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We report the synthesis and theoretical calculations of nitrosyl cobalt complexes based on saturated tetraazamacrocycle for
the reversible binding of nitric oxide (NO). Density-functional theory provides a rigorous theoretical framework for
analysing, interpreting and investigating important parameters in order to further tune the properties of these complexes to
the target application. We focus on understanding the stability of complexes in methanol solution as well as their reactivity
and stability evolution in the presence of NO, O, and higher nitrogen oxides intermediates. Calculations have been used to
explore appropriate combinations of different macrocycles, metal centres and ligands that could be used for efficient NO

release.
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1. Introduction

Nitric oxide (NO) being an endogeneous reactive
molecule that plays important physiological roles in living
organisms [1], its delivery to specific targets receives a
great deal of attention through the study of numerous
biological processes and therapeutic applications. Only a
limited number of exogeneous NO-donors are available
for clinical use, so the development of molecules that
can release NO is of considerable interest [2]. The simplest
case uses direct inhalation of NO [3] but its clinical use
as a gas is technically difficult to administer [4]. Most
exogeneous NO-donors are organic molecules such as
nitrates which do not directly release NO owing to the
biotransformations that are initially required [5—7]. More
recently, the use of metal nitrosyl complexes appeared
very attractive since the only direct NO-releasing drug
clinically available in the US is sodium nitroprusside (iron
complex) for which five toxic cyanide ions are released for
every NO molecule [8,9]. Different NO-donor complexes
based on ruthenium [10], iron [11-14], manganese [15]
and cobalt [11,16,17] are described in the literature.
Among the most promising cobalt complexes, nitrosyl
cobinamide, a structural analogue of vitamin B12
(unsaturated cyclic tetraamine), is an efficient direct
NO-releasing agent [16]. To the best of our knowledge,
the use of cobalt(Il) derivatives based on saturated
cyclic polyamines such as cyclam 1 has not been
reported, whereas their flexibility might allow distinct
configurations of the nitrosyl complexes with specific
properties [18].

Herein, we report the synthesis and theoretical studies of
a cobalt(IT) complex based on 1 for reversible binding of NO.

NH HN
NH HN
1

2. Syntheses and experimental characterisation

Cyclam 1is a well-known, macrocyclic tetramine possessing
a 14-membered ring able to form stable complexes with
many metal ions [19]. The complex [(1)CoCl,] was first
synthesised by adding a solution of 0.15 mmol of 1 in dry
methanol 0.15 mmol of CoCl,6H,O under argon atmos-
phere. This reaction, when carried out under reflux for 1 hled
to precipitation of [1-Co(III)Cl,]ClI as bright green crystals
corresponding to the oxidation of Co(Il) in Co(lIl) as
reported in [20,21].

The fresh solution of [(1)CoCl,] was then treated with
NO gas bubbled through by means of a gastight glass syringe,
connected to a flow meter, equipped with a needle valve for
the adjustment of the gas flow rate and calibrated between 5
and 30 ml/min. The NO gas injection effectuated at room
temperature and at an absolute pressure of about 0.9 bars for
60s time intervals lead to a rapid colour change consistent
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with the formation of the nitrosyl complex. [(1)Co(NO)
(C1)]PF¢ was isolated after precipitation with N(Bu),-PF¢ as
a green solid (89% yield). Calculated composition for
C10H24N5CoOCI-PF4:C% 25.6; H% 5.2; N% 14.9; C1% 1.5;
F% 24.3; Co% 12.5; P% 6.6. Found composition for
C10H24N5C0OCI-PF¢: C% 25.5; H% 5.2; N% 14.4; C1% 7.3;
F% 23.5;Co% 11.8; P% 6.2. Its infrared spectrum (KBr disk)
exhibited a strong sharp absorption at 1610cm™" corre-
sponding to the NO stretching.

This reaction can be monitored by Electron Paramag-
netic Resonance (EPR) spectroscopy since the paramagnetic
Co(II) species becomes diamagnetic upon coordination of
NO and formation of the trans-[(1)Co(NO)(CDH]Cl com-
pound. The nitrosyl complex could be more easily isolated
after anion exchange with N(Bu),PF¢ which led to the
precipitation of the frans-[(1)Co(NO)(C])]PF, salt which
was characterised. The trans configuration of the complex
and the geometry of the CoNO moiety were determined by
infrared spectroscopy. NO can form two distinct terminal
bonding modes which have different geometries, i.e. linear
and bent [22], and the most distinctive physical property is
the infrared v(NO) band for which the frequencies of bent
CoNO groups are usually lower than those of linear Metal-
Nitric Oxide (MNO) groups [23]. The infrared spectrum
of [(1)Co(NO)(CDH]CI in 1600-1900 cm ! showed one
intense band at 1610 cm ™' which is consistent with a bent
geometry. In addition, the 800—900cm ' range which
gives information about the coordination scheme of
the central metal ion [24] revealed three bands in
agreement with the frans configuration. Complex trans-
[(1)Co(NO)(CD]CI is stable under inert atmosphere in a
methanolic solution, i.e. argon bubbling did not lead to the
release of NO. In contrast, such a compound is unstable in
the presence of dioxygen and converted into the Co(IIl)—
nitro complex for which the IR spectrum of the obtained
complex did not show the NO vibrations but the presence
of two new bands at 1355 and 828 cm™ ' characteristic of
the coordinated NO, group.

Interestingly, we noted that related cobalt(Il) species
can be five-coordinated in solution [23,25] owing to a
strong trans influence. The trans influence of a ligand is
defined as the extent to which that ligand weakens the
bond trans to itself. In the trans-[(1)Co(NO)(CD]CI
complex for which the Co—N—O moiety is bent, NO is
formally NO ™ reflecting no back-bonding. This assign-
ment is consistent with a strong trans labilizing effect as
already observed for Co—NO analogues with a bent
nitrosyl group. However, in the case of trans-[(1)Co(N-
0)(CD]CI, the axial ligand Cl is not trans director to NO so
that no release of NO was observed.

3. Computational methods and calculations

The structures of all of the reactants, complexes,
transition states, intermediates and products were fully

optimised using the Dmol® density-functional theory
(DFT) [26,27] code as implemented in the Materials
Studio® distribution of Accelrys® software package. The
non-local gradient-corrected functional VWN-BP has
been used for all the Dmol® calculations together with the
double numerical plus polarisation (DNP) basis sets and
the fine numerical integration grid. For all the species, the
Dmol? calculations have been performed using the semi-
core, pseudopotential option in gas as well as in the
solvated phase. The hardness-conserving, semi-core
pseudopotentials, called density-functional, semi-core
pseudopotentials, are generated by fitting all-electron
relativistic DFT results and have a non-local contribution
for each channel up to /=2, as well as a non-local
contribution to account for higher channels. The harmonic
vibrational frequencies were calculated at the same level,
in order to characterise the nature of the local minima
with no imaginary frequency, and those of transition
states with only one imaginary frequency. The conductor-
like screening model (COSMO) [28,29] model was used
to model the solute molecule forming a cavity within the
dielectric continuum with the permittivity representing
the solvent that in our case was methanol. The direct
incorporation of the solvent effects within the self
consistent field procedure is a major computational
advantage of the COSMO scheme. The Dmol*/COSMO
orbitals are obtained using the variational scheme
enabling the derivation of accurate analytic gradients
with respect to the coordinates of the solute atoms.
The solvation energies depend on the choice of Dmol®
parameters, such as the type of DFT functional, the basis
set and integration grid. Recent publications [30] indicate
that the Dmol*>/COSMO calculations with the VWN-BP
functional can predict solvation energies with an accuracy
of the order of 2 kcal/mol. Recently, we have reported the
use of the semiempiric PM3-tm method, incorporating the
parametrization of transition metals to the original PM3
[31,32], as implemented in the SPARTAN™ package [33]
for the study of the structures and stabilities of
Fe(1)(NO)(CI1) complexes [18]. In the present study, due
to the relatively large size of the [Co(1)]NO complexes
we have applied the same method (PM3-tm) to generate
the initial stable geometries that were further optimised
using Dmol® and we have obtained the results for the gas-
phase isolated complexes as well as for their respective
solvated form through Dmol?/COSMO calculations.
In order to validate and compare the PM3-tm and
Dmol® methods for Co(1) complexes, the trans-
[Co(1)Cl,] was optimised with both methods and the
obtained structures were compared by overlay [34] to the
experimental (X-ray diffraction) data reported for this
compound [20]. The accordance between the calculated
PM3 and Dmol® and the experimental geometric
parameters is quite good, the root-mean square deviation
being equal to 0.101 A (PM3) and 0.051 A (Dmol®).
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As there could be a priori two oxidation states for cobalt
in the complex form, and because of the recent interest in
model biological systems such as vitamin B12 or
isoelectronic systems with Fe(II) complexes, systematic
calculations of 1-Co(III) complexes have been carried out
in parallel with those of 1-Co(Il) ones including all
combinations of the axial ligands (NO, NO,, NO, and Cl )
that could coordinate to both 1-Co(II) or 1-Co(III). These
different cases are reported in Table 1. The different
configurations of the frans-[Co(1)] complexes are specified
by two numbers, the first one (Roman-in parentheses)
stands for the oxidation state of cobalt while the second
one indicates the partial charge of the cobalt-containing
half-complex. The total charge of the complex is reported
in Table 1.

The different calculations carried out in this study are
reported in Table 2. Each complex has been calculated in
gas phase (empty) and in solvent (methanol) using the
COSMO method to include solvent effects.

In Table 3, the stabilities of 1-Co(II) and 1-Co(III)
complexes are reported for both gas phase and in the
methanol species. It appears clear from this table that
the 1-Co(II) complexes are much more stable than the
1-Co(III) ones as would normally be expected due to the
extra electron. However, the difference is reduced when
the solvent effect is taken into account. In our further
analysis of the chemical reactivity and stability of 1-cobalt
complexes, we will focus only on 1-Co(II) ones.

The highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of a
species are known as frontier molecular orbitals (FMO)
after Fukui’s work [35] on their role in predicting chemical
reactivity. It has been shown that these orbitals play a
major role in governing many chemical reactions and
determining electronic band gaps in organometallic
complexes and solids; they are also responsible for the
formation of many charge transfer complexes [36].
According to the FMO theory of chemical reactivity, the
formation of a transition state is due to the interaction
between the frontier orbitals (HOMO and LUMO) of the
reacting species [35,36]. The energy of the HOMO is
directly related to the ionisation potential and characterises

Table 1. Total charge of 1-Co(Il) and 1-Co(IIl) calculated
complexes with selected axial ligands (NO, NO,, NO, and C1 ).

Ligands
Complexes NO NO, NO; Cl™
[1-Co(ID)-C1]+ 1 1 0 0
[1-Co(1ID)-C1*+ 2 2 1 1
[1-Co(ID)-NOJ*+ 2 2 1 1
[1-Co(IID)-NOJ* * 3 3 2 2
[1-Co(ID)-NO, | * 1 1 0 0
[1-Co(IID)-NO, > ™ 2 2 1 1
[1-Co(IID)-NO, > * 3 3 2 2
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the reactivity of the molecule towards an electrophilic
reaction. The energy of the LUMO is directly linked to the
electron affinity and characterises the susceptibility of the
molecule towards an attack by nucleophiles. Moreover, a
large HOMO-LUMO gap corresponds to a high stability
for the molecule but to a lower reactivity [37,38].

Another useful approach in predicting the reactivity of
species, involving a single pair of frontier orbitals, is the
Hard—Soft Acid Base principle introduced by Pearson
[39-42] and developed in the framework of DFT by Parr
[43-45]. Following the definition of Pearson [39—41] of
global hardness (GH) (7)), and global softness (GS) (S)
based upon the finite difference approximation, we have
calculated the GH as: 1 = 1/2 (eLumo — €nomo); and the
GS as: S = 1/n. In Table 4, we have reported the values of
GH and GS for all [1-Co(ID]-L;L; where L; and L; are two
ligands from (NO, NO,, NO, and Cl ). GS has been
formally connected with molecular polarizability.

In Table 5, we report the calculations carried out for
the isolated ligands (C1 , NO, NO, and NO, ) in gas phase
and in methanol, including NO stretching vibration
frequencies that compare well with experimental obser-
vations. In Table 6, we report the strength of [L;-1-Co(I)]
— L bond where L; and L; are two ligands from (NO, NO,,
NO, and Cl ) in gas phase and in methanol solvent.

In Table 7, we report the calculated NO vibrational
stretching frequencies (cm 1 for different [Li-1-Co(ID]-L;
complexes where L; and L; are two ligands from (NO, NO,,
NO, and CI"). The accuracy of the vibrational frequency
calculations is a function of the theoretical method used. In
many cases, the experimentally measured values differ
significantly from those calculated theoretically. One
source of discrepancy is that the experimental values are
often determined in solution or in a solid matrix, while
calculated values refer to the gas phase. Quite good results
can be obtained from density-functional calculations using
gradient-corrected functionals.

4. Discussion

In our combined experimental—theoretical approach, DFT
calculations were used to help understand NO competitive
coordination to 1-cobalt complexes in methanol solution in
presence of other ligands (O,, NO,, NO, and Cl ).
Systematic calculations of all possible combinations of
cobalt oxidation state and the two frans-coordinating ligands
have been undertaken for the isolated structures (35 [1-
Co(II)]-LiL; structures, where L; and L; are two ligands from
(NO, NO,, NO, and CI ")) and their analogues in methanol
counterparts. The results of such calculations reported in
Table 2 indicate that the solvent effect has an important role
on the stability of these complexes. The comparative analysis
of the stability of Co(Il) complexes with their Co(III)
analogue structures, reported in Table 3, clearly indicates that
Co(Il) complexes are more stable due to the electron
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Table 2. Energies for the gas phase and methanol complexes of 1-Co(II) or 1-Co(II) with different ligands.

NO NO, NO; cr!
[1-Co(I)-CI]*
Complex charges 1 1 1 0 0
In gas phase (au) —1241.893521 —1371.921846 —1447.179030 —1447.338003 —1702.381070
In methanol (au) —1242.013279 —1372.001621 —1447.259219 —1447.376739 —1702.438684
Solvent effect (kcal/mol) —75.15 —50.06 —50.32 —2431 —36.15
HOMO (eV) gas phase —17.78 —17.85 —9.38 —2.61 —1.36
LUMO (eV) gas phase —6.08 —6.67 —6.15 —1.56 —0.79
HOMO-LUMO (eV) gas phase 1.70 1.18 3.23 1.05 0.57
HOMO (eV) in methanol —4.11 —5.05 —6.64 —3.50 —3.50
LUMO (eV) in methanol —-1.92 —3.74 —3.23 —2.08 —1.95
HOMO-LUMO (eV) in methanol 2.19 1.31 3.40 1.42 1.56
[1-Co(Ill)-Cl]
Charges 2 2 2 1 1
In gas phase (au) —1241.567820 —1371.552237 —1446.754605 —1447.179030 —1702.261573
In methanol (au) —1241.854823 —1371.802123 —1447.002374 —1447.259219 —1702.315769
Solvent effect (kcal/mol) —180.10 —156.81 —155.48 —50.32 —34.01
HOMO (eV) gas phase —13.62 —13.20 —14.04 —9.38 —8.65
LUMO (eV) gas phase —11.91 —12.14 —13.59 —6.15 —5.83
HOMO-LUMO (eV) gas phase 1.71 1.05 0.45 3.23 2.82
HOMO (eV) in methanol —7.14 —6.89 —7.87 —6.64 —6.41
LUMO (eV) in methanol —4.66 —5.83 —7.42 —3.23 —3.50
HOMO-LUMO (eV) in methanol 2.48 1.07 0.45 3.40 291
[1-Co(Il)-NOJ
Charges 2 2 2 1 1
In gas phase (au) —911.295746 —1041.256722 —1116.490312 —1116.853893 —1371.921846
In methanol (au) —911.556231 —1041.512176 —1116.742836 —1116.938316 —1372.001621
Solvent effect (kcal/mol) —163.46 —160.30 —158.46 —52.98 —50.06
HOMO (eV) gas phase —12.65 —11.90 —12.95 —=17.72 —17.85
LUMO (eV) gas phase —10.87 —11.31 —12.09 —6.84 —6.67
HOMO-LUMO (eV) gas phase 1.78 0.60 0.86 0.88 1.18
HOMO (eV) in methanol —5.89 —6.64 —6.74 —491 —5.05
LUMO (eV) in methanol —4.14 —-5.10 —5.78 —3.84 —3.74
HOMO-LUMO (eV) in methanol 1.75 1.55 0.97 1.07 1.31
[1-Co(1ll)-NOJ ™3
Charges 3 3 3 2 2
In gas phase (au) —910.747861 —1040.732515 —1115.941179 —1116.490312 —1371.552237
In methanol (au) —911.316027 —1041.27666 —1116.489015 —1116.742836 —1371.802123
Solvent effect (kcal/mol) —356.53 —341.46 —343.77 —158.46 —156.81
HOMO (eV) gas phase —18.28 —17.69 —18.16 —12.95 —13.20
LUMO (eV) gas phase —16.79 —16.52 —16.80 —12.09 —12.14
HOMO-LUMO (eV) gas phase 1.49 1.17 1.36 0.86 1.05
HOMO (eV) in methanol —-8.17 —8.02 —8.76 —6.74 —6.89
LUMO (eV) in methanol —6.99 —6.80 —7.20 —5.78 —5.83
HOMO-LUMO (eV) in methanol 1.56 1.56 1.56 0.97 1.07
[1-Co(1I)-NO,J*
Charges 1 1 1 0 0
In gas phase (au) —986.854343 —1116.853893 —1192.117753 —1192.287363 —1447.338003
In methanol (au) —986.947275 —1116.938316 —1192.202831 —1192.323930 —1447.376739
Solvent effect (kcal/mol) —58.32 —52.98 —53.39 —22.94 —2431
HOMO (eV) gas phase —6.80 =7.72 —9.05 —4.62 —2.61
LUMO (eV) gas phase —5.34 —6.84 —6.21 —1.73 —1.56
HOMO-LUMO (eV) gas phase 1.46 0.88 2.84 2.89 1.05
HOMO (eV) in methanol —3.80 —491 —6.40 —-52 —3.50
LUMO (eV) in methanol —2.28 —3.84 —3.21 —-22 —2.08
HOMO-LUMO (eV) in methanol 1.53 1.07 3.19 2.98 1.42
[1-Co(Ill)-NO,J ">
Charges 2 2 2 1 1
In gas phase (au) —986.520493 —1116.490312 —1191.703220 —1192.117753 —1447.179030
In methanol (au) —986.798345 —1116.742836 —1191.950985 —1192.202831 —1447.259219
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NO NO, NO, cr!
Solvent effect (kcal/mol) —174.35 —158.46 —155.48 —53.39 —50.32
HOMO (eV) gas phase —13.98 —12.95 —14.12 —-9.05 —9.38
LUMO (eV) gas phase —11.33 —12.09 —13.48 —6.21 —6.15
HOMO-LUMO (eV) gas phase 2.65 0.86 0.64 2.84 3.23
HOMO (eV) in methanol —=7.51 —6.74 —7.98 —6.40 —6.64
LUMO (eV) in methanol —4.44 —5.78 —-7.41 —3.21 —3.23
HOMO-LUMO (eV) in methanol 3.07 0.97 0.58 3.19 3.40
[1-Co(Ill)-NO, ] "3
Charges 3 3 3 2 2
In gas phase (au) —985.932523 —1115.941179 —1191.111532 —1191.703220 —1446.754605
In methanol (au) —986.503361 —1116.489015 —1191.657260 —1191.950985 —1447.002374
Solvent effect (kcal/mol) —358.21 —343.77 —342.45 —155.48 —155.48
HOMO (eV) gas phase —18.56 —18.16 —19.31 —14.12 —14.04
LUMO (eV) gas phase —17.64 —16.80 —18.20 —13.48 —13.59
HOMO-LUMO (eV) gas phase 0.92 1.36 1.16 0.64 0.45
HOMO (eV) in methanol —8.87 —8.76 —-9.97 —7.98 —7.87
LUMO (eV) in methanol —8.13 —-7.20 —8.82 —-7.41 —7.42
HOMO-LUMO (eV) in methanol 0.74 1.56 1.17 0.58 0.45
[1-Co(lI)]
Charges 3 3 3 2 2
In gas phase (au) —1780.705952 —910.747861 —985.932523 —986.520493 —1241.567820
In methanol (au) —781.356894 —911.316027 —986.503361 —986.798345 —1241.854823
Solvent effect (kcal/mol) —408.47 —356.53 —358.21 —174.35 —180.10
HOMO (eV) gas phase —18.82 —18.28 —18.56 —13.98 —13.62
LUMO (eV) gas phase —18.43 —16.79 —17.64 —11.33 —11.91
HOMO-LUMO (eV) gas phase 0.39 1.49 0.92 2.65 1.71
HOMO (eV) in methanol —8.49 —8.17 —8.87 —-17.51 —-17.14
LUMO (eV) in methanol —6.71 —6.99 —8.13 —4.44 —4.66
HOMO-LUMO (eV) in methanol 1.78 1.18 0.74 3.07 2.48
[1-Co(II)] >
Charges 2 2 2 1 1
In gas phase (au) —1781.294661 —911.295746 —986.520493 —986.854343 —1241.893521
In methanol (au) —781.573470 —911.556231 —986.798345 —986.947275 —1242.013279
Solvent effect (kcal/mol) —174.96 —163.46 —174.35 —58.32 —175.15
HOMO (eV) gas phase —13.46 —12.65 —13.98 —6.80 —17.78
LUMO (eV) gas phase —11.41 —10.87 —11.33 —5.34 —6.08
HOMO-LUMO (eV) gas phase 2.06 1.78 2.65 1.46 1.70
HOMO (eV) in methanol —5.04 —5.89 —-17.51 —3.80 —4.11
LUMO (eV) in methanol —2.53 —4.14 —4.44 —2.28 —1.92
HOMO-LUMO (eV) in methanol 2.51 1.75 3.07 1.53 2.19
Table 3. Relative stability (kcal/mol) of 1-[Co(II)/Co(I1ll)] complexes in gas phase and methanol.
Co(II)—Co(IIl) complexes NO NO, NO; cr!
[1-Co(II)-1-COID)]CI In gas phase —231.93 —266.33 —99.76 —174.99
In methanol —125.19 —161.17 —73.74 —177.13
[1-Co(II)-1-CO(IIT)NO In gas phase —328.95 —344.59 —228.15 —240.88
In methanol —147.79 —159.28 —122.67 —125.19
[1-Co(II)-1-CO(IN)INO,_a In gas phase —228.15 —260.12 —106.43 —99.76
In methanol —122.67 —158.04 —175.99 —173.74
[1-Co(I)-1-CO(II)INO,_b In gas phase —572.74 —631.41 —366.56 —366.09
In methanol —281.94 —342.35 —234.03 —234.92
[1-Co(II)-1-CO(IID)] In gas phase —343.80 —368.96 —209.49 —204.38
In methanol —150.73 —185.11 —93.46 —99.43
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Table 4. Global hardness (GH) and global softness (GS) for 1-Co(II) complexes in gas phase and methanol.

GH in (eV) and GS in (1/eV) NO NO, NO,! a!
[1-Co(ID)-CI] ! In gas phase GH 0.85 0.59 1.61 0.53 0.29
In gas phase GS 1.18 1.69 0.62 1.90 3.50
In methanol GH 1.10 0.66 1.70 0.71 0.78
In methanol GS 0.91 1.53 0.59 1.41 0.97
[1-Co(I)-NO] ™2 In gas phase GH 0.89 0.30 0.43 0.44 0.59
In gas phase GS 1.12 3.36 2.34 2.28 1.69
In methanol GH 0.87 0.77 0.48 0.54 0.66
In methanol GS 1.15 1.29 2.07 1.86 1.53
[1-Co(I1)-NO, In gas phase GH 0.73 0.44 1.42 1.44 0.53
In gas phase GS 1.37 2.28 0.70 0.69 1.90
In methanol GH 0.76 0.54 1.60 1.49 0.71
In methanol GS 1.31 1.86 0.63 0.67 1.41
[1-Co(ID] ™2 In gas phase GH 1.03 0.89 1.33 0.73 0.85
In gas phase GS 0.97 1.12 0.75 1.37 1.18
In methanol GH 3.79 5.02 5.97 3.04 3.02
In methanol GS 0.26 0.20 0.17 0.33 0.33

imbalance of the Co(III) species than that which is observed
experimentally when compensated by an anion species.
The electrostatic interaction between the two charged
species would normally stabilise the Co(III) complex. When
the effect of the solvent is taken into account, the difference
in stability between calculated 1-Co(Il) and 1-Co(II)
complexes is reduced.

In Table 4, the global stability (GH) and reactivity (GS)
indices are reported for 1-Co(II)-L;L; complexes where L;
and L; are two ligands from NO, NO,, NO, or Cl .
According to the principle of maximum hardness [43], the
more stable complexes should have maximum hardness
value. The calculated GH values for each complex in the
gas phase or methanol, reported in Table 6 indicate that
between the calculated complexes 1-Co(Il)-L;L; the
[1-Co(ID-CINO,] ", [1-Co(ID)-(NO,),]" and 1-Co(lI)-
(NO,),]" are the most stable ones. The reported values

of GS for the same complexes also indicate that the
most reactive complexes are [1-Co(IT)-CINO]*, [1-Co(II)-
NONO,|** and [1-Co(I)-NONO,]*. Table 5 shows
the calculated properties of the considered ligands (NO,
NO,, NO, and CI ). It appears clear that the most stable
ligand is the anion C1 ~ and the most reactive one is the NO,
radical. In this table, we also report the vibrational
frequencies of the isolated ligands that will be further
discussed when the IR spectra of the complexes are
compared to experimental ones.

In Figure 1, we report the optimised structures of all
stable complexes [1-Co(II)]-L;L;, where L; and L; are two
ligands from (NO, NO,, NO, and Cl ), reported in Table 6.
The analysis of the interaction of 1-Co(II)-Cl, with the NO
reported in this table confirms the experimental finding that
the formation of the trans CI—Co—NO cyclam complex
is observed at low NO concentrations and in the absence

Table 5. Calculated properties of ligands in gas phase and methanol.

Ligands NO NO, NO,! cr!
Charge 0 0 -1 -1
Energy (au) in gas phase —129.942283 —205.179536 —205.23013 —460.27953
Energy (au) in methanol —129.942667 —205.181183 —205.30483 —460.400715
Solvent effect (kcal/mol) —-0.24 —1.03 —46.87 —76.04
HOMO gas phase (eV) —12.13 —9.25 1.44 1.93

LUMO gas phase (eV) —543 —-74 4.18 16.32
HOMO-LUMO gap_g 6.7 1.85 2.74 14.39

GH gas phase (eV) 3.35 0.93 1.37 7.2

GS gas phase (1/eV) 0.3 1.08 0.73 0.14

HOMO methanol (eV) —-10.97 —6.36 —1.93 —4.72
LUMO methanol (eV) —4.29 —4.85 0.15 9.7
HOMO-LUMO gap_m 6.68 1.51 2.08 14.42

GH methanol (eV) 3.34 0.75 1.04 7.21

GS methanol (1/eV) 0.3 1.33 0.96 0.14

NO stretching (em™h asym 1893 1628 1207

NO stretching (cm ™) sym 1329 1307

NO stretching exp (cm™ ') asym 1904 1618

NO stretching exp (cm ™ ') sym 1318
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Table 6. Complex—ligand bond energies (kcal/mol) in gas phase and methanol.

Ligands
Complex NO NO, NO, ! !
[1-Co(1D)-CI] ! In gas phase —54.0 —66.5 —134.5 —130.5
In methanol —28.7 —40.6 —36.8 —15.5
[1-Co(I)-NOJ ™2 In gas phase —11.7 —-94 —205.8 —-217.5
In methanol —8.3 —34 —48.5 —28.0
[1-Co(I)-NO,] ™! In gas phase —-359 —52.6 —127.3 —128.1
In methanol —30.4 —46.7 —45.1 —18.0
[1-Co(ID] In gas phase —-36.9 —29.1 —206.8 —200.4
In methanol —252 —274 —433 —24.5

of oxygen. As a matter of fact, the calculated Co—NO bond
energy (28.7 kcal/mol) is nearly the double of the Co—Cl
one (15.5 kcal/mol). It should be noted, however, that in this
analysis only the calculations which take into account the
solvent effects should be considered. These results are well
correlated with the GH data reported in Table 4. If we
consider the replacement of the second C1™ by a NO ligand
and the formation of a trans NO—Co—NO cyclam
complex, the predicted binding energy of the second NO
to Co is of only 8.3 kcal/mol which is nearly half of the
corresponding CI—Co binding energy (15.5 kcal/mol). This
prediction perfectly fits with the experimental observations.
The formation of the trans NO—Co—NO cyclam complex
has not been observed experimentally. Following the
analysis of the stability of the complexes reported in Table 6,
we can say that the binding of the [1-Co(II)]* " complex
with the NO ligand in methanol (25.2 kcal/mol) is nearly the
same as its binding with the C1™ ligand (24.5 kcal/mol) and
adding a trans-second ligand different from the first one is
energetically favoured. A 1-Co(I)]JL; complex will
preferably form a 1-Co(II)]-L;L; structure, where L; and
L; are two ligands from (NO and Cl ") and L; is different
from L.

The addition of a neutral NO, ligand to a methanol
solution containing 1-Co(II)-Cl, should favour the trans
1-Co(I)-CINO,. As reported in Table 6, the binding
energy of NO, on 1-Co(I)-Cl complex is about

40.6 kcal/mol which is sensibly higher than the NO
binding on the same complex. At the same time, the NO,
binding energy to the ligand-free [1-Co(ID)]** complex in
methanol (27.4 kcal/mol) is very similar to the bond
energy of the NO and C1 ™ ligands (25.2 and 24.5 kcal/mol,
respectively) but once the [1-Co(II)]NO, half-complex is
formed, binding of a second NO, ligand is favoured
(46 kcal/mol) over NO (35.9 kcal/mol) or Cl (18 kcal/
mol). This trend is in good agreement with the stability
estimation from the GH values in Table 4. In the
experiments in which dioxygen was introduced to the
methanol solution containing the trans 1-Co(II)-CINO
complex new IR bands were observed corresponding to a
coordinated NO, group to the cobalt centre. This result
confirms the theoretical predictions related to the stability
of [1-Co(II)]L;NO, complexes where L; is a ligand from
(NO, NO,, NO; and Cl ). The predicted NO vibrational
spectra of the different stable 1-Co(II)-L;L; complexes,
where L; and L; are two ligands from (NO, NO,, NO, and
Cl) are reported in Table 7. These predictions were
confirmed by the experimental analysis of the IR spectra
evolution during sequential treatment of the solution
containing 1-Co(II)Cl, with NO, Ar and O, gas streams
and reported in Figures 2—5. In Figure 2, the observed
intense band at 1610cm ™! for the 1-Co(II)NOCI complex
has been predicted in quite good agreement at 1593 cm ™'
and the overall shape of the IR spectrum is very well

Table 7. Calculated NO stretching frequencies of different complexes.

Calculated N—O vibrational frequencies (cm™hH NO NO, NO; ! cr!
[1-Co(1D)-C11 ! NO stretching (cm™ ') asym 1593 1432
NO stretching (cm ™) asym 1441 1527
NO stretching (cm ™) sym 1309 1503
[1-Co(I)-NO] ™ NO stretching (cm ™) asym 1650 1786 1671 1594
NO stretching (cm ') asym 1738 1517 1489
NO stretching (cm ™) sym 1293 1376
[1-Co(II)-NO,1 ! NO stretching (cm ') asym 1671 1569 1516 1527
NO stretching (cm ™) asym 1489 1586 1518
NO stretching (cm ™) sym 1376 1493 1263 1503
[1-Co(ID)] NO stretching (ecm™H asym 1778
NO stretching (cm ™) asym 1618 1389
NO stretching (cm ™ ") sym 1444 1237
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NO NO2

1-Co(II)-Ck

1271

1-Co(II)-NO+2 ¢
127.1

(o)

1-Co(II)-NO2+2 ¢

Cl-

Figure 1. Optimised structures of 1-Co(Il) trans L;, L; complexes. L;, L; are ligands from (NO, NO,, NO; and Cl").

reproduced apart from the region around 3500cm ™'

corresponding to the H—O stretching of the solvent
(methanol) molecules. The introduction of the oxygen in
the methanol solution containing the 1-Co(I[)NOCI was
followed by the presence of new NO stretching bands
around 1355 cm ™! characteristic of coordination of NO,.
According to our calculations, these bands can be
attributed either to 1-Co(II)CINO, (calculated around
1309cm™ ") or 1-Co(INNONO, (predicted at 1376 cm™ ")
or 1-Co(INNO,NO; (predicted at 1263 cm l). In Figure 3,
we reported the experimental and predicted IR spectra of
[1-Co(INCINO,]" and [1-Co(II)CINO,] species corre-
sponding to two different (NO, and NO, ) species. From
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Figure 2. Experimental and simulated IR spectra of 1-Co(II)
CINO complex.
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CINO,]* and [1-Co(I)CINO,] complexes.
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Figure 4. Experimental and simulated IR spectra of [1-C0(H)NON02]+2 and [1-Co(I)NONO,|* complexes.

the comparison of the overall shape of the predicted
spectra, it is clear that the one observed corresponds well
to the [1-Co(II)CINO,] " complex. This result is in perfect
agreement with the predicted bond strength of [1-
Co(IT)CINO,]* complex corresponding to the coordi-
nation of NO, ligand on the metal centre of the [1-
Co(INCI] 2 complex.

By varying the flow rate of NO as well as the quantity
and duration of dioxygen bubbling into the solution flask, a
drastic evolution of the experimental spectra was
observed; however, it is not evident to experimentally
attribute the vibrational bands to different species due to
the evolution of the axial ligands in solution.

In order to gain some insight into the evolution of the
complexes, in Figures 4 and 5, the same experimental
spectrum has been compared to the simulated ones of 1-
Co(II)NONO; and 1-Co(I[)NO,NO,.

From Figure 4, it is clear that the attribution of the
observed bands is less evident than in the case of the initial
complexes. This is also due to the superposition of spectra
of different species present in solution. However, the trend

corresponding to the similarity of the bands of
experimental and simulated spectra allows us to further
correlate the observed spectrum to the one corresponding
to the [1-Co(INNONO,]| " complex. This is supported also
by the fact that the latter is much more stable in solution, as
reported in Table 6.

In Figure 5, we report the comparison of the same
experimental spectrum reported in Figure 4, together with
the corresponding ones to [1-Co(II)(NO,),] 2 and [1-Co(I)
(NO,),]". From a rapid comparison of the aligned spectra, it
is evident that the experimental one can be considered as a
combination of the simulated ones with some contribution
from the spectrum of [1-Co(INONO, |+ reported in
Figure 4. As predicted in Table 6, all three species
have similar stabilities. The analysis of the bond strength
of these three complexes also suggests that 1-Co(Il)
NO,NO, (both species) are very stable but no direct
experimental observation has been possible. Following this
study, we propose a modification of the experimental
conditions that would favour the isolation of these
complexes.
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Figure 5. Experimental and simulated IR spectra of [1-Co(Il)
(NO,),]" and [1-Co(IN)(NO,),]" complexes.

In the following section, we discuss the mechanism of
the formation of different predicted complexes in
methanol solution starting with the oxidation of NO in
the presence of dioxygen to give nitrogen dioxide; this is
an important reaction which has been extremely well
studied in the gas phase in relation to air pollution caused
by different nitrogen oxides but whose outcome in water
solution gives exclusively nitrite ions, with few nitrate
ions. The mechanism of NO oxidation by dioxygen to NO,
in gas phase has been recently [46,47] explained by the
formation of the intermediate ONOONO species that
undergoes homolytic O—O bond breaking. The aqueous
reaction of NO with dioxygen occurs with the following
overall stoichiometry:

4NO + 0, + 2H,0 = 4H* + 4NO; .

As a result of these reactions in methanol solution, in
the presence of NO and O,, one also finds NO, and NO, .

In order to respond to the question, whether the oxidation
of the NO coordinated to 1-Co(II), to NO,, is catalysed by
the Co(II) centre or whether NO is first oxidised in solution
and is then exchanged with the Co-coordinated NO, we
have undertaken calculations of the oxidations of NO in
both these cases in gas phase as well as in methanol
solutions. We found that, as previously reported [46,47],
the first stage of NO oxidation corresponds to the
formation of the ON—OO intermediate with a small
barrier of 13.2(14.5) kcal/mol in gas phase (in solution)
while for the NO coordinated to the cyclam-Co(II)
complex the formation of the 1-Co(I)NO—OO showed a
barrier of —0.4 (5.0) kcal/mol in gas phase (in methanol
solution). This indicates that the cobalt acts as a catalyst
for NO oxidation. The second step corresponds to the
coordination of a second NO to the ON—OO species
followed by the homolytic breaking of the O—O bond and
formation of two NO, species. The calculation for the
simple and Co-coordinated NO—OO—NO species indi-
cated that formation of 1-Co(I)NO, 4+ NO, species in
solution is 38.62 kcal/mol more stable than the cyclam-
Co(IHNO—OO—NO complex while this difference for the
simple species is only 15.61 kcal/mol. This result clearly
indicates that the formation of 1-Co(I[)NO,NO, complex
is favoured not only energetically but also based upon
reactivity data.

Several hypotheses have been posed to explain nitrite
formation in solutions. The electrophile—nucleophile
interaction involves the overlap of the HOMO of the
nucleophile with the LUMO of the electrophile to form a
couple of new bonding and antibonding orbitals. The
closer the energy between the two interacting orbitals,
the greater is their interaction. Soft—soft interactions are
mostly controlled by the frontier orbitals of the interacting
systems and in the case of the hard—hard type of
interactions, the contribution of electrostatic interaction
becomes more significant.

It should be noticed, however, that the orbital
interaction alone does not take into account the charge
interaction effects (interaction between charged species)
as well as the overlapping of the orbitals that is partially
controlled by their respective symmetries. In Table 8, the
difference energy between the HOMO of the nucleophile
[1-Co(I)] complex and the LUMO of the electrophile
ligand (CI, NO, NO, and NO,) has been reported.
The overall effect of the solvent is to reduce the gap
between the HOMO of the nucleophile and the LUMO of
the electrophile, in agreement with the experimental
observation of new species formation in methanol
solutions [1-Co(ID)]L; in the presence of different ligands
(NO, NO,, NO; and CI"). The differences in the HOMO—
LUMO gap between the reactants reported in Table 8 for
the charged ligands NO, and Cl™ are compensated by the
charge interaction between the 1-Co(II) complex that bears
a positive charge and the negatively charged ligands.
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Table 8. Energy difference HOMO (nu) — LUMO (el) of reactants in kcal/mol.

Ligands
Complexes NO NO, NO, ! cr!
[1-Co(ID)-C1] ! In gas phase —2.36 —0.38 —-11.97 —24.11
In methanol 0.18 0.74 —4.26 —13.81
[1-Co(11)-NO]*? In gas phase —7.22 —5.25 —16.83 —28.97
In methanol —1.60 —1.04 —6.04 —15.59
[1-Co(I)-NO,] ™! In gas phase —1.38 0.60 —10.99 —23.13
In methanol 0.49 1.05 —3.95 —13.50
[1-Co(ID] In gas phase —8.04 —6.06 —17.65 —29.79
In methanol —0.76 —0.19 —5.19 —14.74

It is important to note that it is not only the charge
interaction between the reactants and the energy difference
of their frontier orbitals which are important in explaining
the reactivity of these complexes, but also the localisation
of the orbitals on the reacting species. For this reason, we
have calculated the Fukui functions corresponding to
different electrophilic and nucleophilic attacks and have
used these data to complement the reactivity information.

In Figure 6, we report the different steps of the NO
coordination to the 1-Co(I) complex followed by its
oxidation and the further transformation of NO into NO,.
In this figure, we represent graphically the Fukui function
indices located at the sites of nucleophilic and electrophilic
attack for all the intermediaries of the reaction. The Fukui
functions provide valuable information on the possible
positions of reactivity and confirm the experimental
observations for these complexes. As reported in Figure 2,
the Fukui function for NO (electrophile) and 1-Co(II)C1

1-Co(II)

Figure 6. Oxidation scheme for NO catalysed by 1-Co(II) complex.

1-Co(1I)-NOC]

(nucleophile) indicate that the maximum interaction is
obtained between the metal centre and the Nitrogen atom of
NO. The optimised structure obtained from the interaction
of [1-Co(INCI]* species and the NO is the [1-Co(II)
CINO] ™" cation reported in the same figure. The calculation
of the Fukui function descriptors for this last complex, as
well as the oxygen molecule, gives insight on how these
species should be approached in order to react. As appears
clear from the figure, the reactive site on the complex is
located on the nitrogen atom of NO coordinated to the
cobalt centre. Following the same reasoning, step by step, it
is possible to investigate complicated pathways of reaction
with several intermediary steps.

5. Conclusion

The delivery of NO to specific targets has received a
great deal of attention due to the important role of NO

1-Co(I1)-NQ-00Cl
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in biological systems. Among the possible methods, the
use of exogeneous NO gas carried by transition metal
complexes has remained poorly explored. We have
adopted a combined theoretical—experimental approach
in order to determine important parameters that could be
used for further tuning the properties of the investigated
complex for the target application. The first conclusion of
this study is that the solvent effects are extremely
important for the realistic description of these complexes
and must be taken into account in order to reproduce
experimentally observed trends such as the order of
relative stabilities of 1-Co(I) complexes in solutions as
well as their reactivity towards the different ligands
present in solution. We have predicted that the
1-Co(IHDNO,NO, complex is the most stable one and
that it would be possible to observe and isolate it.
Moreover, the complex 1-Co(INNONO, turns out to be
relatively stable and that it is possible to define
experimental conditions in solution to isolate it.

The second conclusion of this work is that calculated
vibrational spectra and the Fukui reactivity indices give
valuable information on the attribution of the experimental
bands and understanding of local reactivity of macrocycle
ligands as well as the evolution of reactions involving
several steps.

The third conclusion is related to the systematic use of
combined theoretical —experimental approaches. We have
found that to develop parallel theoretical and experimental
investigations is of mutual benefit. More fundamental work
on additional, well-characterised transition metal NO-
complexes is desirable in order to extend the understanding
of the reaction mechanisms and validate the predictive
approach to NO controlled release through designing
improved macrocycle ligands. One has to recognise that
most of the reported studies dealing with the interaction of
NO with organometallic and bioinorganic metal complexes
have been confronted with the complex redox solution
chemistry of NO and obvious experimental difficulties in
studying such reactions [48]. Detailed kinetic and
mechanistic studies of the autoxidation reactions of bio-
inorganic-NO complexes in solution are remarkably scarce.
Recent studies have revealed a complex picture in which
the coordination of NO becomes associated with drastic
changes in the redox nature of the ligand and in the spin
state of the metal centre. Important complications that may
affect the studies on the interaction of NO with metal
centres of macrocycle complexes arise also from the easy
oxidation of NO by molecular oxygen in solution to
produce NO, and N,O5 as well as nitrite ions in the presence
of an aqueous solution. Computational chemistry when
appropriately combined with experiment on these com-
plexes, enhances the understanding of their stability,
reactivity and complements the interpretation of observed
characterisations as for example the IR vibrational, NMR or
EPR spectra.
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