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Ruthenium Tetraammines as a Model of Nitric Oxide Donor Compounds
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The nitric oxide liberation from trans-[Ru(NHs),(L)(NO)J3*
(where L = py, 4-pic, isn, nic, L-His, 4-Clpy, imN) after one-
electron-chemical or electrochemical reduction was investig-
ated through spectroscopic and electrochemical techniques,
reaction-product analysis and quantum-mechanic calcula-
tions. These complexes can be formally viewed as a
Rul(NO*) species and the reduction site is located on the NO
ligand. The E° for the trans-[Ru’(NHs3)4(L)(NO*)]|**/trans-
[Ru(NH3)4(L)(NO)]?* redox process ranges from 0.072 V vs.
NHE (nic) to —=0.118 V vs. NHE (imN). The specific rate con-

stants for NO dissociation from trans-[Ru'}(NHjz)4(L)(NO)]?*,
evaluated through double-step chronoamperometry, range
from 0.025 s7! (nic) to 0.160 s~! (ImN) at 25 °C. The [Ru'NO*/
Ru''NO] redox potential and the specific rate constant (k.no),
key steps for designing nitrosyl complexes as NO-donor drug
prototypes, proved to be controlled by a judicious choice of
the ligand (L) trans to NO.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Since the physiological roles of nitric oxide (NO) were
discovered,!? a great deal of effort has been put into the
development of NO-carrier drugs.*# The great affinity of
d® and d° low-spin-metal complexes for NO and the versa-
tility of NO on its own right as a ligand®~ 7! make the nitro-
syl complexes a good alternative for such a proposal.®-]
Indeed, many metal complexes have been suggested as both
promising NO scavengers and NO donors.l'~ 171 In general,
the bonding between a d® low-spin-metal center and NO,
which preferably assumes the MNO™ form, is remarkably
strong.>-®l Therefore, for tailoring NO-donor compounds,
procedures to generate MNQ? species, in which NO is lab-
ile, are essential. Strategies involving photochemistryl!8-1°]
and reduction activation!” of nitrosyl complexes have been
proposed as alternatives.

In this context, the photochemical®?!??l and reductive
pathways®!3161 to induce NO liberation in trans-
[Ru(NH;3)4(L)(NO)]?" complex ions have been explored.
This is a promising system, since these complexes are gener-
ally resistant to air oxidation and are water-soluble and ro-
bust under physiological conditions.?!>?l Furthermore, it is
well-known that ammine ligands localized in the equatorial
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positions are inert towards substitution reactions,!?3! al-
lowing the control of the NO reactivity in relation to the
properties of the ligand trans to NO. This paper reports
on the activation of the trans-[Ru(NH;),L(NO)]** species,
(where L = N-heterocyclic ligands) to induce NO release
through reduction. Two main requirements for these com-
plexes to work as NO donors in biological media are: i) the
reduction potential of coordinated NO must be accessible
to biological reducing agents; ii) it is necessary to control
the dissociation of NO° from the intermediate trans-
[Ru(NH3),L(NO)]**. As described here, both requirements
can be fulfilled by means of a judicious choice of L.

Results and Discussion

The systems dealt with in this study, the trans-
[Ru(NH3)4(L)(NO)]?* complex ions, are EPR silent. In ad-
dition, their vy is always higher than 1900 cm™! and the
Ru—N-0 angle obtained by X-ray crystallography is close
to 180°  trans-[Ru(NH3)4(nic)(NO)](SiF¢); (177.0°),121
trans-[Ru(NH3)4(H,O)(NO)]|Cl; (178.1°),1241 trans-
[Ru(NHj3)4(4-pic)(NO)](SiF)(BF4)-H,O (178.6°) and trans-
[Ru(NH;)4P(OEt)3(NO)](CF;CO0); (174.9°).12%1 Based on
these properties, it is reasonable to assign the [Ru"NO™]
formula to all these frans-[Ru(NH3)4(L)(NO)]** complexes.
The result of the reaction with hydroxide ions, always yield-
ing the corresponding nitro compound,®2!222%1 trans-
[Ru(NH3)4(L)(NO,)] ", confirms the nitrosonium character
of the NO ligand in such species.
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It is well-known that nitrosyl complexes in aqueous solu-
tion react with hydroxide ions yielding the respective nitro
compounds (see Equation 1), depending on both the pH
of the solution and the nature of L.[5-6-21:22.261 Since nitro
compounds are not expected to exhibit the hypotensive ef-
fect observed in nitrosyl complexes, the equilibrium estab-
lished between the two species, trans-[Ru(NH3),L(NO)]**
and frans-[Ru(NH;)4L(NO,)]", in physiological pH, is a
fundamental factor to be considered when utilizing nitrosyl
complexes as nitric oxide donors. According to the K4
datal®21:22:26] for Equation 1, the trans-[Ru(NH;3),L(NO)]?*
form accounts for more than 98 % of the nitrosyl complexes
at pH 7.

Koy
tm/zs—[Ru(NngL(NO)]% + 20H

trans-[Ru(NH3LL(NO2)]” + H:0

¢y

Cyclic voltammograms of trans-[Ru(NH;),(L)(NO)]**
aqueous solutions show only one monoelectronic redox
process between —0.6 V and 1.0 V versus SCE,?!->2 which
was attributed to the couple RuNO*/Ru™NQO°, in Equa-
tion (2):

— =

trams-[RUYNH)(LYNO ) + & trans-[Ru"(NH3)4(LYNO")*'

(@)

DFT computation?” for trans-[Ru™(NH;),(L)(INO )P +/2+
(where L = NHj;, CI~, OH™, py and pz), indicates that the
LUMO is always predominantly on the n* of NO (68—7
0%), although the HOMO is dependent on the nature of L:
90—95 % Ru (dxy) for L = NH3, CI7, OH™ and 100 % L
(nL) for L = pyridine and pyrazine. Thus, the one-electron
reduction of these complexes is expected to generate
[RuINO?] species. Indeed, the coordinated NO radical have
been detected through electron paramagnetic-resonance
spectroscopy®®  for the reduced form of the trans-
[Ru(NH3)4(H,O)(NO)]** ion. Considering the structural
and chemical similarities among all title complexes, such
behavior is expected to be general for the whole series. A
similar EPR spectrum!?®! was also observed for the one-
electron reduced species of trans-[RuPP(CI)(NO)]>* PP =
(CoH5),P(CH),P(CoHs),  or  (CeHi)oP(CH,),P(CeHss)o,
trans-[Ru(cyclam)(CI)(NO)]** and [Ru(bipy)»(Cl)-
(NO)]2+ 29

The reduced species, trans-[Ru(NH3)4(L)(NO)]*", re-
leases NO° according to Equation (3).

trans-[Ru(NH3)4(L)(H.0)]*" + NO°

(©)

trans-[RuUNH3)4(LYNO) + H:0

The presence of free NO in solution, after reduction of
the nitrosyl complexes, was detected by cyclic voltammetric
and differential-pulse polarographic experiments (E° NO™*/
NO°® = +0.80 V vs. SCE).3%32I The presence of the re-
sulting aqua species, trans-[Ru(NH3)4(L)(H,O)]*", was also
evident from the electronic spectra and voltammetric be-

1880 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

havior. Furthermore, the resulting solutions are EPR silent
at liquid nitrogen temperature.

The trans-[Ru(NH;3)4,L(NO)]>?* ions were generated
through chemical [Cd(Hg) and Eu"] or electrochemical re-
duction. Figure 1 shows typical UV/Vis spectra for trans-
[Ru(NH;3)4(py)(NO)]**, when the solution is electrolyzed in
a spectroelectrochemical experiment as a function of time.
The observed bathochromic shift (from A5 and Aog7 to Asse
and As30)13% is consistent with the lower m-acceptor ability
of the NO° ligand relative to the NO™ ligand. The appear-
ance of a band at 406 nm during the experiment is in agree-
ment with the formation of trans-[Ru(NH;)4(py)(H,O)]*",
since this species absorbs strongly in this region (g496 = 3.4
X 103 M~ ! ecm™1).32
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Figure 1. UV/Vis spectra for solutions containing trans-
[Ru(NH;)4(py)(NO)]*" ions subjected to electrolysis as a function
of time (applied potential: —0.40 V vs. SCE; p = 0.1 NaCF;COO;
T =15°C,[Ru] = 5.0 X 10~* m)

As expected, the chemical reduction of the trans-
[Ru(NH;),L(NO)]** ions using Eu'" ions or Cd(Hg) also
produces the respective aqua species. Differential-pulse
polarographic experiments of trans-[Ru(NHs)4(py)(NO)**
solutions show that after the addition of Eu'! ions (E° =
—0.60 V vs. SCE), the reduction wave corresponding to the
Ru'"™NO*/Ru"™NQO° redox process completely disappears
with the simultaneous formation of a redox wave, which
corresponds to the Ru™/Ru™ couple in trans-
[Ru(NH;3)4(py)(H,O)]>*. In addition, the IR spectrum of
the resulting solution does not show the easily identifiable
NO-stretching frequency at 1931 cm™!, indicating that the
NO ligand is no longer present in the ruthenium-coordi-
nation sphere.

The rate-constant values for NO dissociation were deter-
mined by double-potential-step chronoamperometry (see
Table 1) and are consistent with the rate law:

d/dr [trans[Ru(NH;3)4(L)(H>0)*"] = k.o [trans[Ru-
(NH;3),(L)(NO)P>*]

According to the data shown in Table 1, the rate con-
stants for NO dissociation in trans-[Ru(NH;),(L)(NO)]>*
ions vary from 0.025 s~! (isn) to 4.00 s~! (imC) at 25 °C.
The sequence of ko as a function of L increases as fol-
lows: pic = nic = H,O = py < L-His = imN < pz <
imC, which is the same sequence observed for water®¥ or
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Table 1. Specific rate constants for NO° dissociation from trans-[Ru(NH;)4(L)(NO)]**, [Ru''NO*/Ru"™NO’] redox potential and electro-

chemical ligand parameters

Ton complex Bl ko (571 EOI(NOHNO, (V vs. NHE) SEp
1 frans-[Ru(NHz)y(nic)(NO)2* 0.025 0.07221 0.56
1 frans-[Ru(NHz)y(isn)(NOY* 0.043 0.052021] 0.54
] trans-[Ru(NH;)4(4-pic)(NO)[** 0.070 —0.008 0.51
1 frans-[Ru(NHa)4(4-Clpy)(NO)J2* 0.030 0.012 0.54
[ frans-[Ru(NHa)s(H,O)(NO)P+ 0.04024 —0.14824 0.32
] trans-[Ru(NH;)4(py)(NO)]** 0.060 0.01221 0.53
0 frans-[Ru(NHa)4(L-His)(NO)*+ 0.140 0,108 0.42
] trans-[Ru(NH;),(imN)(NO)** 0.160 —0.1182 0.40
] trans-[Ru(NH;)4(pz)(NO)?* 0.070 0.112121 0.61
€ grans-[Ru(NH,); (imC)(NO)P>* 4.0000207 —0.298201 -

€ frans-[Ru(NH,),P(OE{);(NO)J>* 0.9801251 0.142051 0.68

[l (u = 0.1, NaCF;COO; T = 25 °C; [Ru] = 1.0 X 1073 m, pH = 5). Pl Estimated by chronoamperometric method; most of the reported
values are the average of at least three determinations; uncertainty of + 15%. [l Estimated by cyclic voltammetric method (Nicholson

and Shain).

sulfateB?! lability in trans-[Ru(NH3)4L(Y)]?* complexes
(where L = N-heterocyclic ligand, Y = H,O or SO,>").

According to the dissociative pathway for octahedral
complexes, NO labilization should reflect the affinity of the
trans-[Ru(NH;)4(L)(H,O)]>" complex ions for the NO li-
gand and should be directly connected to the effective ru-
thenium charge in these complexes. Due to the similarities
of the ion complexes studied, the ruthenium effective charge
could be discussed on the basis of the electronic properties
of the trans N-heterocyclic ligands. It is well-accepted that
the higher the n-withdrawing ability of L, the more positive
the redox potential of the Ru"" couple and, therefore, the
lower the specific rate constant for the dissociation of the
ligand leaving. Since the M"™/"~D* redox potential is an
indication of the metal-center-effective charge, it is expected
that the higher the trans-[Ru(NH;),(L)(H,O)]?*?" redox
potential,*>! the lower the k.yo value. Indeed, as observed
for other leaving ligands, a linear tendency (knofs™ ' =
—0.7 X E° trans-[Ru(NH;)4(L)(H,O)*™?* + 0.07; R =
0.97; pyrazine value not considered) is observed when the
trans-[Ru(NH3)4(L)(H,O)]? 2" redox potential is plotted
against the k.o values (see Figure 2). The ligand electro-
chemical parameter (E}), introduced by Lever,[*% is known
to be helpful in predicting the metal redox potential and we
expected to find a correlation between the ko values and
the sum of E; (XEp) (see Table 1). This correlation exists
and as can be observed in Figure 3 (k.no/s™! = —0.81 X
YE; + 048; R = 0.997, pyrazine value not considered).
Since E; values for a large number of N-heterocyclic li-
gands are available in the literature,[*® this correlation could
become a very convenient tool for estimating the rate con-
stants for NO dissociation from trans-[Ru(NHj3),-
(LY(NO)J*>* species.

As observed in Table 1, the values for NO dissociation
when L = pz, imC and P(OEt); do not follow the trend
observed for the other N-heterocyclic ligands (see Figure 3).
The imC and P(OEt); properties differ substantially from
the N-based ligands as they are coordinated through car-
bon and phosphorus atoms, respectively. The trans labiliz-
ing effect of these two ligands is notable and therefore their

Eur. J. Inorg. Chem. 2004, 1879— 1885 www.eurjic.org
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Figure 2. Correlation between the k.o values and E° trans-
[Ru(NH;)4(L)(HO)P*** (V vs. SCE)
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Figure 3. Correlation between the ko values and X2E; (XE; = 4
X Ep NH; + E; L)

complexes do not fit the correlation implied by Figure 3
[imC and P(OEt); values were omitted for clarity]. The be-
havior of the pyrazine ligand has not yet been understood
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and is currently under investigation in our laboratory. How-
ever, the same behavior has been observed for pyrazine de-
rivatives in studies on sulfate dissociation from trans-
[Ru(NH3)4(L)(SO,)] (L = N-heterocyclic ligands).[3?

From the discussion above, it is clear that the [Ru"™NO™*/
Ru™O9] reduction potential is one of the key steps in acti-
vating nitrosyl complexes to release NO. If the target is to
tailor a compound that can be activated in vivo through
reduction, the [Ru"NO™/Ru'"NO°] redox potential must be
in a range suitable to reducing agents present in the biologi-
cal medium. The [Ru™NO*/Ru™NQ’] redox potential for
the nitrosyl complexes dealt with here (Table 1) ranges from
—0.118 for L = imN to 0.072 V vs. NHE for L = nic,
suggesting that all these complexes could be reduced by bio-
logical reducing agentsi®”] such as NADH, the flavin co-
enzymes FADH, and FMNH, and iron sulfur proteins. Re-
cent studies have suggested that the frans-
[Ru(NH3),P(OC,Hs);(NO)]?" nitrosyl complex can be re-
duced by mitochondrial reducing power!¥! and that this
compound exhibits an effective hypotensive effect in
mice.l'>1° This biological activity is attributed to its NO-
donor ability. The [Ru""NO*/Ru'"NO"] redox potential for
trans-[Ru(NH3),L(NO)]*" complexes was shown to be sen-
sitive to the nature of the ligand L, trans to NO. This was
expected, since the most accessible site for reduction in
these complexes is localized on the nitrosyl ligand. Thus,
the NO electronic density and therefore the [Ru"™NO™*/
Ru™O] redox potential are a function of the competition
between the axial ligands, NO and L, on the ruthenium 4dn
electron density. Indeed, a correlation between the trans-
[Ru(NH3),L(NO)]**?>* and the respective aqua species
trans-[Ru(NH;),L(H,O)]**>* redox potential was ob-
served. In addition, a linear correlation was also observed
plotting the trans-[Ru(NH;),L(NO)]**>* redox potential
and the ligand electrochemical parameters LE; (Table 1) for
L = N-heterocyclic ligands.*®! This correlation is valuable
since Ep is available in the literature and was proved
to be wuseful in previously estimating the trans-
[Ru(NH3),L(NO)]**>* redox potential.

It is important to stress that, depending on the electronic
characteristics of L, the latter could be displaced instead of
NO. In complexes where Cl™ is localized trans to NO,?42%
as in  trans-[Ru(NH;),(Cl)Y(NO)]*",  trans-[Ru(cyclam)-
(CH(NO)]* and trans-[Ru(dppe)(CI)(NO)]*, chloride is
preferentially released before NO.

In contrast to the inertia of the Ru™NO™ species, the
lability of NO in Ru"NO? species seems to be common in

species where L is a m-acid and should reflect the strength
of the Ru—NO bond in both species. To investigate the ori-
gin of this different behavior, DFT computations for trans-
[Ru(NH;3)4(L)(NO)*" and  trans-[Ru(NH;)4(L)(NO)]>*
(L = py) were performed. The results obtained in terms of
bond lengths and bond angles are similar to those reported
for the two systems:* [Ru(CN)s(NO)]>~ and
[Ru(CN)s(NO)P*~,*"! [Ru(NH3)s(NO)P** and [Ru(NH3)s-
(NO)]** (Table 2).

The MO composition (see Table3) for trans-
[Ru(NH;)4(L)(NO)]?" shows that the & interaction between
Ru' and NO™ consists of a combination of the filled d,,
and d,. orbitals (Ru) and the double degenerate, empty m*
orbitals of nitric oxide besides the p,* orbitals of pyridine:
HOMO-5 (Ru d,, 33 %, NO p, 11 %, py p, 54 %) and
HOMO-6 (Ru d,. 69 %, NO p. 22 %, py p- 6 %). Figure 4
(left) shows the HOMO-6 graphical representation of zrans-
[Ru(NH3)4(py)(NO)]**. The percentage [11—22 % (n* NO)]
in the HOMO-5 and HOMO-6 orbitals is consistent with
the well-known back bonding from Ru'" to NO*, while 54
% for py (p,) in the HOMO-5 orbital, which could be con-
sidered responsible for the influence of the trans ligand on
the NO electronic density, is reflected on the [Ru"™NO*/
Ru'"NO°] redox potential and vye, as observed.

As expected, the LUMO and LUMO+1 for the trans-
[Ru(NH;3)4(L)(NO)]?" complexes [an example of these mo-
lecular orbitals is shown in Figure 4 (right)] are antibonding
with relation to the Ru—NO n-bond. These m-antibonding
orbitals are predominantly on NO 7* (66—69 %) (Table 3),
which is in agreement with the formation of trans-
[Ru(NH;)4(L)(NO)]** as a result of  trans-
[Ru(NH;)4(L)(NO)]?" one-electron reduction and with the
additional electron occupying one of these n* MOs. Indeed,
a similar DFT MO calculation performed on trans-
[Ru(NH;)4(L)(NO)]*" agrees with this prediction and the
singly occupied MO (HOMO) and the LUMO, which
correspond to the LUMO and LUMO+1 of trans-
[Ru(NH;)4(L)(NO)]?", respectively, are composed of
HOMO Ru (d,.) 35 %, NO (p.) 50 % and py (p.) 13 % and
LUMO Ru (d,,) 28 %, NO (p,) 70 % and py (p,) 2 %. As
expected from previous DFT calculations for the
[Ru(CN)s(NO)]*~ and [Ru(NH;3)s(NO)]** systems,#0-411 4
pronounced bend of 139° in the Ru—N—O angle is ob-
served (Table 2). Although, a =n-bonding interaction be-
tween Ru and NO still exists, that is, HOMO-3 and
HOMO-4 [see Table 4 and an orbital representation in Fig-
ure 5 (left)], this Ru—~N—O bending induces a considerable

Table 2. Selected theoretical bond lengths and angles calculated by DFT for (nitrosyl)ruthenium complexes

Complex Ru—-NO (A) N-0 (A) Ru—N-0 (deg) Ref.
trans-[Ru(NH;3)4(py)(NO)]?* 1.820 1.130 180.0 this work
trans-[Ru(NH;)4(py)(NO)]** 1.910 1.174 139.0 this work
trans-[Ru(NH3)4(nic)(NO)]**+ 1.775 1.137 179.4 (421
trans-[Ru(NH3)s(NO)** 1.808 1.153 172.8 401
trans-[Ru(NH3)s(NO)>* 1.894 1.216 137.1 401
[Ru(CN)s(NO)** 1.770 1.176 180.0 (411
[Ru(CN)5(NO)>+ 1.893 1.221 144.9 [41]

1882 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 1879—1885
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Table 3. Selected MO contribution in percentage for trans-[Ru(NH3)4(py)(NO)]?*

trans-[Ru(NH;)4(py)(NO)I**
R

eV symm NO NH; L
LUMO -15.2 * 23 (d,,) 66 (p,) 3 8 (py)
HOMO -15.2 ¥ 26 (d,.) 69 (p-) 4 1
HOMO-1 —18.3 nonbonding 0 0 4 96 (p-)
HOMO-2 —18.8 nonbonding 4 (d..) 5(p.) 4 87 (p-)
HOMO-3 —19.7 nonbonding 68 (d2,d)2) 1 4 25 (s)
HOMO-4 -20.2 n*L 23 (dy-y?) 5(s) 1 71 (py)
HOMO-5 -20.5 T 33 (dy,) 11 (p,) 3 54 (s,px.py)
HOMO-6 —20.6 T 69 (d..) 22 (p.) 4 6 (p-)

MOs for trans-[Ru(NH3),(L)(NO)]** (LUMO and

<
@

L J
Figure 4. Molecular orbital description of a (nitrosyl)metal com-
plex; (left) HOMO-6: ligand m interaction between Ru (either d,,
and d,.) and NO n* orbitals (p,* and p.*); (right) LUMO: antili-

gand m interaction between Ru (either d,, and d,.) and the NO r*
orbitals (p,* and p.*)

reduction of Ru and NO n-bonding [compare Figure 4 (left)
and 5 (left)].

As a consequence, Ru—NO bond weakening is expected
and it is comprehensible that the nitric oxide ligand is much
more susceptible to dissociation in the trans-
[Ru(NH;3)4(L)(NO)]*" species than in the the oxidized ana-
logues. Although, the HOMO and the LUMO for trans-
[Ru(NH;3)4(L)(NO)J*" ions, which were totally antibonding

>33y, v ob

Figure 5. Molecular orbital interaction in a bent (nitrosyl)metal
complex; (left) HOMO-3: bending the NO ligand minimizes the
overlap between the metal orbitals (either d,, and d..) and the NO
n* orbitals (either p,* and p.*); (right) HOMO: the antibonding
character presents a compensatory bonding interaction between the
NO (p.*) and the metal (d,.) orbitals as Ru—~N—O bend

LUMO+1, respectively), assume a partial bonding charac-
ter, they do not seem to be strong enough to keep the metal-
coordination sphere intact, as observed. The calculated
Ru—NO bond lengths for zrans- [Ru(NHg)A‘(L)(NO)]%+ (1.82
A) and trans-[Ru(NH;)4(L)(NO)]** (1.91 A) are in agree-
ment with the Ru—NO bond weakening (Table 2) and they
are accompanied by a measurable lengthening of the N—O
bond, from 1.130 A to 1.174 A (Table 2), which is consist-
ent since the HOMO for the trans-[Ru(NHs)4(py)(NO)**
ion has a considerable population and its composition is
predominant on NO 7* orbitals. As shown in Table 2,
Ru—NO and N—O bond lengthening is usual as the same
is also observed for [Ru(CN)s(NO)]*~ and [Ru(NH;)s-
(NO)J>* systems.[40-411

Conclusion

The trans-[Ru(NH;),L(NO)]** complex ions are better
described as formally Ru"NO™* and they are stable towards
substitution reactions. Following activation by one-electron
reduction, species having a labile NO° ligand are produced,
which makes these compounds good NO-donor drug
prototypes.

The rate of NO dissociation from the trans-
[Ru(NH3)4(L)(NO)J>" and the trans-[Ru(NH;),L(NO)]? >+
redox potential, could be modulated by a judicious choice
of the ligand, L. These two critical steps for NO-donor-
drug designing can be predicted by plots of k.o versus XEy
and from the trans-[Ru(NH;),L(NO)]**>* redox potential
versus X E, respectively.

Table 4. Selected MO contribution in percentage for trans-[Ru(NH3)4(py)(NO)]**

trans-[Ru(NH;)4(py)(NO)] *2

eV symm Ru NO NH; L
LUMO -9.7 * 28 (dy,) 70 (p,) 0 2(p)
HOMO -12.9 ¥ 35 (d,.) 50 (p-) 2 13 (p,)
HOMO-1 —14.1 nonbonding 87 (d2; dy_)?) 0 5 8
HOMO-2 —14.5 nonbonding 0 0 3 97 (p-.p,)
HOMO-3 -14.5 T 44 (d..) 26 (p-) 2 28 (p.)
HOMO-4 -14.5 T 58 (dy,) 20 (p,) 3 19 (p,.px)
HOMO-5 -15.3 n*L 24 (d..) 6 (p-) 2 68 (p.)

Eur. J. Inorg. Chem. 2004, 1879— 1885 www.eurjic.org
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Experimental Section

Chemicals and Reagents: High purity chemicals (Aldrich) were used
as supplied. RuCl; was obtained from Johnson Matthey. All sol-
vents were purified following the known procedures.[*3 Doubly dis-
tilled water was used throughout the experiments. All preparations
and  measurements  were  performed  under  argon.
[Ru(NH;)sCI|CL,*  frans-[Ru(NH3)4(SO,)(CD]CLH#>4¢1 trans-
[Ru(NH3)4(SO,)(L)]CI¥7 and trans-[Ru(NHs)4(L)(NO)](BF,);21-1
were prepared as described previously. ESR spectra were recorded
in a Bruker ESP 300 E spectrophotometer at the temperature of
liquid nitrogen. Electrochemical measurements were performed in
both an EG&G Princeton Applied Research model 264A Par and
an Autolab potentiostat/galvanostat PGSTAT30. Experiments were
conducted using a glassy carbon or gold disks as working elec-
trodes, a saturated calomel electrode (SCE) as a reference electrode
and a platinum wire as an auxiliary electrode. The supporting elec-
trolyte consisted of an aqueous buffer solution (pH = 5.0 at p =
0.1 maintained with NaCH;COO/CH;COOH) kept under argon
atmosphere during measurements. Electrolysis experiments were
performed on an EG&G PARC model 173/interface model 276 po-
tentiostat/galvanostat using an optically transparent gold minigrid
as a working electrode, Ag/AgCl as a reference electrode and a
platinum wire as auxiliary electrode, in a 0.1 cm quartz cell. Spec-
tral changes during the electrolysis were recorded in an HP 8453
diode-array spectrophotometer.

Infrared spectra in aqueous solution (pH = 4) were performed in
a calcium fluoride cell in an FTIR Bomen MB-102 spectrometer.

Kinetic experiments were conducted by double-potential-step
chronoamperometry. The potential was briefly stepped from a
value in which the compound is not reduced at the electrode surface
to one in which the reduction proceeds at diffusion-controlled rate.
After a period of time, the potential was stepped back to a poten-
tial in which the reduced form is oxidized. The kinetic information
is obtained from the ratio between the currents measured on both
potential steps as a function of time and by comparing these data
with those obtained from working curves described in the litera-
ture.[48]

All the calculations were performed using the Gaussian 98 suite of
programs.[*! The starting molecular geometries were obtained at
the UHF/3—21G level of theory.’*~32 The final molecular ge-
ometry optimizations were performed using the Kohn—Shan den-
sity functional theory (DFT)P375¢ with the 6—31(d) basis set for
the H, C, N, O, and P atoms, and an effective core potential
LanL2DZB7~) for the Ru atom and the Becke three-parameters
hybrid exchange-correlation functional known as B3LYP.60¢2I
The analytical evaluation of the derivative matrix cartesian coordi-
nates of the second energy (Hessian matrix) at the same level of
approximation confirmed the nature of the minimum of the poten-
tial surface points associated to the optimized structures.
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