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Nitric oxide (NO) has well known vasodilation effects in living organisms and its participation in the

metastasis of cancer cells through the angiogenesis process has been demonstrated experimentally.

Therefore, the uptake of NO has become one focus of investigation to produce anti-metastatic drugs. In

this article we have investigated the uptake of NO by the ruthenium based metallodrug trans-

tetrachloride(dimethylsulfoxide)imidazole ruthenate(III) [Im]trans-[RuCl4(Im)(DMSO)], known as New Anti-

tumor Metastasis Inhibitor-A (NAMI-A). Electronic structure calculations using Density Functional Theory,

DFT, and State-Averaged Complete Active Space Self Consistent Field, SA-CASSCF, with second order

perturbation theory corrections, NEVPT2 were carried out to investigate the mechanism involved in the

uptake of NO by the Ru-based anticancer metallodrug NAMI-A. The calculations revealed that the

reaction takes place at the triplet potential energy surface, with the singlet surface being �15 kcal mol�1

shifted to higher energies, and there is a surface crossing to form the most stable singlet product after

the reaction takes place at the triplet surface. The spin pairing and electron transfer from the nitric oxide

to the metallic fragment takes place at the region of the minimum energy crossing point between the

two surfaces. The Ru–NO bond in the {Ru–NO}6 product has �10% of the RuIII–NO0 character. The SA-

CASSCF/NEVPT2 calculations revealed that the uptake of NO by NAMI-A has a small energy barrier of

�8 kcal mol�1 and, therefore a rate constant of 11.3 � 106 s�1 at 300 K. In addition, the reaction is

thermodynamically favorable, with a Gibbs free energy of �30 kcal mol�1. These results show that the

uptake of nitric oxide by the NAMI-A complex is kinetically and thermodynamically feasible in biological

medium and, therefore, gives support to the anti-angiogenesis theory associated to the mode of action

of NAMI-A and other related compounds.

1. Introduction

Ruthenium complexes have been investigated as anti-cancer

drugs which may be a viable alternative to traditional

platinum-based drugs because of their lower toxicity.1–7 Among

the large group of ruthenium complexes synthesized, the trans-

tetrachloride(dimethylsulfoxide)imidazole ruthenate(III), [Im]

trans-[RuCl4(Im)(DMSO)], known as New Anti-tumor Metastasis

Inhibitor-A (NAMI-A), stood out due to its anti-metastatic

activity and low cytotoxicity. On average, this compound is

more than 1000 times less cytotoxic compared to cisplatin,

a well-known reference anti-cancer metallodrug.8 NAMI-A

demonstrated excellent and selective activity against lung metas-

tases of several solidmetastatic tumors inmice, including amouse-

graedNSCLC (non-small-cell lung carcinoma) of human origin.9–11

By virtue of these properties, NAMI-A was the rst compound to be

tested in humans and became a landmark in the eld of anticancer

metal compounds.12 However, despite numerous investigations,

NAMI-A molecular target and why NAMI-A is inactive in primary

tumors are still unknown. While rst studies have suggested that

biological effects are related to the binding of the ruthenium

complex to extracellular matrix collagen and surface cell integrins,

which increases adhesion and reduces the invasiveness of cancer

cells,13 later ones attributed NAMI-A activity against already devel-

oped metastases to its anti-angiogenic properties, which have been

conrmed in membranes of chicken and rabbit eye cornea.14–16 To

the present date, the drug is no longer in clinical trials due to its

side effects and antitumor activity lesser than expected.6

In the angiogenesis new capillary vessels are formed from

existing blood vessels, increasing tumor growth and favoring
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the process of metastasis.16 Thus, angiogenesis is responsible

for the growth of primary tumors from their metastasis and,

therefore, identied as a target for pharmacological control of

malignant tumors.17–19 Nitric Oxide (NO) is expected to partici-

pate in the angiogenesis process due to its well-known vasodi-

lation effects, which are of primary importance in the regulation

of blood pressure. This participation was rst demonstrated by

Pipili-Synetos and co-authors20,21 and since then several studies

have been dedicated to understand the mechanism involved in

the formation of new capillaries and showing that NO is directly

involved in the angiogenesis.22–27 Tumor and inammatory cells

produce NO in response to cytokines or other stimuli and under

the control of endogenous NO, the same cells can produce and

release angiogenic or modulating factors, which act on endo-

thelial cells, leading to angiogenesis.28 Due to the involvement

of NO in the various events that contribute to tumor progression

and the ability of ruthenium complexes to interact with NO,

a theory that this signaling molecule is one of the targets of

NAMI-A antimetastatic activity has been proposed.14,15

The in vitro angiogenic process was investigated by Cas-

tellarin et al.29 using endothelial cell lines EA.hy926. The

authors showed that NAMI-A reduces the production and

release of nitric oxide (NO) by EA.hy926 and consequently

inhibits its invasive capacity. It also strongly inhibits angio-

genesis in Matrigel/sponges implanted subcutaneously in

healthy mice. These data support the anti-angiogenic activity of

the tested ruthenium compound and contribute to the selective

activity of NAMI-A against solid tumor metastases, the tumor

compartment in which angiogenesis is strongly involved.

Oszajca et al.30 studied the reactivity of NAMI-A to NO in

aqueous solution and under physiological conditions revealing

that NAMI-A can interfere on the NO metabolism through the

formation of the [RuII–NO+] complex which cannot release nitric

oxide via electron reduction due to the relatively low reduction

potential of the NO+ coordinated to the RuII center (�0.69 V).30

In a detailed recent work, Li and co-workers31 investigated

the mechanism for the nitrosylation reaction of NAMI-A mono-

hydrolysate complexes in the singlet and triplet states, in

aqueous solution, using QM/MM methods. Their results

showed the possible coexistence of the singlet and triplet spin

states in the ruthenium nitrosyl complex in aqueous solution

leading to a competitive interaction between spin states.

According to their results the ligand exchange reactions

involving NO can occur not only in the singlet spin state but also

in the triplet spin and, therefore, the reaction does not always

occur with an electron transfer. However, in this study, the

nitrosylation reaction was investigated on only one potential

energy surface (singlet or triplet) and did not address the

possible mechanistic route in which the singlet and triplet

potential energy curves may intersect at one or more points.

This can be a possible route since both NO (S ¼ 1/2) and the

[RuCl3(H2O)(Im)(DMSO)] complex (S ¼ 1/2) have each an

unpaired electron. Although we can think of these reactions

occurring on either surface, the spin multiplicity of the nal

product will preferably be singlet, since it is signicantly more

stable and the only one experimentally veried.29,30,32 In other

words, the reaction can involve at least one surface crossing

point. Indeed, we have shown employing Density Functional

Theory calculations and Monte Carlo statistical mechanical

simulations that the ligand exchange reaction between NO and

water, involved in the formation of the [Ru(NH3)5(NO)]
3+

complex in its most stable singlet state can occur through at

least two singlet-triplet surface crossings.33 This type of non-

radiative transition between electronic states with two

different spin multiplicities can be adequately investigated

using the non-adiabatic transition state theory (NA-TST).34

The NAMI-A complex is known to be rather susceptible to

many structural transformations in biological environ-

ment.9,35–39 Therefore, a NO capture may compete with other

processes such as the exchange of ligands for water, reduction

of the metallic center from RuIII to RuII and interactions with

other biomolecules. The ligand exchange reactions are fairly

dependent on pH and it was shown experimentally that the

DMSO is released in more extent in moderately acid pH's (�6)

while its related product, [trans-RuCl4(H2O)(Him)]�, is the

predominant species together with the original NAMI-A mole-

cule in pH < 6.9,35 In physiological pH (7.4) the DMSO release is

observed but the predominant reaction is the subsequent

hydrolysis of two chloride ions and further formation of oxo

products.9,35,38 Lastly, the literature shows that imidazole

exchange reactions do not happen in physiological or even

lower pH conditions for NAMI-A and other very similar antitu-

moral Ru complexes like the trans-[RuCl4(Him)2] (KP418).40

Imidazole NH group acidity (pKa ¼ 14.9)41 is also too weak to

consider a deprotonation and its further implications in phys-

iological environment. Therefore, the mechanistic proposal

studied here considers that the dominant reaction taking place

before the NO uptake is the hydrolysis of one chloride, which is

also essential for the following nitrosylation process. This

proposition was the one demonstrated experimentally in the

work of Oszajca et al.30 under physiological-like conditions (pH

¼ 7.4, [NaCl] ¼ 0.1 M, T ¼ 37 �C).

In this paper, we use quantum chemical calculations at the

Density Functional Theory (DFT) and Complete Active Space

Self Consistent Field (CASSCF) levels to investigate the mecha-

nism for the uptake reaction of NO by the NAMI-A complex in its

mono-hydrolyzed form. As we shall see, in contrast with previously

reported, the reaction takes place in the triplet spin state surface

and there is a surface crossing to generate the most stable singlet

nitrosylated complex. The singlet spin surface, despite having

a lower energy barrier, is shied at least 15 kcal mol�1 to higher

energies when compared with the triplet surface.

2. Computational details

For the sake of clarity, the NAMI-A ([Ru(Cl)4(Im)(DMSO)]�)

derivate complexes [Ru(Cl)3(Im)(DMSO)(H2O)] (rst hydrolysis

product) and [Ru(Cl)3(Im)(DMSO)(NO)] (nitrosylated product)

will hereaer be called NAMI–H2O and NAMI–NO, respectively.

Gas-phase geometry optimizations of the complexes were

carried out at the Density Functional Theory (DFT) level,42 using

the hybrid B3LYP exchange–correlation functional43,44 and the

Ahlrichs full electron def2-TZVP basis set45 for all atoms.

Vibrational analyses were carried out on the optimized
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structures to verify the nature of the stationary point (minima or

rst-order transition state). Resolution of the identity (RI)46 was

used in all calculations for the coulomb, and the chain of sphere

approach (COS)47 for the exchange part of the Fock matrix,

employing the def2-TZVP/J auxiliary basis set.48 The open-shell

structures were treated within the unrestricted Hartree–Fock

(UHF) or Kohn–Sham (UKS) formalism.42

The potential energy surfaces (PES) for the reactions

involving NO and the NAMI–H2O complex, both in the singlet

and triplet spin states, were rst explored using the coordinate-

driven minimum-energy approach, where we choose the Ru–NO

distance as the main geometric parameter that drives the

reaction and kept it xed along with the reaction and all other

internal coordinates are fully optimized. For the nitrosylation

reaction, the NO molecule was approached to the NAMI–H2O

complex, varying the Ru–NO distance from 3.8 to 2.0 Å in 10

equally spaced steps, which were maintained xed. These

calculations were also performed with the same B3LYP func-

tional and a smaller def2-SV(P) basis set.45 The most stable

structure of NAMI–H2O has low spin conguration and, as

a result, nitric oxide and the NAMI–H2O complex each have an

unpaired electron, thus the reaction can take place either in the

singlet or triplet state. Here, we will try to unveil more aspects of

these mechanisms focusing on the nature of the electronic struc-

ture of the systems. As we have shown33 for the exchange reaction

of NOwith water in the complex [Ru(NH3)5(H2O)]
3+, the singlet and

triplet surfaces can cross each other and this crossing may be

relevant for the mechanism of NO uptake. The minimum energy

crossing points (MECP's) between the singlet and triplet potential

energy surfaces were obtained using the method suggested by

Harvey et al.34,49 and implemented in the ORCA program.50,51

Complete active space self-consistent eld (CASSCF),52,53

with second-order perturbation theory corrections, NEVPT2,54–56

calculations were performed at the optimized DFT structures, to

obtain a better description of not only the electronic states but

also of static and dynamic electron correlation effects along the

reaction coordinate. The CASSCF active space was constructed

performing fractional occupation density (FOD)57 calculations

where orbitals with fractional occupation between 1.98 and 0.02

were selected as active space. The FOD calculations were done

with ORCA default settings, which uses DFT with the TPSS58

functional and def2-TZVP basis set. CASSCF calculations are not

usually straightforward, even for a set of similar systems.

Therefore, despite using the initial approach to choose the

active spaces based on the FOD results, this not always led to

convergence and adjustments in the active spaces of the

calculations had to be done individually (more details can be

checked in the Table S3 of ESI†). The basis sets used for the

CASSCF calculations were the all-electron def2-TZVP basis set,

with second-order scalar-relativistic corrections performed

according to the Douglas–Kroll–Hess (DKH) Hamiltonian.59

Spin–orbit coupling (SOC) effects60 were also taken into account

as implemented in ORCA using 10 singlet and 10 triplet roots in

a SA-CASSCF(8,8) calculations. To select the number of roots

and active space we carried SOC calculations up to the point

that the SOC between the rst triplet and rst singlet became

somewhat constant (results are shown in ESI†). When included,

solvent effects (in water) were accounted for by the implicit

solvation method C-PCM61 in conjunction with the SMD model

corrections.62 All quantum chemical calculations reported in

this work were performed using the ORCA program package.50,51

3. Results and discussion

Fig. 1 shows the B3LYP/def2-TZVP optimized structures for the

isolated complexes NAMI-A, NAMI–H2O and NAMI–NO in the

singlet and triplet spin states. Besides, the main geometrical

parameters for this species are quoted in Table 1.

As can be seen, these Ru(III) complexes exhibit distorted

octahedral geometry and replacing the chlorine ligand by water

have very subtle changes in the equatorial Ru–Cl bonds.

However, when we replace water by nitric oxide the changes are

more pronounced. The coordination mode of nitric oxide to

a metal center is dependent on its formal oxidation state. Thus,

if NO is coordinated as NOc or NO�, we should expect angular-

type coordination in order to maximize HOMO/SOMO interac-

tion.63,64 For the formal NO+ oxidation state linear coordination

is expected.65,66 Usually, the {RuNO}n complex, with n¼ 6, where

n is the sum of d-orbital electrons of Ru and the NO p-electrons,

the ground state exhibits linear coordination and singlet spin

multiplicity.67 In the triplet spin state, these complexes usually

assume angular coordination (:Ru–N–O < 180�) due to the

donation of electron density to the p* orbitals of NO. As

a general case, {RuNO}6 complexes do not undergo NO substi-

tution reactions under normal thermodynamic conditions, and

this should be accomplished by chemical or photochemical

reducing processes.65–67 In Fig. 3 we can see that the complex in

the singlet spin state shows linear coordination, with:Ru–N–O

¼ 178�, consistent with RuII–NO+ coordination while in the

triplet spin state the:Ru–N–O ¼ 141� is consistent with RuIII–

NO coordination. At the B3LYP/def2-TZVP the structure ob-

tained with the singlet spin state is 21.5 kcal mol�1 more stable

than the triplet structure. This is in line with the experimental

fact that only the linear structure (singlet spin) is observed

experimentally.67 That is, at normal conditions of temperature

and pressure, only the singlet structure is obtained.

To become an active species in the biological environment,

NAMI-A undergo hydrolysis reaction due to the difference in

concentration of chloride ions, in the blood plasma and the

cytoplasm of the cells, providing a coordination site for other

exchange reactions in the biological medium.1–7 The potential

energy surface for the uptake of NO by the mono-hydrolysate

NAMI-A complex, eqn (1), was rst explored at the B3LYP/

def2-SV(P) level including the solvent effects with the SMD

solvation model, using the procedure described earlier. Both

the singlet and triplet surfaces were explored and, the potential

energy curves are shown in Fig. 2.

[RuCl3(H2O)(Im)(DMSO)] + NO/ [RuCl3(NO)(Im)(DMSO)]

+ H2O (1)

As can be seen, the reactants in the triplet surface are about

17 kcal mol�1more stable than the singlet reactants. The singlet

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7381–7390 | 7383
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product, on the other hand, is �11 kcal mol�1 more stable than

the triplet product. The peaks appearing in the curves indicates

the possible transition states regions. This initial PES explora-

tion shows that the triplet surface has exceedingly high activa-

tion energy (�39 kcal mol�1) compared with the almost

barrierless singlet surface. What is interesting is that the results

show that there may be three crossing points between the

singlet and triplet surfaces, one before the triplet transition

state and two others aer, in the singlet product region.

To have a clearer picture of the reaction mechanism, the

points close to the reactants, transition states and products

were fully reoptimized at the B3LYP/def2-TZVP level of theory,

removing the Ru–NO distance constraint. The optimized

structures of the stationary points found in the singlet and

triplet surfaces are shown in Fig. 3 and 4, respectively. The

singlet surface is characterized by a transition state (TS) with an

imaginary frequency of 122.6i cm�1. The nuclear movement

associated with this frequency involves the breaking of the Ru–

Fig. 1 Gas phase B3LYP/def2-TZVP optimized parameters for the complexes NAMI-A, NAMI–H2O andNAMI–NO in the singlet and triplet states.
Bond distances in Å and bond angles in degrees.

7384 | RSC Adv., 2021, 11, 7381–7390 © 2021 The Author(s). Published by the Royal Society of Chemistry
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H2O bond and the formation of the Ru–NO bond. Following the

singlet reaction pathway, the r(Ru–H2O) bond increases from

2.201 Å in the reactants to 2.887 Å in the TS while the r(Ru–NO)

bond decreases from 3.721 Å in the reactants to 2.216 Å at the

transition state. In the nal product, the water molecule is

completely dissociated with r(Ru–H2O) ¼ 4.021 Å and the NO

molecule bonds to the ruthenium atom with r(Ru–NO) ¼ 1.746

Å. The nal optimized :RuNO ¼ 170� is characteristic of

a RuII–NO+ type of coordination, resulted from an intra-

molecular electron transfer from the NO to the ruthenium upon

coordination, which leads to a reduction of the formal oxidation

state of ruthenium. The nature of this interaction will be further

discussed with the CASSCF calculations. Based on the

mentioned distances changes we calculated 31% of the Ru–H2O

bond breaking (compared with the Ru–H2O distance in the

reactant) and 73% of the Ru–NO bond formation (compared

with the Ru–NO bond in the product) at the transition state for

the singlet surface, indicating a reaction mechanism with

a tight transition state and associative character. The Gibbs free

energies obtained for the singlet reaction pathway in gas phase

and water solution are shown in Table 2. The calculated free

energy of activation for this singlet process is 4.03 kcal mol�1

and the total free energy of reaction is �38.05 kcal mol�1

characterizing a very exergonic and favorable reaction. With the

inclusion of solvent effects through the C-PCM(SMD) protocol

previously described, the activation energy increases to

7.44 kcal mol�1 while the total free energy of reaction becomes

�1.5 kcal mol�1 more exergonic. This implies that in solution

the reaction rate should slightly decrease. In the chemical

sense, this is expected since a large “concentration” of water in

solution displace the reaction equilibrium towards the reac-

tants, where the water is coordinated.

The triplet reaction pathway has a transition state with an

imaginary frequency of 71.0i cm�1 and the distances of the

leaving and entering group are 3.557 and 3.675 Å, respectively.

From the reactants to the TS the r(Ru–H2O) bond stretches from

2.216 to 3.557 Å while the r(Ru–NO) shortens from 4.802 to

3.675 Å, respectively. In the products, the water molecule is

released and r(Ru–NO) ¼ 1.912 Å which is, as expected, much

longer than in the more stable singlet product. Also, different

from the singlet product, the:RuNO angle of 141� is far from

linearity due to the presence of the unpaired electron in the

antibonding orbital of the NO ligand. In the transition state

obtained for the triplet pathway the Ru–H2O bond is 61%

broken, compared with the reactants and the Ru–NO bond is

only 8% formed, indicating a loose transition state and char-

acterizing a dissociative mechanism, in contrast with what is

found for the singlet surface. The B3LYP/def2-TZVP activation

free energy computed for this pathway is 13.80 kcal mol�1 (see

Table 2) which is more than three times higher than for the

singlet pathway, but it is still relatively low for a chemical

reaction. The overall Gibbs free energy of reaction shows that

the reaction is slightly unfavorable thermodynamically in the

gas phase with DGr¼ 3.16 kcal mol�1. However, the inclusion of

solvent effects makes the reaction slightly favorable thermody-

namically, with DGr ¼ �1.05 kcal mol�1. The solvent effects

increase the energy barrier by only 0.7 kcal mol�1.

From the three singlet-triplet possible crossing points

initially located in Fig. 2, fully optimization of the MECP using

the suggestions of Harvey et al.34,49 and implemented in the

ORCA program, lead to three crossing point structures within 5

� 10�4 eV of energy difference between the singlet and triplet

surfaces (see Table S2† for the energetic data on the MECP's).

Table 1 Gas phase B3LYP/def2-TZVP optimized parameters for the complexes NAMI-A, NAMI–H2O and NAMI–NO in the singlet (S) and triplet
(T) states. Bond distances in Å and bond angles in degrees

Parameter [RuCl4(DMSO)Im]1� (NAMI-A)a
[RuCl3(H2O)(DMSO)Im]
(NAMI–H2O)

[RuCl3(NO)(DMSO)Im]
(NAMI–NO)

S T

r(Ru–S) 2.317(2.30) 2.318 2.422 2.423
r(Ru–Im) 2.114(2.08) 2.145 2.129 2.122
r(Ru–Cl)avg. 2.406(2.34) 2.348 2.402 2.377
r(Ru–H2O) — 2.239 — —

r(Ru–NO) — — 1.735 1.913
:(Ru–N–O) — — 177.8 141.1

a Experimental values (in parenthesis) taken from ref. 32 for the analogous sodium salt of NAMI-A.

Fig. 2 Potential energy surfaces (PES) for the NO–H2O exchange
reaction [RuCl3(H2O)(Im)(DMSO)] + NO/ [RuCl3(NO)(Im)(DMSO)] +
H2O, in the singlet and triplet spin states.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7381–7390 | 7385
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However, only one of the MEPCs found seems likely to be the

surface's crossing point. The rst one, which happens before

both the transition states is 30 kcal mol�1 higher in energy than

the triplet reactants and it is way out of the energy range. This

probably happened because the MECPs were reoptimized at

a different level of theory than that used for the PES exploration

(Fig. 2). The second MECP is closer to the triplet transition state

and it is around 2 kcal mol�1 higher in energy than the later.

Since the calculated spin–orbit coupling for this point is quite

small, �5 cm�1, if we assume a Landau–Zener hopping proba-

bility68–70 it is very unlike that the crossing will happen at this

point when we consider that the third optimized MECP struc-

ture (see Fig. 5) has a Ru–NO distance of 1.975 Å, the :RuNO

angle of 141�, a strong SOC in the order of 450 cm�1 (see Table

S5†), and occurs aer the transition state region of both

surfaces, being 3.10 kcal mol�1 higher in energy than the triplet

reactant. Therefore, we will consider that this last MECP is the

only one available for the reaction to take place.

The overall free energy prole for the reactions is shown in

Fig. 6. The analysis of the reaction on the singlet and triplet spin

multiplicities individually revealed that the reaction can take

place in both spin states with favorable Gibbs free energy

Fig. 3 B3LYP/Def2-TZVP optimized structures for the reactant (Reac-S), transition state (TS-S) and product (Prod-S) obtained along the singlet
potential energy surface. Bond distances are given in angstrom.

Fig. 4 B3LYP/Def2-TZVP optimized structures for the reactant (Reac-T), transition state (TS-T) and product (Prod-T) obtained along the triplet
potential energy surface. Bond distances are given in angstrom.
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differences. However, when the results are plotted on the same

graph an overall picture of the process emerges.

First, despite having a higher energy barrier, the reaction

must take place at the triplet surface since the reactants in the

singlet surface are�15 kcal mol�1 higher in energy, which is the

energy penalty for the electron pairing. Under normal physio-

logical conditions, the reaction will follow the triplet pathway

and the singlet pathway will take place only with the necessary

input of energy. In other words, despite both pathways being

thermodynamically favorable in aqueous solution, the reaction

will take place in the triplet surface, with an energy barrier of

14.46 kcal mol�1, leading to a rate constant of 1.82 � 102 s�1. In

order to generate the singlet product, which is the one observed

experimentally, there must be a hoping from the triplet to the

singlet surface through the MECP, which takes place aer the

transition state region and is 3.10 kcalmol�1 higher in energy than

the triplet reactant. Since this MECP occurs aer the transition

state, it will not interfere on the kinetics of the reaction and the

crossing from the triplet to the singlet surface, to generate the

most stable product, will have a close to unit transition probability

assuming a Landau–Zener hopping probability, since the energies

will be above the energy of the crossing region.

As the results suggest, the uptake of NO by the [RuCl3(H2-

O)(Im)(DMSO)] complex should occur on the triplet potential

energy surface and, at some point along with the PES, the

unpaired electron on the NO molecule should be transferred to

the metallic center to generate the most stable [RuCl3(-

NO)(Im)(DMSO)] singlet product. The apparent question that

arises is when along with the PES this electron transfer process

will occur. In order to investigate this process, we carried out

CASSCF(4,4) and state averaged SA-CASSCF(4,4) on the B3LYP/

def2-TZVP optimized structures obtained on the singlet and

triplet surfaces, with the inclusion of second-order perturbation

theory with the NEVPT2 approach. For the SA-CASSCF(4,4) the

calculations were performed with an equal weight of 50% for

each of the singlet and triplet states. Since at this point the

interest is on the energetics, we used only a single root for each

multiplicity. The CASSCF energetic results are shown in Table

S4 of the ESI.† As we can see, for the reactants the most stable

electronic structure is best described by the triplet geometry

with a wave function composed of the average of the singlet and

triplet states. This is expected since, at long distances, the

unpaired electrons on NO and the metallic fragment does not

interact and, therefore, there should be no signicant

Table 2 Gibbs free energy variation in gas phase (DGg) and in solution
(DGsolution) for the uptake of nitric oxide by the NAMI-A complex,
relative to the most stable (triplet) reactant and the Ru–NO bond
distance (in Å) for each speciesa

Parameter Reactant TS Product

Singlet surface

DGg (kcal mol�1) 15.67 19.70 �22.38
DGsolution (kcal mol�1) 14.18 21.62 �25.44
r(Ru–NO) 3.721 2.216 1.746

Triplet surface

DGg (kcal mol�1) 0.00 13.80 3.16
DGsolution (kcal mol�1) 0.00 14.46 �1.05
r(Ru–NO) 4.801 3.675 1.912

a Absolute energy values can be found in Table S1 of the ESI.

Fig. 5 B3LYP/Def2-TZVP optimized structures for the Minimum
Energy Crossing Point (MECP3) between the singlet and triplet
surfaces. Bond distances are given in angstrom.

Fig. 6 Overall energy profile in aqueous solution, computed at the
B3LYP/def2-TZVP(SMD) for the NO–H2O exchange reaction [RuCl3(-
H2O)(Im)(DMSO)] + NO / [RuCl3(NO)(Im)(DMSO)] + H2O, in the
singlet and triplet spin states. Values in parenthesis were obtained in
aqueous solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 7381–7390 | 7387
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difference between singlet and triplet states. At the transition

state, the situation is the same that is, the SA-CASSCF describes

better the electronic structure of the system at the triplet

geometry. This result suggests that the reaction takes place in

the way that rst there is an atomic rearrangement and

formation of the transition state following the triplet surface so

that with the proper orientation the singlet product can be

formed with the coupling of the two unpaired electrons. The

products, on the other hand, are best described by the pure

singlet state, with the singlet geometry. This does not neces-

sarily mean that the ground state of the products has no

contribution from the triplet state, but only that its weight is

much less than the singlet state. The SA-CASSCF energetic

results with second-order perturbation theory correction on top

of it, SA-CASSCF/NEVPT2, quoted on Table S4 of the ESI,† shows

that the reaction proceeds with an activation barrier of

7.88 kcal mol�1 and a reaction energy of �30.21 kcal mol�1.

Since the singlet-triplet crossing regions takes place aer the

transition state for the reaction, we can use conventional tran-

sition state theory using the activation energy obtained in the

lowest energy triplet surface. The SA-CASSCF/NEVPT2 activation

energy leads to a rate constant of 11.32� 106 s�1 at 300 K, showing

that the uptake of nitric oxide by the mono-hydrolyzed species of

NAMI-A in the biological medium is indeed a fast reaction and can

compete with enzymatic processes involving NO. This result is also

consistent with some experimental data in the literature.34,71,72

Fig. S1 and S2† shows the SA-CASSCF active orbitals con-

taining the largest contribution from the p orbitals from NO

and the d orbitals from ruthenium for the reactants and TS

points located along the triplet potential energy surface. As we

can see, for the reactants and transition state there are no

combinations involving the unpaired electrons over the NO and

the metallic center. The spin–orbit coupling constant computed

for the reactants and transition state is 0.19 and 0.16 cm�1

respectively. Therefore, the entire system is composed of NO0

and RuIII and the atomic rearrangement takes place before the

coupling of the spins. As the Ru–NO distance decreases to 1.97

Å at the MECP (see Fig. 5) the computed spin–orbit coupling

constant increases to �450 cm�1. At this point, there is

a considerable mixing involving the p* orbitals of NO and the

d orbitals of the ruthenium, (see Fig. S3†). Therefore, the

coupling of the electronic spins of the fragments occurs at the

MECP, with concomitant NO / Ru electron transfer. At the

most stable singlet product, as can be seen in Fig. S4,† the

major contribution to the HOMO and HOMO-1 orbitals comes

from the d(Ru)–p*(NO) interacting orbitals forming a Ru–NO

bonding orbital, in a RuII–NO+ type of interaction. However,

orbitals LUMO and LUMO+1, which have contributions from

the p*(NO) and the d(Ru) orbitals with Ru–NO antibonding

character (RuIII–NO0), have combined occupation of 0.2.

Compared with the combined occupation of 1.8 from both

bonding orbitals HOMO and HOMO�1, indicates that there is

7% of the contribution from the RuIII–NO0 character to the Ru–

NO. That is, in the singlet state the Ru–NO bond in {Ru–NO}6

compounds cannot be view as composed of 100% of the RuII–

NO0 character. This same observation was found for other

ruthenium nitrosyl complexes.73–75

4. Conclusions

In this work, we have carried out electronic structure calcula-

tions at the Density Functional Theory, DFT, and State-Averaged

Complete Active Space Self Consistent Field, SA-CASSCF, with

second-order perturbation theory corrections, NEVPT2, to

investigate the NO scavenging mechanism by the Ru-based

anticancer metallodrug NAMI-A. From the theoretical point of

view, the calculations revealed that the reaction takes place at

the triplet potential energy surface, with the singlet surface

being �15 kcal mol�1 shied to higher energies. There is

a surface crossing to form the most stable singlet product aer

the reaction takes place at the triplet surface. The spin pairing

and electron transfer from the nitric oxide to the metallic

fragment take place at the region of the minimum energy

crossing point between the two surfaces. The Ru–NO bond in

the {Ru–NO}6 product formed cannot be viewed as 100%

composed of the RuII–NO+ conguration, as is usually assumed,

since the CASSCF calculations revealed that in the product there

is �10% of RuIII–NO0 character. The main nding that can help

to understand the possible role of the NAMI-A anticancer

activity is the fact our SA-CASSCF/NEVPT2 calculations revealed

that the uptake of NO by NAMI-A has a small energy barrier of

�8 kcal mol�1 and, therefore a rate constant of 11.3� 106 s�1 at

300 K. In addition, the reaction is thermodynamically favorable

with a Gibbs free energy of �30 kcal mol�1. These results show

that the uptake of nitric oxide by the NAMI-A complex is

kinetically and thermodynamically feasible in biological

medium and, this complex can indeed reduce the concentration

of NO, reducing the angiogenesis and avoiding the tumor

growth. The results obtained in this work, therefore, give

support to the anti-angiogenesis theory associated with the

mode of action of NAMI-A and other related compounds.

However, we emphasize that our results and conclusions only

consider the previously mentioned biological conditions where

the rst chloride hydrolysis is the predominant initial reaction

for NAMI-A before the nitrosylation. Thus, we cannot guarantee

that our proposed mechanism will not change in biological

conditions that may favor other NAMI-A ligand-exchange

competitive processes.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors would like to thank CNPq (Conselho Nacional de

Desenvolvimento Cient́ıco e Tecnológico, INCT-Catálise) and

FAPEMIG (Fundação de Amparo à Pesquisa do Estado de Minas
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