry and spin-orbit interaction, as previously 379 
observed by Lahiri and coworkers.67 Caramori and Frenking97 380 
have also investigated the variations in the EDA components on 381 
changing the Ru‒N‒O angle from the bent to the linear form in 382 
the {RuNO}7 core of trans-[RuII(NH3)4(Cl)NO]+1 complexes. 383 
They observed not only a considerable increase in the 384 
electrostatic and orbital terms but also a decrease in the Pauli 385 
repulsion, indicating that if only the Pauli repulsion is taken into 386 
account a false impression is created, because it decreases as the 387 
Ru‒N(1)‒O(1) angle increases, while, at the same time, a fast 388 
increase in the electrostatic component is observed. The above-389 
mentioned authors also observed that the total interaction energy 390 
profile follows a trend similar to that of the orbital interaction 391 
values, indicating that the bending of the Ru‒N(1)‒O(1) angle 392 
minimizes the electrostatic repulsion and also provides a 393 
conformation where the orbital interactions are maximized. 394 
 Both Ru‒N(1) and Ru‒O(1) bond distances are lengthened 395 
and are thus weaker compared to those in {RuNO}6. This 396 
lengthening is marked in cis-[Ru(ON)(ONO)(bpy)2]

+, in which 397 
Ru‒O(1) increases by 0.211 Å. Figure 3 also shows that the 398 
N(1)‒O(1) and O(1)‒N(1) bond lengths are slightly lengthened 399 
in comparison with their non-reduced forms. The nitro group is 400 
recognized as a good σ-donor which can also exhibit π-acceptor 401 
properties, while the linearly coordinated nitrosyl ligand (NO+) is 402 
a strong π-acceptor but weak σ-donor. Its reduced bent form 403 
(NO0) is a better σ-donor, but may also participate in some π-404 
back-bonding. The trans influence of NO is especially important 405 
in six-coordinate ferrous heme-nitrosyls, which have been studied 406 
in detail.100,101 Not only NO but also nitrito are known to exhibit 407 
structural trans-effects (STE).102 Since the monoelectronic 408 
reduction of {RuNO}6 as well as the different binding modes of 409 
the NO and NO2

- groups are expected to modify their σ-donor 410 
and π-acceptor properties, the Ru‒N(4) and Ru‒N(5) bond 411 
length values allow some conjecture on the trans effect of such 412 
groups in different situations. It should be noted that Ru‒Nbpy 413 

distances in the bidentate bpy ligand may be less prone to 414 
variation and thus only slight differences should also be expected. 415 
With the exception of 2a and 2b, in which isonitrosyl is present, 416 
the bonds of Ru‒Nbpy trans to NO2

- or NO are consistently 417 
longer than the other Ru‒Nbpy bonds that are not in the trans 418 
position to these groups, as observed experimentally and 419 
theoretically.16 420 
 In {RuNO}6 complexes the Ru‒N(3) and Ru‒N(6) (not trans 421 
to NO2

- nor NO) bond lengths are almost the same and they range 422 
from 2.096 to 2.058 Å with an average value of 2.073±0.009 Å 423 
(Table S1). In contrast, bond lengths of 2.144 and 2.116 Å were 424 
observed for Ru‒N(5) in complexes 1a and 3a, respectively. 425 
This is in agreement with the strong π-acid character of linear 426 
coordinated NO. The NO2

- group (N- or O-bonded) seems to 427 
exert a relatively small trans effect on these complexes since 428 
Ru‒N(4) bonds (2.127 and 2.102 Å, respectively) are only 429 
slightly longer than the average bond length observed for 430 
Ru‒N(3) and Ru‒N(6). According to these values, the nitrito 431 
group seems to exert a smaller trans effect than the nitro group. 432 
Notably, in 2a, where both NO and NO2

- are O-bonded, Ru‒N(4) 433 
(2.089 Å) and Ru‒N(5) (2.040 Å) are shortened in relation to 1a 434 
and 3a and are essentially within the range of the Ru‒N(3) and 435 
Ru‒N(6) bond lengths, suggesting that this linkage isomer may 436 
present the least favorable character for the trans effect. In 437 
agreement with the angular bent mode observed in complexes 1b 438 
and 3b, as a result of the addition of one electron to NO, the 439 
Ru‒N(5) bonds are lengthened to 2.154 Å and 2.161 Å, 440 
respectively, indicating a stronger trans effect. In complex 2b all 441 
Ru‒Nbpy bond lengths are fairly close, as observed for 2a. The 442 
bond angles exhibit different behaviors; for the nitro isomer they 443 
are close to 115.95o for 1a prior to the reduction and 117.31o for 444 
1b after reduction, while the nitrito isomer presents the opposite 445 
behavior, the bond angle decreasing with the reduction from 446 
116.37o to 115.63o for isomers 3a and 2b, respectively. 447 
 448 
 449 
 450 
 451 
 452 
 453 
 454 
 455 
 456 
 457 
 458 
 459 
 460 
 461 
 462 
 463 
 464 
 465 
 466 
 467 
 468 
 469 
 470 
 471 
 472 

 473 
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 503 
Fig. 3. Representation of the reduction of {RuNO}6 core species (1a-3a) generating the reduced {RuNO}7 species (1b-3b) for  nitrito Z forms. The atom 504 
labels are given in the figure.505 
 506 
 The stretching frequencies of the NO group, ν(NO), (stretching 507 
mode, Table S1) for 1a-3a are consistent with those observed 508 
experimentally. After reduction, the ν(NO) values shift to lower 509 
wavenumbers on going to 1b-3b, in agreement with the increase 510 
in the N(1)–O(1) and O(1)–N(1) bond lengths and the nitrosyl 511 
character of NO. Similar behavior was observed for the NO2

- 512 
group and the νa(NO2

-) values shift to lower wavenumbers after 513 
reduction. Before discussing the nature of the bonding for the 514 
above mentioned isomers, it is important to note that the  nitrito-515 
ligand can present two different configurations, known as forms 516 
U and Z. It was observed that on passing from the U-form to Z-517 
form in isomers 2a and 3a, a slight energy destabilization takes 518 
place, as previously observed by Kovalevsky and Coppens.53  519 
This destabilization is observed not only prior to (Figure 4a) but 520 
also after the monoelectronic reduction, in isomers 2b and 3b 521 
(Figure 4b). Prior to the reduction the U-shaped nitrito form 3aU 522 
is energetically slightly more stable than in the GS, 1a (Figure 523 
4a).  524 
However, this behavior is not observed after the monoelectronic 525 
reduction. In fact, 3bU is less stable than 1b by 2.3 kcal mol-1 526 
(Figure 4b). The difference in energy between the U and Z forms 527 
is quite similar for the isomers 2a (NO bonded as isonitrosyl) and 528 
3a (NO bonded as nitrosyl). In agreement with Kovalevsky and  529 
Coppens,53 the energy level is calculated as 43.1 kcal mol-1 prior  530 

 531 
to the reduction and 28.2 kcal mol-1 after the NO reduction 532 
(Figures 4a and 4b). 533 
 534 

 535 
(a) 536 

 537 
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 538 
(b) 539 

Fig. 4. Calculated energy profile (kcal mol-1) for linkage isomers relative 540 
to the ground state (GS) structure 1a. The energy levels are computed 541 
taking into account the changes in the nitrito-ligand configuration (U-542 
form and Z-form), prior to (a) 1a-3a and after (b) 1b-3b the 543 
monoelectronic reduction, considering BP86/Def2-TZVPP as the level of 544 
theory. 545 
 546 
NBO and QTAIM Analyses 547 
 For the sake of clarity and simplicity, the values presented and 548 
discussed in this section are related to the Z-form of the nitrito 549 
ligand configuration, since similar trends were observed for the 550 
forms Z and U. For instance, they present similar bond lengths, 551 
indicating that the Ru‒N(1)O(1) bond distance in 3aU (1.773 Å) 552 
is larger than in 3aZ (1.737 Å). Similarly, the Ru‒O(1)N(1) 553 
bond distance in 2aU (1.879 Å) is larger than in 2aZ (1.848 Å). 554 
On the other hand, the Ru‒O(2)N(2)O(3) bond distances are 555 
slightly larger in the U form than in the Z form (2aU (2.035 Å), 556 
2aZ (1.977 Å), 3aU (2.042 Å), and 3aZ (1.928 Å)).  557 
The bond order values (Table 1) indicate that the NO group binds 558 
more strongly in the GS than in the MS1 state. For instance, the 559 
bond order values for {RuNO}6 in the GS are twice those in the 560 
MS1 state, in which Ru–N(1) exhibits something between a 561 
single and double bond character, while Ru–O(1) presents a 562 
donor-acceptor electronic character. After the addition of one 563 
electron to {RuNO}6 the reduction in the Ru–N(1) and Ru–O(1) 564 
bond orders is accompanied by an increase in the bond lengths 565 
and a decrease in the vibrational frequencies, ν(NO), suggesting 566 
that the NO group has a nitrosyl character.  567 
 568 
Table 1. Wiberg bond order for 1a-3b isomers at M06/Def2-SVP level of 569 
theory. 570 
Bond 1a 1b 2a 2b 3a 3b 

Ru–N(1) 1.380 1.019   1.371 1.056 

Ru‒O(1)   0.680 0.390   

N1‒O(1) 1.978 1.800   1.958 1.775 

O(1)‒N(1
) 

  1.956 1.767   

Ru‒N(2) 0.477 0.502     

Ru‒O(2)   0.541 0.476 0.535 0.469 

N(2)‒O(2
) 

1.566 1.519     

O(2)‒N(2
) 

  1.018 1.127 1.022 1.128 

N(2)‒O(3
) 

1.541 1.531 1.972 1.866 1.973 1.805 

Ru‒N(3) 0.471 0.412 0.430 0.468 0.430 0.414 

Ru‒N(4) 0.331 0.301 0.387 0.545 0.379 0.296 

Ru‒N(5) 0.361 0.391 0.502 0.448 0.363 0.415 

Ru‒N(6) 0.433 0.428 0.436 0.435 0.435 0.452 

 571 
 As also observed in Table 1, the Ru–O(1) bond order most 572 
affected is that for 2b, which decreases by almost 42% when 573 
compared with the oxidized form 2a, while the decrease in the 574 
bond orders upon reduction for 1a and 3a ranges from 22% to 575 
26%. The decrease in the bond order and increase in the Ru–O(1) 576 
bond length for complex 2b suggests that in this complex the 577 
[ON]0↔ [Ru(ONO)(bpy)2]

+ interaction has a lesser effect on the 578 
total interaction energy when compared with [ON]0↔ 579 
[Ru(NO2)(bpy)2]

+ and [NO]0↔[Ru(NO2)(bpy)2]
+ for 3b and 1b, 580 

respectively. 581 
The N(1)–O(1) bonds present similar bond orders prior to and 582 
after the monoelectronic reduction. Due to the addition of one 583 
electron to the NO π* orbital the bond orders become small after 584 
the monoelectronic reduction.  585 
 The Ru–NO2 and Ru–ONO bond orders are quite similar, but 586 
their values are dependent on the reduction of the nitrosyl group 587 
(Table 1). The Ru–NO2 bond orders increase with the nitrosyl 588 
reduction, while the Ru–ONO bond orders decrease. This 589 
behavior was confirmed by the Su-Li EDA. The similarity 590 
between the Ru–ONO bond orders in 2a and 3a (0.541 and 0.535, 591 
respectively) indicate that η1-NO to η1-ON isomerization does 592 
not have any influence on the [ONO]-↔[Ru(NO)(bpy)2]

3+ 593 
interaction. In contrast to Ru–NO2, after reduction the Ru–ONO 594 
bond orders for 2b and 3b (0.476 and 0.469, respectively) are 595 
lower than those for 2a and 3a, which suggests that after the 596 
reduction the Ru–ONO bond becomes weaker than the Ru–NO2 597 
bond.  598 
 The individual bonds of the nitro and nitrito groups can be 599 
differentiated by their bond lengths and bond orders. The nitro 600 
group presents a formal bond order of 1.5 for N(2)–O(2) and 601 
N(2)–O(3), confirming the resonance between these bonds. On 602 
the other hand, for the nitrito group asymmetry of the N–O bonds 603 
was observed. The N(2)–O(3) bond has a typical double bond 604 
character, while the N(2)–O(2) bond presents a single bond 605 
character. These results are in agreement with those reported for 606 
Cu nitrito complexes with the tris(pyrazolyl)methane ligand 607 
(L1´), [Cu(L1)(ONO)(NO2)].

103 608 
 The bond orders for the bonding of the ruthenium ion with the 609 
bipyridine nitrogens have the same nature and are of similar 610 
magnitude to those observed for the Ru–N(3) and Ru–N(6) bond 611 
orders in 1a (0.471 and 0.430), 2a (0.430 and 0.436) and 3a 612 
(0.433 and 0.435). The lower bond order values for Ru–N(5) 613 
(trans to NO) in 1a and 3a compared to 2a are in agreement with 614 
a stronger trans influence of nitrosyl on the isonitrosyl Ru−ON 615 
binding mode of NO, which is consistent with the results 616 
observed and discussed in the previous section. After the 617 
reduction there is a decrease in the Ru–N(3) (0.412 for 1b and 618 
0.414 for 3b) and Ru–N(4) (0.301 for 1b and 0.296 for 3b) and 619 
an increase in the Ru–N(5) (0.391 for 1b and 0.415 for 3b) and 620 
Ru–N(6) (0.428 for 1b and 0.452 for 3b) bond orders for isomers 621 
1b and 3b, in agreement with the lengthening of the Ru–N(3) and 622 
Ru–N(4) bonds and shortening of the Ru–N(5) and Ru–N(6) 623 
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bonds after reduction. However, the opposite behavior was 624 
observed for complex 2b, in which an increase in the Ru–N(3) 625 
(0.468) and Ru–N(4) (0.545) and a decrease of Ru–N(5) (0.448) 626 
and Ru–N(6) (0.435) bond orders was observed. 627 
 The calculation of the atomic charge distribution (Table S2) 628 
gave positive partial charges for Ru in compounds 1a (+0.695 e), 629 
2a (+0.867 e) and 3a (+0.816 e), while NO2

- in 1a and the ONO- 630 
groups in 2a and 3a carry negative partial charges, -0.338 e, -631 
0.465 e and -0.442 e, respectively. On the other hand, the NO+ 632 
and ON+ groups carry positive charges only. These trends in the 633 
charge distribution are in full agreement with the Su-Li EDA 634 
analysis, which showed that prior to the reduction the Ru–NO2 635 
and Ru–ONO bonds have a strongly attractive electrostatic 636 
contribution, •Eele, while the Ru–NO bonds exhibit repulsive 637 
electrostatic contributions (Table 2). After the monoelectronic 638 
reduction of the NO+ group, the charge distribution is somewhat 639 
different. The NO0 groups present negative charges, but close to 640 
zero (1b (-0.022 e), 2b (-0.066 e) and 3b (-0.043 e)), while the Ru 641 
atoms carry positives charges, but lower than those prior to the 642 
reduction (1b (+0.555 e), 2b (+0.707 e), and 3b (+0.676 e)). On 643 
the other hand, the partial charges of the ONO- and NO2

- groups 644 
are still more negative than those observed prior to the reduction 645 
(Table S2), indicating that the electron-donicity of the nitrito 646 
group changes with the binding mode. This result was reinforced 647 
by the Su-Li EDA (Table 3) which indicated that the electrostatic 648 
contribution in the {RuNO}7 and {RuON}7 bonds become 649 
attractive in comparison with {RuNO}6 while the electrostatic 650 
stabilization of Ru–ONO- and Ru–NO2

- is reduced after the 651 
monoelectronic reduction. The polarization and hybridizations of 652 
the NBOs given in Table S3 indicate that prior to the 653 
monoelectronic reduction the Ru−NO bond is polarized toward 654 
the nitrosyl ligand in 1a while complex 3a shows the opposite 655 
behavior, in which the Ru−NO bond is polarized toward the 656 
ruthenium center. The nature of the bonding of the isonitrosyl 657 
group in 2a is clearly different from that of the nitrosyl group, 658 
and an effect on the polarization coefficients was not observed, 659 
while the isonitrosyl and ruthenium groups presented similar 660 
values for the polarization coefficients (45.90% and 54.10%, 661 
respectively). However, in comparison with 1a, these values are 662 
high, which can be attributed to the coordination of the ONO 663 
group, since it donates less electron density to the ruthenium 664 
atom. Table S3 also shows the NBO hybridizations after the 665 
monoelectronic reduction {RuNO}7. According to the results, the 666 
bonding is polarized towards the ruthenium atoms and comprises 667 
the Ru−NO and Ru−ON bonds resulting from the overlap 668 
between the d orbital of Ru with a p orbital located at the N or O 669 
atoms.  670 
  For the nitro and nitrito groups, the polarization tendency is the 671 
same prior to and after the reduction, as shown in Tables S2 and 672 
S3, changing to nitro in complex 1 and to nitrito in complexes 2 673 
and 3. To balance the charge distribution/flux of the {RuNO}6/7 674 
cores the behavior of the polarization for the Ru−NO2 and 675 
Ru−ONO bonds is the opposite to that of the Ru−NO and Ru−ON 676 
bonds. After the monoelectronic reduction a decrease in the 677 
polarization was observed for the ruthenium centers in 1b and 2b 678 
and an increase was noted in the case of 3b, which is in 679 
agreement with the calculated atomic charge distributions (Table 680 
S2), while an increase in the polarization coefficients was 681 
observed for the nitro and nitrito groups in 1b and 2b and a 682 
decrease was noted for 3b.  683 
 The covalent character of Ru−NO, Ru−ON and Ru−NO2 bonds 684 
was verified by the QTAIM analysis results (Table S4, supporting 685 
information). The covalent character of a bond is characterized by 686 
a negative Laplacian value at the critical point of the bond (•2ρb < 687 
0) while closed-shell interactions have positive values of •2ρb. 688 

The results suggest that all bonds have closed-shell interactions, 689 
where the Ru−NO and Ru−ON bonds have a stronger closed-690 
shell character than the Ru−NO2 and Ru−ONO bonds. Complex 691 
1a had a higher •2ρb (1.148 a.u.) than 2a and 3a (1.010 and 1.134 692 
a.u., respectively), which suggests that the Ru−NO bond in the 693 
{RuNO}6 interaction in 1a and 3a has a more covalent character 694 
than the Ru−ON bond in the {RuON}6 interaction in 2a, as also 695 
confirmed by the Su-Li EDA results (Table 2) which showed a 696 
more stabilizing polarization component for Ru−NO bonds than 697 
for Ru−ON bonds. After the monoelectronic reduction, a decrease 698 
in the Laplacian value was observed, suggesting that the covalent 699 
character of the {RuNO}7 and {RuON}7 interactions is reduced 700 
in comparison with the {RuNO}6 and {RuON}6 interactions, 701 
which is also in agreement with the orbital polarization observed 702 
in the Su-Li EDA (Table 2 and 3). The Laplacian values for the 703 
Ru−NO2 and Ru−ONO bonds showed different behaviors. Prior 704 
to the reduction complex 2a had a higher•2ρb value (0.508) than 705 
1a and 3a (0.298 and 0.486 a.u., respectively). However, after the 706 
monoelectronic reduction, a decrease in the covalent character of 707 
the Ru−ONO bonds was observed in complexes 2b and 3b, while 708 
an increase occurred for complex 1b, from 0.298 to 0.366 a.u. 709 
 710 
Bonding Energy Decomposition Analysis 711 
Nitrosyl↔Isonitrosyl isomerism of {RuNO}6 cores.  712 
The Su-Li EDA analysis was carried out considering [NO]+, 713 
[ON]+, [Ru(NO2)(bpy)2]

+ and [Ru(ONO)(bpy)2]
+ as the 714 

interacting fragments (Table 2). To shed light on how nitrosyl 715 
bonding linkage isomerism affects nitro↔nitrito isomerism and 716 
vice versa, the [NO2]

- and [ONO]- interaction with 717 
[Ru(NO)(bpy)2]

3+ and [Ru(ON)(bpy)2]
3+ was also evaluated and 718 

the results are reported in Table 2. 719 
 In this context, it is important to clarify the physical 720 
differences between the total bonding energy, •Eint, and the bond 721 
dissociation energy, -De. The total interaction energy in the Su-Li 722 
EDA, •Eint, corresponds to the instantaneous interaction between 723 
two or more interacting fragments, which can be evaluated at the 724 
Hartree-Fock, HF, or DFT levels of theory, as described in the 725 
methodology section. One way to estimate the bond dissociation 726 
energy is by computing the total preparation energy, •Eprep, which 727 
corresponds to the energy necessary to promote the fragments 728 
from their equilibrium geometry and electronic ground state to 729 
the geometry and electronic state that they acquire in the complex 730 
geometry. With this approach, the bond dissociation energy can 731 
be estimated according to Eq.(8). Therefore, in this study the 732 
fragments that have already acquired their geometries in the 733 
complexes are taken as the reference for the interaction energy. 734 
The preparation energy, zero point energy and thermal energy are 735 
not included in the analysis. 736 
 737 

intprep ∆Ε+∆Ε=De−                                                                  (8) 738 
 739 
 According to the Su-Li EDA, the total interaction energy ∆Eint 740 
values for the [NO]+[Ru(NO2)(bpy)2]

+ and 741 
[NO]+↔[Ru(ONO)(bpy)2]

+ interactions in 1a and 3aZ are 742 
considerably higher (-83.0 kcal mol-1 and -89.7 kcal mol-1, 743 
respectively) than that for the [ON]+↔[Ru(ONO)(bpy)2]

+ 744 
interaction in complex 2aZ (-39.4 kcal mol-1). It is important to 745 
note that such interactions are modulated by the orbital term, 746 
∆Epol, that is, by the π-back-donation Ru→NO and Ru→ON in 747 
the {RuNO}6 and {RuON}6 cores, since the electrostatic 748 
interactions are repulsive in these cases, presenting positive ∆Eele 749 
values, which are higher in 1a and 3aZ than in 2aZ, in agreement 750 
with the calculated atomic charge distributions (Table S2). The 751 
∆Epol values obtained are in close agreement with the QTAIM 752 
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results, as previously described. Since the most important 753 
contribution in such interactions is that of the polarization 754 
component, it is also expected that the contribution of both the 755 
electron repulsion, ∆Erep, and electron exchange, ∆Eex, is 756 
significant.  It is also important to note the very minor, although 757 
non-negligible, role of the dispersion contribution, ∆Edisp, in the 758 
{RuNO}6 and {RuON}6 interactions in comparison with ∆Epol 759 
(Table 2).  760 
 761 
Nitro↔↔↔↔nitrito isomerism of {RuNO}6 cores.  762 
Table 2 shows that the total interaction energy ∆Eint values are 763 
generally more negative for the nitro and nitrito groups than for 764 

the nitrosyl and isonitrosyl for complexes 1a, 2a and 3a, 765 
independent of the nitrito configuration (Z or U). In the former 766 
case, the electrostatic energy ∆Eele is the major term, modulating 767 
the interaction. The nitro interaction energy is only slightly 768 
greater than that of the nitrito (difference of 5.2 kcal mol-1). In 769 
this regard, it is not only the electrostatic component that 770 
stabilizes [NO2]

-↔[Ru(NO)(bpy)2]
+ and [ONO]-771 

↔[Ru(NO)(bpy)2] but also the exchange, polarization and 772 
dispersion components. In fact, the higher value for the 773 
electrostatic energy reflects the Coulomb stabilizations of the 774 
nitrito interaction with the positively-charged metallic fragments. 775 

 776 
Table 2. Su-Li EDA analysis results for the ruthenium nitrosyl bipyridine complexes before reduction in the ground and metastable states at the 777 
M06/Def2-SVP level of theory, where the components (in kcal mol-1) are represented as follows, ∆Eele=electrostatic energy, ∆Eex=exchange energy, 778 
∆Erep=repulsion energy, ∆Epol=polarization energy, ∆Edisp=dispersion energy and ∆Eint=total interaction energy. 779 

Interactions ∆Eint ∆Eele ∆Erep ∆Eex ∆Epol ∆Edisp 

1a       

[NO]+↔[Ru(NO2)(bpy)2]
+ -83.0 50.0 227.6 -48.6 -279.7 -32.2 

[NO2]
-↔[Ru(NO)(bpy)2]

3+ -323.9 -281.6 142.1 -22.4 -119.0 -43.0 

2a(Z)       

[ON]+↔[Ru(ONO)(bpy)2]
+ -39.4 57.6 142.2 -22.0 -185.7 -31.5 

[ONO]-↔[Ru(NO)(bpy)2]
3+ -329.0 -286.1 154.1 -27.7 -130.2 -39.1 

2a(U)       

[ON]+↔[Ru(ONO)(bpy)2]
+ -37.2 51.1 133.4 -18.2 -169.9 -33.6 

[ONO]-↔[Ru(NO)(bpy)2]
3+ -316.7 -275.1 127.7 -15.9 -111.0 -42.4 

3a(Z)       

[NO]+↔[Ru(ONO)(bpy)2]
+ -89.7 49.5 224.6 -46.7 -283.0 -34.1 

[ONO]-↔[Ru(NO)(bpy)2]
3+ -329.0 -286.1 154.1 -27.7 -130.2 -39.1 

3a(U)       

[NO]+↔[Ru(ONO)(bpy)2]
+ -87.4 39.2 216.3 -43.0 -263.9 -36.0 

[ONO]-↔[Ru(NO)(bpy)2]
3+ -323.8 -277.1 134.2 -18.4 -119.7 -42.8 

 780 
 At this point it is important to mention how the magnitude of 781 
the Ru–NO, Ru–ON, Ru–NO2 and Ru–ONO interactions is 782 
related to the total electronic energy and consequently the 783 
structural stability (Figure 4). The relative magnitude of the total 784 
interaction energy, ∆E, for different binding modes of the NO and 785 
NO2

- groups for complexes 1a, 2aZ, 2aU, 3aZ, and 3aU obtained 786 
from the Su-Li EDA analysis allows correlations with the relative 787 
structural stability (Figure 5) to be identified. The energy profile 788 
obtained with the total bonding energy is very similar to that 789 
obtained with the relative energy (Figure 4), indicating that 790 
stronger interactions lead to greater stability (Figure 4). Also, 791 
some differences are clearly observed. For instance, the U-forms 792 
of nitrito-ligand isomers (2aU and 3aU) are slightly more stable 793 
than the Z forms (2aZ and 3aZ). However, the Ru–NO, Ru–ON, 794 
Ru–NO2 and Ru–ONO interaction energies, ∆E, are more stable 795 
in 2aZ and 3aZ than in 2aU and 3aU. In fact, the total ∆E values 796 
for complexes 1a (∆Eint = - 406.8 kcal mol-1) and 3aZ (∆Eint = - 797 
418.7 kcal mol-1) compared to 2aZ (∆Eint = - 368.4 kcal mol-1) 798 
(Table 2) suggest that 1a and 3aZ should be more stable than 2aZ 799 
and that 3aZ is expected to be the most stable form. In addition, 800 

the small difference in the ∆E values for 3a and 1a suggests that  801 
 802 
there should be a small difference in their stabilities. These results 803 
not only agree qualitatively with the calculated energy levels 804 
reported by Coppens and coworkers, in which the nitrosyl-nitrito 805 
form was energetically more stable (by ~ 1 kcal mol-1) than the 806 
nitrosyl-nitro form, but also with the known synthetic methods 807 

which allow the preparation of both isomers.49,50,53 808 
 809 
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Fig. 5. Total interaction energy, ∆E, calculated as the sum of the 810 
individual ∆Eint values for each isomer, as compiled in Table 2.  811 
Nitrosyl isomerism of {RuNO}7 cores.  812 
The Su-Li EDA was also carried out for the reduced complexes, 813 
1b-3b, considering [NO]0↔[Ru(NO2)(bpy)2]

+, [NO2]
-814 

↔[Ru(NO)(bpy)2]
+, [ON]0↔[Ru(ONO)(bpy)2]

+, [ONO]-815 
↔[Ru(ON)(bpy)2]

+, [NO]0↔[Ru(ONO)(bpy)2]
+, and [ONO]-816 

↔[Ru(NO)(bpy)2]
+ as interacting fragments (Table 3). 817 

 The monoelectronic reduction was modeled through the 818 
addition of one electron to NO π* orbital which has a major 819 
contribution to the LUMO orbital of 820 
[Ru(NO)(NO2)(bpy)2]

2+along with some contribution from the Ru 821 
dxy atomic orbital. Upon reduction, a weakening of the Ru–NO π-822 
bonding is expected (Figure 1, Table S1). Therefore, the Ru−NO 823 
bond weakening should be reflected in the magnitude of the total 824 
interaction energy, ∆Eint, in Su-Li EDA analysis. Indeed, the ∆Eint 825 
values are around 41% lower for 1b and 3b (-83.0 kcal mol-1 and 826 
-53.2 kcal mol-1, respectively) when compared with the isomers 827 
1a and 3a and around 46% lower for 2b (-21.4 kcal mol-1) when 828 
compared with 2a (Table 2). As also observed for the {RuNO}6 829 
species, for the {RuNO}7 species in the reduced complexes 1b 830 
and 3b the total interaction energy  was greater than that observed 831 
for this 2b, which implies that the [NO]0↔[Ru(NO2)(bpy)2]

+ and 832 
[NO]0↔[Ru(ONO)(bpy)2]

+ interactions are stronger than the 833 
[ON]0↔[Ru(ONO)(bpy)2]

+ interaction. The magnitude of these 834 
interactions is affected not only by the polarization, ∆Epol, but 835 
also the electrostatic, ∆Eele, component. After the monoelectronic 836 
reduction, the polarization between the interacting fragments is 837 
reduced, as shown by the magnitude of the polarization terms 838 
(ranging from -45.4 to -145.1 kcal mol-1), which are in agreement 839 
with the decrease in the polarization coefficients and with the 840 
reduced charge of the NO group observed in the NBO analysis.  841 
 After the monoelectronic reduction complex 2b has the lowest 842 
value for the polarization energy (-45.4 kcal mol-1), which 843 
implies a weakening of the [ON]0↔[Ru(ONO)(bpy)2]

+ 844 
interaction in 2b. Table 3, shows that the electrostatic 845 
contribution to the total interaction energy is smaller than that of 846 
the polarization energy, although the magnitudes of these 847 
contributions are larger than those of the exchange and dispersion 848 
contributions, which range from -9.5 to -55.0 kcal mol-1 for ∆Eex 849 
and -33.3 to -38.3 kcal mol-1 for ∆Edisp.  850 
 However, for complex 2b the contribution of the dispersion 851 
energy (-33.3 kcal mol-1) is more significant than that of the 852 
electrostatic energy (-26.6 kcal mol-1).  For all complexes, only 853 
the repulsion destabilizes the nitrosyl interaction with the metallic 854 
fragment. However, the polarization is still the major contribution 855 
in these interactions.  856 
 857 

858 

The  repulsion term, ∆Erep, for {RuNO}7 complexes  than that for 859 
{RuNO}6, despite the additional electronic repulsion, with values 860 
ranging from 93.5 kcal mol-1 to 233.3 kcal mol-1. Although 861 
complex 2b presents the lowest repulsion energy (93.5 kcal mol-862 
1) it was observed that the [ON]0↔[Ru(ONO)(bpy)2]

+ interaction 863 
continues to be the less favorable due to the small contribution 864 
from the electrostatic and dispersion components. Considering 865 
the magnitude of the total interaction energy, ∆Eint, for the 866 
{RuNO}6/7 cores, complex 2b, cis-[Ru(ON)(ONO)(bpy)2]

+, is 867 
more likely to release NO, through a photochemical process, 868 
when compared to complexes 1b and 3b. 869 
 870 
Nitro↔nitrito isomerism of {RuNO}7 cores.  871 
 According to Table 3, the interaction of NO2

- or ONO- with 872 
reduced fragments is weaker than with non-reduced ones. This  873 
can be observed from the magnitude of the total interaction 874 
energy •Eint, which is smaller for isomers 1b-3b, (-220.7 to -875 
223.2 kcal mol-1) than for isomers 1a-3a (-323.0 to -329.0 kcal 876 
mol-1). Although the total interaction energies, ∆Eint, have similar 877 
values, the contributions of each component are different. After 878 
reduction, the magnitude of the electrostatic term (∆Eele) 879 
decreases while the repulsion term (∆Erep) increases. This 880 
repulsion effect is more pronounced for 1b with the NO2

- group 881 
(190.7 kcal mol-1) than 2b and 3b with the ONO- group (133.6 882 
kcal mol-1 and 165.2 kcal mol-1, respectively). These results may 883 
be rationalized as an effect of the decrease in Ru–NO π-back-884 
donation which, in turn, increases the electron density in the 885 
metal center. As shown in Table 3, for complex 1b, for the [NO2]

-886 
↔[Ru(NO)(bpy)2]

2+ interaction, an increase in the magnitude of 887 
the polarization component, •Epol (-113.7 kcal mol-1) was 888 
observed. On the other hand, there is a decrease in this 889 
component for complexes 2b (-99.9 kcal mol-1) and 3b (-111.1 890 
kcal mol-1). As this term is a direct measure of the charge 891 
transfer, after reduction the nitro form continues to contribute 892 
more to the charge transfer than the nitrito form. The results also 893 
show that the reduction of the NO group does not affect 894 
significantly the [NO2]

-↔[Ru(NO)(bpy)2]
2+ and [ONO]-895 

↔[Ru(ON/NO)(bpy)2]
2+ interactions. 896 

 897 
 898 
 899 
 900 

901 

902 
Table 3. Su-Li EDA analysis of ruthenium nitrosyl bipyridine complexes after reduction in the ground and metastable states at the M06/Def2-SVP level of 903 
theory, where the components (in kcal mol-1) are represented as follows: ∆Eele=electrostatic energy, ∆Eex=exchange energy, ∆Erep=repulsion energy, 904 
∆Epol=polarization energy, ∆Edisp=dispersion energy and ∆Eint=total interaction energy. 905 

Interactions ∆Eint ∆Eele ∆Erep ∆Eex ∆Epol ∆Edisp 

1b       

[NO]0↔[Ru(NO2)(bpy)2]
+ -50.3 -58.7 233.3 -55.0 -132.8 -37.1 

[NO2]
-↔[Ru(NO)(bpy)2]

2+ -220.5 -214.6 190.7 -41.0 -113.7 -41.7 

2b       

[ON]0↔[Ru(ONO)(bpy)2]
+ -21.4 -26.6 93.5 -9.5 -45.4 -33.3 

[ONO]-↔[Ru(ON)(bpy)2]
2+ -223.2 -197.2 133.6 -22.4 -99.9 -36.6 

3b       
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[NO]0↔[Ru(ONO)(bpy)2]
+ -53.2 -48.4 231.7 -53.2 -145.1 -38.2 

[ONO]-↔[Ru(NO)(bpy)2]
2+ -220.7 -203.3 165.2 -34.3 -111.1 -37.2 

906 
Summary and Conclusions 907 
 The nature of Ru–NO+, Ru–ON+, Ru–NO2

-, and Ru–ONO- 908 
bonding was investigated applying Su-Li EDA, prior to and after 909 
monoelectronic reduction. The calculated bonding strength values 910 
presented excellent agreement with the calculated energy levels 911 
reported by Coppens and coworkers, and indicated that the 912 
isomers 3a and 1a are more stable than 2a. According to the Su-913 
Li EDA analysis, the nitrito interactions with the ruthenium 914 
center are stronger than the nitrosyl interactions, with the 915 
electrostatic and polarization being those that modulate the 916 
magnitude of these interactions. The Su-Li EDA also indicated 917 
that the nitrosyl group interactions with the ruthenium center are 918 
stronger than those of isonitrosyl and that these interactions 919 
become weaker after the reduction. On the other hand, the nitro 920 
and nitrito interactions are similar and become weaker after the 921 
reduction. Additionally, and in agreement with previous studies, 922 
the results of the Su-Li EDA suggest that 2a, cis-923 
[Ru(ON)(ONO)(bpy)2]

2+, is the most energetic state with the 924 
weakest Ru−ON and Ru−ONO interactions and also that this 925 
complex should release NO more easily when compared to 1a 926 
and 3a. 927 
The structures observed for cis-[Ru(NO)(NO2)(bpy)2]

2+ in the GS 928 
and MS states prior to and after one-electron reduction 929 
characterize the nitrosonium and nitrosyl nature, respectively, of 930 
the NO group. The Ru−NO bond in {RuNO}6 is linear for 931 
(isomers 1a-3a) and bent for {RuNO}7 (isomers 1b-3b). The 932 
latter complexes also showed an increase in the Ru−NO and N−O 933 
bond lengths and a decrease in the ν(NO) vibrational frequencies 934 
regarding the reduced forms. The structural trans-effect of NO is 935 
greater than that of NO2

- and both are influenced by the 936 
coordination modes of these groups and one-electron reduction. 937 
The lowest STE value was observed for cis-938 
[Ru(ON)(ONO)(bpy)2]

+/0. 939 
The topological analysis confirmed the covalent character of the 940 
N−O and O−N bonds, which was more pronounced for the 941 
complexes in the GS and MS1 at 200 K. The Ru−NO and 942 
Ru−ON interactions have a closed-shell character and in the MS1 943 
at 90 K the weakest interaction was observed due to the greater 944 
electron delocalization over the isonitrosyl group. The QTAIM 945 
analysis results confirmed those of the Su-Li EDA, that is, the 946 
nitrito and nitro coordinated environments have few differences. 947 
Although the nitro bonds N(2)−O(2) and N(2)−O(3) are 948 
electronically similar, due to the resonance effect, for nitrito 949 
groups these bonds are very different. Through NBO analysis it 950 
was also confirmed that Ru−ON in 2a isomers are the weakest 951 
bonds, with a stronger donor-acceptor nature, rather than the 952 
single bond character present by the 1a and 3a isomers. The 953 
electronic population over the isonitrosyl group in 2a also 954 
confirms the electron delocalization and the lower repulsion 955 
interaction of Ru‒ON as indicated by the Su-Li EDA analysis.  956 
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Calculated energy profile (kcal mol
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) for linkage isomers relative to the ground state structure (GS) 

1a, prior the monoelectronic reduction, at BP86/Def2-TZVPP level of theory. The energy levels are 

computed taking into account the changes in the nitrito-ligand configuration (U-form and Z-form). 
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