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were not accessible to experiment. However, it is anticipated
that the stability constant of the Eu?* adduct with macrocycle
1 should be near to the constant measured for Sm>*. From
a comparison with the data of Gansow et al.,’ it appears that
ligand 1 should be as effective as cryptate [2.2.1] for the
stabilization of europium in the divalent oxidation state (the
nature of the solvents being not taken into account).

Other macrocycles of suitable size should give rise to com-
plexometric and stabilization effects similar to the ones de-
scribed here. Polarographic and potentiometric investigations
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of these new facets of the properties of macrocycles are now
in progress.

Acknowledgment. We gratefully acknowledge research
support from the Fonds National de la Recherche Scientifique
of Belgium. J.F.D. is Chercheur Qualifi€ at this institution.

Registry No. La, 7439-91-0; Ce, 7440-45-1; Pr, 7440-10-0; Nd,
7440-00-8; Sm, 7440-19-9; Gd, 7440-54-2; Tb, 7440-27-9; Dy,
7429-91-6; Ho, 7440-60-0; Er, 7440-52-0; Tm, 7440-30-4; Yb,
7440-64-4; Lu, 7439-94-3; 1, 29471-17-8.

Contribution from the Department of Chemistry,

The University of North Carolina, Chapel Hill, North Carolina 27514

Oxidation of the Ligand in Nitro Complexes of Ruthenium(III)

F. RICHARD KEENE, DENNIS J. SALMON, JERRY L. WALSH, HECTOR D. ABRUNA,

and THOMAS J. MEYER*

Received June 29, 1979

Nitro complexes of bis(bipyridyl)ruthenium(III) are unstable with respect to oxidation of the coordinated nitro ligand.
For the complexes Ru(bpy),(L)YNO,* (L = NHj, py (pyridine), pyr (pyrazine), CH;CN, PPh;) and Ru(bpy),(C)NO,,
electrochemical oxidation to the ruthenium(III) state results in production of the corresponding nitrosyl and nitrato complexes
ina 1:1 ratio. A two-electron oxidation of the nitro ligand to nitrate occurs, and the corresponding reduction is delocalized
over two sites, one at the metal (Ru!! — Ru!l) and one at the ligand (RuNO* — RuNO). For the chloro complex the
rate of disappearance of Ru!'(bpy),(CI)NO,* is first order in Ru(III) and the rate constant, determined by monitoring
the reaction by cyclic voltammetry, is 1.8 X 107 5™ in acetonitrile at room temperature. For the pyridyl complex, variable
scan-rate cyclic voltammetry experiments show the intervention of an intermediate past the initial oxidation step. A mechanism
is suggested for the oxidation of coordinated nitrite which consists of an initial rearrangement of the nitro ligand from
N bound to O bound. The O-bound isomer is a reactive intermediate which undergoes a bimolecular oxygen atom transfer
reaction probably with the corresponding Ru'~NO, complex to give the observed products. The acid—base properties of
the Ru(bpy),(py)NO,*-Ru(bpy),(py) NO** acid-base pair and formal reduction potentials for the chloro and pyridyl complexes
as two-electron-acceptor, oxide ion donor oxidants have been determined. In basic solutions, oxidation of the nitro group

becomes catalytic and the nitrato complex is the sole product of the oxidation.

Introduction

We are attempting to design 2,2’-bipyridyl complexes of
ruthenium which can function as redox catalysts. As potential
catalytic systems, the complexes are attractive because of the
stability of the Ru-bpy chemical link, the availability of
possible multiple electron donor or acceptor properties based
either on metal’? or ligand®* redox sites, the existence of
dimeric and oligomeric multimetallic complexes,’ and the
versatility of the background synthetic chemistry for making
controlled chemical modifications.”®® The complexes are also
attractive from the kinetic point of view since they retain the
same basic coordination number in a series of different oxi-

(1) (a) G. M. Brown, Ph.D. Dissertation, The University of North Carolina,
Chapel Hill, 1974; (b) D. J. Salmon, Ph.D. Dissertation, The University
of North Carolina, Chapel Hill, 1976.

(2) B. A. Moyer and T. J. Meyer, J. Am. Chem. Soc., 100, 3601 (1978);
B. A. Moyer, M. Thompson, and T. J. Meyer, ibid., 102, 2310 (1980).

(3) B. P.Sullivan, H. Abruna, H. O. Finklea, D. J. Salmon, J. K. Nagle,
H. Sprintschnik, and T. J. Meyer, Chem. Phys. Lett., 58, 389 (1978).

(4) (a) R. W, Callahan and T. J. Meyer, Inorg. Chem., 16, 574 (1977); (b)
R. W. Callahan, G. M. Brown, and T. J. Meyer, J. Am. Chem. Soc.,
97, 894 (1975).

(5) (a) T. J. Meyer, Ann. N.Y. Acad. Sci., 313, 496 (1978); (b) T. J.
Meyer, Adv. Chem. Ser., No. 150 (1976). (c) R. W, Callahan, E. C.
Johnson, G. M. Brown, T. R. Weaver, and T. J. Meyer, ACS Symp.
Ser., No. 5, 66 (1975); (d) S. A. Adeyemi, E. C. Johnson, F. J. Miller,
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dation states and, where known, the kinetic barriers to electron
transfer are low as shown by electron-transfer self-exchange
studies.**”

In earlier work it was shown that relatively facile oxidation
of ligands coordinated to (bpy), complexes of ruthenium can
occur (eq 1 and 2). The reactions in eq 1 and 2 are known

Ru(bpy),(Ns); + CH;CN ——
RU(bPY)J(CHJCN)N3+ + 3/2Nz (1)8

Ru(bpy);(NH,CH,R) 2 ——
Ru(bpy)z(NECR)22+ + 8H* (2)9

to occur by initial oxidation of Ru(II) to Ru(IIl). For the case
where bound amines are oxidized (eq 2), the initial Ru(IT) —
Ru(III) step is followed by a series of net two-electron oxi-
dative dehydrogenation steps at the bound amine ligands.

In this paper a third example is described where a bound
ligand is oxidized following oxidation of Ru(II) to Ru(III).
The chemistry involves oxidation of a bound nitro to a nitrato

(7) (a) R. W. Callahan, F. R. Keene, D. J. Salmon, and T. J. Meyer, J.
Am. Chem. Soc., 99, 1074 (1977); (b) F. R, Keene, R. C. Young, and
T. J. Meyer, ibid., 99, 2468 (1977).

(8) G. M., Brown, R. W. Callahan, and T. J. Meyer, Inorg. Chem., 14, 1915
(1975).

(9) (a) F. R, Keene, D. J. Salmon, and T, J. Meyer, J. Am. Chem. Soc.,
98, 1884 (1976); (b) G. M. Brown, T. R, Weaver, F. R. Keene, and

T. J. Meyer, Inorg. Chem., 15, 190 (1976).
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group. The appearance of the reaction, which was described
in a preliminary communication,'® helps expldin the apparent

nonexistence of stable, monomeric nitro complexes of Ru(IIT)!' .

and more importantly suggests that Ru(IIT)—-nitro complexes,
which do exist, but as transient intermediates, may have useful
properties as oxygen atom transfer catalysts.'?

Experimental Section

Ultraviolet—visible spectra were obtained by using a Bausch and
Lomb Model UV-210 spectrometer. All electrochemical measure-
ments were at platinum electrodes, and all potentials are reported
vs. the saturated sodium chloride calomel electrode (SSCE) at 22 =
2 °C and were uncorrected for junction potentials. Potential control
for electrochemical experiments was obtained by using a Princeton
Applied Research Model 173 potentiostat/galvanostat. The wave-form
generator for voltammetric experiments was a Princeton Applied
Research Model 175 universal programmer. Slow-scan (50-500
mV/$) cyclic voltammograms were recorded on a Hewlett-Packard
Model 7004B X-Y recorder. Fast-scan cyclic voltammograms were
obtained from photographs of the trace from a Tektronix Model 564B
storage oscilloscope. For fast-scan cyclic voltammograms, IR com-
pensation was used. Values of n, where n is the number of equivalents
of electrons transferred per complex insexhaustive electrolyses at
constant potentials, were calculated from the total area under current
vs. time curves. Reactions were judged to be complete when the current
had fallen below 1% of the initial value.

Materials. Tetra-n-butylammonium hexafluorophosphate (TBAH)
and tetracthylammonium perchlorate (TEAP) were prepared by
standard techniques and used as the supporting electrolyte in elec-
trochemical experiments. The acetonitrile (MCB spectrograde) used
in electrochemical measurements was dried over Davidson 4-A mo-
lecular sieves. All other chemicals were commercially available and
were of reagent quality and used without further purification.

Synthesis of Complexes. [Ru(bpy),(NO,),]-H,0,"* [Ru(bpy),-
(NO)CI](PF¢),,"* and Ru(bpy),(NO,)CI-H,0!* were prepared as
described previously.

[Ru(bpy)2(NO)(NOL}J(PFg);. Ru(bpy),(NO,), (1 g) was suspended
in acetonitrile (20 mL) in subdued light. One milliliter of 70% HPF
was added dropwise with stirring, and the mixture was stirred for 2
min and then filtered into an excess of diethyl ether. The solid which
precipitated was collected by filtration, washed with ether, and air-
dried; yield 96%. The complex could be recrystallized from aceto-
nitrile-ether solvent mixtures.

[Ru(bpy),(py)(NO,)]PF. [Ru(bpy)(NO)(NO,)](PF), (2.425
g) was dissolved in deaerated acetone (30 mL), and a stoichiometric
amount of KN, (0.252 g), dissolved in methanol (8 mL), was added
dropwise with stirring in subdued light. The mixture was stirred for
10 min. Pyridine (5 mL) was added, and the solution was stirred for
2 h. The mixture was filtered into excess diethyl ether, giving a
red-brown precipitate which was filtered, washed with ether, and dried
in vacuo. Purification of the solid was achieved by chromatography
on a column of alumina, using acetonitrile as an eluant under subdued
light conditions. The eluant was evaporated to dryness giving a bright
red product. It was recrystallized by slow addition of petroleum ether
(bp 40-60 °C) to a methylene chloride solution of the complex. The
electronic spectrum of the complex in water included an intense band
at Apax 414 nm (e 7400) and in acetonitrile Ay,, = 449 nm (e 7800)
and A, = 336 nm (e 10000). Anal. Calcd for [Ru(C;gHgN,),-
(CsHsN)(NO,)]PF: C, 43.93; H, 3.10; N, 12.30. Found: C, 44.10;
H, 3.00; N, 12.15. ‘

[Ru(bpy),(py)(NO)(PF¢)s. [Ru(bpy),(py)(NO,)]PF, (0.50 g)
was suspended in acetonitrile (10 mL) in the dark, and 70% HPF,
(1 mL) was added with stirring. The mixture was stirred for 2 min
and then filtered into excess diethyl ether. The precipitated solid was
collected by filtration, washed with ether, and dried in vacuo; yield
95%. The solid was recrystaliized from acetone~ether. The procedure
given here is a slight modification of a procedure given earlier.*

(10) F.R. Keene, D. J. Salmon, and T. J. Meyer, J. Am. Chem. Soc., 99,
2384 (1977).

(11) W, P. Griffith, “The Chemistry of the Rarer Platinum Metals”, In-
terscience Publishers, New York, 1967.

(12) F. R, Keene, D. J. Salmon, and T. J. Meyer, J. Am. Chem. Soc., 99,
4821 (1977); B. A. Moyer and T. J. Meyer, submitted for publication.

(13) J. B. Godwin and T. J. Meyer, Inorg. Chem., 10, 471 (1971).

(14) J. B. Godwin and T. J. Meyer, Inorg. Chem., 10, 2150 (1971).
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[Ru(bpy),(CH;CN)(NO,)]PF,. This salt was synthesized by using
a procedure analogous to that given for [Ru(bpy).(py)(NO,)]PF,
except that CH3CN was substituted for py. The salt was purified
by converting it to the nitrosyl form (by treatment with HPF, as
mentioned above) followed by reconversion to the nitro complex. For
the nitrosyl — nitro conversion, [Ru(bpy),(CH,;CN)(NO)](PF) (0.5
g) was suspended in H,O (20 mL) and 3 drops of a 50% NaOH
solution was added. The mixture was stirred for 5 min. The solid
was collected by filtration, washed with ice-cold water, and dried in
vacuo,

[Ru(bpy),(NH;)(NO,)]PF,. [Ru(bpy),(NO)(NO,)](PF), (0.110
g) was dissolved in deaerated CH,Cl, (150 mL). Tetraphenylarsonium
azide (0.060 g; stoichiometric) was added, and the solution was stirred
in subdued light for 2 h. Ammonia was then bubbled through the
solution for 2 h, after which the solution was filtered into a large excess
of diethyl ether. The resulting solid was collected by filtration, washed
with ether, and dried in vacuo; yield 40%.

[Ru(bpy),(PPh;)(NO,)](PFs) (Ph = Phenyl). This complex was
prepared by the method given for [Ru(bpy),(py)(NO,)](PF,) except
that PPh; was substituted for py. ‘Anal. Caled for [Ru-
(C1oHsN,),P(CeH;5):(NO,)](PF): C, 52.66; H, 3.61; N, 8.05. Found:
C, 51.58; H, 3.41; N, 8.05.

[Ru(bpy),(pyr)(NO,)](PFs) (pyr = Pyrazine). [Ru(bpy),-
(NO)(NO,)1(PFg), (0.40 g) was dissolved in 20 mL of deaerated
acetone, and sodium azide (0.033 g) was added as a methanol solution.
The resulting solution was then added to a solution of 1.02 g of pyr
in acetone. This solution was stirred and gently heated for 30 min
and then added to diethyl ether, and the solid product was collected
by filtration. The product was purified by chromatography on a basic
alumina column using acetone as eluant. The eluted product was
evaporated to dryness, redissolved in a minimum amount of acetone,
and precipitated with diethyl ether. Anal. Cal¢d for [Ru-
(C10H3N2)2(C4H4N2)(NOz)]PF6‘2H2Oﬁ C, 40.46, H, 226, N, 13.76.
Found: C, 41.75; H, 2.73; N, 13.87.

[Ru(bpy),(NO;)CIICL Ru(bpy),(NO,)CI (0.05 g) was dissolved
in CH,CN (100 mL), and triethylamine (3 drops) and water (3 drops)
were added. Chlorine was bubbled through the solution which caused
a color change from red to yellow. The solution was added dropwise
to 250 mL of ether and cooled to 5 °C. The solid which precipitated
was collected by filtration and air-dried; yield 40%. Anal. Calcd for
[Ru(CoH3N,)(NO3)CIJCl: C, 43.97; H, 2.95; N, 12.82. Found:
C, 43.24; H, 3.26; N, 12.64.

[Ru(bpy),(py) (NO;)JPF;. A solution of 1.42 g of (NH,),Ce(NO;)¢
in water (3 mL) was added to a solution of 0.589 g of [Ru(bpy),-
(py)(NO,)]PF; in acetonitrile to give a greenish solution and a tan
precipitate. After filtration, the green solution was added to diethyl
ether and the resulting precipitate was collected by filtration. The
solid was dissolved in water, and saturated aqueous NH,PF, was
added. The resulting precipitate was collected by filtration and
extracted with CH3CN. The extract was chromatographed on an
alumina column with [Ru(bpy),(py)(NO,;)]PF; being eluted with
CH,Cl,/CH,CN. The eluant was rotary evaporated to small volume
and precipitated by addition of diethyl ether, and the solid was collected
by filtration; yield 20%. Anal. Caled for [Ru(C;oHzNy),-.
(CsHsN)(NO,)](PFy): C, 42.93; H, 3.03; N, 12.07. Found: C,42.71;
H, 2.99; N, 11.52. In addition to the expected bands for bpy and
py vibrations, the infrared spectrum of [Ru(bpy),(py)(NO;)]PF,

" exhibits bands suggesting the existence of O-bound, unidentate nitrate

(~1460, 1288, 1000 cm™).!® The visible spectrum exhibits a Ap,
at 478 nm (e 8000) in acetonitrile solution. A more convenient,
photochemical preparation of [Ru(bpy),(py)(NO;)]PF; is described
elsewhere.!®

[Fe(bpy);J(PFy)s. [Fe(bpy)s](PFs),, prepared by standard tech-
niques,!” was oxidized with excess (NH,),Ce(NO,) in acetonitrile.
The precipitate which formed was collected by filtration and dissolved
in water, and [Fe(bpy)s](PFs); was precipitated by addition of HPF.
The precipitate was collected, dissolved in acetonitrile, and repreci-
pitated by addition of ether. The purity of [Fe(bpy);](PFs), was
checked by cyclic voltammetry. On standing in solution or as a solid,
Fe(bpy),** is readily reduced apparently by moisture in the air or

(15) K. Nakamoto, “Infrared Spectra of Inorganic and Coordination
Compounds”, 2nd ed., Wiley-Interscience, New York, 1970.

(16) B. Durham, J. Walsh, C. L. Carter, and T. J. Meyer, Inorg. Chem., 19,
860 (1980).

(17) F. H. Burstall and R. S. Nyholm, J. Chem. Soc., 3570 (1952).
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Table I. Rate Constants for the Reaction 3Ru(bpy),(CHNO,;" —
Ru(bpy),(CI)NO, + Ru(bpy),(CL)NO," + Ru(bpy),(CI)NO** at 22
+ 2 °C in Acetonitrile

initial concn
run  of Ru(bpy),-

no. (CONO,, mM 10%,s7! method,? oxidant?

1 0.05 4.3 vis, Fe(bpy),**

2 0.12 4.2 vis, Fe(bpy),3*
av 4.2

3 0.7 2.2 CV, Fe(bpy),**

4 1.8 2.3 CV, Te(bpy),**

5 1.9 1.8 CV, Ru(bpy),**

6 3.9 0.9 CV, Fe(bpy),*
av 1.8

2 vis: Rate constant values were determined from absorbance
(507 nm) vs. time data after mixing Ru(bpy),(C)NO, with the
oxidant. No additional electrolyte was added. CV: Rate con-
stant values were determined by cyclic voltammetry by measuring
oxidative peak currents for the Ru(bpy),(Cl)NO?**/Ru(bpy),(Cl)-
NO* couple as a function of time following the chemical oxida-
tion step. The region —0.2 to 1.0 volts vs. SSCE was scanned at
appropriate time intervals at 200 mV/s in the cyclic voltammetry
experiment. Sotutions were 0.1 M in [NEt,} (C1O,). b [Fe-
(bpy),] (PF,); was added as a solid directly to the solution to be
oxidized. When Ru(bpy),*" was used as oxidant, it was generated
electrochemically in solution immediately prior to use.

by solvent contaminants. The absence of Fe(bpy),** in samples of
Fe(bpy)s>* is indicated by the absence of the intense red color of
Fe(bpy)s*.

Determination of the Rate Constant for Disproportionation of
Rul(bpy),(CI)NO,*. By Cyclic Voltammetry. For cases where
Fe(bpy);** was used as oxidant, a weighed quantity of Ru(bpy),-
(CIHNO, was added to about 6 mL of acetonitrile (0.1 M TEAP) and
the solution was stirred to dissolve at least part of the Ru(bpy),-
(CI)NO,. A slight molar deficiency of solid [Fe(bpy)s](PFs); was
added at which time all of the suspended material dissolved. The
reaction which followed was assuimed to be that shown in eq 3 based

3Ru(bpy),(CHNO,* — Ru(bpy),(C)NO, +
Ru(bpy),(CHNO;* + Ru(bpy),(CHNO>* (3)

on prior electrochemical results (see below). Cyclic voltammograms
(scan rate 200 mV/s; limits 0.2 to +0.9 V vs. SSCE) were recorded
as soon as possible after mixing and were recorded then at frequent
intervals throughout a period of 30 min. When Ru(bpy);>* was used
as oxidant, a weighed quantity of [Ru(bpy),](PFg), was exhaustively
oxidized in acetonitrile (0.1 M TEAP) at 1.40 V vs. SSCE and a
weighed quantity of solid Ru(bpy),(Cl)NO, was then added to the
solution. The reaction was followed in the same fashion as when
Fe(bpy);** was used as oxidant. For each case, the rate of appearance
of Ru(bpy),(ClYNO?* was determined by the increase in the anodic
peak current, i, for the Ru(bpy),(CNO**/Ru(bpy),(ClYNO™* couple
(Eps = 0.21 V). The treatment of the kinetic data is outlined below.

By Spectrophotometry. Acetonitrile solutions of Ru(bpy),(C)NO,
and [Fe(bpy);] (PFg); were mixed in appropriate proportions to give
a slight molar excess of Ru(bpy),(CI)NO,. The solution was added
to a cuvette and placed in the spectrophotometer. The absorbance
change at A, 507 nm for Ru(bpy),(Cl)NO,) was monitored and
absorbance vs, time data recorded. An initial rapid (¢, = 2-4 min)
increase was observed, followed by a slow decrease. The initial increase
in absorbance, 4, was attributed to the appearance of Ru(bpy),-
(C)NO, via eq 3, and the data was treated accordingly as outlined
below. The origin of the slow secondary absorbance change is not
clear. It should be noted that corresponding changes were not observed
when the system was monitored by cyclic voltammetry but admittedly
under conditions where the concentration of initial complex was higher.

Data Treatment. Kinetic data for the formation of Ru(bpy),-
(C)NO?, measured by changes in peak current (i,) in the electro-
chemical experiments, or for the appearance of Ru(bpy),(C)NO,,
measured by changes in absorbance (A4) in the spectral experiments,
were analyzed by the Swinbourne method.!® The parameter, i, or
A, at time r was plotted vs. the same parameter at time ¢ + 7, where

(18) E. S. Swinbourne, J. Chem. Soc., 2371 (1960).

Keene et al.

2

Il s oL —
2.0 1.5 1.0 0.5

YOLTS (vs. ssce)

Figure 1. Cyclic voltammograms (200 mV/s) in acetonitrile (0.1 M
[NEt](ClOy)) at 22 £ 2 °C: (A) Ru(bpy),(py)NO,*; (B) solution
A after exhaustive electrolysis at +1.2 V (# = 1.5); (C) solution A
with added H,O (1%) and 2,6-lutidine (1%) after exhaustive elec-
trolysis at +1.2 V (n = 3.0).

7 is a constant time interval which was chosen as 2 min in this case.
Smooth curves were drawn for the 7, or A4 vs. time data and then the
data obtained from these plots by extrapolation were used in the
Swinbourne analysis. Straight-line Swinbourne plots were obtained
with slopes greater than 1 and the intersection of the straight lines
with the line of slope equal to 1 were in good agreement with the
infinity values either observed or obtained by extrapolation. The
infinity values were used to treat the i, or 4 data by standard first-order
techniques, and the rate constants in Table I were obtained. The
insensitivity of the observed rate constants to the concentration of
Ru(bpy),(C)NO,* confirms the first-order nature of the reaction.
Measurement of X for the Equilibrium Ru(bpy).(py)NO** + 20H"
= Ru(bpy),(py)NO,* + H,0. The equilibrium constant for the
nitrosyl-nitro equilibrium was determined spectrophotometrically at
25.0 £ 0.1 °C in water at / = 1.0 M (NaCl). Constant pH was
maintained in the experiment by using potassium hydrogen phthalate
(0.010 M) as buffer. The equilibrium constant was determined by
adding an aliquot of an aqueous solution of [Ru(bpy)(py)NO](PFy);
to each of ten 50-mL flasks (to give a complex concentration of ~1.2
X 107 M). In addition, NaCl (2.92 g), an aliquot of potassium
hydrogen phthalate (to make the buffer concentration 0.010 M), and
sufficient 0.1 M HCIO, or 0.10 M NaOH to vary the pH of the
solutions over the range pH 2-6 were added. The solutions were
allowed to sit at 25.0 & 0.1 °C in a water bath for 12 h. Each solution
was then measured spectrophotometrically in the visible region with
the absorbance at A 414 nm [\, for Ru(bpy),(py)(NO,)*] being
especially noted, and the pH of each solution was recorded. At the
two extremes of pH used, only Ru(bpy),(py)NO)** or Ru(bpy);-
(py)(NO,)* were present in any appreciable amount. For the in-
termediate pH cases, the amounts of the two species were calculated
from the absorbance at A 414 nm. Since the nitrosyl complex is
essentially transparent at this wavelength, the absorbance measurement
with the known molar extinction coefficient for the nitro complex gave
its concentration, and the concentration of nitrosyl complex was
determined by mass balance. From the results of three separate
experiments under conditions where both the nitrosyl and nitro
complexes were present in appreciable amounts, an average value of
K(250°C, I=1.0M) = (1.0 £ 0.3) X 10 M2 was found.

Results and Discussion

Oxidation of Bound Nitrite to Nitrate, A cyclic voltam-
mogram of a solution containing the complex Ru(bpy),(py)-
NO,* in acetonitrile (0.1 M TEAP) is shown in Figure 1A.
The initial oxidative sweep shows a wave at a potential which
is reasonable for a Ru(Il) — Ru(III) oxidation (£,, = 1.06
V), but the oxidation is chemically irreversible, at least in part.
On the back, reductive sweep, a new wave appears, and a
second sweep through the same potential region indicates that
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Scheme I
_2 -
2Rul (bpy),(py)NO;* —- 2Rull(bpy),(py)NO,**
2Rul(bpy),(py)NO,** — Rull(bpy),(py)NO®* +
Rufl(bpy),(py)NO;
RuTl(bpy) (py)NO,; — Rull(bpy),(py)NO,**

Table II. Electrochemical Data in 0.1 M
[N(1-Bu),(PF,)] ~Acetonitrile Solution at 22 + 2 °C¢

couple or process

oxidn of Ru- Ru-

Ru(bpy),- (bpy),(L)- - (bpy),(L)-

(L)NO; (NO)3+/2+ (N03)2+/+

L EpaV En,V E .,V
PPh, 1.25 0.56 1.07%
CH,CN 1.17 0.56 1.02°
Py (pyrazine) 1.14 0.57 1.00%
py (pyridine) 1.06 0.53 0.91
NH, 0.85 0.30 0.70%
cl 0.57¢ 0.194 0.45¢

¢ Values are reported vs. the SSCE determined by cyclic voltam-
metry at a scan rate of 200 mV/s. ? The nitrato complex was not
isolated. The E,, values were obtained by following electrolytic
oxidation of solutions of Ru(bpy),(L}NO,)*. € The Ru(bpy),
(CH(NO,)*’® couple is reversible at this scan rate, and the value
quoted is the E,, value. If the interpretation given below is cor-
rect for the results of scan rate dependent cyclic voltammetry ex-
periments, it follows that £,, = 1.00 V for the Ru(bpy),(py)-
NO,*** couple in acetonitrile (/ = 0.1 M). 4 The couple is Ru-
(bpy),(CH(NO)***. € The couple is Ru(bpy),(CH(NO,)*".

the new wave is associated with a reversible couple. The cyclic
voltammogram suggests that initial oxidation of Ru(II) to
Ru(III) may occur (eq 4) but that the Ru(III) intermediate
is unstable and undergoes further chemistry following the
oxidative step.

Ru'l(bpy);(py) (NO;)* —— Ru(bpy),(py)(NO)*  (4)

Figure 1B shows a cyclic voltammogram of an identical
solution following exhaustive electrolysis at 1.20 V. The
electrochemical stoichiometry was n = 1.5 by coulometry. The
voltammogram shows that two new products are formed in
essentially equal amounts and that both have chemically re-
versible redox couples in the potential region studied.

Comparisons with voltammograms for known complexes
show that the wave with E;, = 0.53 V corresponds to the
reversible nitrosyl couple Ru(bpy),(py)NO**/Ru(bpy),-
(py)(NO)?*4 and the wave with E;/, = 0.91 V corresponds
10 the RuT(bpy)a(py) (NO)**/Rull(6py)s(py)NO,)* couple;
From the results of the voltammetry and coulometry experi-
ments, the net electrochemical reaction which occurs is shown
in eq 5. The nitrosyl and nitrato complexes are both found
in the oxidized forms of their respective couples.

2Ru(bpy);(py)(NOp)* ——
Ru(bpy),(py)(NO)** + Ru(bpy),(py)(NO;3)** (5)

The nature of the reaction strongly suggests that oxygen
transfer occurs between nitro groups on two different ruthe-
nium complexes following oxidation of Ru(II) to Ru(III). As
discussed in the next section, the » value of 1.5 and the nature
of the reaction products observed are consistent with the series
of reactions shown in Scheme 1.

As summarized in Table II, similar results were obtained

upon oxidation of the Ru(II)-nitro complexes Ru(bpy),-.

(CH3CN)(NOy)*, Ru(bpy),(NH3)(NO,)*, Ru(bpy),-
(PPh;)(NO,)*, Ru(bpy),(pyr)(NO,)™ (pyr is pyrazine), and
Ru(bpy)(CI)(NO,) in acetonitrile solution. In all cases,
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Figure 2. Reaction of Ru(bpy),(Cl)NO,* according to eq 3 as followed
by cyclic voltammetry in acetonitrile (0.1 M [NEt,](ClO,) solution,
200 mV/s). Time after oxidation to Ru(IIl): (A) I min; (B) 2 min;
(C) 3 min; (D) 5.5 min; (E) 12 min; (F) 16 min.

coulometry experiments, where the potential was set at a value
on the diffusion plateau of the oxidation wave, gave n = 1.5,
and two new products appeared as shown by cyclic voltam-
metry. In each case, one of the products was shown to be the
corresponding nitrosyl complex by voltammetric comparisons
with known samples under the same conditions. For the chloro
and the pyridyl complexes, the second product was shown to
be Ru'(bpy),(C1)(NO;)* and Ru(bpy),(py) (NO3)**, re-
spectively, by spectral and electrochemical comparisons with
a known sample prepared as described in the Experimental
Section. In each of the other cases, the assumption that the
second products are the corresponding Rull-nitrato complexes
seems reasonable given the similarities in the electrochemical
details of the reactions.

There is a distinguishing feature in the case of the chloro
complex. At scan rates of 200 mV/s or faster, the Ru-
(bpy),(C)(NO,)*/0 couple is chemically and electrochemically
reversible, which shows that the reaction or reactions following
the Ru(Il) — Ru(III) oxidation step are relatively slow.

The Rate and Mechanism of Oxidation of the Bound NO,~
Ligand. As mentioned in the previous section, the Ru-
(bpy),(C1)(NO,)*/° couple is chemically reversible on the
cyclic voltammetry time scale (v = 200 mV/s). The Ru(III)
form of the couple is sufficiently long-lived in solution that
it can be generated by chemical means and the subsequent
chemistry, which leads to the nitrosyl and nitrato complexes,
eq 3, can be followed by cyclic voltammetry or spectropho-
tometry.

The experiments were carried out as follows. Solutions of
Ru(bpy),(C1)(NO,) in acetonitrile were oxidized with 1 equiv
of Fe(bpy)s;** or Ru(bpy);** and the subsequent changes in
spectral or electrochemical properties were observed with time.
In cyclic voltammetry experiments (0.1 M TEAP), the de-
crease in the height of the wave due to the Ru(bpy),(Cl)-
(NO,)*/® couple was accompanied by an increase in the height
of the waves due to the Ru(bpy),(C)(NO)**/* and Ru-
(bpy),(C)(NO;)*/° couples (Figure 2). The initial elec-
tron-transfer step is clearly very rapid and no evidence for
intermediates was observed. When 1 equiv of the oxidant was
used, the final products are Ru'(bpy),(C1)(NO,), Ru!ll-
(bpy),(C)(NO,)*, and Rull(bpy),(C1)(NO)?* in a ratio of
approximately 1:1:1. The observed ratio is consistent with the
stoichiometry derived from the mechanisms shown in Scheme
II and eq 3.
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Scheme 11
3Rull(bpy) (CHNO,) + 3M(bpy),>* —
3RuM(bpy),(CH(NO* + 3M(bpy),>* (M= Fe or Ru)
2Ru (bpy),(CHINO,)* = Rull(bpy), (CINO,) +
Rull(bpy),(CH(NO)**
Rulll(bpy),(CH(NO,)* + Rull(bpy),(CH(NO;) —
Rull(bpy),(CHINO,) + Rulll(bpy),(CHINO,)*

Assuming that the peak current for the Ru(bpy),(Cl)-
(NO)**/* couple is proportional to the concentration of Ru-
(bpy),(CH(NO)?*, the disappearance of Ru(bpy),(Cl)-
(NOy*t, following its formation by the rapid oxidation of
Rul(bpy),(C1)(NO,) using M(bpy);** as oxidant, follows
first-order kinetics. From the stoichiometry and kinetic
measurements (Table I), the rate law for the reaction is

d[Ru(bpy),(C1)(NO)*]
de

., d[Ru'(bpy),(CH(NO,)*]
3 dt .
k[Ru™(bpy),(C(NO)*] (6)

Rate constants for this reaction were evaluated by using the
Swinbourne method as described in the Experimental Section.
The results of four separate experiments gave an average value
of k=18x%x10%s1at/=0.1M and at 22 + 2 °C,

The reaction was also followed by monitoring changes in
absorbance at 507 nm which is an absorbance maximum for
Rul(bpy),(CI)(NO,). A kinetic treatment of the spectral data
gave 4.2 X 1073 s7! as an average value of two experiments.
The value obtained spectrally is consistent with that observed
in the cyclic voltammetry experiment, considering the accuracy
of the data and the difference in conditions for the two types
of experiments. The electrochemical experiment was carried
out at 7 = 0.1 M with added TEAP while in the spectral
experiment, there was no added electrolyte.

Attempts to measure the rate constant for the related re-
action involving Rull(bpy),(py)(NO,)** were unsuccessful.
Stopped-flow kinetic studies were carried out in acetonitrile
by using Ce(IV) to oxidize Ru(bpy),(py) (NO,)* to Rulll-
(bpy)2(py)(NO,)?*. The only reaction which could definitely
be identified was the initial oxidation reaction (eq 7) which
was first order both in Ce!V and in Ru(bpy),(py)(NO,)* and
occurred with a rate constant of 1.7 X 108 M™! s7' at 25.0 £
0.1 °C (I = 0.1 M).

Rull(bpy),(py)NO,* + Ce(IV) —
Ru(bpy),(py)NO,** + Ce(III) (7)

However, following electrochemical oxidation of Ru!l-
(bpy),(py)NO," to Rul(bpy),(py)NO,?*, detailed insight into
the overall mechanism can be gained by cyclic voltammetry
although the interpretation of the data is intricate. In Figure
3 is shown a series of single-sweep cyclic voltammograms at
varying sweep rates which can be interpreted on the basis of
Scheme III. The critical part of the scheme is the rapid
isomerization of the nitro group from N-bound, Ru™-NO,,
to O-bound, Ru"™-ONO, following oxidation to Ru(III).

At the fastest scan rate, Figure 3A (50 V/s), oxidation of
(bpy)»(py)Ru™NO,* to Ru(IIl) at E,, = 1.06 V results in the
appearance of a reduction wave for a new couple at £, = 0.72
V. A following scan, returning in the oxidative direction, shows
the oxidative component of the reductive wave at 0.72 V, and
the reversibility of the new couple (E,,; ~ 0.80 V) is seen
clearly by low-temperature cyclic voltammetry in 0.1 M [N-
(n-C4Hy)4]ClO4&~n-BuCN. The behavior described here is
especially well-defined upon attachment of the [(bpy),
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Figure 3. Scan-rate dependence of single-sweep cyclic voltammograms
of solutions containing Ru(bpy),(py)NO,* in acetonitrile (0.1 M
[NEt](CIOy): (A)S50V/s; (B)20V/s; (C)5V/s; (D)3 V/s;
(E) 0.5V/s.

Scheme 111

N

IIna + 25s N 2+
(bpy),{py)Ru**NO, = (bpy),(py )Ru'**NO,

|
“ fast
(bpy), (Py)RUTONO == (bpy),(py)RullIONO?*
+e

l+(bDY)2(py)RuHIN02“

(bpy),(py)RUONO,” + (bpy),(py)RuUNO**

(NOyRupy~] group to a platinum electrode surface, results
which will be reported in a later publication. A sample of the
nitrito isomer, (bpy),(py)RuONO?, is not available for com-
parison, but the potential of the wave at E,, = 0.72 V is
consistent with potentials for other Ru(I11) /Ru(II) couples
which contain related ligands.!®

At slower scan rates, a wave at E,. =095V grows in at
the expense of the Ru-ONO?*/* wave at E,; = 0.72 V. The
wave at 0.95 V appears to be the reductive component of the
oxidative wave at E,, = 1.06 V for the Ru-NO,?*/* couple.
What this means in terms of Scheme I1I is that initial oxi-
dation of Rul™NO,* to Rul"-NO,** is followed by rapid
isomerization to Ru'-ONO?*. The Ru'™-NQ,** = Rulll~
ONO?* equilibrium lies in favor of the nitrito isomer, and at
rapid scan rates it can be recaptured at the electrode by re-
duction to Ru™~-ONO*. However, at slower scan rates, the
conversion, Rul'-ONO?* — Rul'l-NO,?*, is competitive with
the cyclic voltammetry time scale. Reduction of Ru(I1I) now
occurs through Ru™-NO,?* because the potential for re-
duction is ~0.2 V more positive than the potential for re-
duction of Ru'~ONO.

In the interpretation given in Scheme 111, at even slower
scan rates, a further complication appears which leads to the
nitrosyl and nitrato products. At slow scan rates, before
Rul™~ONO?* can be reduced to Ru(II) either directly at the
electrode or through Ru-NO,?*, a bimolecular reaction
occurs, probably with Ru(bpy),(py)NO,%*, to give the final
products. The competition is shown in Figure 3E (0.5 V/s),
where, in addition to the Rul'-NO,2*/* wave, the reductive
wave for the Ru(bpy),(py)NO**/* couple is clearly observed
and, presumably, a wave at B, = 0.91 V for the Ru(bpy),-
(py)ONO,2*/* couple is present as a barely detectable shoulder
on the Ru-NO,**/* wave. It should be noted that Figure 3
shows single-sweep cyclic voltammograms so that the oxidative
components for the nitrosyl and nitrato couples do not appear.

Cyclic voltammograms at varying scan rates for the com-
plexes Ru(bpy),(PPh;)NO,* and Ru(bpy).(py)NO,* suggest
that although the same net reaction and mechanism exist for
the related systems, the kinetic details do vary somewhat with
changes in the ligand cis to the nitro group.!®

(19) R. S. Nicholson and 1. Shain, Anal. Chem., 36, 706 (1964).



Oxidation of the Ligand in Ru(III)—Nitro Complexes

The electrochemical experiments suggest strongly that,
unlike the chloro complex, the rate-determining step for ligand
oxidation in the pyridyl complex is a bimolecular reaction
involving the reactive intermediate (bpy),(py)RuMONO?*,
A similar mechanism may be involved for the chloro complex
as well, but because the reaction is slower and the rate-de-
termining step first order in Ru(bpy),(Cl)NO,*, presumably
to give RuM(bpy),(C)ONO?, any information about possible
reactions which occur following the rate-determining step is
lost.

By combining the mechanistic information available for the
chloro and the pyridyl complexes and assuming a common
mechanism, it is possible to develop an overall scheme which
explains the observed reactivity of the Rul'™-NQ, complexes
on oxidation.

For the chloro complex, initial oxidation of Ru(II) to Ru-
(III) is followed by a first-order reaction. The first-order
nature of the process suggests that it involves an internal
reorganization in the Ru(III) state, and, given the electro-
chemical result on the pyridyl complex, the most likely re-
organization is an isomerization of the ligand from N- to
O-bound, eq 8. Such a step must appear somewhere in the

(bpy);l}um—Noz+ - (bpy)zft{um—ONO" (8)
Cl cl ‘

overall mechanism since in the net reaction the oxidative
conversion of an N-bound nitro to O-bound nitrato ligand
occurs.

An isomerization reaction like that in eq 8 would be ex-
pected to have substantial redox character given the usual
inertia to substitution expected for complexes of Ru(III). In
the limiting case the net reaction could involve an initial in-
tramolecular electron-transfer step followed by recapture of
loosely bound NO; before it can escape into solution

(bpy)zlgu“I—Noz - (bpy)zR‘u“,Noz -
Ci Cl

I:(bpy)zRuHI—ONO]
| ©)
a

Such a mechanism is entirely analogous to the proposed
mechanism for the photochemical isomerization of Co-
(NH,)sNO,?* following photolysis into ligand to metal
charge-transfer absorption bands.?

The suggestion of an initial intramolecular redox step is
consistent with several available facts. It fits the substantial
rate enhancement for the pyridyl complex following oxidation
of Ru(bpy),(py)NO,*. For the pyridyl complex Ru(bpy),-
(py)ONO?* is the immediately observed product even at a scan
rate of 50 V/s. The origin of the rate enhancement is ap-
parently that the pyridyl complex is a considerably stronger
one-electron oxidant. Closely related chemistry has been
observed for a series of complexes where there is a bound,
oxidizable ligand (I, Br-, NCS~, CN").!* Electrochemically
generated Ru(III) complexes rapidly produce Ru(IT) and the
oxidized ligand (I, etc). In the case of the bound azide ligand,
the rate of net intramolecular ligand oxidation also follows the
oxidizing strength of the metal site.? Although the data are
limited, the suggested increase in rate constant as ionic strength
decreases (Table I) is also consistent with an intramolecular
redox step because of the decrease in intramolecular charge
sepagation (Ru-NO,” — Ru"-NO,) in the activation pro-
cess.

(20) (a) D. A. Johnson and K. A. Pashman, Inorg. Nucl. Chem. Lett., 11,
23 (1975); (b) V. Balzani, R. Ballardini, N. Sabbatini, and L. Moggi,
Inorg. Chem., 7, 1398 (1968).
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Scheme IV

-e”
2(bpy)2RiuH—NOZ —> 2(bpy)2RluHI—-NO2“

Py py
(bpy),RluIH—Nozﬂ = (bpy)2R‘uHI—ONO“
Py Py
(bpy)2R|11111—01\102+ + (bpy)zRiuIH—-NOf* -
py Py
| P9
[(bPY)2Rlll—O—N—O—N—RF(bPY);“]
Py Py

[ I
[(bpy)zR‘u—O-—N—-O—N—Ru(bpy)z‘”] - (bpy)zR}lH-—ONO; +

py py
(bpy)zR!uH—NO3+ (fast)

py
(bpy)leuH—-ONO; =% (bpy)2Rl’JHI—ONO2“
py py

With the pyridyl complex as the example, the initial oxi-

" dation and isomerization steps are combined with a necessary

bimolecular step to complete the overall mechanism as shown
in Scheme IV. When taken together, the set of reactions
accounts for both the final product distribution and the ap-
pearance of an intermediate if the intermediate is (bpy),-
(py)RuONO?*, There is a fundamental difference in reactivity
between the chloro and pyridyl complexes. For the pyridyl
complex, isomerization to the reactive O-bound isomer is rapid
and the rate-determining step is its bimolecular reaction with
a second Ru''~NO, complex. For the chloro complex, isom-
erization is slow and becomes the rate-determining step.

The existence of a dimeric intermediate or activated complex
in Scheme IV is almost demanded in the mechanism since the
nature of the products suggests strongly that a net O-atom
transfer occurs from one NO, group to the second. Although
we have not carried out a labeling study on the ligand oxidation
reaction, a labeling study has shown that O-atom transfer does
occur in the reaction'?

(bpy)zf?um—-NO;’ + PPh, — (bpy)Q‘I?U«NO* + OPPh, (10)
cl al

In terms of possible redox catalytic systems, the bimolecular
redox step is of considerable interest since it is in this step that
net oxygen-atom transfer occurs. The favorable reactivity of
the Ru(III)-nitro system lies in its ability to donate an oxide
ion in conjunction with the availability of two one-electron-
acceptor sites, one at the metal (Ru™ — Ru™l) and one at the
nitrosyl ligand (Ru-NO* — Ru~-NO). Chemical and elec-
trochemical studies* have shown that the nitrosyl complexes
are themselves mild, reversible oxidants where the electron-
acceptor properties are largely localized on the nitrosyl ligand.?

(bpy),Ru-NO* f—* (bpy);Ru-NO* an
L L

For the oxidation of PPh, by Rul'l(bpy),(Cl)NO,*, the results
of the labeling experiment mentioned above are consistent with
an O-atom transfer reactivity for the Ru(III)-nitro complex
analogous to the bimolecular step shown in Scheme IV.!? The
existence of such a pathway is mechanistically appealing be-
cause the electron-acceptor properties of the oxidant are de-
localized over two different sites in the molecule, and both sites
are known to undergo rapid electron transfer as shown by
self-exchange studies.**? Furthermore, other than loss of the
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oxygen atom, no major structural changes are required at the
oxidant.

There are other mechanistic possibilities for some of the
steps in Scheme IV, and although they cannot be ruled out,
they seem less likely. One is that in the bimolecular step,
O-atom transfer actually occurs to the metal to give a sev-
en-coordinate Ru'Y=0 complex (eq 12). Seven-coordination

(bpy),Rulll-NO* + (bpy),Rulll-ONO* -
2 [ 2 2 ‘

Cl Cl
O
(bpy)zlliu”—No“ + (bpy)zgu—ONO
(@] Cl
v
(bpy)2Rlu—ONO i (bpy)zlilu—ONO2 (12)
Cl Cl

- is known for Ru(IV),?' and the six-coordinate complex
(bpy),(py)RulY=02" has been isolated and characterized.?

Equilibrium Constant and Reduction Potential Values. An
acid-base equilibrium exists between the nitrosyl and nitro
forms of the bis(bipyridyl)ruthenium(IT) complexes in aqueous
solution, eq 13.14%2  For the chloro complex, an equilibrium

Ru(bpy),(CIH(NO)** + 20H™ =
Ru(bpy)2(CH(NO,) + H,O (13)

constant for eq 13 of K = (1.6 £ 0.4) X 10° M2 has been
determined!* by spectrophotometric titration techniques at 25.0
£ 0.2 °Cin 1.0 M aqueous NaCl solution. Since quantitative
information concerning the acid—base equilibrium is necessary
both for the calculation of redox potentials and for the de-
velopment of catalytic cycles based on the redox chemistry of
the bound nitro group, we have measured the equilibrium
acid-base properties of the pyridyl complex in the same me-
dium (eq 14).

Ru(bpy),(py)(NO)** + 20H =
Ru(bpy),(py)(NO,)* + H,0 (14)

The spectrophotometric procedure was described 'in the
Experimental Section. For eq 14, K(25.0 °C,I = 1.0 M) =
(1.0 £ 0.3) X 10 M2, In terms of relative concentrations
of the nitro and nitrosyl forms in eq 13 and 14, the equilibrium
constants show that the two forms are present in equal amounts
at pH 9.2 for the chloro system and at pH 3.8 for the pyridyl
system. The sizable increase in the acidity of the nitrosyl group
for the pyridyl, compared to the chloro complex, is paralleled
by an increase in the £, value for the couple RuNO*/RuNO
(Table 11)* and by an increase in the »(NO) stretching fre-
quency.* The evidence provided by such experiments suggests
that the electron-deficient nature of the nitrosyl group can be
systematically modulated by making variations in the cis
ligand. Apparently, the differences between the chloro and
pyridyl systems are due to increased electron donation to the
metal from the chloro group when compared to the pyridyl
group.

It is possible to determine formal reduction potential values
for the chloro and pyridyl Ru(IlI)-nitro complexes acting as
two-electron-acceptor, oxide ion donor oxidants, by using
values of AG = —RT In X for the acid~base equilibria in eq
13 and 14 and formal potentials for the RuNO*/RuNQ and
Ru'NQ,/RuNO, couples in the same medium. The cal-

(21) (a) B. M. Mattson and L. H. Pignolet, Inorg. Chenm., 16, 488 (1977);
(b) K. W. Given, B. M. Mattson, and L. H. Pignolet, Inorg. Chem., 15,
3152 (1976).

(22) J. B. Godwin, N. Winterton, and T. J. Meyer, Chem. Commun., 872
(1970).
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Scheme V¢
Reaction ~AG°,V

H,0 + Rull(bpy),(C)(NO,) — -0.54
Rull(bpy),(C(NO)** + 20H"

Rulll(bpy),(CH(NO,)* + e — 0.90%3
Rullibpy),(ChH(NO,)

Ru(bpy),(ClY(NO) + e — 0.273
Ru(bpy),(C1Y(NO)*

H,0 + Rulll(bpy),(CHH(NO,)" + 2¢™ -
Rull(bpy),(CH(NO)* + 20H"

ER(NHE, 25.0°C)=0.31 V (0.72 V at pH 7)
% In 1.0 M aqueous NaCl at 25 °C.

Scheme V1@
_2 -
2Rul(bpy),(py)(NO,)* =“ 2Ru(bpy) (py)(NO,)**

P Rum(bpy)2(py)(NO3)2+
2B + H,0

+ —e” .
Rull(bpy) ,(py)(NOY* —— Rull(bpy),(py)(NO)**
@ B is collidine or 2,6-lutidine.

culations for Rul'(bpy),(C1)}{(NO,)* are shown in Scheme V.
A similar calculation can be made for Rul(bpy),(py)(NO,)**
by using K = 1.0 X 100 M2, E, ,(Ru(bpy),(py)(NO)>*/2*)
=053 V.2 EW = 1.16 V (E,, = 1.21 V) for the Ru-
(bpy)2{py)NO,**/* couple. The resulting formal potential is
Er ~ 026V (25.0°C, 1 M NaCl; =2 0.67 V at pH 7).

The similarity in the potential values for the two complexes
is worth noting. It arises because even though the oxidized
forms of the pyridyl Ru™®NO,/Ru™0, and RuNO*/RuNO
couples are considerably more strongly oxidizing than the
chloro ones, there is a compensation effect which arises from
the more acidic character of the nitrosyl group in the pyridyl
case (note Scheme V).

Catalytic Oxidation of the Bound Nitro Group to Nitrate.
Based on the acid-base and redox chemistry of the nitro
complexes, it is possible to predict that oxidation of the nitro
to nitrato complexes can be made catalytic. According to eq
5, in a single cycle, a three-electron oxidation occurs to give
equal amounts of Ru(bpy),(py){NO,)?* and Ru(bpy),(py)-
(NO)**. However, if the pH of the solution is maintained at
a sufficiently high level, the nitrosyl complex will be converted
into the nitro complex according to eq 14.

Electrolysis at 1.2 V of an acetonitrile solution containing
Ru(bpy),(py)(NO,)* with added water (1% by volume) and
2,6-lutidine (or collidine) (1%) results in the production of
Ru(bpy),(py)(NO,)?* as the sole product (Figure 1C), and
the n value is 3. These results are consistent with the series
of reactions shown in Scheme VI,

The existence of the catalytic scheme, which is quantitative,
is worth noting since it sets the conditions for and may presage
a series of applications where the Ru"NO, complexes are used
as net O atom transfer catalysts.
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(23) These are E, ;, values measured in water with 3% propylene carbonate
added for the chloro complexes and 5% acetonitrile for the pyridyl
complexes (F. R. Keene, unpublished results).
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Effect of Lattice Anions on the Racemization of Optically Active Metal Chelate Salts in
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The kinetics of racemization of the anhydrous complexes (+)-[Fe(phen);]X,, (+)-[Fe(bpy)s]X,, (-)-[Ni(phen);]X,, and
(-)-[Ni(bpy);]X,, where phen = 1,10-phenanthroline, bpy = 2,2’-bipyridine, and X~ = CI", Br7, I, or ClOy", have been
studied in the solid state. The halide salts of the complexes were found to undergo a very rapid initial loss of optical activity
and subsequently to racemize at a lower rate. The former process has been assigned to a process enhanced by lattice defects
and the latter to a first-order process with respect to the complex. Activation parameters, AH* and AS*, were determined
for the first-order racemization. A similarity between the racemization mechanisms of the phenanthroline and bipyridine
complexes of nickel was noted in terms of an isokinetic relationship between AH* and AS*. AH* values for all the iron
complexes were found to be identical, whereas those for the nickel complexes decrease with the lattice anion in the order
X~ =ClO; > I"> Br > CI", Temperatures at which thermal decomposition of the complexes takes place were determined
by both thermogravimetric and differential thermal analysis methods. The results for the nickel complexes showed the
temperatures to be linearly related to the AH?* values and the thermal decomposition-and racemization processes to be related
by the donicity of lattice anions. Different racemization mechanisms involving a 7-coordinate and a trigonal-prismatic
intermediate are proposed for the nickel and iron complexes, respectively, and are consistent with the different effects of
lattice anions in the kinetic data between them. A retarding effect of lattice water on the rate of racemization was observed.

Introduction

From the results of kinetics studies it was concluded that
the major path for racemization of the [Fe(phen),]?* ion in
aqueous media® and various solvent systems? is an intramo-
lecular process. The intramolecular mechanism has been
thought to proceed by a twisting process.2* It was suggested
originally that racemization of [Ni(phen);]** and [Ni(bpy),]**
occurred by an intramolecular process.’ However, later
measurements of racemization and dissociation rates showed
that both the rates were experimentally the same in aqueous
solution, indicating racemization by dissociation.®’ In non-
aqueous solvents, exchange rates were also shown to be the
same as the rates of racemization in the same solvent system;’
a dissociative intermolecular mechanism is believed to be
operative in the various solvents used.®®

Solvent effects on the racemization of the nickel complexes
could not be related to the solvent viscosity or to the dielectric
constant of the solvent.>®!® We reported that the rates of
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(1976).
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(1967).
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Table 1. Elemental Analysis

%calcd' % found
" compd ¢C H N C H N

(+)-[Fe(phen), |Br,-6H,0 50.02 4.20 9.72 49.99 4.41 09.52
(+)-[Fe(phen), ]I,-3H,0 47.81 3.34 9.29 48.07 3.29 9.20
(+)-[Fe(bpy), |Br,-6H,0 45.48 458 10.61 44.69 4.81 10.42
(+)-[Fe(bpy),11,-5H,0  41.50 3.95 9.68 41.35 4.16 9.97
(-)-[Ni(phen), ]I,-4H,0  46.74 3.49 9.08 46.17 3.54 8.9
(-F[Ni(bpy),1Cl,-6H,0 51.02 5.14 11.90 47.49 5.18 11.36
(> [Ni(bpy), |Br,-6H,0 45.31 4.56 10.57 44.93 4.57 10.07
(-)-[Ni(bpy), ]1,6H,0  40.52 4.08 9.45 40.70 4.04 9.60

racemization of [Ni{phen),]?* in various solvents are related
to Gutmann’s donor number of the solvents and that this can
be accounted for by a process involving encounter between the
complex ion and a solvent molecule and the subsequent for-
mation of a 7-coordinate intermediate with the solvent mol-
ecule followed by a rapid dissociation process.!! Moreover,
we showed that the racemization of the complex ion is ac-
celerated by the pairing of the complex ion with a counteranion
in water—t-BuOH mixtures (the mole fraction of :-BuOH >
0.5) and the rates increase with the anion in the order ClO,~
< I"< Br < CI.!2 The dependence of the rates on the anions
might arise from the donicity of anions, although the anions
are solvated by water and -BuOH. In order to explore this
possibility, we have investigated the effect of lattice anions of
the solid-state racemization of a series of anhydrous halide

(11) T. Fujiwara and Y. Yamamoto, Inorg. Nucl. Chem. Lett., 11, 635
(1975).

(12) M. Yamamoto, T. Fujiwara, and Y. Yamamoto, Inorg. Nucl. Chem.
Lett., 15, 37 (1979). .
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