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Abstract

The complex cis-[Ru(LP*)NOT™ (I) (LPY = N-(2-methylpyridyl)1,4,8,11-tetraazacyclotetradecane) was prepared by the stoichiometric
reaction between Ru(dmso)4Cl, and LP” and an excess of NaNO, in ethanolic medium, followed by acidification of the solution. The
diamagnetic species was isolated as its hexafluorophosphate salt, and fully characterized by IR (vno = 1917 cm™!) and diverse NMR
techniques in combination with theoretical computations based on the density functional theory (DFT). The compound displays strong
electronic transitions below 300 nm and weak ones in the visible region of the spectrum, all of them solvent insensitive. The reaction of
cis-[Ru(LP)NOP' with OH™ generates the strongly colored nitro compound cis-[Ru(LPY)NO,]" (II) The {RuNO}® compound can be
interconverted into the one-electron reduced {RuNO}’ species cis-[Ru(LP)NOT* (III). The reduction process is completely reversible
in the cyclic voltammetry timescale with E° (versus Ag/AgCl, 3M CI7) = —0.02 V and 0.18 V in water and acetonitrile, respectively.
Controlled potential reduction in both solvents yields to the quantitative formation of IIl, a process which involves significant changes
in the electronic spectroscopy. The {RuNO}’ species proved to be inert against ligand loss, and electrogenerated solutions remained
unchanged for several hours if protected from atmospheric oxygen. Electrochemical reoxidation or exposure to air lead to the complete
recovery of the starting cis-[Ru(LPY)NOT* material, without signs of secondary reactions. The robustness of the coordination sphere
appears as a consequence of the multidentate nature of LPY.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Metal nitrosyl complexes have been known for quite a
long time, and a considerable amount of well characterized
nitrosyl compounds that cover different coordination num-
bers has been reported [1,2]. The overall structural and reac-
tivity features of metal nitrosyls has been classically
rationalized in terms of their {MNO}" description, where
n stands for total number of metal d- and nitrosyl w*-
electrons [3]. This description avoids any mention to the
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identity of the ligand environment, which basically does
not influence the most significant geometrical features (M—
NO angle) within complexes of a given { MNO}" configura-
tion. However, it is known that the first coordination sphere
may exert a significant impact on the spectroscopic and
reactivity properties: it determines the values for the redox
potentials of the metallonitrosyl couples (Eyno+ mno) and
strongly influences the electrophilic reactivity of {MNO}®
species [4-10]. One-electron reduction of an {MNO}®
species is the typical route employed to access the n =7
oxidation level [7,9,11]. The structural and spectroscopic
characterization of these complexes with n =7 has been
thoroughly achieved in the recent years [8,12-14]. However
their reactivity properties still remain poorly investigated.
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We are currently interested in studying the reaction of
{MNO}’ complexes with dioxygen in aqueous medium, a
study with both fundamental and bioinorganic relevance.
Recent reports [11,15] suggest that the rate constant of this
process (kox) might be significantly influenced by the redox
potential of the Eyno+/mno couple, leading to a linear free-
energy relation (LFER) between In ko, and Eyg+/no With a
negative slope value close to the one predicted by the Mar-
cus model. This result has been rationalized in terms of an
associative mechanism that involves the formation of a
covalent bond between molecular oxygen and the
{MNO}’ moiety [15]. Complementary, this same study
suggests that six-coordination is crucial to achieve fast oxi-
dation of bound NO" and NO™ complexes, but certainly a
more systematic investigation of the autoxidation reaction
of hexacoordinated { MNO}° species appears as necessary.

In spite of the large amount of well-described species of
this kind, it is not an easy task to find literature examples of
water-soluble nitrosyl species with robust coordination
spheres that remain unaffected upon redox changes [16].
Examples with the appropriate redox potential to explore
their reactions with dioxygen are even scarcer. We explore
here one possible alternative to obtain such a species,
namely the use of pendant-arm derivatized N-macrocyclic
ligands. We report the preparation, isolation and charac-
terization of the {RuNO}® species cis-[Ru(LPY)NO](PFg);
(I) (LPY = N-(2-methylpyridyl) 1,4,8,11-tetraazacyclote-
tradecane), focusing on its electronic structure an the pos-
sibility of redox interconversion to the one-electron
reduced {RuNO}’ species.

2. Experimental
2.1. Materials and reagents

The reagents employed in the synthetic procedures were
purchased to Aldrich or Merck, and were used without fur-
ther purification. All the organic solvents employed in syn-
thetic procedures or physical determinations were dried
and freshly distilled before used, following standard proce-
dures. The precursor complex Ru(dmso),Cl, [17] and the
ligand N-(2-methylpyridyl) 1,4,8,11-tetraazacyclotetrade-
cane [18] were synthesized according to previously pub-
lished procedures. A vacuum line and Schlenk glassware
were employed when the manipulations required exclusion
of air.

2.2. Synthesis of [Ru(L"’)NO](PFs)s; (I)

One hundred and seventy milligrams (0.35 mmols) of
Ru(dmso)4Cl, where added to 35 mL of an ethanolic solu-
tion of 102.6 mg of LP¥ (0.35 mmol) under argon. The solu-
tion was refluxed for 4 h, reaching a deep orange color. The
mixture was allowed to cool down to room temperature.
0.50 g (7.2 mmol) of NaNO, were added to the reaction
mixture, which was further refluxed for 5 h. After cooling
down, the reaction mixture was treated with 6.5 mL of

HC1 6 M, and the volume reduced to a few mL by vacuum
distillation. Addition of 5 mL of a saturated water solution
of NH4PF4 induced the precipitation of 300 mg of a
brownish microcrystalline powder. Recrystallization of this
solid by diffusion of diethyl ether into an acetonitrile solu-
tion yielded 155mg (52%) of analytically pure I, as
revealed by elemental analysis and 'H and '*C NMR spec-
troscopy. Anal. Calc. for C16H29F18N6OP3RUZ C, 224, H,
34; N, 98. Found: C, 22.2; H, 3.6; N, 9.7%. wo
(KBr) = 1917 cm ™", y (CD5CN): Aromatic protons, 8.59
(1H, d), 8.36 (1H, t), 7.89 (1H, d), 7.85 (1H, t). Amine pro-
tons, 9.70 (1H), 9.33 (1H), 6.91 (1H) observed as broad sig-
nals. Aliphatic protons, 5.10 (1H, d), 4.88 (1H, d), 3.83
(1H), 3.72 (3H), 3.38 (1H), 3.31 (4H), 3.18 (1H), 3.09
(1H), 2.99 (1H), 2.89 (1H), 2.77 (1H), 2.54 (1H), 2.37
(1H), 2.33 (1H), 2.23 (1H) partially obscured by the sol-
vent, 2.09 (1H), 2.02 (1H). The multiplicity of the signals
is not given due to the complexity of the coupling pattern.
See text for a detailed discussion. dc (CD3CN): Aromatic
carbons, 161.8, 153.9, 144.9, 128.1, 124.9. Aliphatic car-
bons, 73.6, 65.2, 60.0, 58.2, 56.2, 54.0, 51.0, 50.7, 48.1,
26.6, 23.3.

2.3. Physical measurements

Microanalytical data for C, H, N and O were obtained
at INQUIMAE, with a Carlo Erba EA 1108 analyzer.
UV-Vis spectra were recorded with either an HP8453 or
an HP8452A diode array spectrometer. IR spectral mea-
surements were carried out using alternatively one of two
FT spectrophotometers, a Nicolet 150P and a Thermo Nic-
olet AVATAR 320. Spectra were collected from KBr disks.
NMR data were acquired on a Bruker AMS500 spectrome-
ter operating at 500.13 MHz for 'H. Standard pulse
sequences were used for two-dimensional (2D) heteronu-
clear single quantum coherence (HSQC), correlated spec-
troscopy (COSY) and nuclear Overhauser enhancement
spectroscopy (NOESY). Cyclic voltammetry (CV) and
square wave voltammetry (SWV) measurements were done
in aqueous 0.1 M HCIO, or in organic medium (0.1 M
BuyNPF¢ as supporting electrolyte) with a standard three
electrode cell [19] containing a Pt working electrode
(1.5 mm &) or a vitreous carbon electrode (3 mm J), and
a Pt wire as a counterelectrode. As a reference in aqueous
media, a commercial Ag/AgCl (BAS) electrode was used.
In organic medium, a Ag wire and ferrocene as internal
standard was used [20]. Throughout this work, all the
reported redox potentials are referred to Ag/AgCl, 3 M
NacCl (0.21 V versus NHE). The potential of the working
electrode was controlled with one of two commercial
potentiostats (Princeton Applied Research 273A or TEQ-
03). The spectroelectrochemical experiments in the UV—
Vis region were done in a homemade cell containing a
quartz cuvette (1 cm path). The potential was controlled
with a TEQ-03 potentiostat, using either 0.1 M HCIO,4 or
0.1 M BuyNPFg in acetonitrile as supporting electrolyte.
A commercial Ag/AgCl reference electrode was used in
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aqueous solution whereas a Ag/AgNO; (0.01 M Ag’ in
acetonitrile) electrode was the reference employed in
organic medium. The working and counter electrodes were
a Pt net and a Pt wire, respectively. The system was main-
tained at 25+ 0.1 °C for the experiments in water and at
—30 + 1 °C for those in acetonitrile (RC6 LAUDA ther-
mostat), and was entirely purged with N,. In a typical
experiment, the solution was electrolyzed at sufficiently
low potential (ca. 200 mV below the E° values registered
by CV) in several cathodic steps. Between consecutive
reduction periods, the solution was allowed to equilibrate
and the open-circuit potential (E,.) together with the
UV-Vis spectrum were recorded. Redox potentials and dis-
closed UV-Vis spectra of the reduced and oxidized species
were then obtained by global analysis [21]. This procedure
involves a simultaneous multi-wavelength fitting to the
Nernst equation [22].

2.4. Theoretical calculations

We employed density functional theory (DFT) compu-
tations to fully optimize the geometries of the cations
[Ru(LP)NOT™", [Ru(LP®)NOP", [Ru(L®)NO,]" and
[Ru(LP)CI]" in vacuo, without symmetry constraints.
The calculations were performed with Gaussian 03 [23], at
the B3LYP level, employing the LanL.2DZ basis set, which
proved to be suitable for geometry predictions in coordina-
tion compounds containing metals of the second and third
raw of the transition elements in the Periodic Table [11,24].
We used tight SCF convergence criteria and default set-
tings in the geometry optimizations. Depending on the case
(see text below) several minima along the potential energy
surface were explored by scanning one particular internal
coordinate. The true nature of all the found stationary
points, which correspond to (local) minima in the potential
energy surface were confirmed by numerical vibrational
frequency computations. In all cases the absence of nega-
tive frequencies confirmed that the optimized geometries
correspond to stable configurations in the potential energy
surfaces. Time dependent (TD)DFT computations at the
equilibrium geometry were employed as an assistant tool
in the interpretation and assignment of the electronic
spectra.

3. Results and discussion

3.1. Synthetic strategy and structural characterization of
[Ru(L”)NOJ**

Mono N-substitution of 1,4,8,11-tetraazacyclotetrade-
cane (cyclam) can be performed under controlled reaction
conditions, employing a large excess of cyclam with respect
to the alkylating agent [18,25]. N-(2-methylpyridyl) cyclam
(L?) is therefore prepared in good yield by the reaction of
2-(chloromethyl)pyridine and a large excess of cyclam in
DMEF. Separation of the product from the unreacted mac-
rocycle can be easily achieved because of the notoriously

different solubility properties of both species. The pentad-
entate ligand is conveniently incorporated into the coordi-
nation sphere of Ru(Il) by reaction with Ru(dmso)4Cl, in
ethanol in the absence of oxygen. This process seems to
yield a mixture of products (most probably [Ru(L")CI]",
[Ru(LPY)dmso*" and [Ru(LP¥)(solv)]"") that are difficult
to isolate and purify. Nevertheless, the reaction of this mix-
ture with nitrite leads to the formation of the nitro deriva-
tive [Ru(LP)NO,]". Acidification of the reaction mixture
induces acid-base changes in the coordinated ligand as in
Eq. (1) [5,26-28], and yields the desired {RuNO}° core.

[Ru(LP)NO,]" + 2H" 2 [Ru(L®)NOJ'" + H,0 (1)

The '"H NMR spectrum of I in CD3CN (Supplementary
material) consists of 29 partially or totally overlapped sig-
nals that also show extensive scalar coupling. This spec-
trum is a consequence of the rigidity of the macrocycle
combined with the lack of symmetry elements, which
makes all protons non-equivalent. The 'H NMR reso-
nances at 8.59, 8.36, 7.89 and 7.85 ppm, referred to as
Hg, Hyg, Hyy and Hyo, respectively (see Fig. 1 for proton
numbering), can be safely ascribed to the pyridine moiety
by comparison with the free ligand. Note that complex I
can potentially present isomerism leading to cis- or trans-
species. However, the observation of a single set of signals
for the aromatic protons seems to be consistent with the
occurrence of a single isomer.

The three broad features at 9.70, 9.33 and 6.91 ppm, not
observed when the spectrum is recorded in D,O solution,
can be attributed to the three exchangeable NH protons.
The pyridine linker methylene N-CH,-py protons give rise
to two doublets at 4.88 and 5.10 ppm, coupled by one large
2J(HH) ~ 17.5 Hz. The remaining features in the range
between 2 and 4 ppm, can be altogether assigned to the
geminal pairs of CH, protons in the cyclam backbone.
The '3C NMR spectrum in CD5CN, shows signals from
each one of the 16 macrocyclic ligand carbon atoms (Sup-
plementary material).
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Fig. 1. Atom numbering used to identify the nuclei in the NMR
discussion.
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Fig. 2. (a) 2D ['H,"*C] HSQC NMR. spectrum of I in CD5CN solution.
(b) 2D COSY NMR spectrum of I in CD3CN solution. The dotted lines
represent a few steps in the strategy employed in the assignment of the
NMR spectrum (see text).
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The 2D ['H, >C]HSQC NMR spectrum (Fig. 2a) shows
cross-peaks between 26 of the 29 'H NMR signals previ-
ously described and 16 '>*C NMR signals. Among these
cross-peaks, it is possible to identify the four single protons
from the pyridine moiety, and the 11 paired peaks arising
from the geminal CH, protons, in agreement with the
assignments performed above. Moreover, this NMR exper-
iment confirms the presence of only one spin system (and
therefore only one major isomer for I) and proved valuable
in identifying the geminal pairs of CH, protons and assign-
ing them to the corresponding '*C signals.

In combination with all the information gathered up to
now, a 2D COSY spectrum (Fig. 2b) allows to find the sca-
lar connectivities and perform a sequential assignment of
the "H NMR spectrum. The pyridine "H NMR resonance
at 7.89 ppm (H,;) can be taken as a starting point for the
analysis. This proton couples to one that gives rise to a sig-
nal at 4.88 ppm, and corresponds to one of the linker meth-
ylene protons (H;s, or H;s,). The latter correlates
sequentially with a proton resonating at 3.83 ppm (H,, or
H,,). This signal shows additional connectivities with sig-
nals at 3.33, 3.09 and 2.23 ppm. From the 2D ['H,"*C]
HSQC data, protons with chemical shifts of 3.09 and
3.83 ppm are known to be geminal, as well as those at
3.33 and 2.23 ppm. Consequently, these two last reso-
nances can be assigned to their vicinal protons Hj,/Hsp,
both of which are also associated through COSY correla-
tions with the signal at 9.70 ppm. The latter arises from
one of the NH protons and is now identified as Hy. This
proton is scalar-coupled to the one at 2.08 ppm, which in
turn couples to a proton at 2.99 ppm. These two last reso-
nances correspond to a pair of geminal protons, that we
assign to Hs, or Hs,. Application of this systematic
approach leads to the full assignment of the 'H and '*C
NMR spectra. However, the geminal specificity at every
CH, group still remains unknown. A direct measurement
of the J("H'H) coupling constants for these protons helps
to eliminate this uncertainty. The J values listed in Table
1 reveal two kinds of signals, those split by only one large

Table 1

'H and *C NMR chemical shifts (§) in CD;CN solution, and geminal 2J(HH) and axial-axial *J(HH) scalar coupling constants for compound I
'"H NMR C NMR

0 (ppm) Assignment O (ppm) Assignment J (ppm) Assignment o (ppm) Assignment O (ppm) Assignment o (ppm) Assignment
9.70 Hy 4.88 Hisp 3.30 H7, 2.37 Hisp 161.8 Cie 58.2 Cio
9.33 Hj, 3.83 Hz, 3.29 His, 2.33 He. 153.9 Cis 56.2 Ci
8.59 His 3.73 Hiob 3.18 H7y 2.23 Hs, 144.9 Cyo 54.0 Cs
8.36 Hayo 3.71 Hiap 3.09 Hyy 2.09 Hs, 128.1 Cio 51.0 Co
7.89 Hy, 3.71 Hisb 2.99 Hsy 2.02 Hep 124.9 Cyy 50.7 Cs
7.85 Hjo 3.38 Ho, 2.89 Hjoa, 73.6 Cis 48.1 C;
6.91 Hg 3.33 Hsy 2.77 Hiz, 65.2 Cua 26.6 Ci3
5.10 His, 3.31 Hoyy, 2.54 His, 60.0 C, 233 Cs

*J(Hysy, Hysp) = 17.5 Hz; *J(Hy30, Hys) = 17.0 Hz; *J(Hey, Hev) = 16.4 Hz; 2J(Hy,, Hyp) = 15 Hz; *J(Ha,, Hap) = *J(Hs,, Hap) = *J(Hs,, Hsy) = 14.0 Hz;
2J(Hoq, Hob) = 2J(H 104, Hiop) = 13.5 Hz; 2J(H 20, Hyap) = 2J(H 40, Hyap) = 13.0 HZ-} , ,
3J(Haq, Hza) = 14.0 Hz; J(Hsy, Heo) = *J(Hou, Hioa) = 13.5 Hz; *J(Hega, Hra) = *J(H 0, Hiza) = *J(Hi30, Hisa) = 13.0 Hz; *J(Hy, Hs,) = *J(Hg, Ho,) =

*J(H g4, Hyy) = *J(H; 1, Hypy) = 11.0 Hz; *J(Hs,, Hy) = 10.0 Hz.
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2J(HH) constant, due to geminal coupling exclusively, and
those which show at least two large splittings, a J(HH)
splitting due to coupling with a geminal partner plus one
or two sizeable *J(HH) values, depending on whether they
are connected to one or two vicinal protons through axial-
axial scalar coupling. This information allows discriminat-
ing between signals that arise from protons bound to the
same carbon atom in the aliphatic backbone. The specific
assignment of the methylene N-CH,-Py resonances

trans - 1l

trans - |
X

Y
trans - |l
X

Y
trans - V

cis-V

Fig. 3. Different configurations of metal cyclam complexes showing the
different alignment of the NH protons.

requires the study of their dipolar connectivities (see later).
Table 1 shows the resulting '"H and '*C NMR assignments.

The NMR analysis presented so far evidences the exis-
tence of a single isomer. When attached to a metal center,
the macrocyclic 1,4,8,11-tetraazacyclotetradecane (cyclam)
could present as much as five configurations at the nitrogen
stereogenic centers that give rise to several isomers (labeled
trans-1-V and cis-V, Fig. 3) [29]. In order to determine
which of these forms is adopted by compound I, a 2D
['"H,'"H] NOESY NMR data set was recorded in CD;CN
solution. Provided that the difference between configura-
tions resides on the spatial alignment of the NH bonds,
special attention has to be paid to these protons. Fig. 4a
shows the portion of the NOESY spectrum corresponding
to the NH resonances. An intense NOESY cross peak from
resonance at 9.70 ppm (Hy) to a signal at 9.33 ppm (Hy;)
indicates that these protons are close in space. They are
attached to non-adjacent N atoms and point in the same
direction. This observation discards the trans-1I1 and
trans-1V configurations. The remaining NH at 6.91 ppm
(Hg) is not dipolar coupled to the other two amine protons
(H;; or Hy) and is most likely pointing to the opposite side.
This last consideration suggests that configurations trans-1
and trans-11 should also be disregarded, leaving only two
possible configuration, that is trans-V or its folded form
cis-V. The occurrence of NOESY cross-peaks (see
Fig. 4b) between protons H;—-H,,, H4~Ho,, and Hy—H;
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Fig. 4. Selected regions of the 2D ['H,"H] NOESY NMR spectrum of I in CD;CN solution.
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Fig. 5. DFT optimized geometries (in vacuo) for the (a) cis-[Ru(LP)NOTF™ (

(d) cis-[Ru(LP)NOF" (configuration IIIy).

disfavors the trans-V form. Additionally, the observation
of dipolar connectivities between the pyridine H;g proton
(8.59 ppm) and protons Hs, (2.09 ppm) and Hy,
(3.30 ppm) but not with protons Hq,, Hjga or His,
(Fig. 4c) confirms a folded cis-V configuration. This leaves
only two possibilities (actually two pairs of enantiomers)
for the structure of I, but the only one consistent with all
the NMR information and its DFT optimized structure is
presented in Fig. 5a. As for the assignment of the methy-
lene N-CH,-Py protons, the occurrence of NOESY
cross-peaks between signals at 4.88 and 3.29 ppm (Hy,),
and 5.10 and 3.08 ppm (H,;) permitted to know the spatial
orientation of these protons. (see Supplementary material
for a complete description of the "H NMR assignment of
complex I).

It is not trivial to rationalize which factors lead to the
isolation of only one configuration. A DFT geometry opti-
mization in vacuo of the compound [Ru(LP*)CI]" (a pre-
sumed intermediate in the preparation of I) reveals that
the energy of the cis-V conformer is ca. 10 kJ mol~' lower
than the one of the trans-111 isomer. The situation remains
essentially the same if solvation effects are introduced by
means of the PCM approximation, where the solvent is
treated as a continuum dielectric medium. The computed
energy difference suggests a certain degree of thermody-
namic control for the reaction. Nevertheless, kinetic effects
and even solubility properties cannot be ruled out.

The theoretically optimized cis-V geometry obtained for
I, either in vacuo or with the molecule immersed in a dielec-
tric medium to take into account the influence of the sol-
vent, is consistent with the NMR results. The
calculations position the diagnostic Hy—H;;, Hs—Hog,,
H1-Haa, Hig-Hsa, Hig-H7, and Hig-Hoy, pairs of protons
at distances of 2.28, 3.06, 3.05, 2.69 and 1.99 A, respec-
tively. These values are consistent with the observation of
the NOESY crossed peaks described above. At the same
time, the much larger computed distances H;g—Hgp,, Hig—
H,, and H;s-H;5, of 5.05, 5.42 and 6.24 A, respectively,
explain the lack of signals for these proton pairs. Table 2
contains some relevant computed structural parameters
and Fig. 5a displays the geometry of the optimized cation.
The ruthenium atom is placed in a distorted octahedral Ng
environment, generated by the nitrosyl ligand and the five

od
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I), (b) cis-[Ru(LPY)NO,]" (II), (c) cis-[Ru(LP*)NOF* (configuration III,) and

donor nitrogen atoms of the substituted macrocycle. The
Ru-N(nitrosyl) (labeled Ru-N,,) bond reveals as signifi-
cantly shorter than the five remaining Ru-N bonds. The
Mayer bond order [30] for this bond (1.08) confirms the
higher degree of covalency for Ru—Nj, compared to the
Ru-N(amine) (average of 0.52) and Ru—N(py) (0.53) bonds
in the same compound. The computed N,,—O,; distance
and the linear nature of the RuNO moiety are consistent
with the expectations for a {RuNO}® species [3,31].

3.2. Vibrational and electronic spectroscopy

The IR spectrum of [Ru(LP)NO](PFe); in a KBr disk
displays a sharp intense band at 1917 cm ™', assignable to
the N-O stretching vibration, vno. This value is slightly
higher than the ones found for trans-[Ru(NO)CI
(cyclam)](PFg), (1875 cm ') [32] and [Ru"(NH;3)s(NO)]Br;
(1913 cm™!) [33], comparable to those reported for seve-
ral cis- and trans-[Ru(NH3),L(NO)P" species (1923-
1942 cm™') [6], and smaller than the values observed in
other Ru(Il) compounds that carry electron-withdrawing
co-ligands (1946 and 1959 cm™" for [Ru(trpy)(bpy)(NO)J-
(PF¢)3 and [Ru(tpm)(bpy)(NO)](ClOy);, respectively) [9,11].
This vno frequency has been usually employed to qualita-
tively establish the degree of electronic interaction between
the NO ligand and the metal center. In this case the vyo
value suggests an [Ru'"NO™] electronic distribution where
the NO* character is well preserved [2], in agreement with
the DFT bonding picture. The calculated frequency of
1849 cm ! is lower than the measured one. Though this
discrepancy is not unusual for calculations at this level of
theory [10,11,13,14,24], there might be some contribution
to the observed difference arising from hydrogen-bond
interactions in the solid state.

The spectral region between 750 and 900 cm ™' has been
usually employed to differentiate between cis and trans
geometries in cyclam compounds [34,35]. In our case,
besides this region is partially obscured by the PF,~ vibra-
tions, the pendant-arm leaves the complex with no symme-
try elements no matter the configuration of the macrocycle.
For this reason, the number of signals does not depend on
the cyclam configuration and the low energy N-H vibra-
tions are not informative.
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Table 2

4725

Selected bond lengths and angles for I, II and III obtained from the DFT optimized structures

Distance I in vacuo (A) Iin H,O (A) I in acn (A) II in vacuo (A) 111, in vacuo (A) 111, in vacuo (A)
Ru-N; 2.17 2.17 2.17 2.19 2.17 2.17
Ru—Ny 2.17 2.16 2.16 2.20 2.21 221
Ru-Ng 2.23 2.20 2.20 2.19 222 2.21
Ru-Ny; 2.17 2.15 2.15 2.18 2.17 2.17
Ru-Ny7 2.15 2.15 2.14 2.13 2.14 2.15
Ru—Ny, 1.79 1.78 1.78 2.04 1.90 1.90
N2>-0s3 1.18 1.18 1.18 1.29 1.22 1.22
N22*024 1.31

Angle I in vacuo (°) I in H,O (°) I in acn (°) II in vacuo (°) II1, in vacuo (°) 111, in vacuo (°)
Ru-N»-0y;3 174.3 174.7 174.4 122.7 141.6 144.7
RU7N227024 118.3

023-N2p-024 118.8

N;—Ru-Ng 168.9 170.1 170.0 173.9 171.9 171.6
N4—Ru—-Ny, 174.9 175.7 175.5 175.5 176.5 176.0
Ni1—Ru-Njy; 174.6 174.6 174.4 172.8 174.3 174.4
N;—-Ru-Ny4 82.3 82.3 82.3 83.2 82.8 82.8
N;—-Ru-Ny, 93.7 93.8 934 95.2 95.1 94.6
N;—Ru-Ny7 80.9 80.8 81.0 80.9 80.7 80.6
N;—Ru-N», 96.4 96.6 96.5 97.5 95.1 95.4
N4—Ru—-Ng 88.1 89.0 88.9 92.3 90.4 90.3
N4Ru-Np; 92.8 91.4 914 94.8 94.0 93.5
Ny—Ru-Ny; 86.9 87.2 87.0 90.7 89.4 88.8
Ng—Ru-Ny; 81.0 81.7 82.0 81.1 81.0 80.9
Nsg—Ru-Ny5 104.4 103.5 103.4 103.3 103.6 104.2
Ng—Ru-N», 93.6 92.4 92.7 87.3 91.9 91.8
Ni1—Ru-Np, 92.3 92.9 93.1 89.5 89.0 90.1
Nj7-Ru-Nj, 88.0 88.5 88.5 85.1 87.5 87.5
Ni7-Ru-Ny,-053 —10.4 —16.4 -9.9 86.8 25.2 —147.4
C187N177RU7N8 -2.7 -1.0 -2.0 1.1 0.7 0.7
Cy6-Nj7-Ru-Ng —179.4 —178.5 179.7 —174.0 —176.2 —175.5

Fig. 6 displays the electronic spectra of I in water (pH 1.0,
HCIO,4) and acetonitrile. Apart from the complete lack of
strong bands in the visible region of the spectrum, the most
remarkable features when the spectrum was recorded in
water include intense absorptions in the UV region, a slight
shoulder at ca. 236 nm (¢ = 5770 M~' cm™"), a much better
resolved transition at ca. 257 nm (¢ = 4660 M~' cm™'), and
a progression of weak bands at 313nm (sh, ¢=
335M 'em™!), 355nm (sh, e=110M 'ecm™') and
450 nm (¢ =40 M~'ecm™"). Ru(Il) species holding amine
ligands usually display solvent dependent electronic spec-
troscopy due to solute-solvent specific (hydrogen-bonding)
interactions that can modulate the electronic density on the
metal ion [36-39]. This same effect was described for species
containing cyclam and m-acceptor ligands [35,40,41]. How-
ever, the spectrum of I in acetonitrile is virtually identical
to the one measured in water, with only minor shifts of
the bands to 232nm (¢=6475M 'em™'), 258 nm (¢ =
4900 M~ 'em™Y), 317 nm (sh, e=420 M~ ! cm™!), 350 nm
(sh,e=180 M 'cm ') and 445 nm (¢ =40 M~ ' cm ™).

The calculations establish that the HOMO is mainly
located on the pyridine ring. The degeneracy of the ty,
set of metal orbitals is fully lifted because of the symmetry
of the compound. One of these orbitals is not properly ori-
ented and remains essentially non-bonding with respect to
the nitrosyl moiety, being the majority component of the

HOMO — 1 molecular orbital. The other two are strongly
stabilized because of the fairly strong 7 interactions with
the nitrosyl, and appear as the main constituents of the
bonding HOMO — 5 and HOMO — 6 molecular orbitals.
Conversely the LUMO and LUMO + 1 orbitals are mainly
located on the NO fragment, but have some metal charac-
ter resulting from the interaction between the n* orbitals of
the nitrosyl group with ty,(d,) metal orbitals. Thus, the
back-donation to the nitrosyl partially shifts electronic
density from the metal ion into the * orbitals of the coor-
dinated NO™. The stabilization of the metal centered orbi-
tals and the destabilization of the nitrosyl ones enlarge the
HOMO-LUMO energy difference up to 3.2 and 3.6 ¢V,
estimated in vacuum and in solution, respectively. These
large values are responsible for the shift of the electronic
spectrum to higher energies. The Ru(Il) — n,, transition
normally expected in the visible region [36-39] is therefore
not observed there, but probably at much higher energy.
We were not able to observe this band in our experimental
conditions, but the analogous transition has been reported
at 230nm in the related systems [Ru(NH;),L(NO)}*
(L = isonicotinamide or pyrazine) [6a,6b]. The m back-
donation effect overcomes the subtle electronic changes
expected to be induced by the specific interactions with
the solvent. This explains the insensitivity of the electronic
spectrum toward solvent changes.
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Fig. 6. Experimental UV-Vis spectra of I in water and organic medium.
(a) Aqueous HCIO,4 0.1 M, (b) acetonitrile.

The interpretation of the electronic spectra of nitrosyl
complexes is not unambiguous. In our case, the low symme-
try of the species might lead to substantial orbital mixing
that further complicates the analysis. (TD)DFT has proven
as a valuable tool to assist in the assignment of the spectra
of several related species [6c]. In the case of I, the calculated
transitions reproduce qualitatively the experimental spec-
tra. The computations position the Ru(Il) — n,y MLCT
at 208 nm, though superimposed with d—d and ligand-based
transitions, and the lowest lying m,, — m;, intraligand tran-
sition at 257 nm. The extra features at lower energy involve
several weak transitions with mixed d-d, MLCT
(Ru(Il) — n\o) and LL'CT (m,, — nNo) character. The
agreement between the computed and experimental spectra
is very good and supports the theoretical treatment.

3.3. Reactions with nucleophiles: formation of
[Ru(I”*)NO5J*

In spite of the backbonding effect, the coordinated nitro-
syl still has a large nitrosonium character. The [Ru""NO™]

electronic distribution manifests experimentally not only
in the vyo values, but also in the expected reaction of I with
nucleophiles [5,26]. Aqueous solutions of I in non-acidic
medium undergo rapid spectral changes with formation
of [Ru(LPY)NO,]" (I), as described by Eq. (1). The reac-
tion with OH ™ is reversible and a full recovery of the nitro-
syl reactant can be achieved upon acidification. Fig. 7
displays the spectra recorded in the stepwise conversion
of the nitrosyl into the nitro compound. The presence of
well defined isosbestic points suggests the absence of pro-
cesses other than the one of interest. A multi-wavelength
treatment of the absorption spectra by factor analysis also
reveals the presence of only two colored species. This kind
of reactions has been extensively studied in the past [5,26—
28]. The nucleophilic attack of an OH ~ ion leads to the for-
mation of a covalent N-O bond. Afterwards, the interme-
diate nitrous acid complex deprotonates to yield the nitro
derivative [9-11,28,42].

The spectrum of II is dominated by strong absorption
bands at 264 nm (¢ =4260 M~' cm™"), 308 nm (& = 4440
M~ 'em™') and 474 nm (6 =5590 M ' ecm™'). As a com-
parison, the related compound trans-[Ru(NH3)4(4-Mepy)-
(NO,)T" (4-Mepy = 4-methyl pyridine) displays only one
broad MLCT band at 378 nm with a shoulder at higher
energies [10].

To understand the electronic structure of this species, we
performed a theoretical geometry optimization, whose
results are summarized in Table 2 and Fig. 5b. The coordi-
nation sphere of the Ru(Il) ion in II remains very similar to
the one described for I. The stable structure shows a dihe-
dral N(py)-Ru-N-O angle close to 90° and a slight asym-
metry in the coordinated NO,~, probably due to the
intramolecular hydrogen-bond interaction with the closest
N-H at ca. 2 A. A full scan of this dihedral angle shows
two minima in the potential energy surface. They corre-
spond to equivalent geometries that result from a 180°
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Fig. 7. Consecutive spectra for the reaction of I with OH™. [OH ] = ca.
107 M, [complex]=8.4x 107> M. The arrows indicate the spectral
changes along the reaction. Inset: Deconvoluted spectra of I (dashed line)
and III (full line).
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rotation of the NO,™ moiety around the Ru-N axis fol-
lowed by relaxation of the internal coordinates. These
two minima are separated by a barrier of 33 kJ mol~! (in
vacuo), suggesting that the coordinated nitrite is not freely
rotating in this species (or at least rotation around this axis
has to be very slow in solution).

The nitro group is a poorer w-acceptor than the nitrosyl
(and a better o-donor). This results in an overall electronic
picture with a lower degree of metal-ligand covalency and
a higher electronic density located on the metal, as revealed
by an average Mayer bond order of 0.36 for Ru—N(cyclam)
and 0.49 for Ru-N,,. The filled frontier orbitals can now
be clearly identified as the t,, set. The lowest lying empty
molecular orbitals are mostly located on the pyridine and
the NO,~ fragments, but to our surprise the calculations
revealed a substantial degree of mixing between pyridine-
and nitro-centered orbitals, feasible because of the low
symmetry of this species.

The (TD)DFT calculated energy and intensity of the
MLCT transitions does not accurately reproduce the
experimental observations. This is not completely unex-
pected, because the electronic structure of this species has
to be more sensitive to the medium. Consequently, the the-
oretical prediction of the electronic spectrum becomes
much more difficult. Several approaches [38,43] have been
employed in the past to deal with solute-solvent specific
interactions, but the implementation of these strategies is
beyond the scope of this manuscript. We perform here a
tentative assignment of the donor—acceptor charge transfer
spectroscopy employing qualitative arguments and com-
paring with related systems.

The literature values for the MLCT maxima of
[Ru(NH;3)sNO,]" and [Ru(NH;)spy*" in water are 368
and 407 nm, respectively [44]. The substitution of an ammo-
nia by the poorer -donor pyridine molecule in the coordi-
nation sphere of [Ru(NH3)sNO,]" is expected to shift the
Ru(II) — NO,~ MLCT band to higher energies. Using the
same argument, the replacement of an ammonia by a nitrite
should shift also the band to higher energies (lower wave-
lengths) than in [Ru(NH;)spy]*". This explains reasonably
the occurrence of only one band in the spectrum of trans-
[Ru(NHj3)4(4-Mepy)(NO,)]" that results from the overlap
of a Ru(Il) — 7,y and a Ru(II) — NO,™ absorption both
shifted to higher energy if compared to the pentaamine case.

The substantial mixing between the acceptor fragments
suggested by the DFT calculations perturbs this descrip-
tion, shifting the two CT bands in opposite directions.
We therefore assign the 308 nm band as involving the coor-
dinated nitrite as the acceptor fragment and the 474 nm
one as arising from a Ru(Il) — n,y MLCT, both of them
shifted with respect of the ones in trans-[Ru(NHj3)4(4-
Mepy)(NO,)]" as a consequence of the orbital mixing.

3.4. {RuNO}*7 interconversion

The cyclic voltammogram of I in aqueous solution (pH
1, HCIOy4, u=0.1 M) shown in Fig. 8a displays a single

(@
; (b)
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Fig. 8. Cyclic voltammograms of I in H,0/0.1 M HCIO4 (a) and
acetonitrile/0.1 M TBAPFg solution (b and c). Conditions: glassy carbon
working electrode, scan rate 200 mV s~ '. The arrows indicate the direction
of the scan.

reversible wave at —0.02 V, arising from the one-electron
interconversion between I and the {RuNO}’ species [Ru-
(LP)NOT** (). Further exploration at more reducing
potentials was not attempted because of the solvent electro-
chemical window.

The observed redox potential for the reduction of the
coordinated nitrosyl is higher than the one reported for
the related trans-[Ru(NH;)4(4-Mepy)(NO)PF, —0.25V
(t=0.1 M CF3COOH/CF;COONa, pH 4). Even when
the difference might be partially ascribed to the differences
between cis- and frans-configurations, it should be noted
that a similar shift, which might originate in solvation
issues related to the macrocylic ligand was reported when
comparing other tetrammine- and cyclam-based nitrosyls
[32,35]. For these related systems, the cyclic voltammo-
grams reveal a series of chemical reactions coupled to the
electron transfer process, that have been interpreted in
terms of labilization of the co-ligands and NO°
[6,32,35,45]. None of these complications seems to be asso-
ciated to the {RuNO}*’ conversion in our system.

The cyclic voltammograms in acetonitrile (Fig. 9b)
reveal the same reversible one-electron reversible process,
though shifted to E°=0.18 V. An increase of 0.125V
was reported for the same process in trans-[Ru(NO)CI(cy-
clam)**, and an even larger difference of ca. 0.30 V has
been measured in [Ru(tpm)(bpy)NOF™" [11]. The differ-
ences can be traced back to changes in the dielectric prop-
erties of the solvents, which would favor the reduction
process in less polar media. In addition, the larger donor
number (DN)[46] of water if compared to acetonitrile
(18.1 versus 14.1 for water and acetonitrile, respectively)
contributes to increase the electronic density in the coordi-
nated nitrosyl, via specific hydrogen-bond interaction with
the amine protons [36]. The general increment in the redox
potential, combined with a wider electrochemical window
than in water, allowed to explore the reduction of the
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Fig. 9. Spectroelectrochemical conversion of I into III in water and
organic medium under controlled potential conditions. (a) Aqueous
HCIO,4 0.1 M, (b) acetonitrile/0.1 M TBAPFg, [complex]=1.2x 107* M
and 1.0x107*M for water and acetonitrile, respectively. The arrows
indicate the spectral changes upon reduction. Insets: deconvoluted spectra
for I (dashed line) and III (full line) obtained by factor analysis (see text).

{RuNO}’ species. At more negative potentials (ca.
—0.75 V) a complex pattern involving consecutive electron
transfer processes can be detected. All this extra waves
appear as irreversible in the CV time scale. The first of such
electron transfer process might be tentatively ascribed to
the formation of a {RuNO}® species [8,14]. This species
appears to be unstable in the CV timescale, even if the
experiments are performed at —30 °C and some comple-
mentary characterization would be required in order to
improve its description.

Fig. 9 shows the stepwise I — III conversion under con-
trolled potential conditions both in acidic conditions and in
acetonitrile solution. The reduction processes proceed
smoothly, and the factor analysis of the recorded spectra
reveals only two colored species in both solvents. The
integrated current, as well as the absorbance versus open-
circuit potential curves obtained during the electrolysis
are also consistent with a 1l-electron process with

EONO+/NO = —0.02 and 0.21 V for water and acetonitrile,
respectively. These values are in very good agreement with
the ones obtained in the cyclic voltammetry experiments.
The slight shift detected in acetonitrile is mostly due to
the different temperatures employed in both determination.
This experiment confirms the reversibility of the
{RuNO}%7 redox interconversion. The electrogenerated
reduced species in aqueous solution seems to be stable if
protected from oxygen, but reoxidizes rapidly in the pres-
ence of air to quantitatively regenerate I. In acetonitrile,
the oxidation by molecular oxygen is much slower, and
no spectral changes were observed in the minute timescale.
Electrochemical reoxidation leads, in both cases, to quanti-
tative recovery of I, even after 2 h. The reversibility of the
NO™/NO conversion indicates that the whole coordination
sphere in IIT (including the coordinated NO-) is strongly
inert toward substitution reactions. As we mentioned
above, this is not always the case, and release of NO or
NO-induced trans labilization has been observed for sev-
eral complexes [32,35]. The spectroelectrochemistry con-
firms that this is not the case with III, making this system
particularly useful to be studied in both {RuNO}*7 oxida-
tion states.

One-electron reduction is expected to induce a bending
of the Ru-N-O angle [2,3]. A DFT geometry optimization
confirms this expectation. The computation performed in
vacuo included a potential energy surface scan of the dihe-
dral O-N-Ru-N(py) angle, which revealed two possible
stable geometries III, and III, for this {RuNO}’ species
(Fig. 5). The two situations minimize the steric interac-
tions between the NO fragment and the LP¥ ligand. In
contrast with II and other {MNO}’ systems [14], there
seem to be no signs of intramolecular N-O --- H-
N(cyclam) hydrogen-bond. These two conformers have
slightly different thermodynamic stabilities, with III, lay-
ing 5.4 kJ mol~! below IIl,. Overall, the potential energy
surface is rather flat and the interconversion of III, into
III, involves a small energy barrier of 6.7 kJ mol™!
(1.3kJmol~! in the opposite direction). Even when the
presence of solvent molecules interacting specifically with
the amine protons might hinder the interconversion
between conformers, our calculations imply that the NO
fragment is freely rotating in the {RuNO}’ species. Table
2. collects the most significant structural parameters for
III, and III,. The overall features are very similar for
both, with a practically identical co-ligand environment.
The most significant structural change upon reduction
involve, as expected, the lengthening of the Ru-Nj, and
N»»-053 to 1.90 and 1.22 A, and the bending of the Ru—
N»»-0»3 angle to ca. 143°. These parameters, combined
with the reduction of the N,,-O,3 Mayer bond order to
1.56 reflect the population of a formally m-antibonding
orbital located mostly on the NO fragment. In fact, the
calculations confirm that the SOMO is mostly located
on the NO fragment with partial delocalization onto the
metal center, a common feature to many {RuNO} species
[9,11,12,16].
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The calculations also reveal an overall reduction of the
covalency of the Ru-N(L") bonds, which show an aver-
age Mayer bond order of 0.41. Particularly, the Ru-Ny
bond order of 0.38 is the lowest, suggesting the onset of
a trans-effect. In spite of this, the coordination sphere
remains structurally unaffected due to the rigidity of the
whole macrocyle. The electronic structure of this species
is also affected by m-backbonding. Two metallic orbitals
belonging to the t,, set reveal some degree of mixing with
the n* orbitals located on the NO fragment, while the
third remains as non-bonding because of the symmetry
of the complex. The backbonding interaction is overall
smaller than in I, revealing NO as a poorer m-acceptor.
The lowest lying empty molecular orbitals correspond
essentially to the ligand-centered " orbitals. Their rela-
tively low energy, in contrast with the computations per-
formed on I, permit the development of CT transitions in
the visible region. The electronic spectrum of III displays
an intense absorption at 271 nm (& = 6500 M~! cmfl), a
shoulder at 287 nm (¢=5500 M~'cm™') and a weaker
band at 365nm (¢=810 M 'cm™'), when recorded in
water. In acetonitrile the positions of these bands remain
almost unchanged at 270nm (¢=6100 M 'cm™),
287nm (¢=5010M 'em™') and 369nm (¢=520M"!
em ™).

The (TD)DFT results suggest that the low energy bands,
predicted at 378 nm and observed at ca. 365 nm are better
described as the spin-allowed o — dry LMCT with some
Tino — Tpy character. The same computations assign the
intense absorption at ca. 270-290 nm as arising from a
dry — Ty transition, though extensively overlapped with
the intraligand n,, — 7;,, the dg, — Tno MLCT and weak
d—d transitions. It is surprising that even when the absorp-
tion bans appear to have CT character, there seems to be
little solvent dependency. Though this fact can be indica-
tive of extensive m-backbonding interactions [36,38,39,47],
it is not clear that this is the case for IIl and a broader
range of solvents has to be explored to asses this issue.

4. Conclusions

This pendant-arm cyclam complex of Ru(II) proved as a
valuable platform to investigate the NO'/NO° redox
chemistry. The marked inertness of the coordination sphere
on both {RuNO}° and {RuNO}’ oxidation states, the
strong color changes associated to the redox processes
and the preliminary results concerning the reaction of this
species with O, are promising, and open the possibility to a
systematic study of redox reactivity. Variations in the iden-
tity of the pendant-arm could be used in the future to gen-
erate a series of nitrosyl compounds with control over
.EONO+ NO® in a region of potentials with scarce examples
in the literature.

The abundant experience in connection with the deriva-
tization of cyclam envisages many possible variations lead-
ing to macrocyclic species with different donor/acceptor
capabilities. The parallelism with the related rrans-

[Ru(NH;3)4(4-Mepy)(NO)F"  and  trans-[Ru(NO)Cl(cy-
clam)** series of compounds and the use of theoretical
approaches as the ones employed here stand as valuable
predictive tools that might be of significant help in the
selection of the appropriate substituents. We are currently
exploring this possibility.
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