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Degradation sequences of cis-[Ru(NO")X(bpy)2]™ (X = ONO,, OCHO, OCOMe, NO,, Cl for n = 1; X = CH;CN,

H,O for n = 2) ({RuNO}’-type), a one-electron reduction species of {RuNO}®-type complexes, were investigated in
CH3CN by monitoring using electrochemical techniques (both cyclic and hydrodynamic voltammetries). The results
show that an oxygen transfer occurs effectively at the nitrosyl site of cis-[Ru(NO")X(bpy).]™ (X = ONO; for n = 1,
X = CH3CN, H,O for n = 2) to give identical nitro species, cis-[Ru(NO;)(CH;CN)(bpy).1*. The extent that the nitrosyl-
to-nitro conversion proceeded, however, differs depending on the X ligands; X = CH3;CN and H,O complexes gave
the nitro species in almost 40% yield, while X = ONO, complex afforded nearly 80%. The monitoring results of the
degradation sequences, along with the differences in yields, suggest that different processes are operating separately in
the oxygen-transfer reaction. We propose some possible processes for both reactions, although a further investigation is

needed for a detailed explanation.

The reaction of nitrosyl to give nitro is a key step in the
biological nitrate—ammonia conversion.>* The nitrosyl-to-
nitro conversions reported so far proceed in principle by an
acid-base reaction of the coordinated nitrosyl or a dispro-

portination of nitrogen monoxide:*~’

M-NO* +20H™ —s M-NO,~ + H,0 (1)
M-NO + 2NO — M-NO, + N,0 )

Recently, an electrochemically-induced nitrosyl-to-nitro con-
version which occurs accompanied by a two-electron reduc-
tion of {RuNO}®-type nitrosyl complexes has been cited by
Meyer et al.,*® without any detailed investigation. A similar
reaction was also found in our previous study of the one-
electron reduction species of the {RuNO}°-type complex,
cis-[Ru(NO")(CH3CN)(bpy)»1** ({RuNO}’-type);'® both of
these reactions fall into different categories from those of
Egs. | and 2. As an extended study, we report here on
the behavior of {RUNO}’-type complexes (cis-[Ru(NO")X-
(bpy)21" (X =ONO, forn=1; X =CH3CN, H,0 for n = 2)),
in which an electrochemically-induced oxygen transfer can
be found via a nitrosyl-to-nitro conversion reaction. A de-
tailed study has shown that the conversion is initiated by the

formation of cis-[Ru(NO")(CH;CN)(bpy);]** ({RuNO}"),
either in cis-[Ru(NO")(ONO,)(bpy),]* ({RuNO}7) or in cis-
[Ru(NO")(H,0)(bpy), 1> ({RuNO}"). Interestingly, another
conversion process, which differs from those of cis-[Ru-
(NO"HX(bpy),]** (X = CH;3CN, H,0) ({RuNO}), proceeds
in cis-[Ru(NO")(ONO, )(bpy),2]* ({RuNO}7). A part of these
results has been reported previously.'®

Experimental

Materials.  Bis(bipyridine) type ruthenium complexes with
nitrosyl (cis-[Ru(NO*)X(bpy).]"*"* (X = OCHO," CL,!'' ONO,"
NO,,'? Hy0," CH3;CN") were prepared by reported procedures,
using cis-[Ru(NO»),(bpy);]-H,0. The dinitro complex was ob-
tained by a reaction between a free NO, ™ and cis-[RuCla(bpy):]-
C1."* Authentic samples used for the characterization of the degrada-
tion products of {RuNO}’-type nitrosyl complexes (cis-[Ru(NO;)-
(CH;CN)(bpy)2}(PFg) and cis-[Ru(CH3CN)»(bpy),1(PFs).) were
obtained by previously reported syntheses.'” All other reagents,
including *N-nitric acid (95% H'>NO3), were obtained commer-
cially and were used as supplied. *N-labelled nitrato complexes
(cis-[Ru(> NO*)(ONO»)(bpy)21(PFs); and cis-[Ru(NO*}O'*NO,)-
(bpy)21(PF¢)) were prepared by the acid decompositions of cis-
{Ru("*NO»)2(bpy)2] and cis-[Ru(NO2),(bpy).] using HNOs and
H"NOs, respectively.
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Physical Measurements. Infrared spectra were recorded with
a Perkin—Elmer FT-1650 spectrophotometer. Electrochemical mea-
surements were performed in CH3CN, under an argon stream with
a supporting electrolyte, tetra-n-butylammonium hexafluorophos-
phate (TBAH) or tetraethylammonium perchrolate (TEAP), using
a Huso polarograph Model 312; the current—potential waves were
recorded with a Rikendenshi Instruments Model F-3F recorder.
Three-electrode, one-compartment cells were used. They were
equipped with a silver reference electrode (Ag|AgNO;, 0.01
moldm™). Controlled-potential electrolyses were performed in
two-compartment cells using a platinum-gauze working electrode,
with the auxiliary electrode in the second compartment separated
by a glass frit. Hydrodynamic voltammograms (HDV) were per-
formed using a rotating platinum working electrode with Nikko
Keisoku Motor Speed Controller SC-5. The numbers of coulombs
were measured by a Huso Model 343B digital coulometer.

Syntheses.  cis-[Ru(NO"}ONQ,)(bpy):1(PFe):-H0.  To
a suspension of cis-[Ru(NO;)2(bpy).}-H.O (50 mg/H,O 10 cm3)
in a beaker was added concd HNOs (1 cm®), and the solution was
warmed on a hot plate at 80 °C for 3 h, during which time a cover
glass was always used to prevent evaporation of the reaction so-
lution (a portion of water was added to the solution during the
warming procedure, to maintain the solution volume constant). In
the final stage of the reaction, the solution volume was reduced to
around 5 cm® by heating without a cover glass. The addition of
NH4PF;s (solid) to the solution produced an orange-colored crys-
talline material, which was collected by filtration, washed with cold
water, and then air-dried. Yield: 58 mg, 76%. A characterization
of the product was established by the following data, along with the
X-ray structure determination: Anal. Found: C, 29.73; H, 1.93; N,
10.46%. Calcd for [Ru(NO" Y ONO,)(bpy)21(PFs),-H20: C, 29.53,
H, 2.23; N, 10.33%. Diamagnetic property (Gouy method). Elec-
trochemical property: E,;; = —0.06, E,c = —0.77 V. IR V(NO™ (ni-
trosyl)), 1941; v, (NO3), 1522; %(NO3), 1263; »(NO), 957 em™ .
3CNMR (CD;CN/TMS, ppm) 6 = 155.91, 155.68, 154.87, 154.24,
154.21, 153.40, 151.96, 148.78, 145.67, 145.28, 144.65, 144.22,
130.65, 130.52, 130.18, 129.95, 127.05, 126.86, 126.61, 126.41.
FAB-MS m/z 651 ([Ru(NO}NO3)(bpy)21(PFs)); 506 ([Ru(NO)-
(NO3)(bpy)2]).

cis-{Ru(NO*)(OCOCH;)(bpy)21(C104)2-H>,0. To an aqueous
solution of cis-[Ru(NO")(H;O)(bpy)>](ClO4)3-3H20 (100 mg/10
em®) was added CH;COONa-3H,0 (167 mg), and then the solution
pH was adjusted to 4 using a few drops of acetic acid. The solution
was heated on a hot plate at 70 °C for 0.5 h with a cover glass,
during which time the solution color changed from dark brown to
bright orange. After the solution was cooled, NaClO4 (50 mg) was
added until a small amount of reddish-orange crystalline material
was deposited. The solution was kept for one night in a refrigerator.
The product was collected by filtration, washed with methanol and
then ether, and air-dried. Anal. Found: C,36.49; H, 2.94; N, 9.40%.
Caled for [Ru(NO")(OCOCH3)(bpy).[(ClO4)2-H,O: C, 36.73; H,
2.94; N, 9.73%. Yield: 82 mg, 95%.

cis-[Ru(NO*)(OCOCH;)(bpy).1(PFs).. To an aqueous so-
lution of cis-[Ru(NO"}(OCOCH; }(bpy)21(C104)2-H,0 (100 mg/10
cm®) was added NH4PF, (30 mg) to give reddish-orange crystalline
material. The product was collected by filtration, washed with
methanol and then ether, and air-dried. Anal. Found: C, 33.25; H,
2.38; N, 8.82%. Calcd for [Ru(NO*)Y(OCOCH)(bpy):1(PFe)2: C,
33.35; H, 2.42; N, 8.84%. Yield: 99 mg, 88%.

Monitoring Study of the Degradation of {RuNO}’-Type
Complexes by the Measurements of Both Their Hydrodynamic
Voltammograms (HDV) and Their Cyclic Voltammograms

Chemical Behavior of {RuNO} 7-Type Complexes

(CV). According to the previous technique, > a controlled potential
reduction was carried out at —30 °C on cis-[Ru(NO")X(bpy), ]+
({RuNO}(’—type) complexes (1 mmol dm™) in CH;CN at each
reduction potential; the corresponding {RuNO}’-type complexes
were generated. After the electrolyses were finished, each electrol-
ysis solution was allowed to stand at room temperature (20—23 °C)
in order to elevate the solution temperature. Monitorings by both
HDV and CV were carried out for the solutions over 24 h at regular
intervals of the standing times. The variations in /d of both original
{RuNO}’-type complex and degradation products were estimated
directly from the HDV graphically.

X-Ray Crystallographic Data Collection and Refinement of
the Structure. Single crystals of [Ru(NO*}ONO)(bpy).]-
(C104);-H, O were obtained by recrystallization from CH;CN/Et, O.
A single crystal was mounted on a glass fiber. The crystallographic
data are summarized in Table 1. The data were collected by the
w-26 scan technique (20 <50°) on a Rigaku AFC5S automated
four-circle X-ray diffractometer with graphite-monochromatized
Mo Ka radiation (0.71069 A) at 23 °C. The cell constants were
determined by least-squares fits to the setting parameters of 25 in-
dependent reflections. All of the calculations were carried out on
an IRIS Indy computer of Silicon Graphic Corporation using the
TEXSAN crystallographic software package of Molecular Struc-
ture Corporation. The structure of c¢is-[Ru(NO*)(ONO; ) (bpy):]-
(Cl04)>-H, 0 was solved by a Patterson method and expanded using
Fourier techniques. Empirical absorption corrections using Lorentz
polarization and absorption were applied. The structure was refined
by full-matrix least-square techniques. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed in ide-
alized positions and included in structure-factor calculations. The
final cycle of the full-matrix least-squares refinements was based
on 3206 observations (I >3.00a(])) and 379 variable parameters.

Table 1.  Crystallographic Data of cis-[Ru(NO)YONO;)-
(bpy 21(ClO4);-H>O

Formula C20H13N6O;3C1Ru
Fw 722.37
Crystal system Monoclinic
Space group P2y/n
alA 8.757(2)
bIA 14.553(2)
clA 20.100(2)
pIr° 94.03(1)
V/A® 2555.2(8)
V4 4
Scan method w20
Scan speed/deg min~' 5
T/°C 20
Dculcd/g Cm_l 1.87
u(Mo Ka)em™' 9.04
Trans. factor 0.94—0.99
2 Bnax/deg 50.0
No. of unique data 4701
No. of observed data (/>3.000(0))) 3206
No. of variables 379
RY 0.036
R, 0.028
Goodness of Fit Indicator 1.90

a) R=X||Fo| = |F|l/Z|Fy|.
b) Rw = [Zw(|Fo| — [Fe)Zw|Fo|?]/2.
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Crystallographic data have been deposited at the CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK and copies can be obtained on
request, free of charge, by quoting the publication citation and the
deposition number CCDC 136239. The lists of complete informa-
tion on collected data and refinement, positional parameters and
Beq. anisotropic displacement parameters, and bond distances are
deposited as Document No. 73009 at the Office of the Editor of
Bull. Chem. Soc. Jpn.

Results

Synthesis and the Structure Determination of cis-[Ru-
(NO)(ONO2)(bpy)2J** ({RuNO}®). The complex cis-
[Ru(NO*)(ONO, )(bpy):}** was prepared newly as the most
suitable compound for our present purpose. An IR absorp-
tion band due to a nitrosyl (v(NQ)) was found at 1941 cm ™!,
which shifted to 1903 cm™" in cis-[Ru(’>’NO*)(ONO,)-
(bpy)glz". IR data are also consistent with a complex hav-
ing NOs~ through a single nitrate oxygen (see Experimen-
tal Section).” The bonding mode of the NO;~ ligand was
confirmed by an X-ray structure determination (Fig. 1 and
Table 2). The coordination geometry of the cation has an oc-
tahedral arrangement with a linear Ru—NO group (178.0(4)°)
cis to the nitrato ligand. The nitrosyl bond lengths of Ru-N
and N-O are comparable to those in other linear nitrosyls.
The structural parameters of the {Ru(NO)(bpy),} moiety
are also basically the same as those of cis-|[Ru(NO")X-
(bpy}»]** (X = OCHO," NO,.,"” ONQ," Cl.'%) reported re-
cently. Other {RuNO}°-type complexes, cis-[Ru(NO*)X-

Fig. 1. ORTEP drawing of [Ru(NO)(ONO;)}(bpy) J(ClO,),.

Table 2. Selected Bond Lengths (A) and Angles (°)

Ru-NI1 1.747(4)
NI-O1 1.134(4)
N2-02 1.332(5)
N2-03 1.232(5)
N2-04 1.222(5)
Ru-N1-0O1 178.0(4)
02-N2-03 118.9(4)
02-N2-04 115.9(5)
03-N2-04 125.3(5)
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(bpy)a |+ (X = H,0, CH3CN, OCHO), have been pre-
pared and characterized,'™'? while cis-| Ru(NO* Y OCOCHj3)-
(bpy)2]** was obtained by modifying the procedures used to
obtain cis-[Ru(NO*)(OCHO)(bpy), |**."

The {RuNO}’-Type Complexes Classified Based on
Their Degradation Sequences. A monitoring study of
the degradation processes of the {RuUNO}-type complexes
was attempted; such a monitoring study would enable us to
evaluate the chemical reactions which occur accompanied
by the degradation of the one-electron reduction species of
the {RuNO}®-type complexes. We obtained the {RuNO}’-
type complexes by an exhaust reductive electrolysis of the
corresponding {RuNO}°-type complexes in CH;CN at —30
°C (a low temperature was adopted so as to avoid the ini-
tiation of any degradation reaction of the chemically unsta-
ble {RuNO}’-type complexes during the electrolyses). The
degradation patterns (described later) allowed us to clas-
sify the {RuNO}’-type complexes into threc groups: An
oxygen transfer reaction occurred in the nitrosyl site of cis-
[Ru(NO" )X (bpy)2]"* (X =0ONO-, CH:CN, H,0) to give cis-
[Ru(NO2)(CH3CN)(bpy),J* in appreciable amounts (pattern
i). Monitoring experiments showed that the existence of
cis—[Ru(I\IO')(CHgCN)(bpy)gJ2+ is essential, as a precursor,
for the oxygen-transfer reaction. The pattern i complexes
can be further divided into two groups: X = CH;CN, H,O
(pattern i-a) and X = ONOQO: (pattern i-b), based mainly on
the degradation sequences. Such an oxygen-transfer reac-
tion did not occur in ¢is-[Ru(NO"YCl(bpy).|* at all (pattern
ii); an elimination of the nitrosyl moiety occurs in the pat-
tern ii complex, without the formation of a precursor species
(cis-|Ru(NO")(CH;CN)(bpy)>]**). Either the degradation
observed in pattern i or that of ii occurred in the pattern
iii complexes, cis-[Ru(NO")X(bpy),|* (X = OCOR (R =H,
CH3), NO»), although the pattern i type degradation pro-
ceeded rather dominantly. The results are summarized in
Scheme | and in Table 3.

Degradation Sequences of the {RuNO}’-Type Com-
plexes. cis-[Ru(NO")(ONO, )} (bpy),]*. The cyclic
voltammogram of ¢is-[Ru(NO*)(ONO,)(bpy), 1(PFe)2, mea-
sured at 20 °C in CH3;CN with 0.1 M (Bu)4NPF, as a support-
ing electrolyte (I M = I moldm™?), is shown in Fig. 2. The
electron-transter process ot the first reduction wave (—0.10
V) is diffusion-controlled with ip/v'/? constant over the scan
rate range used; the one-electron redox system is indicated
by an analysis of the normal puise voltammogram. The ra-
tio of the cathodic-to-anodic peak current for the first wave
([Ru(NOJ’)(ONOg)(bpy)QJZ*/Jr couple) was nearly unity. An-
other irreversible wave appeared at a more negative potential
region, —0.77 V. An exhaust reductive electrolysis car-
ried out at 25 °C for the first reduction wave (—0.06 V)
showed that the one-electron reduction of cis-[Ru(NO")-
(ONO»)(bpy)» ** was followed by a rapid degradation to give
cis-[Ru(NO")Y(CH;CN)(bpy), |>*. The generation of ¢is-[Ru-
(NO")(CH;CN)(bpy),}** could be confirmed by data from
an authentic sample. Relatively small redox waves also ap-
peared at more positive potential regions when the electrol-
ysis progressed. The two waves observed at 0.81 and 1.10V



88 Bull. Chem. Soc. Jpn., 73, No. 1 (2000)

Starting material Degradation products

[Ru(NO2)(CH;CN)(bpy)]*

[Ru(NO*YCH;CN)(bpy),)**
[Ru(NO)X(bpy)e]™ —— [Ru(CH;CN),(bpy)]**

[Ru(NO")X(bpy).]**

[Ru(CH;CN)X(bpy),]"

Chemical Behavior of {(RuNO}’ -Type Complexes

Conversion pattern

3 ~
i-a”
X=CHCNH0 > j.b"
X=N0; . il 3
X = OCOR, NO,
/

i "2
X=Cl Y,

*1: Conversion process is not the same for i-a and for i-b.

*2; Only two species were generated without the formation of nitro species.
*3: Either the i-a or ii is operating.

Scheme 1. Schematic explanation for the conversion reactions of cis-[Ru(NO")X(bpy)2]™*.

Table 3. Degradation products of cis-[Ru(NO")X(bpy),]"* ({RuNO}")

X Final main products Other species® Degradation pattern
cron  [RuNO:)(CHsCN)(bpy),]* (35—40%)°
H3 o [Ru(NO*)(CH;CN)(bpy) I** i-a
: [Ru(CH;CN)»(bpy), |2
[Ru(NO,)(CH3CN)(bpy),]* (75—78 %)~
[Ru(NO*}CH;CN)(bpy). |** . 2 .
ONO;, [Ru(CH;CN (bpy ) [Ru(NO")(CH3CN)(bpy).] i-b
[Ru(NO*)(ONO:)(bpy)2]**
al [Ru(NO*)Cl(bpy)]** .
[RuCI(CH;CN)(bpy),1* 1
[Ru(NO,)(CH3CN)(bpy).]* (ca. 5%)”
HCOO  [Ru(NO')(CH;CN)(bpy).]**
CH;CO0  [Ru(CH;CN),(bpy).]** ¢) i
NO, [Ru(NO")X(bpy), 1>
[RuX(CH3CN)(bpy),]*

a) (Figures in parentheses): yield of the nitro species. ([[Ru(NO;)CH3zCN)(bpy)2T*VI[Ru(NO*)X(bpy) 1) 100.

b) The species could be detected prior to the formation of final main products.

owing to complexity of HDV (CV).

could be ascribed to cis-[Ru(NO,)(CH3;CNXbpy), ]* and cis-
[Ru(CH;CN),(bpy), 1>+, respectively, again using authentic
samples.

Since the above electrode-chemical reaction (E-C) was
depressed in a low-temperature experiment (—30 °C),
the degradation process of cis-[Ru(NO")(ONO;)(bpy),]*
({RuNO}’) could be monitored at 20 °C by hydrodynamic
voltammograms (HDV); we first accumulated the one-elec-
tron reduction species by completing an exhaust reduc-
tive electrolysis of cis-[Ru(NO*)(ONO,)(bpy),}** at —30
°C; a solution containing the resultant species, cis-[Ru-
(NO™)(ONO,)(bpy),]*, was then warmed to 20—25 °C by
standing the solution at room temperature under an argon
stream. We found that the wave of cis-[Ru(NO")(ONO,)-
(bpy)2]* decreased rapidly, while that of cis-[Ru(NO")-

¢) The species could not be clarified

(CH;CN)(bpy)2]1** ({RuNO}’) appeared and then it in-
creased. When the solvation had progressed further, another
chemical change occurred suddenly to give cis-[Ru(NO;)-
(CH3CN)(bpy)2]*, along with cis-[Ru(CH3CN),(bpy),1**;
this change terminated within about 2 h. During these 2
h the wave of cis-[Ru(NO")}(CH;CN)(bpy),]** ({RuNO}7)
decreased. Noticeably, the wave of the original cis-[Ru-
(NO*}ONO, )(bpy):]** ({RuNO}®) was generated during
progress of the nitrosyl-to-nitro conversion, even though the
experiment was carried out under an argon atmosphere in the
dark. The results are shown in Fig. 3A and are summarized
graphically in Fig. 3B.

cis- [Ru(NO")}(CH3CN)(bpy);]** and cis- [Ru(NO")-
(H0)(bpy)I**.  Although the corresponding {RuNO}°-
type complexes have been investigated widely, the experi-
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Fig. 2. Typical cyclic voltammogram of cis-[Ru(NO")-

(ONO,)(bpy)21" ({RuNO}).

mental results described here for the {RuNO}’-type com-
plexes have not yet been reported. The complex cis-[Ru-
(NO*)(CH;CN)(bpy)gj3+ showed a typical CV pattern as
the {RuNO}°-type complex.” Similar to the experiment
carried out on cis-[Ru(NO")(ONO,)(bpy)»]*, a monitoring
experiment was attempted for the electrochemically gener-
ated one-electron reduction species cis-[Ru(NO" )} CH;CN)-
(bpy)zjz“’ by both a hydrodynamic voltammogram (HDV)
and CV. In contrast to the case of cis-[Ru(NO")(ONO,)-
(bpy)a]*, the generations of both cis-[Ru(NO; )} CH;CN)-
(bpy)>1* and cis-[Ru(CH3;CN)y(bpy)s]>* are very slow (it
took one night), and their product amounts were relatively
low. The conversion ratio ([/d of the nitro species/[/d of
the original nitrosyl species] < 100), estimated at the final
reaction stage of the conversion reaction (30 h later), was

Bull. Chem. Soc. Jpn., 73, No. I (2000) 89

only 35—40%. The original {RuNO}%-type nitrosyl com-
plex ¢is-|[Ru(NO™)(CH;CN)(bpy),]** was re-generated again
during the progress of nitro complex formation. The results
are shown in Fig. 4A and are summarized graphically in
Fig. 4B. Essentially the same monitoring result has been
observed in cis—[Ru(NO')(HgO)(bpy)g]z“‘, since the species
changed easily to cis-[Ru(NO’ )(CH;CN)(bpy)z]2+ under the
experimental conditions.!*'®

cis-[Ru(NO")Cl(bpy),]*. Similar to cis-[Ru(NO")X-
(bpy):]"* (n=1 for X = ONO; and n =2 for both H,O and
CH;CN) described above, cis-[Ru(NO")Cl(bpy)>1* belongs
to the typical one-electron reduction species of {RuNO}°-
type complexes. However, the sequence of the degrada-
tion reaction of cis-[Ru(NO")Cl(bpy),]" markedly differs.
The monitoring experiment indicated that no cis-[Ru(NO")-
(CH;CN)(bpy)g]2+ was generated at all. Instead, both cis-
[Ru(NO*)Cl(bpy),]** and cis-[RuCI(CH3;CN)(bpy).]'* ap-
peared, and then increased at the expense of cis-[Ru(NO")-
Cl(bpy),]*, without the formation of ¢cis-[Ru(NO, )(CH;CN)-
(bpy):]*. Re-generation of the original {RuNO}°-type com-
plex (cis-[Ru(NO*)Cl(bpy);]**) was found in appreciable
amounts. The results are shown in Fig. 5A and are summa-
rized graphically in Fig. 5B.

cis-[Ru(NO")X(bpy):]* (X=0CHO, OCOCH3;).
Figures 6A and 6B show that, at a glance, the degradation
patterns of cis-[Ru(NO" )X (bpy),]* (X = OCHO, OCOCHj3)
appear to be very similar to those of cis-[Ru(NO*)X(bpy). 1
(X = H,0, CH;CN) (pattern i-b). However, the follow-
ing differences are found; in addition to small amounts
of the pattern i-a type products (cis-[Ru(NO,)}(CH3CN)-
(bpy)a1*, cis-[Ru(CH3;CN),(bpy),]**, and cis-[Ru(NO*)-
(CH;CN)(bpy),13*), the pattern ii type products (cis-[RuX-
(CH;CN)(bpy)> 1" and cis-[Ru(NO*)X(bpy),1** (X =OCHO,
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The conversion process of cis-[Ru(NO")ONO»)(bpy)2]* ({RuNO}") monitored by hydrodynamic voltammograms (HDV)

at 20 °C. [A] Monitoring results. a, Just after the electrolysis was completed (The measurement was carried out after the solution
temperature was elevated from —30 to 20 °C); b, 2 h after allowing the electrolyzed solution to stand (cis-[Ru(NO" Y CH;CN)-
(bpy)21** was formed and then it increased): ¢, 4 h after the standing started (The formation of cis-[Ru(NO2 )} CH3CNY(bpy)2]*
completed). [B] Plots of the standing times vs. /d values of the product species, each of which was estimated from the corresponding
Id value of HDV. [ cis-[Ru(NO" YONO,)(bpy)a]* (—0.06 V), A cis-[Ru(CH3;CN)2(bpy)2]** (1.10 V), B e¢is-[Ru(NO*)(ONOa)-
(bpy)1** ({RuNO}®), @ cis-[Ru(NO)CH3;CN)(bpy)21*" ({RUNO}®) (0.19 V), O cis-[Ru(NO" Y CH;CN)(bpy)21** (0.19 V), @ cis-

[Ru(NO2)(CH:CN)(bpy)2]* (0.81 V).
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OCOCH;) were formed, and the pattern ii type process domi-
nated over the pattern i-a type process. Itis also noted that the
degradation of the pattern iii complexes proceeds relatively
slowly. The results are shown in Fig. 6A and are summarized
graphically in Fig. 6B (in our previous paper'” we mentioned
that cis-[Ru(NO")Y(OCOCH;)(bpy).]* does not generate cis-
[Ru(NO»)}(CH3CN)(bpy)>]* in any appreciable amount un-
der the conditions; this must be modified as described above,
since our experiments when repeated again showed that the
formation of the nitro species occurred, although the yield
was very low). All electrochemical data of the complexes
that relate to the present degradation reactions are summa-
rized in Table 4.

Discussion

Oxygen- Transfer Reactions Occur in cis-[Ru(NO’)-
(ONO;)(bpy):]* by Two Separate Processes. The com-
plexes cis-[Ru(NO")X(bpy). "™ (X = CH3CN, H,0, ONO»),
which belong to the pattern i group, undergo an oxygen-trans-
fer reaction via a nitrosyl-to-nitro conversion to give iden-
tical nitro species cis-{Ru(NO;)(CH;CN)(bpy),]*: however,
reaction sequences of cis-[Ru(NO")(ONO,)(bpy).]* (pattern
i-b) definitely differ from those of cis-[Ru(NO")X(bpy), |**
(X =CH;3CN, H,0) (pattern i-a); Fig. 3 shows that the for-
mation of cis-[Ru(NO")(CH;CN)(bpy).]** ({RuNO}’) oc-
curs in cis-[RuU(NO™)ONO,)(bpy)» " ({RuUNO}’) prior to
the main reaction of nitrosyi-to-nitro conversion to give
cis-|RuNO, (CH3CN)(bpy)-]*. We assume that the elim-
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at 20 °C. [A] Monitoring results. a, Just after the electrolysis was completed (The measurement was carried out after the solution
temperature was elevated from —30 to 20 °C); b, 24 h after the standing started. [B] Plots of the standing times vs. I/d values of the
product species, each of which was estimated from the corresponding /d value of HDV. [ cis-[Ru(NO")(OCHO)(bpy):]* (—=0.23
V), B ¢is-[Ru(NO*)(OCHO)(bpy)21** (—0.23 V), ® cis-[Ru(NO,)(CH;CN)(bpy)2|* (0.81 V), O cis-[Ru(NO" }CH3CN)(bpy), 1>
(0.19 V), A cis-[Ru(CH3CN)a(bpy)a]* (1.10 V), 57 cis-[Ru(OCHO)(CH3CN)(bpy)-|* (0.48 V).

Table 4. Electrochemical Data

EYIV

Complexes N
Epul EI/Zh’ Epc'l AE)

cis-[Ru(NOYCH;CN)(bpy); ](C104)3 0.15 0.23 0.19 —0.71 80
cis-|Ru(NOYH>O0)bpy): [(C104)3 0.09 0.23 0.16 —0.71 160
cis-[Ru(NOYONO:2)(bpy): (C104): —-0.10 -0.02 —0.06 -0.77 80
cis-[Ru(NO)Cl(bpy)2[(ClQy): —-0.16 -0.08 —0.12 —-0.90 80
cis-|[Ru(NO)(OCOCH3 )(bpy): J(PFs).  —032 022  —0.27 -0.99 100
cis-[Ru(NO)Y(OCHO)(bpy): |(PF¢ )2 -029 =019 -0.23 —-0.99 100
cis-[Ru(NO; HCH3CN)(bpy)- |PFs 0.77 0.85 0.81 80
cis-[Ru(CH3CN)2(bpy)2 |(PFe )2 1.13 1.10 60
¢is-[Ru(OCHO)(CH3CN)bpy): ]PF, 0.45 0.51 0.48 60
cis-[RuCI{CH;CN)(bpy)21C104 0.45 0.52 0.48 70

a) V vs. Ag|/AgNO; (0.1 moldm—? TEAP-CH;CN) at25 °C.  b) (Epat —Epe)2. ©) |Epat —Epel|

{(mV).

d) c¢is-[Ru(OCOCH;)(CH3CN)(bpy),]* (Ejpp = 0.42 V) described in the degradation of cis-

[Ru(NO")Y(OCOCH;3)(bpy),I* was tentatively identified.

inated NO3; ™ ion results in an oxygen-transfer reaction,
which brings about the main nitrosyl-to-nitro conversion
reaction. A significant difference between cis-[Ru(NO")-
(ONO,)(bpy)>]* and cis-[Ru(NO")X(bpy),]** (X = CH3CN,
H,0) is observed in their yield of the nitro species, cis-
[Ru(NO}(CH3CN)(bpy), |* (yield was calculated as [Id of
the nitro species}/[/d of the original nitrosyl species] x 100);
nearly 80% of the conversion was achieved in cis-|[Ru(NO")-
(ONO;)(bpy)2]*, while only 35—40% was estimated for c¢is-
[Ru(NO")X(bpy),]** (X = CH;CN, H,0).

Since the main difference in the conversion process
between cis-[Ru(NO")(ONO,)(bpy)2]* and cis-[Ru(NO")-
(CH3CN)(bpy)2]** is the presence (or absence) of the nitrate
ion in the electrolyzed solution, one may assume that the
oxygen source of the nitrosyl-to-nitro conversion will be the
nitrate ion released from cis-[Ru(NO")(ONO; )(bpy). ]*. This
assumption was justified by the following experiment. At 20
°C, we added the CH3CN solution containing EtyNNOs to

cis-[Ru(NO")(CH;CN)(bpy),]**, which was accumulated by
an exhaust reductive electrolysis of ¢is-[Ru(NO*)(CH;CN)-
(bpy)zl3+ at —30 °C. In contrast to the monitoring re-
sult observed in cis—[Ru(NO')(CH;CN)(bpy)z]2+ (Fig. 4),
the nitro conversion occurred soon, as we have seen in
the monitoring experiment of cis-[Ru(NO")Y(ONO,)(bpy),|*
(Fig. 3). Accordingly, the apparent chemical changes of cis-
[Ru(NO*)(ONO,)(bpy), |** to give cis-|Ru(NO»)}(CH;CN)-
(bpy).]* can be written formally by the following equations,
if we attempt a simple argument:

[Ru(NO")(ONO,)(bpy)2]”* +¢~ —— [Ru(NO")(ONO,)(bpy)]*
3

[Ru(NO")(ONO>)(bpy)2]"
—- [Ru(NO")Y(CH3CN)(bpy)]** + ONO, ™ (4)
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[Ru(NO")(CH;CN)(bpy)2]** + ONO, ~
—— [Ru(NO,)(CH;CN)(bpy)a]" + NO, 5)

That Eq. 5 proceeds, however, is unlikely; Egs. 3, 4, and 5 can
not explain the formation of both cis-[Ru(CH;CN)z(bpy)g]2+
and {RuNO}®-type complexes (cis- [Ru(NO")(ONO,)-
(bpy)2]** and cis-[Ru(NO*)(CH3CN)(bpy),]**), which we
detected during the monitoring experiment (see Table 3).
As described above, the oxygen source of the nitrosyl-to-
nitro conversion observed in cis-[Ru(NO")(ONO,)(bpy).]*
is the nitrate ion released from the complex. We assume
that sequences of the reactions described later are proceed-
ing during the conversion reaction; this may explain the
generation processes of all the product species which we de-
tected electrochemically in the degradation process of cis-
[Ru(NO")(ONO;)(bpy)2 1"

We first consider the conversion process of cis-[Ru(NO")-
(CH;CN)(bpy):]** (pattern i-a), prior to that of cis-[Ru-
(NO" )} ONO, )bpy):]* (pattern i-b). Undoubtedly, a one-
electron reduction of {RuNO}® complexes occurs at the
nitrosyl site.”” The one-electron reduction species is rela-
tively unstable with respect to elimination of the (NO") moi-
ety, when the electrolyzed solution is allowed to stand at
room temperature. Breaking of the Ru—NO" bond actu-
ally occurred in all complexes investigated here, although
the product amount of cis-[Ru(CH3CN),(bpy),]** depends
on the X ligand (note also that cis-[Ru(NO")Cl(bpy),]*
generates cis-[RuCI(CH3CN)(bpy),]*, instead of cis-[Ru-
(CH3CN)2(bpy)2]2+). Consequently, this elimination leads
to the generation of the NO' moiety (Eq. 6) in addition to
cis-[Ru(CH;CN),(bpy),]**, which we detected by a moni-
toring experiment:

[Ru(NO")(CH3CN)(bpy)21**
—— [Ru(CH3CN),(bpy)2]** +NO (6)

The NO' moiety generated in Eq. 6 results in another re-
action, which gives cis-[Ru(NO*)(CH;CN)(bpy),1** (Eq. 7),
along with the NO™ moiety, because both NO" and cis-[Ru-
(NO')(CH3CN)(bpy)2]2+ are reactive species owing to their
electronic configurations having an unpaired electron.

[Rll(NO.)(CH}CN)(bpy)z]z+ +NO°
- [RU(NO+)(CH‘;CN)(bpy)2]§+ +NO~ (7)

Note that cis-[Ru(NO’ )} CH;CN)(bpy),]** is available as the
most abundant species, at least in the initial stage of the
conversion reaction. We emphasize that the sequence of
Eq. 7 has actually been established by a separate chemical
experiment, described below.

We could find that blowing nitrogen monoxide gas
(NO")into an electrolyzed solution containing cis-[Ru(NO")-
(CH3; CN)(bpy)2]2+ easily gave the formation of two species,
cis-[Ru(NO*)(CH;CN)(bpy),]** ({RuNO}®) and cis-[Ru-
(NO,)(CH;CN)(bpy),;]”, in almost equal quantities, but cis-
[Ru(CH;CN),(bpy),]**, described in Eq. 6, did not form.
Clearly, cis-[Ru(NO;)}CH3CN)(bpy),]* (and also cis-[Ru-
(NO*)(CH3CN)(bpy)>]**) generated in the chemical exper-
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iment are formed separately from the electrochemically-
induced reaction, in which we have found that cis-[Ru-
(CH3CN),(bpy),]%* is formed, in addition to the {RuNO}°-
type complex.

A further reaction, described in Eq. 8, is assumed to occur
in the product species of Eq. 7 to give a nitro species, cis-
[Ru(NO,»)(CH;CN)(bpy),]*; it has been reported that cis-
[Ru(NO*)(CH3;CN)(bpy).]** behaves as an electrophile,'**
and that the NO™ moiety as a two-electron reduction species
of NO* would be reactive toward electrophiles. Presently,
however, a detailed mechanistic process of how the NO~
moiety behaves in the nitrosyl-to-nitro conversion is difficult
to explain, and the evolution of N,O in Eq. 8 has not yet been
confirmed.

[Ru(NO* Y CH;CN)(bpy),1** +2NO~
— [Ru(NO,)(CH3CN)(bpy)2]" + N0 (8)

In the degradation of cis- [Ru(NO*)(ONO;)(bpy).]*
(pattern i-b), two separate nitrosyl-to-nitro conversion proc-
esses exist. Since elimination of the ONO, ™ moiety oc-
curs easily (see Fig. 3B), essentially the same reaction as
that described in cis-[Ru(NO')(CH3CN)(bpy)2]2+ (Egs. 6,7,
and 8) proceeds initially; this leads to the formation of
cis-[Ru(NO,)(CH3CN)(bpy)?]*, along with cis-[Ru(NO*)-
(CH3CN)(bpy)»1** and cis-[Ru(CH3;CN),(bpy),]**, includ-
ing a small amount of cis-[Ru(NO*)(ONO,)(bpy),]**, whose
formation is explained by.

[Ru(NO")(ONO,)(bpy)2]* + NO’
— [Ru(NO")(ONO:)(bpy2 " +NO~  (9)

Another reaction which affords effectively cis-[Ru(NO,)-
(CH3CN)(bpy)2]* follows in the second stage of the degra-
dation reaction of cis-[Ru(NO")(ONO;)(bpy),]*. Figure 3
shows that a large amount of the nitro species is generated
after liberation of the ONO, ™ ligand to give cis-[Ru(NO")-
(CH3CN)(bpy),]?* is almost completed; the result is explain-
able if the liberated ONO, ™ participates in the oxygen-trans-
fer reaction. Although the mechanistic process is not clear
again, we believe that the NO3;™ is able to react with the
NO~. However, such chemistry concerning the NO;~ and
NO™ moieties in solution, involving a one-electron reduction
nitrosyl species, is beyond the limits of our electrochemical
investigation. We concluded that the pattern i-b reaction
involves two types of nitrosyl-to-nitro conversion reactions;
an initial conversion proceeds by the same mechanistic proc-
ess as that described in the pattern i-a reaction, although the
yield of the nitro species is very low. The main conver-
sion due to the released ONO, ™ occurs in the second stage
of the degradation reaction in cis-[Ru(NO" ¥ ONO,)(bpy).]*
(Fig. 3B).

No Oxygen Transfer Reaction Occurs in cis-[Ru(NO’)-
Cl(bpy).1*, in Which a Precursor Species (cis-[Ru(NO")-
(CH3CN)(bpy)2]2+) Is Not Formed. The formation of cis-
[Ru(NO"}CH;CN)(bpy)2]** ({RuNO}’) must be a key pro-
cedure for the oxygen-transfer reaction, either in pattern i-a
or in pattern i-b. The monitoring results of cis-[Ru(NO")CI-
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(bpy)>]* ({RuNO}’, pattern ii) strongly support this assump-
tion. We detected only two species, cis-[RuCI(CH3;CN)-
(bpy)a]* and cis-[Ru(NO*)Cl(bpy),]** ({RuNO}®), as the
degradation products (Fig. 5), which might be explained by
Egs. 10 and 11. Neither cis-[Ru(NO')(CH3CN)(bpy)2]2+
nor cis-[Ru(NO,)(CH;CN)(bpy)2]* was observed to form
in this degradation. Throughout a monitoring study of cis-
{(Ru(NO")Cl(bpy).]*, we could confirm the absence of cis-
[Ru(NO')(CH3CN)(bpy)2]2+, which we assumed to be the
precursor of cis-[Ru(NO,)(CH3;CN)(bpy).]*.

[Ru(NO")CI(bpy):]* — [RuCK(CH;CN)(bpy)]" +NO™  (10)

[Ru(NO")Cl(bpy):]" +NO" — [Ru(NO*)Cl(bpy)s]** +NO~ (11)

A previous investigation showed that, in CH3CN, the sol-
vation of the aqua ligand in cis-[Ru(NO*)(HZO)(bpy)Q]3+
({RuNO}®) is relatively inert,'"” but that of the corresponding
cis-[Ru(NO")(H,0)(bpy),]** ({RuNO}?) proceeds rapidly.
Such a solvation, which gives cis-[Ru(NO")(CH;CN)-
(bpy)z]z*, does not occur in cis-[Ru(NO")Cl(bpy).]* (pattern
ii).

In pattern iii, cis- [RuNO")X(bpy),]* (X = HCOO,
CH;COO, NO;) gave many reaction products, without any
major product species. We believe that the result stems
from the chemical reactivity of cis-[Ru(NO")X(bpy),|"*
(X =HCOO, CH3COO, NO,), which brings about two types
of degradation reactions, the patterns i-a and ii; although
the ligand substitution which gives cis-[Ru(NO")(CH;CN)-
(bpy);;_]2+ occurs in cis-[RuNO)X(bpy),]™ (X = HCOO
and CH3;COO for n=1), it proceeds very slowly (see
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tion of small amounts of three product species (cis-[Ru-
(NO,)(CH;CN)(bpy)2 ], cis- [Ru(NO")(CH;CN)(bpy)2]**,
and cis-[Ru(CH3CN)2(bpy)2]2+), through the pattern i-a re-
action. In addition, cis-[Ru(NO")X(bpy),]* (X =HCOO and
CH;COO) underwent bonding rupture in the (Ru—NO") moi-
ety to give cis-[RuX(CH;CN)(bpy),]*; this is a similar pat-
tern to the one we have seen in the degradation process of
cis-[Ru(NO")Cl(bpy),]* (pattern ii). We concluded that the
present nitrosyl-to-nitro conversion occurred depending on
the lability of the X ligand in cis-[Ru(NO")X(bpy),1"*, which
gave cis-[Ru(NO")Y(CH;CN)(bpy),1™.

A question arose as to why the NO™ moiety did not react
with cis-[Ru(NO*)(ONO,)(bpy)2]** (Eq. 9) (and also with
cis-[Ru(NO")Cl(bpy),1** (Eq. 11)), although cis-[Ru(NO")-
(CH3 CN)(bpy)2]2+ (Eq. 8) did react well. It has been reported
that the nitrosyl reactivity of {RuNO}®-type complexes de-
pends strongly on the nature of the co-existing ligand X;
the criterion due to v (NO) data® shows that cis-[Ru(NO*)-
(CH3CN)(bpy),]** ({RuNO}®) is rather more reactive than
cis-[Ru(NO")Cl(bpy),)1** ({RuNO}%)." In this context, we
recall a result similar to that observed here, which has been
reported previously;?' we found that cis-[Ru(NO*)(CH3CN)-
(bpy)2]3+ reacted with even a free NO,™ ion to give a
small amount of ¢is-[Ru(NO,)(CH3;CN)(bpy),]*,*" although
the corresponding cis-[Ru(NO*)Cl(bpy),]** did not afford
the nitro species. It appears that cis-[Ru(NO*)(CH;CN)-
(bpy)2]** has an exceptional electrophilicity toward nucle-
ophiles.

Additional Results Concerning the Present Observa-
tions. A previous study has reported that the one-electron
reduction species cis-[Ru(NO")Cl(bpy).]* is quite chemi-

Fig. 6). The substitution inertness results in the forma-
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Fig. 7. The conversion process of cis-[Ru(NO" )} NO: )(bpy)21* ({RuNO}7) monitored by hydrodynamic voltammograms (HDV)

at 20 °C. [A] Monitoring results. a, Just after the electrolysis was completed (The measurement was carried out after the
solution temperature was elevated from —30 to 20 °C); b, 11 h after allowing the electrolyzed solution to stand; ¢, 24 h after
the standing started. [B] Plots of the standing times vs. /d values of the products species, each of which was estimated from the
corresponding Id value of HDV. O cis-[Ru(NO")NO2)(bpy)2]" (—0.03 V), ¥ cis-[Ru(NO»)(CH;CN)(bpy).1" (0.81 V), <& cis-
[Ru(NO"Y(CH3CN)(bpy)2]* (0.19 V), O cis-[Ru(NO"}NO,)(bpy)21** (=0.03 V), A cis-[Ru(NO)ONO)(bpy)]** (=0.19 V).
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cally stable, at least within the time scale of an electroly-
sis, while the corresponding trans isomer is unstable.”> We
attempted to monitor the degradation reaction of trans-[Ru-
(NO")CI(bpy)1*. However, the result is difficult to explain,
because many species were formed as degradation products
that have been difficult to characterize so far.

Our recent study has also shown that cis-[Ru(NO*)(ONO)-
(bpy)2]** undergoes a facile structural rearrangement to give
the corresponding nitro isomer, cis-[Ru(NO")(NO,)(bpy).]*,
when the nitrito isomer undergoes a one-electron reduction. '’
The resultant nitro species can be returned to the original ni-
trito species by a one-electron oxidation. We did not inves-
tigate the further behavior of cis-[Ru(NO"}NO;)(bpy).]*,
whether it shows the nitrosyl-to-nitro conversion or not,'
so we attempted the monitoring study described above using
cis-[Ru(NO")NO,)(bpy),1*. Figures 7A and 7B show that
basically the same degradation as that observed in the pattern
iii occurred; three species (cis-[Ru(NO")(CH3CN)(bpy),]**,
cis-[Ru(NO)(CH;CN)(bpy), ]+, and cis-[Ru(NO")(NO;)-
(bpy)21**) were detected to form, each in small scale, along
with cis-[Ru(NO*)(ONO)(bpy),]**. The nitrogen atom of
cis-[Ru(NO, )(CH;CN)(bpy),]" may come from either nitro-
syl or nitro nitrogen, since either the pattern i-a type degra-
dation or the pattern ii type degradation is operating.

It is well known that the C1O4~ ion is potentially a strong
oxidant. Despite the possibility that it participates in the
present oxidative reactions, we found that the experiment car-
ried out under conditions containing large amounts of C104~
ion did not accelerate the nitrosyl-to-nitro conversion. We ob-
served that cis-[Ru(NO*)(CH3;CN)(bpy),]** (ClO; salt was
used) was converted to give cis-[Ru(NO,)(CH3;CN)(bpy),]*,
as mentioned earlier, in a nearly 40% yield in maximum,
when (R4N)C10O, was added as a supporting electrolyte. We
tried the experiment using cis-[Ru(NO")(CH;CN)(bpy),]-
(PF¢)s, with (R4N)PFg as a supporting electrolyte, but the
extent of the conversion was almost the same in both cases.

Unlike cis-[Ru(NO" )X (bpy),]"*-type complexes, cis-[Ru-
(NOHX(bpy)(py):]"* type complexes (X = OCOMe, NO,)**
show gradual pyridine ligand elimination, along with the
pattern ii-type degradation reaction. In cis-[Ru(NO")(NHj3)-
(bpy)(py)2]"*, however, the HDV and CV voltammograms
of the species were maintained without any marked chemical
changes, at least for 10 h; this suggests that the present moni-
toring experiments were carried out under careful conditions
and were sufficiently protected from air oxidation, although
the {RuUNO}’-type complexes investigated here are all air-
sensitive species.

Let us cite a few recent brief comments on the electro-
chemically-induced nitrosyl-to-nitro conversion. Meyer and
his coworkers have reported that an electrochemical reduc-
tion of cis-[Ru(NO")(CH3CN)(bpy),]** might afford cis-
[Ru(NO,)(CH3CN)(bpy), 1*, along with some other unidenti-
fied material,® as mentioned earlier. They have also reported
that the reduction of [Ru(NO*)(terpy)(acac)}** gave the cor-
responding nitro species, although product identification was
not established.” Interestingly, their nitrosyl-to-nitro conver-
sions were found in exhaust reductive electrolyses carried out
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at the second reduction potential of the nitrosyl complexes,
although the present conversion proceeded in the electrol-
yses at the first reduction potential. Our recent study has
shown that the nitrosyl-to-nitro conversion occurred when
a binuclear complex having a two-electron reduction nitro-
syl (IRuy(NO™ )a(bpy)s]** ({RuNO}¥ —{RuNO}®)) was dis-
integrated at room temperature in CH3;CN." Electrochemi-
cal monitoring of the conversion reaction indicated that the
M-nitrosyl binuclear complex gave cis-[Ru(NO")(CH3CN)-
(bpy)2]** as an initial degradation product.

This work was supported by a Grant-in-Aid for Scien-
tific Research N0.09640622 from the Ministry of Education,
Science, Sports and Culture.
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