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ABSTRACT: This work reports the preparation of a new 6-coordinated
nitrosyl compound and its use as a model to explore the redox and acid—base
properties of the three redox states of bound nitrosyl (formally NO*, NO*,
NO™/HNO) in {RuNO}*”® species. We prepared the octahedral {RuNO}®
complex [Ru(Me;[9]aneN;)(bpy)(NO)]* (Me;[9]aneN;: 1,4,7-trimethyl-
1,4,7-triazacyclononane; bpy = 2,2’-bipyridine), and the related [Ru(Me;[9]-
aneN;)(bpy)(NO,)]* nitro derivative. The compounds were characterized by
chemical analysis, X-ray diffraction, NMR, IR, and UV—vis spectroscopies,
cyclic voltammetry (CV), UV—vis/IR spectroelectrochemistry, and theoretical
calculations (DFT, (TD)DFT). The reaction kinetics between the {RuNO}®
complex and the nucleophile OH™ is also presented. The incorporation of
tridentate and bidentate ligands in the coordination sphere prevents labilization
issues associated with the trans effect when attaining the reduced states of the
nitrosyl group. This allows for a consistent interpretation of the changes in the main geometrical parameters: Ru—N and N—O
distances, Ru—N—O angle, and the vyq frequency and electronic transitions. We explore the redox properties in acetonitrile and
aqueous solutions, and provide a potential (E,,,) — pH (Pourbaix) diagram for the three diatomic nitrosyl-bound species, as well
as for HNO and NO,", including the report of the pK, of the [Ru(Me;[9]aneN;)(bpy) (HNO)]** ion, 9.78 + 0.15 at 25.0 °C.

B INTRODUCTION related partners, the nitrosonium cation (NO*) and the nitroxyl
anion (NO7). The observed different physiological roles of NO
and HNO/NO™ in animal and plant physiology added a new
focus on the studies of reduced nitrosyl complexes,'' looking
for the elucidation of the basic chemistry under biorelevant
conditions.'”"® Recent reviews account for the significant
progress achieved in the synthesis of metalloporphyrins holding
bound NO and HNO/NO™, with focus on their electronic

structure, function, and reactivity in relation to biological
14,15

Nitric oxide (NO) chemistry has remained an attractive topic
to the inorganic chemistry community for several decades due
to the enormous variety of coordination modes, spectroscopic
properties, and reactivities displayed by nitrosyl-containing
coordination compounds.'™* The number of publications and
citations regarding transition metallonitrosyl chemistry in-
creased significantly in the last years once the physiological
role of nitric oxide was unraveled.” As a biological mediator NO
engages most frequently in processes that require the
interaction with heme proteins.” Thus, the biosynthetic route
for NO starting from L-arginine and catalyzed by NO synthase®
and the binding of NO to guanylate cyclase for promoting
vasodilation” are two representative examples of specialized
functional roles for NO in biochemistry. Also, 1-electron redox

systems.

All three diatomic moieties have been successfully identified
in coordination compounds of d° metal centers.* The chemistry
of {MNO}® complexes'®"” is nowadays reasonably well
understood, although this is not the case with the fewer well-
characterized {MNO}’ complexes.>* While the 6-coordinated

changes of bound nitrosyl species occur in diverse instances of {MNZ(S)}S (heme and nonheme) complexes are scarce,* **
denitrification.® This is the case for the processes involving a early™ and more recent focus has been placed on the
full 6-electron conversion of NO,™ into NHj, catalyzed by the preparation and detailed spectroscopic characterization of
assimilatory nitrite reductase enzymes, or in the reduction of low-spin S-coordinated {FeNO}* porphyrin model complexes,
NO,™ to NO effected by the dissimilatory nitrite reductases.”'® relevant to biological NO reduction. These species can be
This kind of (bio)chemistry, including also the NO reductases

catalyzing the NO — N,O conversion,”'® explains the early Received: September 27, 2013

interest in the coordination chemistry of NO and its redox- Published: January 7, 2014
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handled in organic solvents and provide access to the $-
coordinated HNO derivatives upon acidification.”™®* A limited
collection of 6-coordinated complexes containing HNO* ! or
its conjugate base NO~,'"~>*3273% based on metals of the three
transition series, has been obtained and structurally charac-
terized. In general terms the consensus for many years has been
that these species are short-lived in solution, precluding any
attempt to characterize them from the reactivity point of
view."? In addition, most of them have been reported as soluble
only in organic solvents, with the remarkable exception of the
HNO derivative of myoglobin, Mb(HNO),* and of [Fe-
(CN)s(HNO)]*~*” The situation is markedly different with
free '"HNO, where the first report on its acid—base properties
can be traced back to the 1970s, indicating a pK, value of 4.7.%*
The latest publications suggest that the pK, is close to 11.5
(leading to free *NO™) or 23 (yielding 'NO~).* Not long ago
[Fe(CN)s(NO)]*~ was shown to undergo two consecutive
one-electron reductions with $,0,>” to generate the HNO
complex [Fe(CN);(HNO)]*>~ in aqueous solution.”” This
species appears to be reducing in basic medium but can be
handled reasonably well in the neutral pH range without
significant HNO-redox or -dissociation chemistry.** Analysis of
the pH dependence of the 'H NMR HNO signal at 20.32 ppm
yielded the first report of the pK, of coordinated HNO, which
turned out to be 7.7.>” This unprecedented (and still unique)
experimental determination prompts several questions con-
cerning the identity and redox chemistry of metallonitroxyl
species. Are they rare examples of highly reactive molecules? Is
it possible to handle NO™/HNO coordinated to metal centers
long enough in aqueous solution so as to perform systematic
studies of electronic structure and reactivity? Can their
properties be rationalized and eventually fine-tuned? In this
contribution we go a step further on these and other questions.
We describe the preparation of a stable {MNO}° compound
that renders the desired n = 7 and 8 partners by consecutive
one-electron reduction processes in acetonitrile and water.
Following an exhaustive characterization, we explore the acid—
base behavior of the coordinated nitrosyl at the different redox
levels.

B EXPERIMENTAL SECTION

Materials and Reagents. The reagents employed in the synthetic
procedures were purchased from Sigma-Aldrich, and were used
without further purification. All the organic solvents employed in
synthetic procedures or physical determinations were dried and freshly
distilled before use following standard procedures.*' A vacuum line
and Schlenk glassware (or alternatively a glovebox) were employed
when the manipulation required exclusion of air.

Synthesis of the Compounds. [Ru(Mes[9]aneN;)(bpy)(NO,)]-
Clo, [1](ClO,). A total of 70 mg of [Ru(Me;[9]aneNs;)(bpy)(OH,)]-
(c10,),* (0.11 mmol) and 145 mg of NaNO, (2.10 mmol) were
suspended in 20 mL of water. The dark-red mixture was refluxed for 1
h under Ar, yielding an orange solution. The reaction mixture was then
treated with 1 mL of 0.1 M NaOH before reducing the volume in a
rotary evaporator down to S mL. At this moment 132 mg of NaClO,
(1.08 mmol) were added, and the solution was allowed to stand
overnight at 4 °C. The red solid was collected by filtration, washed
with cold water, and dried. The product was dissolved in S mL of 1073
M NaOH, and allowed to evaporate slowly at room temperature. The
orange microcrystals were collected, washed with cold water, and dried
in a vacuum. Yield: 48 mg (77%). Anal. Caled for [1](ClO,),
CioH,NCIORu (MW: 574.00 g mol™"): C, 39.8; H, 5.1; N, 14.6.
Found: 39.2; H, 5.7; N, 14.4. IR (KBr pellet): v/, 1300 cm™; v/,
1265 cm™; Sono, 769 cm™Y; PWNo,)y 623 em™\. UV—vis: A,../nm (e/
M~ em™), in H,0: 446 (3.6 X 10%), 366 (4.4 X 10%), 294 (2.4 X 10%),
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256 (sh) (7.1 x 10%), 238 (9.8 x 10%); in CH,CN: 480 (3.6 X 10°),
338 (sh) (4.1 x 10%), 296 (1.8 x 10*), 258 (sh) (6.3 x 10°), 244 (1.0
x 10*). "TH NMR (CD;CN, §/ppm): 9.18 (dd, 2H, J; = 6 Hz, J,= 1.4
Hz, H,), 843 (dd, 2H, J,, = 8 Hz, J,5 = 1.4 Hz, H,), 8.02 (ddd, 2H, J,,
=8 Hz, J,;=74Hz, ], = 14 Hz, H,)), 7.54 (ddd, 2H, Jj, = 7.4 Hz,
Jpe= 6 Hz, J5, = 1.4 Hz, Hp), 3.57 (m, 2H, Hcy), 3.25 (m, 2H, Hey ),
3.11 (s, 6H, H,), 3.03 (m, 2H, Hcy), 2.95 (m, 2H, Hey,), 2.89 (m,
2H, Hey,), 2.80 (m, 2H, Hey, ), 1.78 (s, 3H, Hy); *C NMR (CD;CN,

8/ppm): 16150 (C,), 15391 (C,), 137.36 (C,), 125.91 (Cy), 123.96
(C,), 61.96 (CH,), 60.44 (CH,), 60.40 (CH,), 53.95 (CH,), 51.98
(CH,). Slow diffusion of diethyl ether onto an acetonitrile solution of
[1](ClO,) yielded deep-red single crystals of [1](ClO,)-CH;CN-H,0
suitable for X-ray analysis

[Ru(Mes[9]aneN;)(bpy)(NO)I[CIOJ5, [2](CIO,);. A total of 48 mg
(0.084 mmol) of [Ru(Me;[9]aneN,)(bpy)(NO,)]ClO, was dissolved
in 5 mL of water. The solution was slowly acidified to pH 1 by
dropwise addition of 1 M HCIO, under constant stirring in an ice
bath. Almost immediately the red solution turned yellowish. The
reaction mixture was concentrated on a rotary evaporator to less than
S mL; after adding S0 mg of NaClO, (0.41 mmol), it was left
overnight at 4 °C to yield a yellow precipitate, which was collected by
filtration and dried over silicagel. The crude product was recrystallized
three times by slow evaporation from aqueous 0.1 M HCIO,, yielding
40 mg (63%) of yellow crystals already suitable for X-ray analysis.
Anal. Caled for [2](ClO,);, CoH,oN4CLO;;Ru (MW: 756.90 ¢
mol™): C, 30.2; H, 3.9; N, 11.1. Found: C, 30.1; H, 4.1; N, 11.1. IR
(KBr pellet): vy = 1899 ecm™. UV—vis: A ,/nm (¢/M™' em™), in
H,0: 492 (6.1 X 10%), 340 (sh) (4.4 x 10%), 312 (9.7 X 10%), 256 (8.7
x 10%); in CH;CN: 460 (3.4 X 10?), 338(sh) (4.7 X 10%), 310 (9.1 X
10), 252 (8.9 X 10%). 'H NMR (CD;CN, §/ppm): 9.08 (dd, 2H, 5 =
6 Hz, J,, = 1.1 Hz, H,), 8.79 (dd, 2H, J,, = 8.1 Hz, J,5 = 1.5 Hz, H,),
8.63 (ddd, 2H, J,, = 8.1 Hz, J,5 = 7.6 Hz, ], = 1.1 Hz, H,), 8.16 (ddd,
2H, Jp, = 7.6 Hz, Jg, = 6 Hz, J4, = 1.5 Hz, H/;), 3.86 (m, 2H, HCHZ)’
3.83 (m, 2H, Hey,), 3.76 (m, 2H, Hey,), 3.71 (m, 2H, Hey), 3.62 (m,
2H, Hey,), 3.59 (s, 6H, H,), 3.47 (m, 2H, Hey,), 2.12 (s, 3H, H,); °C
NMR (CD,CN, §/ppm): 15625 (C,), 153.06 (C,), 145.69 (C,),
131.43 (Cp), 128.14 (C,), 65.33 (CH,), 63.70 (CH,), 61.30 (CH,),
57.07 (CH;), 52.41 (CH,).

[Ru(Me;[9]aneN;)(bpy)(>*NO)I(CIO,)s, [°2](CIO4);. A total of 39
mg of [Ru((Me;[9]aneN;)(bpy)(OH,)](ClO,), (0.060 mmol) and
1454 mg of Na'*NO, (0.22 mmol) were suspended in 10 mL of
water. The dark red mixture was refluxed for 1 h under Ar, yielding an
orange solution. The reaction mixture was then acidified to pH 1 by
dropwise addition of 1 M HCIO, under constant stirring in an ice
bath. Almost immediately the red solution turned yellowish. The
reaction mixture was concentrated on a rotary evaporator to less than
S mL, and after adding 64 mg of NaClO, (0.61 mmol) was left
overnight at 4 °C to yield a yellow precipitate, which was collected by
filtration and dried over silica gel. Yield: 33 mg (72%). The identity
and purity of the product were corroborated by spectroscopic means
(IR, UV—vis and 'H/"C NMR). IR (KBr pellet): vyo = 1861 cm™.

Physical Determinations. Microanalytical data for C, H, and N
were obtained with a Carlo Erba EA 1108 analyzer. UV—vis spectra
were recorded with either an HP8453 or an HP8452A diode array
spectrometer. IR spectral measurements were carried out with KBr
pellets, using alternatively one of two FT spectrophotometers, a
Nicolet 150P and a Thermo Nicolet AVATAR 320. The 'H NMR
spectra were measured with a 500 MHz Bruker AM 500 spectrometer;
chemical shifts are referred to TMS. Cyclic voltammetry (CV)
measurements in acetonitrile employing 0.1 M Bu,NPF as supporting
electrolyte were performed with a standard three-electrode cell
containing a working vitreous carbon electrode (3 mm (), a Pt
wire as a counterelectrode, and a silver wire plus an internal ferrocene
(Fc) standard as a reference. In water we employed a similar
arrangement except that the reference was a standard Ag/AgCl (3M
NaCl) commercial electrode (BAS). The potential of the working
electrode was controlled with a TEQ-03 potentiostat. The
spectroelectrochemical experiments in the UV—vis region were done

dx.doi.org/10.1021/ic402448p | Inorg. Chem. 2014, 53, 981-997



Inorganic Chemistry

in a homemade cell containing a quartz cuvette (1 cm path). In all
cases the ionic strength I was fixed to 1 M with NaCl in water or 0.1 M
Bu,NPF; in acetonitrile. The Ag/AgCl (3 M NaCl) and Ag/AgNO,
(0.01 M) electrodes were used as a reference in aqueous solution and
organic medium, respectively. The working electrode was a Pt net, and
a Pt wire was the counterelectrode. The system was maintained at 25
+ 0.1 °C for the experiments in water and at —30 + 1 °C for those in
acetonitrile (RC6 LAUDA thermostat) and was entirely purged with
Ar. Throughout this work, all the reported redox potentials are
referred to Ag/AgCl, 3 M NaCl (021 V vs NHE). A typical
spectroelectrochemical experiment required the application for a short
period of time of a cathodic potential that induced charge circulation
at the working electrode. Then the electrolysis was interrupted to
allow the homogenization of the solution and simultaneous recording
of the electronic spectrum and the open-circuit potential of the
solution. The redox potentials and the disclosed UV—vis spectra of all
the species present in solution were obtained by global analysis.*’ The
procedure involved a simultaneous multiwavelength fitting, assuming
that all the redox-active couples present in solution behave according
to the Nernst equation.** pH-dependent experiments in water
required different buffer solutions, depending on the pH. Because of
the acid—base interconversion between [1]* and [2]*" in aqueous
solution, the first reduction step of [2]>* was always performed at pH
close to 2. The pH of the solution was subsequently adjusted to the
desired value, employing appropriate buffer solutions (H,PO,”/
HPO,~ or B(OH), /B(OH);). In the IR region, the spectroelec-
trochemistry was performed in an optically transparent thin layer
electrode (OTTLE) cell described elsewhere.*

Kinetic studies for the addition of OH™ to yield the corresponding
nitro species were done under pseudo-first-order conditions, at I = 1
M (NaCl). Solutions at different [OH™] were prepared by mixing 1
mL of a 6.31 X 10™° M solution of [2]** (0.01 M HCI, I = 1 M, NaCl)
with 1 mL of the appropriate (H,PO,”/HPO,*” or B(OH),”/
B(OH),) buffer solution (0.33 M, I = 1 M, NaCl) in a 1 cm path
length quartz cuvette. In all cases, the pH was checked after each
kinetic run. The pseudo-first-order kinetic constants k,, were obtained
by multiwavelength global analysis, employing data measured in the
UV—vis—NIR range. Plots of k,, vs [OH™] were employed to
calculate the second-order rate constant (see text). Rate constants,
ko, at different temperatures (range 20—40 °C) were employed to
estimate the activation parameters (enthalpies and entropies) through
an Eyring plot, In(koy/T) vs 1/T. The determination of the
equilibrium constant for the addition of OH~ was performed
spectrophotometrically, employing equilibrated solutions containing
[1]* and [2]** at different pH values (H,PO,”/HPO,*” 0.33 M buffer
solution, I = 1 M, NaCl). The solutions were allowed to equilibrate for
24 hs before recording the spectra, which were treated with global
analysis techniques.*>*

X-ray Crystallographic Data Collection and Refinement of
the Structures. Tiny, single crystals of red [1](ClO,) and yellow
[2](Cl10,); were coated with perfluoropolyether, picked up with nylon
loops, and mounted in the nitrogen cold stream of a Bruker AXS
Kappa Mach3/APEX II diffractometer equipped with a Mo-target
rotating-anode X-ray source and INCOATEC Helios Mirror X-ray
optics (4 = 0.71073 A). Final cell constants were obtained from least-
squares fits of several thousand strong reflections. Intensities of
redundant reflections were used to correct for absorption using the
program SADABS.*’ The structure was readily solved by Patterson
methods and subsequent difference Fourier techniques. The Siemens
ShelXTL* software package was used for solution and artwork of the
structures, and ShelXL97" was used for the refinement. All non-
hydrogen atoms were anisotropically refined, and hydrogen atoms
bound to carbon were placed at calculated positions and refined as
riding atoms with isotropic displacement parameters. Hydrogen atoms
bound to the water molecule in [1](ClO,) could not be located from
the difference map due to disorder.

All components in the unit cell of [1](ClO,) reside on, or next to, a
crystallographic mirror plane, which leads to severe disorder of the
macrocyclic ligand in the cation, the anion, the acetonitrile, and the
water molecule of crystallization. A split atom model with restrained
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thermal displacement parameters and bond distances using EADP and
SADI instructions of ShelXL97 was successfully refined to account for
this disorder.

Several crystals of [2](ClO,); were mounted and tested on the
diffractometer, but reflex profiles showed that most of them were
twined. Intensity data were collected on the best specimen, but
refinement of the structure showed that there must have been a tiny
non meroheral twin component present in the crystal which gave rise
to a number of reflections with increased intensities. This resulted in
some unusually high final difference density peaks. The two most
intense peaks show densities of about 4.7 and 3.7 e A™> (see level-B
alarm in Checkeif file), and there are five more peaks with intensities
between 2 and 1.5 e A which cannot be chemically interpreted.

Final crystallographic data and values of R; and wR of all crystals are
listed in Table 1, while the main angles and distances are listed in
Table 2.

Table 1. Crystallographic Data

[1](Cl0,):CH;CNH,0 [2](c10,);
formula C,,H;,CIN;O,Ru CoH,0CLNO;Ru
M, 633.07 756.90
crystal system orthorhombic orthorhombic
space group Pnma Pbca
a/A 25.250(9) 15.1877(19)
b/A 12.053(4) 11.7191(15)
/A 8.325(3) 30.919(4)
V/A? 2533.60(15) 5503.20(12)

z 4 8

D/ Mg m™ 1.660 1.827

T/K 100(2) 100(2)

u, mm™! 0.781 0.938
data/parameters 5296/382 9601/272

0 range/deg 3.38 —33.89 1.32 —32.07
collected/unique refl. 54996/5296 113531/9601

Ry, wR, (I > 26(D))* 0.0688, 0.1676 0.0608, 0.1433
R,, wR, (all data) 0.0745, 0.1706 0.0783, 0.1529
GoF (F?) 1.263 1.187
“R-indices defined as: R, = ZIIE,| — |IFII/ZIF,|, wR, = [Zw(F, - F.2)*/

S(E7)]

Theoretical Calculations. We employed density functional theory
(DFT) computations to fully optimize the ground-state geometries of
all the species described in this work. The calculations were done with
Gaussian 03°° using Becke’s three parameter hybrid functional with the
correlation functional of Lee, Yang, and Parr formalized as the B3LYP
hybrid functional®" and the effective core potential basis set
LanL2DZ,>* which proved to be suitable for geometry predictions in
coordination compounds containing metals of the second row of the
transition elements in the Periodic Table. We used tight SCF
convergence criteria and default settings in the geometry optimiza-
tions. For the species holding bent Ru—N—O moieties the
computations involved a potential energy surface scan of the dihedral
O—N-Ru—N(bpy) angle, which revealed in all cases two possible
local minima corresponding roughly to a 180° change in the above-
mentioned dihedral angle. The nature of the resulting stationary points
was in all cases tested by computing the vibrational spectrum. The
geometry of the two conformers obtained for each species turned out
to be very similar, with practically identical coligand environments
except for the disposition of the NO fragment. The explored potential
energy surfaces were rather flat with small energy barriers between
conformers compatible with free rotation of the NO moiety.

The analysis of the electronic structure was complemented with
(TD)DFT computations including up to 70 states of the same
multiplicity as that of the ground state. The spectra were computed at
the gas-phase geometry of the lowest energy conformer of each
species, and solvation effects in aqueous solution were taken into
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Table 2. Selected Bond Lengths (A) and Angles (deg)

[1](ClO,):CH,;CN-H,0 [2](Cl0,),;
Rul-N1 2.018(5) 1.768(4)
Rul-N2 2.150(6) 2.128(4)
Rul-N3 2.152(19) 2.142(3)
Rul—N4 2.204(19) 2.150(3)
Rul—N5 2.084(3) 2.143(3)
Rul—-N6 2.084(3) 2.129(3)
N1-01 1.250(6) 1.135(5)
N1-02 1.261(6) -
NI1-Rul-N2 173.9(2) 171.30(15)
N1-Rul-N3 92.6(3) 94.35(16)
NI1-Rul—-N4 98.7(3) 88.85(15)
N1-Rul-NS§ 87.20(13) 94.50(14)
N1-Rul-N6 87.20(13) 93.84(16)
N2—Rul-N3 82.1(4) 81.95(13)
N2—Rul-N4 81.5(4) 82.84(13)
N2—Rul—-N5 92.1(2) 93.88(13)
N2—Rul-N6 98.6(2) 90.29(13)
N3—Rul—-N4 80.6(2) 81.61(13)
N3—Rul-N§ 100.2(3) 99.61(13)
N3—Rul-N6 178.1(3) 171.41(14)
N4—Rul-N$ 174.0(3) 176.32(13)
N4—Rul-N6 101.3(3) 101.16(13)
N5—Rul-N6 77.83(18) 77.13(13)
Rul-N1-01 123.0(4) 172.5(4)
Rul-N1-02 120.0(3) -
01-N1-02 117.0(4) -

account, employing the PCM approximation, as implemented in
Gaussian 03.

B RESULTS AND DISCUSSION

Preparation, Structural Characterization, and Vibra-
tional Analysis. The properties of octahedral {MNO}" (n = 6
— 8) complexes may be tuned by an appropriate selection of
the coordination sphere of the {MNO} fragments. In general
terms, octahedral {MNO}® species contain almost invariably
quasi-linear MNO moieties, comparatively high vy values
(1800—2000 cm™), and are mostly unreactive toward nitrosyl
dissociation. The reduced {MNO}"® complexes display lower
values of vy and bent M—N-O moieties”* and may experience
labilization of NO or of the trans coligands.”*~*° The nature of
the coordination sphere controls the redox potential of the
{MNO} fragments, so that electron-withdrawing ancillary
ligands facilitate the accessibility of the lower oxidation states
of the nitrosyl-group.”> The overall composition of the
coordination sphere also affects other properties, such as the
electrophilic reactivity of {MNO}® species toward nucleophiles.
The evidence shows that those species based on electron-
acceptor coligands are more prone to react with nucleophiles
such as OH™,”” a fact that may limit their use in aqueous
medium. In order to obtain robust compounds with sufficiently
high redox potentials and medium-to-low electrophilic
reactivity to allow studying the different redox states in
aqueous medium, we built the coordination sphere of a new
system based on a mild o-donor tridentate ligand, 1,4,7-
trimethyl-1,4,7-triazacyclononane (Me;[9]aneN;), and 2,2’
bipyridine (bpy), a moderate acceptor bidentate fragment.
The precursor [Ru(Me;[9]aneN;)(bpy)(H,0)]** was readily
obtained in good yield by a well-described procedure.** The
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aqua complex was subsequently employed to prepare the nitro
species following a traditional route that involves the direct
reaction with NO,™ in aqueous medium (eq 1). The nitrosyl-
compound became finally available upon acidification, due to
the acid—base equilibrium described by eq 2.

[Ru(Me;[9]aneN;) (bpy) (H,0)]** + NO;

2 [Ru(Me,[9]aneN;) (bpy)(NO,)]* + H,0 (1)
[Ru(Me;[9]aneN;) (bpy) (NO)** + 20H™
2 [Ru(Me;[9]aneN;) (bpy) (NO,)]" + H,0 ©)

Following these classic strategies we were able to isolate [1]*
and [2]*" as ClO, salts (see Table 1). Figure 1 displays an
ORTEP representation of the cations crystallized in this work.
Table 2 lists the most relevant structural parameters. In both
structures the metal atom is located in a distorted octahedral
environment comprising six N-atoms. The nitro-species [1]*
displays a Ru—N(1) bond length of 2.018(5) A, in agreement
with other reports of Ru nitro complexes containing a bpy
ligand.*®** The Ru—N(5) and Ru—N(6) distances of 2.084(3)
A and the Ru-bpy N(5)—Ru-N(6) bite angle of 77.83(18)° are
also typical Ru-bpy metric parameters, and in fact compare well
with the ones in the closely related [Ru(Me;[9]aneN;)bpy-
(H,0)]** (Ru—N(5) = 2.093(5) A, Ru—N(6) = 2.087(4) A,
N(5)—Ru—N(6) = 77.6(2)°).** The three bond lengths to the
tridentate Me;[9]aneN; N atoms are slightly longer (Ru—N(2)
= 2.150(6) A, Ru—N(3) = 2.152 A, and Ru—N(4) = 2.204 4,
and the three bite angles are slightly closer to 90° than in the
case of the bpy, due to the higher flexibility of the Me;[9]aneN,
ring. Also in this case, the structural parameters are similar to
the ones reported in the aqua species (Ru—N(2) = 2.087(4) A,
Ru—N(3) = 2.149(5) A, and Ru—N(4) = 2.154(4) A).*

The nitrosyl bearing cation [2]*" shows an important
contraction of the Ru—N(1) bond, which is at 1.768(4) A.
The N(1)—O(1) distance and the Ru—N—O angles are
1.135(5) A and 172.5(4)°, respectively. The Ru—N(1) and
N(1)—O(1) lengths are comparable to the ones reported in
[Ru([9]aneS;)bpy(NO)]** (1.766(4) A and 1.127(5) A,
respectively),60 [Ru(Tpb)bpy(NO)]** (1.753(3) A and
1.138(3) A),*” and [Ru(Tpm)bpy(NO)]** (1.774(12) A and
1.093 A).*" (Tpm = trispyrazolylmethane, Tpb~ = hydro-
trispyrazolylborate). The three Ru—N(Me;[9]aneN;) bonds
are also shorter than those in [1]* (2.128(4), 2.142(3) and
2.150(3) A). These changes reflect the higher m-acceptor
capability of the nitrosyl group (formally, a NO™-species)
compared to the nitro-ligand, and are consistent with the ones
observed in other {RuNO}® species. Strikingly, the nitro to
nitrosyl conversion lengthens the Ru—N(S) and Ru—N(6)
bonds to 2.143(3) and 2.129(3) A, respectively, values which
are much longer than in [1]*, in the structurally related
[Ru(tpb)bpy(NO)]** (2.087(3) and 2.072(3) A) and in
[Ru(tpm)bpy(NO)]* (2.015(12) and 2.031(12) A). This
apparently inconsistent observation is actually due to enhanced
steric interaction of the N(2)-methyl substituent with an
aromatic ring of the bpy ligand. This interaction forces also a
slight departure of the bpy from the plane defined by the metal
center and the other equatorial nitrogen atoms. The overall
metric parameters are consistent with the expectations
according to the Enemark—Feltham model for a {Ru-NO}*
formulation.'® The comparison with the nitrosyl species based
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Figure 1. Structures of the cations in crystals of [1](ClO,)-CH,CN-H,O (top, left) and [2](ClO,); (top, right). Perspective view with thermal
ellipsoids at the 30% probability level. DFT optimized geometries for the isolated cations [1]* (bottom, left) and [2]** (bottom, right) in vacuo.

Table 3. Selected Metric Parameters and Mayer Bond Orders (in parentheses) Obtained From DFT Computations

[1]* [2]*
Bond Lengths (A)
Rul-N1 2.05 (0.48) 1.78 (1.04)
Rul-N2 223 (0.31) 2.18 (0.54)
Rul—N3 2.24 (0.37) 223 (0.53)
Rul—-N4 224 (0.35) 222 (0.52)
Rul—-NS5 2.11 (0.39) 2.16 (0.50)
Rul-N6 2.13 (0.39) 2.18 (0.50)
NI1-01 1.30 (1.39) 1.18 (1.82)
N1-02 1.29 (1.34) -
N1-H
Bond Angles (deg)
Rul-N1-01 1203 179.5
Ru—N1-02 120.6

2] [2-H]* (2]
1.90 (0.84) 1.93 (0.77) 1.91 (1.18)
222 (0.39) 222 (0.37) 241 (0.20)
222 (0.41) 2.24 (0.44) 228 (0.32)
222 (042) 223 (0.43) 227 (0.32)

2.15 .(0.41) 2.14 (0.40) 2.10 (0.41)
2.15 (0.41) 2.15 (0.40) 2.11 (041)
1.22 (1.58) 1.28 (1.43) 1.27 (1.45)

1.05 (0.79)
1424 127.5 1229

on Tpm and Tpb~ suggests a strong similarity in the donor/
acceptor averaged properties of the coligand environments.

Table 3 and Figure 1 contain analogous information
extracted from the DFT optimized geometries for [1]* and
[2]%". The almost linear {RuNO} moieties observed in [2]3*
are properly described, as well as the structural changes
expected in the nitrosyl-nitro acid—base conversion. A
thorough comparison reveals that the theoretical Ru—N bond
lengths are slightly (and consistently) overestimated, a behavior
already reported when comparing experimental and theoret-
ically produced bond lengths at this level of theory in transition
metal complexes®® and in particular in other {RuNO}®
systems.57/S1636+

The DFT computations reproduce the principal features
observed in the vibrational spectra of all the species and allow
for a complete assignment of the vibrational modes.®® In
general terms, there is a very good agreement between
experimental and theoretically derived magnitudes, a fact that
contributes to validation of the theoretical methodology. The
computed vyo frequency for [2]**, 1859 cm™, can be
compared with 2219 cm™', obtained at exactly the same level

985

of theory for the free NO* cation (Supporting Information,
Table S2). Upon coordination the predicted vy is reduced by
~14%, an indication of m-backbonding, which involves partial
population of a nitrosyl-centered antibonding orbital. The same
comparison performed with [Fe(NO)(cyclam-ac)]** (cyclam-
ac” = 1,4,8,11-tetraazacyclotetradecane-1-acetate) led to a 20%
reduction of o, suggesting that the backbonding in the
ruthenium complex is smaller than in the iron case. A similar
behavior was observed in the backbonding trends in the series
of [MY(CN)pz]*~complexes (M = Fe, Ru, Os)® and
interpreted in terms of the more favorable energy match
between dg. and 7%, orbitals over the lesser overlapping
capability of the 3d orbitals.

The experimental value of 1899 cm™ for vy is intermediate
in the context of the wide range (~1800—2000 cm™')
measured for nitrosyl-complexes with a formally assigned
NO*-character (see Table 4). Complexes with higher values of
Uno contain strongly sm-acceptor coligands that compete with
nitrosyl for the electron density.z’57 On the other hand, the
combination of donor- and acceptor-coligands in the
coordination sphere of [2]% makes ruthenium more electron-
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Table 4. Selected Structural Parameters in Related Octahedral {MNO}" Compounds (n = 6—8)

compd Chers” dy-o” LM_N_Ob Uno' ref

n==6
[Ru(Me;[9]aneN,)(bpy)(NO)](ClO,), 1.768(4) 1.135(5) 172.5(4) 1899 this work
[Ru(Me;[9]aneS;)(bpy) (NO)](ClO,), 1.766(4) 1.127(5) 176.5(4) 1945 60
[Ru(OEP)(NO)(OH,)]BE,-H,0 1.888(5) 1.138(12) 171.0(7) 1853 68
Ru(TTP)(NO)(OH) 1.751(5) 1.142(8) 167.4(6) 1813 69
Ru(OEP)(NO)(ONO) 1.758(7) 1.177(9) 174.0(8) 1835 70
Ru(OEP)(NO)(S-NACysMe) 1.790(S) 1.123(8) 174.8(6) 1791 71
Ru(OEP)(NO)(p-C¢H,F) 1.807(3) 1.146(4) 154.9(3) 1759 72
[Ru(NH,)4(NO)]Cl;*H,0 1.770(9) 1.172(4) 172.8(9) 1903 4,73
t-[Ru(NH;),(NO)(OH,)]Cl;*H,0 1.793, 1.715(5) 1.142(7) 178.1(5) 1912 74
[Ru(cyclam)CI(NO)](ClO,), 1.747(4) 1.128(5) - 1875 56,75
[Ru(bpy),CI(NO)](ClO,), 1.751(6) 1.132(9) 170.4(S) 1920 76
[Ru(DMAP),(OH)(NO)](BE,),"2H,0 1.748(8) 1.245(8) 169.3(6) 1832 64
Na,[Ru(CN);NO]-2H,0 1.773(3) 1.130(4) 1744(3) 1926 77
[Fe(cyclam-Ac)(NO)](ClO,)CI'H,O 1.663(4) 1.132(5) 175.5(3) 1893 66
[Fe(TPP)(NO)(OH,)]ClO, 1.652(5) 1.15(0) 174.4(10) 1937 72
[Fe(OEP)(NO)(1-MeIm)]CIO, 1.6465(17) 1.135(2) 177.28(17) 1921 78
Fe(TpivPP)(NO)(NO,) 1.668(2) 1.132(3) 180.0 1893 79
Fe(OEP)(NO)(p-C¢H,F) 1.728(2) 1.153(3) 157.4(2) 1839 80
[Fe([9]aneN;)(NO)(ONO)(NO,)]CIO, 1.644(4) - 171.2(4) 1907 81
[Fe(pyS,)(NO)]PF, 1.634(3) 1.141(3) 179.5(3) 1893 82

n="7
[Fe(Me;[9]aneN;)(NO)](N;), 1.738(5) 1.142(7) 155.5(10) 1690 83
t-[Fe(cyclam)CI(NO)]CIO, 1.820(4) 144.0(6) 1611 81
Fe(pyS,)(NO)-2CH,Cl, 1.712(3) 1.211(7) 143.8(5) 1648 82
[Fe(NO)(pyN,)]Br, 1.737(6) 1.175(8) 139.4(5) 1620 84
[Fe(cyclam-Ac)(NO)](PF), 1.722(4) 1.166(6) 148.7(4) 1615 66

n=3_8
[Rh(AcN),;(NO)(PPh;),] (PF), 2.026(8) 1.139(10) 118.4(6) 22
[Ir(AcN),;(NO)(PPh;),](PF), 1.965(20) 1.28(2) 111(1) 1685 21
[Pd(CH,CMe,-0-C¢H,)(tpb)(NO)] 2.016(5) 1.151(7) 118.3(5) 1650 20
t-[CoCI(NO)(en),](ClO,) 1.820(11) 1.043(17) 124.4(11) 24
[Pt(NH,),(S0,)(NO)](HSO,)-CH,CN 2.081(2) 1.133(3) 117.4(2) 1714 35
[Co(NO)(das),(NCS)](NCS) 1.85(1) 1.00(1) 132.3(14) 1587, 1561 23
[Co(NH,)(NO)]Cl, 1.871(6) 1.154(7) 119.0(9) 34
IrHCL,(PPh,),(HNO) 1.879(7) 1.235(11) 129.8(7) 1493 30
0sCL,(CO)(PPh;),(HNO) 1.915(6) 1.193(7) 136.9(6) 1410 29
Ru(pyS,)(HNO) 1.875(7) 1.242(9) 130.0(6) 1358 31

“Distances in A. ¥In degrees. “Infrared frequencies in cm™'. Abbreviations used for the ligands: [9]aneN, = 1,4,7-triazacyclononane; Me;[9]aneN, =
1,4,7-trimethyl-1,4,7-triazacyclononane; bpy =2,2’-bipyridine; Me;[9]aneS; = 1,4,7-trimethyl-1,4,7-trithiocyclononane; OEP = octaethylporphyrin
dianion; TTP = tetra-p-tolylporphyrinato dianion, NACysMe = N-acetyl-L-cysteinate methyl ester; TPP = meso-tetraphenylporphyrin dianion; 1-
Melm = 1-methylimidazole; cyclam =1,4,8,11-tetraazacyclotetradecane; DMAP = 4-dimethylaminopyridine; cyclam-Ac = 1,4,8,11-tetraazacyclote-
tradecane-1-acetate; TpivPP = a,a,a,, -tetrakis(o-pivalamidophenyl)-porphyrin dianion; pyS, = 2,6-bis-(2-mercaptophenylthiomethyl)pyridine
dianion; pyN, = N,N’-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine; AcN = acetonitrile; PPh; = triphenylphosphine; tpb = hydro-
trispirazolylborate; en =1,2-diaminoethane; das = o-phenylenebis(dimethylarsine)

rich and a stronger z-donor toward nitrosyl. The downward lifted because of the low symmetry of the molecule, yielding
shift in vyo to 1861 cm™ with labeled N agrees with values three d orbitals of different (but close) energy. The LUMO of
found for other nitrosyl-complexes.*”**® the molecule resides on a bpy-centered 7* orbital. The latter is

{RUNO}® Species in Aqueous Solution. Solutions of the the acceptor orbital involved in the lowest energy metal-to-
nitro-complex [1]* are intensely red colored. Figure 2 shows ligand charge transfer (MLCT) transition responsible for the
the electronic spectrum of [1]* in water at pH 10.0 overlaid lowest energy band of the spectrum. A second MLCT involving
with the (TD)DFT computed transitions and a MO diagram higher energy bpy orbitals shows up at lower wavelength,
obtained from the DFT computations, which help to establish overlapped with the Ru—7n*yo, CT absorption. A series of
the electronic structure for the species. A complete list of the intraligand 7 — #* transitions are responsible for the bands
computed transition energies, intensities and orbital description that show up at ~300 nm.
as obtained from (TD)DFT can be found in the Supporting Figure 2 also displays the analogous information for [2]**. In
Information (Tables S4—S6). Table 6 lists the experimental this case the spectrum was recorded in acidic medium (pH 2.0).
energies and intensities. The MO diagram obtained from the The most remarkable feature is the absence of the Ru —
DFT computations (Figure 2) helps in the following discussion 7*(bpy) MLCT bands in the visible region. This is a
of the spectrum. The degeneracy of the t,, set is completely consequence of the strong z-interaction between metal d
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Figure 2. Experimental and computed ((TD)DFT) UV—vis spectrum and frontier orbitals of [1]* (left) and [2]** (right) in water.

orbitals and 7*yo-centered orbitals, which results in a large
stabilization of the t,; set. This phenomenon is common to
other nitrosyl bearing species®”*****%% and can be well
appreciated in the molecular orbital diagram. The LUMO and
LUMO+1 MOs are mostly located on the nitrosyl moiety with
~27% contribution from metal center orbitals, reflecting a
substantial 7-backbonding comparable to the one calculated in
[Ru(tpm) (bpy)NOJ** (25—30%)®" and [Ru(DMAP),(OH)-
(NO)J** (30%).°* This back-donation mechanism partially
transfers electron density form the metal center to the z*
orbitals of the coordinated NO*,'* and is responsible for the
observed lowering of vy from 2377 cm™ in free NO*? to
1899 cm™ in [2]*. The light-yellow color of the aqueous
solutions of [2]*" is mostly due to the low energy tail of
intraligand- and ligand-to-ligand transitions. On the basis of the
(TD)DFT analysis, the very weak absorption on the low energy
side of the spectrum at ~450—500 nm can be assigned to a dg,
— ¥y CT transition. This interpretation agrees with reports
for other octahedral {RuNO}° compounds.s“’“’86 The
spectrum of [2]*" is virtually solvent independent (Supporting
Information, Figure S6). On the contrary, the MLCT bands of
the nitro-species [1]* shift to higher energy when the spectrum
is recorded in water. This fact seems to be related to specific
hydrogen-bond interactions between the NO,™ groups and the
solvent, as already described in other systems.’

987

Pseudo-octahedral nitrosyl species as the one described here
are well-known for their inertness toward dissociation of the
ligands in the coordination sphere. In contrast, they participate
in electrophilic reactions that involve the (formally) coordi-
nated NO*. Apart from the inherent interest of this kind of
processes, the conversion between coordinated NO,™ and NO*
is crucial at the early stages of nitrite-reductases activity, not
only requiring N-bound nitrite coordination on a Fe(II)-aqua
site, but also a proton-assisted dehydration leading to bound
NO", which has an appropriate low-energy LUMO for further
reduction.'”” Studying the reactions with aqueous OH™ is
indispensable to establish the pH window where the nitrosyl
species predominates over the nitro-complexes in the
interconversion process described by eq 2. The reaction
between [2]3* and OH™ is of first order in the concentration
of the nitrosyl-bearing species. Experiments with different
concentrations of the nucleophile (Supporting Information,
Figure S7) rendered values for the first order (OH™)-
dependent rate constant k. The mechanism® for the NO*
— NO,” conversion (described by eq 2) involves several steps
(egs 3-5).

[M — NOJ** 4+ OH™ = {[M — NOJ**---OH} (3)
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ka p—
{IM - NOJ**--.-OH"} £ [M — NO,H]*'*
Ko

4)
_ x—1+ - E‘; _ x=2+
[M — NO,H] + OH 2 [M — NO,] + H,0

©)

yielding the following rate law

1
[OHIK,,

v= kOH{[OH‘] + }[[M - NO**]

(6)

where K, = Kip((kyq)/(k_a))kq and koy = Kipk,g
At sufficiently high concentration of OH™, eq 6 simplifies to

v = koy[OH][[M — NOJ**] 7)

koy at 25.0 °C was extracted from the linear region of the kg,
vs [OH™] plot (Supporting Information, Figure S7) resulting in
a value of (1.266 + 0.007) X 10* M~ s™. The Kjp value was
estimated as 2.10 in terms of the Fuoss model,*” employing the
molecular volume obtained from the DFT computations to
estimate the contact distance within the ion-pair. On this basis,
k.4, the intrinsic first-order rate constant associated with eq 4
results (6.028 + 0.003) X 10° s™'. The temperature
dependence experiments allowed obtaining the activation
parameters, AH™ = 20.2 + 0.1 kJ mol ! and AS¥ = +106.9 +
0.4 J K™' mol™", which agree with the general mechanistic
picture of the addition reactions on bound nitrosyl.>” The
overall equilibrium constant K, obtained upon equilibration at
different pH values resulted (1.8 + 0.4) X 10, The most
oxidizing nitrosonium-complexes afford larger equilibrium
constants and nucleophilic addition rates, and in fact, In (k)
and the redox potential of the {MNO}*/{MNO}’ couple are
linked by a linear free energy relation,” as frequently found in
the correlation of kinetic vs thermodynamic parameters for a
set of reactions governed by the same mechanism.” The newly
reported compound fits well in the general trend observed for
other nitrosyl-species (see later for the E° value associated with
the first reduction process). These experiments establish the
pH regions of predominance and coexistence of [1]* and [2]**
and therefore the conditions required to safely use solutions of
[1]*, a piece of information that will become crucial when
exploring the spectroscopic and redox properties of this species.

Redox Behavior, Accessibility and Characterization of
the {RuNO} State. Figure 3 shows a typical cyclic
voltammogram (CV) of [2]** in water solution (pH = 4.5,
acetic acid/acetate 0.3 M buffer solution, I = 1M, NaCl).
Within the redox window of the solvent, the species displays
two 1-electron redox processes. The first wave at 0.20 V is
reversible, as shown by AE, in the range 60 — 90 mV and I, ~
v!/2°1 A similar reversible redox process is also observed in
acetonitrile/0.1 M TBAPF, (Figure 3, bottom), though the
half-wave potential is shifted to 0.53 V. We observed a shift of
the same sign but somewhat smaller magnitude (0.20 V) for the
same process in cis-[Ru(LPY)NO]** (LPY = N-(2-
methylpyridyl)1,4,8,11-tetraazacyclotetradecane)®® and an al-
most identical difference of about 300 mV in [Ru(tpm)(bpy)-
NOJ**5! The differences can be traced back to changes in the
dielectric properties of both solvents, which would favor the
reduction process in a less polar medium.

Figure 4 shows the spectral evolution for the electrochemical
reduction of [2]** in water monitored in the UV—vis range (see
details in the Experimental Section). The redox conversion
proved fully reversible, and solutions of the reduced species
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Figure 3. Cyclic voltammogram of [2]** in water, at pH 4.5 (acetic
acid/acetate 0.3 M, I = 1 M (NaCl), (top) and in acetonitrile, [ = 1 M
(TBAPF,) (bottom), Scan rate = 200 mV s™, T = 25 °C. E in V vs
AgCl (NaCl 3M)/Ag’.
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Figure 4. Spectroelectrochemistry of the [2]** — [2]** redox
conversion in aqueous HCl, pH = 2.0, I = 1 M (NaCl) (top), and
in acetonitrile, I = 1 M (TBAPFy), T = —30 °C (bottom). See the
Experimental Section for details. The arrows indicate the spectral
changes along the reduction process. The insets represent the fraction
of [2]* and [2]** as obtained from the global analysis.
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Table 5. IR Vibrational Frequencies and Redox Potentials for
Species

a
Uno

1899° (1861)7
1934° (1898)%¢

compd

[Ru(Me;[9]aneN;) (bPY) (NO)](ClO,),

[Ru(Tpm)(bpy)(NO)](ClO,);-1/2H,0 1959°¢

1962°¢
[Ru(cyclam-py)(NO)](PF), 1917¢
[Ru(DMAP),(OH)(NO)](BE,),"2H,0 1832¢

1844°
[Ru(bpy),(C1)(NO)](PF), 1912¢
[Ru(trpy) (bpy) (NO)](PFe); 1952¢
[Ru(py)4(cl) (NO)](PFq),'1/2H,0 1910°
[Ru(Me;[9]aneS;)(bpy) (NO)](ClO,), 1945°¢
[Fe(cyclam-Ac)(NO)](ClO,)CI-H,O 1893°

1903°

[Ru(Me;[9]aneN;)(bpy)(NO)](ClO,); and Selected Nitrosyl

Ey;’
H,0 AcN ref
0.20" (0.21)" 0.53 (047) this work
—0.56 (—0.56)" —044" (—0.56)’
0.01'¢ (0.02)8"
031 0.60 61
—-0.20
—-0.02 0.18 86
—-0.78
—0.46 64
-1.29
023 57,76, 92
—-0.39
048 93
—0.17
0.34 57, 76, 92
—0.56'
0.52 60
0.10/
0.49 66
-0.89

“em~'. PE, J» values in V vs Ag/AgCl (3 M, NaCl) obtained from CV experiments, unless otherwise stated. “In KBr. d[Ru(Me3[9]aneN3)(bpy)-
(*NO)](ClO,);. “In acetonitrile/0.1 M (n-Bu),NPF,. fObtained from CV or SWV scans. See text for details. £Extrapolated to pH = 0. "From
spectroelectrochemistry at room temperature. See text for details. From spectroelectrochemistry at —40 °C. See text for details. /Irreversible E, .
Abbreviations used for the ligands: Me;[9]aneN; = 1,4,7-trimethyl-1,4,7-triazacyclononane; bpy =2,2-bipyridine; Me;[9]aneS; = 1,4,7-trimethyl-

1,4,7-trithiocyclononane; DMAP =

4-dimethylaminopyridine; cyclam-Ac = 1,4,8,11-tetraazacyclotetradecane-1-acetate; Tpm =

tris-pyrazolyl

methane; trpy =2,2':6",2"-terpyridine; cyclam-py = N-(2-methylpyridyl) 1,4,8,11-tetraazacyclotetradecane; py = pyridine.

remained stable for several hours in the absence of oxygen. A
global analysis performed over the spectroscopic data is
consistent with the presence of only two colored species
along the whole electrochemical conversion. The quantitative
treatment of the data nicely confirms the clean l-electron
reduction yielding the reduced [2]*', anticipated by the CV
experiment. The global analysis also renders the UV—vis
spectra of the pure species and the redox potential, which
agrees within error of the methodology with data obtained by
CV (Table 5). The absorption spectrum of [2]** is displayed in
Figure S, and the absorption maxima and extinction coefficients
are summarized in Table 6. It is worth noting that the
absorption spectrum of solutions of [2]** remains unchanged
for long periods of time even if after the controlled potential
reduction of [2]** the pH of the solutions is modified
appropriately to any value in the range between 1 and 14. As we
will see later, these solutions will allow exploring the redox
behavior of [2]** in a wide range of acidity conditions.
Spectral changes in the UV—vis region observed upon
reduction of [2]3* in acetonitrile were almost identical to the
ones observed in water (Table 6), suggesting that the identity
and the electronic structures of the 1-electron reduced species
in water and acetonitrile are the same. In addition, the use of
acetonitrile as solvent enabled the possibility to explore the
changes in the vibrational spectrum along the reduction
process. In solution, [2]*" shows an intense peak associated
to the NO stretching vibration at 1934 cm™, which shifts to
1898 cm™ in the "N labeled analog ['*2]**. Upon I-electron
reduction, these bands shift to 1637 and 1605 cm™,
respectively (see Figure 6). Nitrosyl-centered 1-electron
reductions of octahedral {MNO}® species, as already reported
for M = Fe and Ru,>® are expected to induce a shift of ~300
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em ™! in vy along with significant structural changes along the
M—-N-O axis. The DFT geometry optimization of [2]*
(Figure 7a and Table 3) confirms this expectation. The
computed values of 1o at 1620 and 1590 ecm™ for [2]** and
['52]**, respectively, are in very good agreement with the
experiments. Altogether, UV—vis and IR spectroscopic results
are compatible with the following stoichiometry of the redox
process:

[Ru(Me;[9]aneN;,) (bpy) (NO)T** + e~

— [Ru(Me;[9]aneN,) (bpy) (NO)** (8)

The DFT optimized structure of the [2]** cation (Table 3
and Figure 7) reveals a marked lengthening of the Ru(1)—N(1)
and N(1)—O(1) bonds to 1.90 and 1.22 A, respectively,
compared to [2]**, and the bending of the Ru—N(1)-O(1)
angle to about 144°. The Ru—N(2) bond length (ie., the one
that involves the nitrogen atom trans to the NO group)
increases by ~0.04 A. This fact reduces the steric interaction
with the bpy-atoms and allows for a slight shortening of the
Ru—N(S) and Ru—N(6) bonds (Table 3). The structural
changes combined with the reduction of the N(1)—O(1)
Mayer bond order from 1.82 in [2]** to 1.58 reflect the
population of a formally 7-antibonding orbital located mostly
on the NO fragment. The computed spin density indicates that
the SOMO is mostly n*yo in character (Supporting
Information, Figure S8), in total agreement with a {RuNO}®
— {RuNO]’ conversion. This fact is also compatible with the
9% reduction of vy if compared to the one obtained for NO in
the gas phase (1771 cm™', Supporting Information, Table S2).
MO analyses reveal a split t,, set closer in energy to the
HOMO of the molecule than in the nitrosyl parent compounds,
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Table 6. Electronic Spectra of [1]*, [2]%, [2]**, [2]*, and [2-
H]2+

Jnap N (g, M™! cm ™)

H,0 CH,CN
[1]* 294 (2.40 x 10%) 295 (2.59 x 10%)
366 (4.43 x 10%) 338 (5.96 x 10%)
446 (3.59 x 10°) 480 (5.29 X 10°)
2] 312 (9.70 x 10%) 310 (9.06 x 10%)
340sh (4.38 x 10%) 338sh (4.72 x 10%)
492 (6.10 x 10") 460 (3.36 X 10%)
[2)*> 250 (1.55 x 10%) 252 (127 x 10%)
316 (1.21 x 10%) 316 (1.05 x 10%)
506 (3.55 x 10%) 506 (2.21 x 10%)
[2]* 290 (1.37 x 10%) 298 (1.82 x 10%)
374 (2.02 x 10%) 356 (3.06 x 10%)
440 (2.07 x 10%) 480 (3.56 X 10%)
[2-H]* 258 (141 x 10%)
302 (1.14 x 10%)
318 (1.14 x 10%)
376 (5.67 x 10%)

and a smaller z-interaction with the NO fragment, in agreement
with a smaller reduction of the N—O stretching frequency

990

A

A WA - N T2
pr=Orapysippeveedlv

1800 1700
wavenumber / cm ™!

Figure 6. Spectroelectrochemistry of the [2]3* — [2]** (top) and
157213 — '8[2]** (bottom) redox conversions in acetonitrile, I = 1 M
(TBAPF;). See the experimental section for details. The arrows
indicate the spectral changes upon reduction.

between free and coordinated NO than the one computed in
[2]3*. The diminished M-NO orbital interaction results also in
a smaller dp,-7*, energy gap, that reflects in the position and
intensity of the low energy absorption bands in the visible
region of the spectrum (Table 6 and Figure S).

The experimental half wave potentials registered for the
{RuNO}*/{RuNO} couples from CV, SWV or spectroelec-
trochemistry experiments performed employing solutions of
[2]** turned to be independent of the pH in the acidic range.
The same result was obtained when the redox conversion was
explored employing solutions of [2]** prepared by 1-electron
reduction of [2]*" under spectroelectrochemical conditions.
However, once the concentration of OH™ becomes high
enough to promote the conversion to the nitro derivatives [1]*
(eq 2), no reduction of the latter could be detected at all,
though anodic SWV scans of [2]** solutions displayed pH-
dependent signals due to the coupled electrochemical oxidation
to [2]*" followed by chemical conversion of the latter to the
nitro species in the time scale of the experiment. The pH-
dependence of the signals is consistent (at least in the region
where the nitrosyl-to-nitro conversion is slow) with a 1le”/2H*
process.

The {RuNOY} to {RUNO}® Conversion. CV measurements
of acetonitrile solutions of [2]** at more cathodic potentials
revealed a second reversible wave at —0.44 V (Figure 3). Figure
8 displays the spectral evolution in the UV—vis and IR
spectroelectrochemical experiments, recorded with an applied
potential of —0.65 V. The global analysis of the electronic
spectra is again consistent with a 1-electron reduction process
involving only two colored species that convert reversibly into
each other with E° = —0.46 V. The electronic spectrum of the
reduced species [2]* consists of strong absorptions at 298 nm
(e=1.82x10*M"' cm™), 356 nm (¢ =3.06 X 10° M~' cm™)
and 480 nm (& = 3.56 X 10* M™' cm™). The evolution of the
IR spectra along the electrochemical reduction reveals the
disappearance of the vyo vibration associated with the
{RuNO}’ moiety, in parallel with the growth of two signals
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Figure 7. Optimized geometries obtained in the DFT optimization of (a) [2]**, (b) [2-H]** and (c) [2]*.
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Figure 8. UV—vis (top) and IR (bottom) spectroelectrochemical
reduction of [2]* in acetonitrile. See the Experimental Section for

details. The inset in the top panel corresponds to the fraction of [2]**
(circles) and [2]* (squares) along the spectroelectrochemistry.

at 1315 and 1286 cm™ (1290 and 1282 cm™ for *[2]**). To
our knowledge there are no examples of structurally (X-ray)
characterized pairs of {MNO}’ and {MNO}® species based on
the same coordination sphere.”* However, a shift of ~300 cm™
has been already observed in the {MNO}’ — {MNO}®
conversion of [Fe(NO)(cyclam-ac)]* in the same medium,*
suggesting that the redox process represented by eq 9 leads to
the analogous {RuNO}® moiety.

[Ru(Me;[9]aneN;) (bpy) (NO)** + e~
= [Ru(Me;[9]aneNy) (bpy) (NO)T*

991

An analogous reduction step is also observable in water,
although in this medium the process seems to be electro-
chemically irreversible on the CV time scale (Figure 3, top).
Nevertheless, controlled potential coulometry of solutions of
[2]** at pH 2.50 rendered chemically reversible 1-electron
conversions between two colored species, as revealed in the
electronic spectra of Figure 9. In contrast with the behavior
observed in the {RuNO}*/{RuNO}’ process, the spectral
changes recorded in aqueous acidic solutions and in organic
media are noticeably different. In water at pH 2.50, the
electronic spectrum of the species obtained by 1-electron
reduction of [2]** shows intense bands at 258 nm (g = 1.41 X
10*M™' em™), 302 nm (& = 1.14 X 10* M~ cm™), 318 nm (e
= 1.14 X 10* M~ cm™), and 376 nm (¢ = 5.67 X 10° M™!
cm™"). Such a difference in number, position and intensity of
the bands cannot be solely attributed to solvatochromism, and
is probably an indication that the aqueous species differs from
the one in acetonitrile. Modification of the pH at which this
redox process is explored reveals changes in the half-wave
potential of the couple of ~60 mV per pH unit. This
observation is independent of the experimental technique
employed in the exploration (SWV or spectroelectrochemis-
try). The evidence suggests that the second redox step recorded
in water corresponds to a proton-coupled 1-electron reduction
as described by eq 10.

[Ru(Me,[9]aneN,)(bpy) (NO)P**

+ e~ + H' - [Ru(Me,[9]aneN,) (bpy) (HNO)J*
(10)

We performed a DFT exploration of the HNO holding
species, similar to the one described above for the {RuNO}’
compound. The most remarkable structural differences with the
computed geometry of the {RuNO}’ species are a lengthening
of the N(1)—O(1) and Ru—N(1) bond lengths of ~0.06 and
0.03 A, respectively, and a more pronounced bending of the
Ru—N(1)—O(1) fragment to reach an angle close to 140°.
These changes are consequences of the addition of an electron
in an antibonding orbital of the coordinated ligand. There is no
substantial change in the Ru—N(2) bond length, sug%esting
that, in agreement with other computational studies, 5 the
HNO fragment does not induce a strong o-trans effect. The rest
of the coordination sphere remained roughly unaltered and
deserves no further comment. The vy stretching vibrations
associated with the HNO fragment show up in a rather
crowded region of the spectra strongly overlapped and
combined with bpy-centered vibrations. Several modes in the
fingerprint region have detectable N—O contributions. The
vibrational mode computed at 1376 cm™" is the one with the
largest NO character. As a comparison, the computed N—O
bond length and vyo obtained at exactly the same level of
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theory for the free HNO molecule are 1.25 A and 1483 cm™
(Supporting Information, Table S2), respectively. The longer
N—O bond length and lower vyq (a reduction of ~9%) value
computed upon coordination are consistent with a moderate 7-
backbonding from the metal center comparable to the one
described in the {RuNO}’ species. Values around 1380 cm™
assigned to vy have been found also for related metallo—
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. 10,33,36,37,96 . . .
nitroxyl complexes'®*****7%¢ and in a series of nitroso-adducts

containing (N(O)L)" ligands bound to M(II) centers (M = Fe,
Ru), with L = thiolate, sulfide, etc., reflecting a double bond
character in the nitrosyl group.”’

Consistently, the MO picture (Figure 10) reveals the t,, set
of dy, orbitals contributing to the HOMO, HOMO-1, and
HOMO-2 orbitals. The contribution of HNO-centered
orbitals to the HOMO and HOMO-1 is small (~4%). The
HOMO=-2 comprises a large contribution from both Ru- and
HNO-centered orbitals (63% and 21%) resulting from the Ru—
HNO backbonding. The HOMO-3 is o-bonding with respect
to the HNO and the axial nitrogen atom trans to the HNO
with substantial contribution (70%) from the filled z* orbital of
the HNO moiety. The lowest unoccupied MOs feature an
empty orbital, mainly HNO—7* in character, a set of empty
bpy-centered orbitals, and the two e,like, mostly metal-
centered orbitals. The strong spectral overlap prevents a clean
assignment of the whole electronic spectrum. The computed
spectrum is nevertheless in good agreement with the
experimental one, supporting the theoretical analysis. Accord-
ing to these computations, the lowest energy absorption bands
are mostly dp, — bpy MLCT bands. The (TD)DFT analysis
also suggests the possibility of MLCT transitions involving the
HNO-centered LUMO of the molecule, but unfortunately
these bands are not clearly resolved in the experimental spectra.

In spite of its early reputation,' the species containing a
coordinated HNO is not water sensitive and is in fact
remarkably inert toward substitution. This has also been
recently observed for [Fe(CN);HNO]*=>7*° and for
Mb"HNO." No signs of decomposition could be detected in
solutions well preserved from the air, and eventually the fully
oxidized [2]*" (or [1]*, depending on the pH) species were
completely recovered electrochemically in two-step processes
with intermediate formation of [2]** after periods as long as 24
hs.

In the alkaline region the redox potential becomes
independent of [H']. Spectroelectrochemistry yields also
remarkably different spectral changes compared to the ones
described at pH 2.5. Figure 9 (middle) displays the spectra
recorded along the 1-electron reduction of [2]*" at pH 12.8.
The spectral evolution is consistent with the appearance of a
species with maxima at 290 nm (& = 1.37 X 10* M™' cm™), 374
nm (¢ = 2.02 X 10* M™' cm™), and 440 nm (e = 2.07 X 10°
M™" cm™). Even when in water the absorption bands in the
visible region are not as well resolved as in organic medium, the
general aspect of the absorption profile resembles the one
described in acetonitrile. This fact, combined with the pH
independence of the process (Figure 11) suggests a conversion
to [2]" asin eq 9.

The DFT-optimized geometry for [2]* shows an N(1)—
O(1) bond length comparable to the one observed in the
protonated species, but the Ru—N(1) distance is 0.02 A
shorter. There are more remarkable structural changes when
comparing both molecules: [2]* has a more pronounced Ru—
N(1)—O(1) bending, which reaches a value close to 120° in
agreement with comparatively greater repulsions arising from
the presence of the lone pair at nitrogen. The Ru—N(2) bond
length has a value of 2.41 A (i.e., 0.19 A longer than in [2]** or
[2-H]*") and the N(1)—Ru—N(2) angle of 164.8° deviates
largely from linearity. Overall, the structural features point to a
strong trans effect exerted by the coordinated NO™.*" The
molecular orbital picture is consistent with an NO™ moiety
behaving as a donor fragment involving its HOMO-electrons
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that reside in a # orbital mostly located on the N atom,
antibonding with respect to the N—O bond. The computed
vibrational mode with the highest NO character shows up at
1404 cm™" (1379 cm™ for [*2]*), somewhat higher than that
obtained experimentally in acetonitrile. Due to the fact that
DFT methods with standard functionals tend to provide too
delocalized molecular and electronic structures due to inherent
self-interaction errors,”® the m-donor behavior of the NO~
moiety might be overestimated influencing the computed
Uno- Because of the lack of experience calculating this kind of
system at the same level of theory, it is hard to establish the
accuracy of the electronic description arising from the DFT
computations. However, the changes observed in the geometry
and the pictures of the qualitative electronic structure are most
probably correct.

Combined Redox and Acid—Base Information: A
Potential (E,;;) — pH Diagram of the System. Figure 11
collects the redox information discussed in the previous
sections in a complete Pourbaix-like diagram, which to our
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knowledge represents the first thermodynamic description of
such an important set of five nitrogenated species in aqueous
solution. The different regions of stability for the {RuNO}"
species are clearly defined. The line that separates the n = 7
from n = 8 compounds breaks at a pH close to 10, indicating
that the coordinated HNO can engage in acid—base processes
as described in eq 11.

[Ru(Me3 [9] aneN3) (bpy) (HNO)]2+

2 [Ru(Me3[9:|aneN3)(bpy)(NO)]Jr + H* (11)

It is worth noting that, according to this diagram, [2]*
should be unstable toward disproportionation at pH above
12.3, as described by eq 12:

2[Ru(Me;[9]aneN;) (bpy) (NO)** + H,0
— [Ru(Me;[9]aneN;)(bpy) (NO)T*

+ [Ru(Me;[9]aneN,) (bpy)(NO,)]" + 2H"  (12)

However, as stated before, the solutions remain unchanged in
basic medium. Moreover, the [2]**/[2]* conversion can be still
explored, yielding the appropriate products and pH-independ-
ent half-wave potential values (see Figure 11). There is
probably an activation barrier for reaction 12, an issue that
prompts further investigations.

The quantitative estimation of the pK, for the process
described by eq 11 is of fundamental interest. The kinetic
barrier arising from the different spin multiplicities of free
"HNO and its conjugated base °NO™ has been invoked to warn
about the real significance of the pK, values. Deprotonation of
free 'HNO req ires a spin flip, thus making the proton transfer
process slow.'""* However, bound NO™ (as O,) is a singlet
species.”*% In the absence of a kinetic barrier due to a change
in the spin multiplicity between bound HNO and NO™ the
behavior is the same as the one described in any regular
conjugated acid—base pair. We explored the following three
ways to extract the pK, value in the bound system from the
combined redox and acid—base data: (i) Intersection of the
lines that represent the pH-dependence of the half-wave
potentials for [2]**/[2]* and [2]**/[2-H]** couples. (ii) Global
analysis of whole sets of E and pH-dependent spectra recorded
along the spectroelectrochemical exploration of the system,
considering the presence of three colored species ([21%, [2]%
and [2-H]*") linked by egs 9—11. (iii) UV—vis-monitored
titration with base of a solution of [2-H]*" obtained under
controlled potential coulometry in the acidic range, followed by
a multiwavelength treatment of the experimental data (Figure
9, bottom). The three procedures rendered virtually the same
results and an average pK, of 9.78 =+ 0.15. This number is much
lower than 23, the estimated value for the free HNO 2 'NO~
+ H" conversion (the value is 11.5 for NO~).>’ The expected
increased acidity upon coordination is probably influenced by
the stabilization of the conjugated base due to the donating
properties of NO™ toward the metal center, already revealed by
the MO computations. For the sake of comparison, the value is
consistent with the robust properties and persistence of the 'H
NMR signal observed for Mb"HNO up to pH 10.>° On the
other hand, this pK, is significantly higher than the previous
report of 7.7 for [Fe(CN);(HNO)]*~ in aqueous solution,” an
unexpected result provided that the negatively charged
[Fe(CN);]*~ moiety should be a poorer Lewis acid than
[Ru(Me;[9]aneN,)(bpy)]*". At this point we can only
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speculate about the possible origin of this discrepancy, though
we should remark that the trans labilization promoted by the
NO~ group could be strongly enhanced in [Fe(CN)(NO)]*,
thus suggesting that the measured pK, might in fact be an
apparent value reflecting other complications aside from the
proton release, while the same effect appears to be hindered by
chelation at the trans position in [Ru(Me;[9]aneN;)(bpy)-
(NO)]*. In fact, elucidating the speciation of bound NO, NO~,
and HNO, as done in this work, has a great bioinorganic
relevance, given the possible role of these species in the relevant
media. Given the different physiological roles of NO and
“nitroxyl”,"" the real predominance of NO~ or HNO (each with
a characteristic reactivity) becomes also crucial.'?

B CONCLUSIONS AND PROSPECT

The new [Ru(Me;[9]aneN;)(bpy)(NO)]** compound proved
to be a valuable platform to investigate the combined acid—base
and redox chemistries in {RuNO}*"® species. The marked
inertness of the coordination sphere for the three oxidation
states and the color changes associated with the acid—base and
the redox conversions opened the possibility to thoroughly
explore the structural picture with high accuracy, employing
simple experimental tools, and allow for further investigation of
the relevant chemistry. The results suggest that NO, NO~, and
HNO can be stabilized and handled over long periods of time
and varying conditions if the lability of the coligand
environment can be kept under control. The abundant
experience in connection with the derivatization of [9]aneN,
and bpy envisages many possible variations by using coligands
with different donor/acceptor capabilities, thus enabling for a
systematic exploration of the factors that could influence the
acid—base properties of coordinated HNO. The use of
theoretical approaches as employed here are interesting tools
to interpret the tendencies and eventually might be of
significant help in the selection of the appropriate substituents
to fine-tune the desired properties. Above all, this system
reveals as an interesting platform to perform fundamental
reactivity studies on related {MNO}*"® compounds. Among
the possibilities, the reaction of {RuUNO}"® with O, is of great
relevance.”” The same comment applies to the photochemistry
of the reduced {MNO}"”® species, which unlike the case of the
{MNO}® compounds,®>'® has been only partially studied and
requires a further systematic exploration.'”’ We are currently
investigating these possibilities
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