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(CO)ye in sufficient quantity for characterization. In-
frared data (Table I) show nine »(CO) bands and a
ligand spectrum similar to that of the complex Fex(CO)s-
(Diaz). Complexes of similar composition have been
reported as products from the reactions of azobenzenes
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with Fe3(CO)p.t® A suggested structure analogous to
that proposed by Pauson and coworkers'® is shown as
IX.
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A number of formal redox potentials for Rulll(NH

WL + e = Rull(NH,)L and Rulll(NH;)}L, + e = Rull(NH,)L,

(where L represents a variety of ligands) have been measured by cyclic voltammetry, potentiometry, and polarography.
The trends in the potentials are discussed in terms of ligand properties, such as r-accepting capability. For three complexes,
Ru(NH;)sPz®* and cis- and trans-Ru(NH;)Pz:?*, where Pz == pyrazine, the reduction of the coordinated ligand has been

observed.

The solution chemistry of ruthenium-ammine com-
plexes has received considerable attention! from a
number of workers in recent years. The electrochem-
istry of these complexes, however, has been studied
much less extensively. We report here on a number of
aspects of the electrochemical behavior of some of the
ruthenium-ammine complexes that we have been study-
ing. One objective of the work was to compare the
electrochemical behavior of reducible ligands coordi-
nated to ruthenium(Il) with their reduction when un-
coordinated, in order to assess the extent to which
metal-to-ligand back-bonding, a prominent feature in
the coordination chemistry of ruthenium(II), influences
the electrochemical reactivity of the ligands. Similar
investigations, concentrating on the nitrosyl ligand,
have been actively pursued by Masék and coworkers.?

(1) P. C. Ford, Coord. Chem. Rev., 5, 75 (1870).
(2) J. Masék, I'norg. Chim. Acta, 3, 99 (1969).

Experimental Section

Reagents.—[Ru(NH;);Cl] Cly was prepared as described in the
literature either from [Ru(NH;)s]Cls® (Matthey Bishop Inc.) or
from RuCl;* (Research Organic/Inorganic Chemical Corp.).
[Ru(NH;)sBr] Br; was prepared similarly by treating Ru(NHj)e-
Cl; with refluxing HBr. c¢¢s- and #rens-[Ru(NH;)Cl]Cl were
prepared as described by Gleu and Breuel.?

[Ru{NH;3);NCS](ClO4): was prepared as follows. A 2 mM
solution of Ru(NH;);Cl1%* in 0.1 M NaPFg was reduced at a mer-
cury pool electrode (—700 mV us. sce) to yield Ru(NH;);H.0O2t,
Excess sodium thiocyanate was added and the resulting orange-
red solution was reoxidized at the electrode (—80 mV us. sce) to
give a wine red solution from which solid [Ru{(NH;)sNCS] (ClOy):
was precipitated by addition of 5 F NaClO,. The Ru(NH;);-
NCS?* jon had absorption maxima at 495 nm (e 3500) and 327 nm
(¢ 520).

(3) L. H. Vogt, Jr., J. L. Katz, and S. E. Wiberley, I'norg. Chem., 4, 1157
(1963).

(4) E. L. Farquhar, L. Rusnock, and S. J, Gill, J. Amer. Chem. Soc., 92,
416 (1970).

(5) K. Gleu and W. Breuel, Z. Anorg. Allg. Chem., 287, 197, 335 (1938).
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[Ru(NH;)spy] (ClOy); (where py = pyridine) was prepared as
described by Ford, et al.8 [Ru(NHj;);Pz](ClO4)s® and cis- and
trans-[Ru(NH;)Pzs] (C10,)y78 (Pz = pyrazine) were prepared as
follows. One millimole of the corresponding chloropentaammine
or dichlorotetraammine complex was converted to the trifluoroace-
tate salt with silver trifluoroacetate® (the volume of the solution
was 5-10 ml). The pH was adjusted to about 3, and-1-1.5 g of
pyrazine was added. The mixture was deaerated with argon,
several pieces of amalgamated zinc were added, and the solution
was stirred in the dark for a time (pentaammine, ca. 0.5 hr; others,
ca. 2 hr). The solution was filtered from the zinc amalgam and
8 F sodium perchlorate solution was added dropwise to precipi-
tate the complex. After cooling, the solid was collected by filtra-
tion, washed with ethanol and ether, and dried in a vacuum desic-
cator. The crude complex was dissolved in a minimum volume
of hot (60-70°) water (for the pentaammine complex) or hot 1 F
pyrazine solution (for tetraammine complexes).  The solution
was filtered and cooled slowly with addition of a few drops of 8 F
NaClO, solution. The recrystallized solid was washed with eth-
anol and ether and dried in a vacuum desiccator. The solid
[Ru(NH;);Pz] (Cl0,); gave a spectrum identical with that reported
in ref 6 when it was dissolved in water.
also gave spectral bands in the visible region matching those re-
ported previously”® (cis complex, Amax 398 and 472 nm; trans
complex, Amex 487 nm). However, all of these complexes were
contaminated to some extent by purple complexes which appeared
to be the pyrazine-bridged diruthenium complexes. When
aqueous solutions of the complexes were put onto a column of
cation-exchange resin (Biorad, AG 50W-X4 100-200 mesh,
sodium ion form) and eluted with 1 FNaCl solution, a deep purple
band was left behind after the elution of the complexes. This
band could not be totally eluted even with a saturated NaCl solu-
tion. The contaminant in the monopyrazine complex was pres-
ent in such small quantities that it did not appear to affect the
electrochemical behavior. With the dipyrazine complexes, how-
ever, the contamination was more serious so that the electro-
chemical studies with these complexes were conducted with
solutions that had been eluted from the cation-exchange resin,

[(NH;):RuPzRu(NH;)s] (CrH7S03):- 2H:0° was prepared by
allowing stoichiometric quantities of [Ru(NHj;);Cl]Cl; and pyr-
azine to react in a manner similar to that for the preparation of
[Ru(NH;)sPz](ClOs)e. The uv-visible spectrum of the com-
plex obtained matched that given by Creutz and Taube.® An
ion-exchange experiment with this complex indicated that it was
not contaminated by Ru(NH;);Pz?*. For electrochemical
studies, the tosylate anion.in the complex was replaced with
chloride ion by anion exchange (Amberlite IRA-400).

Ru(NH;);:H:O% ion was prepared in solution as follows. ‘A
solution of 2 mM [Ru(NH;):Cl]Cl; in 0.2 M CF;COONa was
reduced at a mercury pool electrode at —700 mV vs. sce under an
argon atmosphere. The resulting solution was transferred with
a syringe to a solution containing silver trifluoroacetate in slight
excess of the stoichiometric quantity needed to reoxidize the
complex to ruthenium(III) and to precipitate the chloride. The
solution was filtered from the precipitate of Ag and AgCl, and the
excess Ag* ion was reduced to the metal at a mercury pool elec-

trode (0 mV vs. sce). The Ru(NH;);H20%" was identified by its
spectra 10

¢is- and irans-Ru(NH;)((H20 )22+ ions were prepared by the re-
duction of the ruthenium(III) in the corresponding dichloro com-
plexes to ruthenium(II) at a mercury pool electrode without re-
moving the liberated chloride ion. Cyclic voltammetry indicated
negligible complex formation between the ruthenium(II) and
chloride in the resulting solution (concentrations of C1~ and Ru-
(I1)in the millimolar range).

A stock solution of 8 F NaClO, was prepared from HCIO, and
NazCO; as described previously.!

Estimation of Formal Potentials. Potentiometric Measure-
ments.—A 2 mM solution of Ru(NH;);H.0% in 0.2 F CF;CO-
ONa was reduced at a mercury pool electrode until the concen-
trations of ruthenium(II) and ruthenium(III) were approximately

(6) P. C. Ford, D. F. P. Rudd, R. Gaunder, and  H. Taube, J. Amer
Chem. Soc., 90, 1187 (1968),

(7) A. M. Zwickel and C. Creutz, Inorg. Chem., 10, 2395 (1971).

(8) C. Creutz, Ph.D. Thesis, Stanford University, 1970.

(9) C. Creutz and H. Taube, J. Amer. Chem. Soc., 91, 3988 (1960).

(10) T. Eliades, R. O. Harris, and P. Reinsalu, Can. J. Chem., 4T, 3823
(1969). )

(11) H. 8. Lim and F. C. Anson, I'zorg. Chem., 10, 103 (1971).

The dipyrazine complexes

Inorganic Chemistry, Vol. 11, No. 7, 1972 1461
equal. The exact concentrations of the complexes in each oxida-
tion state were determined polarographically. The equilibrium
potential of a hanging mercury drop electrode in the resulting
solutions was read with a digital pH meter. The process was
repeated at various values of the solution pH. Formal potentials
were calculated from these potential readings and the concentra-
tion data without attempting to correct for junction potentials.

Cyclic' Voltammetric Measurements.—Cyclic voltammograms
of those complexes which are substitution inert in both oxidation
states (e.g., Ru(NH;);Pz) were recorded on an X-Y recorder at
sweep rates of 50-400 mV/sec. Voltammograms of other com-
plexes, such as Ru(NH;)sCl**, which aquate rapidly when re-
duced, were recorded on a storage osc1lloscope at higher sweep
rates (10 50 V/sec).

Apparatus.—The electronic apparatus employed for the cyclic
voltammetry and conventional dme polarography has been de-
scribed.*? The electrodes used for cyclic voltammetry were either
commercially available hanging mercury drop electrodes or a
platinum ball attached to a fine platinum wire sealed in glass.
The characteristics of the dme at open circuit in 1 F NaCl when
h = 60 cm were the following: drop time, 4.85 sec; m = 0.954
mg/sec.

Potentials were measured with respect to a calomel electrode
saturated with NaCl which had a potential 5§ mV more negative
than the sce but are reported with respect to the latter except in
Table I where the formal potentials are converted to the nhe
scale.

Spectra were recorded with a Cary recording spectrophotom-
eter, Model 11M.

Results and Discussion

Formal Potentials of Ruthemum(III IT) Complexes.—
Formal reduction potentials for a number of substituted
ruthenium-ammine complexes were evaluated by cyclic
voltammetry, potentiometry, or standard dme polarog-
raphy. In some cases the electrode reactions are fol-
lowed by a fairly rapid further reaction of the initial
electrode reaction product. In these cases, conven-
tional polarography measurements could not be used
to estimate the formal potentials because the polaro-
graphic half-wave potentials become functions of the
rate of the succeeding chemical reaction. An example
of this situation is Ru(NH;);X2+ (X = (I, Br, and
NCS) where the initial Ru(II) complex produced at
the electrode undergoes aquat1on at an appre01able
rate.

Ru(NH;):X2* + e~ = Ru(NH):X * 1)

k
Ru(NH;)sX + — Ru(NH;)H0t+ + X - )

In cases such as this, the formal potential for the couple
was evaluated from cyclic voltammetric curves re-
corded with potential sweep rates high enough to avoid
the occurrence of the chemical reaction during the ex-
periment.

The value of the rate constant for reaction 2 when
X = Clis reported to be 4.7 sec™,13 which corresponds
to a half-life for the Ru(INH;);Cl+ complex of 0.15 sec.
Reliable formal potentials for reaction 1 could there-
fore only be obtained if the 0.5-V excursion of the po-
tential sweep was completed within times shorter than
0.1 sec. With most of the labile complexes studied, it
proved possible to meet this criterion by using sweep
rates of 20-30 V/sec. The continued Nernstian re-
sponse of the electrode reactions at the highest sweep
rates was confirmed by the peak potentials remaining
independent of sweep rates and the potential separation
between cathodic and anodic peaks remaining close to
the theoretical value of 58 mV.

(12) H.S. Lim and F. C. Anson, J. Electroanal. Chem., 81, 207 (1871).

(13) J. H. Baxendale, R. A. J. Rogers, and M. D. Ward, J. Chem. Soc. 4,
1246 (1970).
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TasBLE I

ForRMAL REDUCTION POTENTIALS OF RUTHENIUM COMPLEXES

Redox couples
Ru(NH;),OH2+ +
Ru(NH,),Clz+ +
Ru(NH,);Bre+ +

Ru(NH;)d 2+
Ru(NH;);H,03 712+

Ru(NH;);NCS§2+: +
Ru(NHy)spy?t2+

RU(NH;] )5NC5H4-4:-CONH23 +2+
Ru(NHa )5NC5H4-4-COOCH33 2t
Ru(NHs)sta et

RU(NH3)5PZH4J—'3+

RLI(NH5 )5N23 .2t

cis-Ru(NH;)Clo +0
CiS‘Ru(NHS)4(HQO)23 .2t

C’L'S-RLI(NHg )4(NC5H4—4-CONH2)23 +2+
C’L’S-Ru(NHg )4(NC5H4—4-COOCH3 )23 +2d
cis-Ru(NH;)yPz,3 T2
trans-Ru(NH;)4Cly +0

t?’dﬂS-Ru(NHa )4(H20)23 2
trans-Ru(NH;)Pzs3t2F
(NHs)aRuPZRU(NHg )55 Tt

(NHg )5R11PZR11<NH3 )56 Nikhs
RU(NHa)aNzRu(NH3)54 6+

E,/ ' mV o5, nhe

Supporting electrolytes

— 42020 0.2-1 F NaOH
—42b 0.2 F CF;COONa or NaClO,
;g?bb s 0.1 gNaCIO4
, 0.1 F NaBF,
+66,5—¢ +160* f 0.1 F CF;COONa and

+133
+305,0 +350*,9 +420**

0.1 F CF;COOH

.9 F NaF

.1 F CF;COONa and
0.1 F CF;COOH

OO

+440* *

+460* 5

“+490p 1 F NaCl

(+685)¢

(41120, 1050*)i.* HCIO,

—100? 0.2 F CF;COONa

+100° 0.2 F CF;COONa

+700* &

+740% &

+ 8600 1 F NaCl

(—180)° 0.2 F CF;CO0ONa

(—%—20%‘%@ 0.2 F CF;COONa

+780 1 F NaCl

+350, +400* 1 1 F NaCl (weakly acidified)
+740, +760* ¢ 1 F NaCl (weakly acidified)

+706* ¢

> By cyclic voltammetry. The values reported are the arithmatic average of the cathodic and anodic peak

potentials. These will differ from the actual formal potentials by 30 log (Dini/Dir) mV, where Dy and Dir are the diffusion co-
efficients of the Ru(III) and Ru(II) complexes, respectively. ¢By polarography. ¢ Calculated from pXa. values® for both oxidation
states of the complex and the Ef value for the Ru(NH;);Pz**:2* couple. ¢ Approximate values at a sweep rate of 10 V/sec. /T. J.
Meyer and H. Taube, Inorg. Chem., 7, 2369 (1968); potential quoted is the uncorrected value observed under similar, but not identical
solution conditions. ¢ Reference 7. * R. G. Gaunder and H. Taube, Inorg. Chem., 9, 2627 (1970). ¢ Reference 9. 7 C. M. Elson,
J. Gulens, I. J. Itzkovitch, and J. A, Page, Chem. Commun., 875 (1970). * Values quoted are observed anodic peak potentials obtained
by cyclic voltammetry in 0.1-1 F HCIO, or HoSOs.  No corresponding cathodic peak is present. The actual value of Ef would be some-
what more positive than the anodic peak potential if the rate of oxidation of the Ru(II) in the complex is fast. ¢ An asterisk denotes

previously reported values.

Two complexes which displayed significant devia-
tions from Nernstian behavior were trans-Ru(INH;),Cl,+
and trans-Ru(NH;),(H;0).+. The rates of their re-
duction at the electrode are apparently appreciably
lower than the other complexes investigated so that the
values obtained for the formal potentials for these two
complexes are only approximations.

The formal potentials evaluated in this study along
with some values for related couples previously re-
ported by others are collected together in Table I. In
some cases rather substantial differences exist between
previous values for the potentials and those obtained
in the present study: Ru(NH;)e#*+ 2+, Ru(NH;)-
OH,3+ 2+, Ru(NH;);py** 2+, and (NH;);RuPzRu-
(NH;)s T4+, Some of the disagreements may be at-
tributable to differences in ionic strengths and junction
potentials, but the discrepancies in the cases of Ru-
(NH;);0Hz*+ 2+ and Ru(NH;);py? T2+ seem too large to
be accounted for in this way. In these two cases we
believe the present values are the more reliable.

There is good qualitative agreement between the
trends evident in the Ef values in Table I and the =-
accepting ability of the ligands. The formal potentials
of Ru(III,II) complexes are expected to be sensitive to
m back-bonding from metal to ligand because the elec-
trons in the metal 7 orbitals are directly involved in
the redox reaction. The = back-bonding tends to sta-
bilize the metal = orbitals and to reduce interelectron
repulsion in the metal ion. The greater the = back-
bonding the more the lower oxidation state, Ru(II), is
stabilized relative to Ru(III). Thus, in the series of
pentaammine complexes studied, more positive values

of E* are expected as the w-accepting capability of the
sixth ligand increases. Zwickel and Creutz” have
made the same point in noting a good correlation be-
tween polarographic half-wave potentials and the de-
gree of 7 back-bonding calculated from spectral data in
the cases where the sixth ligand is pyridine, isonicotin-
amide, or methyl isonicotinate. The relative tendency
to act as 7 acceptors among the neutral ligands in
Table I is therefore N; > Pz > isonicotinamide ~
methyl isonicotinate 3> Pz on the basis of the relative
values of Ef

In the complexes with ligands that are not = accep-
tors, those with anionic ligands (OH—, Cl—, Br—) have
more negative Ef values than those with neutral ligands
(NH;, H,0). This is a result in accord with standard
interpretations!* which emphasize electrostatic inter-
actions between the metal and the ligand. The added
effects of repulsive = interactions between nonbonding
electrons on the ligands and the metal d electrons act
to produce the order of potentials shown in Table I.
Kallen and Earley! have recently reported E! values
for Ru(NH,O);L2+ + (where L = (l, Br, and I) which
follow this same order. The fact that thiocyanate
anion produces a shift of Ef in the opposite direction
from the other anions suggests that it functions as a
weakly m-accepting ligand. This is consistent with
thiocyanate being bonded to ruthenium wia its nitrogen
end as data to be presented later lead us to believe.

(14) F. Basolo and R. G. Pearson, ‘“Mechanisms of Inorganic Reactions,”
2nd ed, Wiley, New York, N. Y., 1967, p 76; D. D. Perrin, Rev. Pure Appl.
Chem., 9, 157 (1959).

(15) T. W. Kallen and J. E. Earley, Inorg. Chem., 10, 1149 (1971).
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When interchange between neutral, non-w-bonding
ligands is involved, the relative ligand field strengths of
the ligands determines the order of the Ef values.
Thus, in the series Ru(NH;)¢**+ 2+, Ru(NH;);OH,p8+:2+,
cis-Ru(NH,),(OH,),37 2+, Ru(H,0)¢**+ 2+, the Ef val-

ues are 51, 66, 100, and 210 mV,% reflecting the greater -

stabilization of Ru?* by the ligand (NH;) with the
larger ligand field strength.

The effect on Ef of the substitution of a second am-
monia by another ligand to give a cis tetraammine
complex appears to be a simple cumulative one as is
indicated qualitatively by the relative Ef values of the
cis complexes in Table I. The reason for the observed
trend in Ef values for the trans ¢omplexes is less clear.

Bonding of NCS— in Ru(NHa)BNCS” +.—When

[Ru(NH;);NCS](CIO,), is dissolved in water a deep
red-purple color results which is presumed to be that
of the nitrogen-bonded thiocyanate isomer because
addition of Hg?+ ions to the solution produces an im-
mediate change in color (the solution becomes pale
vellow). Addition of excess bromide ion to the re-
sulting solution restores the original color and spec-
trum of the solution. This behavior is quite similar
to that reported by Armor and Haim with the analo-
gous thiocyanatopentaaquochromium(III) complex?!®
and appears to reflect the formation of the same kind of
binuclear complex according to the reaction

Ru(NH;)sNCS** + Hg?*+ === Ru(NH);NCSHg**  (3)

Additional evidence to support nitrogen bonding in
the thiocyanate complexes is the fact that both Ru-
(NH;);NCS* and Ru(NH;);NCS?* spontaneously ad-
sorb on the surface of mercuty electrodes.”” Both
vanadium(III) and chromium(III) thiocyanate com-
plexes display similar adsorption;!®!® and they are
known to be nitrogen-bonded complexes. (Thiocy-
_anate is reported to be bonded wia its nitrogen end in
trans-[Ru(NH,),(CO)NCSINCS,? but the carbonyl
group would be expected to influence strongly the lig-
and trans to it so that the bonding in this complex
is not a good model for the pentaammine com-
plex.)

Very recently a synthesis. appeared for what was
claimed to be the S-bonded complex Ru(NHj)sS-
CN2+.21  The reported visible and infrared spectra of
this complex are essentially identical with those for the
complex isolated from the electrochemical syntheses
described in this work which we have assumed to be
the N-bonded isomer for the reasons just given. To
try to settle the question of the bonding in this com-
plex, the relative integrated intensities of the infrared
absorption bands corresponding to the C-N stretch
were measured for samples of NaNCS and [Ru(NHjy);-
NCSJ(Cl0,); in KBr pellets. The band for the com-
plex (v 2060 em™!) yielded an integrated intensity
about five times larger than that for the uncomplexed
thiocyanate (» 2080 ¢cm~1). This relative order of in-
tensities strongly supports the assumption that the

(16) J. Armor and A. Haim, J. Amer. Chem. Soc.; 98, 867 (1971).

(17) D. J. Barclay and F. C. Anson, unpublished experiments.

(18) F. C. Anson and J. Caja, J. Electrochem. Soc., 117, 308 (1970).

(19) D. J. Barclay, E. Passeron, and F. C. Anson, Tnorg. Chem., 9, 1024
(1970).

(20) A. D. Allen, T. Eliades, R. O. Harris, and P. Reinsalu, Can. J. Chem.,
47, 1605 (1969).

(21) S. W. Lin and A. F Schreiner, Inorg. Chim. Acta, B, 200 (1971).
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complex is N bonded.?>~?*- The spectral evidence and
the fact that the reaction between the complex and
mercuric ion is rapid and reversible persuade us that
the complex we have prepared and studied is N bonded.

Equilibrium Constants.—It is possible to estimate
some equilibrium constants of interést from the Ef
values in Table I.. The difference between the formal
potential in Table I for aquopetitaammine and hy-
droxopentaammine complexes combined with the

‘known pK, (4.2) of Ru(NH;)sH,03%+ 25 leads to a value

of 12.3 for the pK, of Ru(NH,);H,0%*. A value of
10.7 has been reported for this constant?® from a direct
pH titration, but it is difficult to obtain accurate pK,
values for such weak acids by means of acid~base titra-
tions in aqueous media. The difference between the
E* values for the aqiio- and chloroperitaammine couples
combined with an average of the reported values of
the equilibrium constant for reaction 4%:2 (K, = 105

Ru(NH;3):H.08*% + Cl~ —== Ru(NH;);CI?2* + H,O (4)

M-1) leads to an estirilated value of K; = 1.6 M~ for
the equilibrium constant for reaction 5. The back-

ke o
Ru(NH;):H.02+ Cl1— —‘k—.‘ Ru(NH;);Cl* + H,0O 5)
kb

ward rate constant, ks, for reaction 5 has been measured
to be 4.7 sec™1.'* The resulting value of K; (= K;k)
is 7 M~ sec™! which is about 100 times larger than
typical constants for the same reaction with uncharged
ligands.?

Cyclic Voltammetry i—The cyclic voltammograms for
RU(NH;:,) ?+ RU(NH3)5H203+ and RH(NH3)50H2+
displayed highly reversible behavior at sweep rates up
to 50 V/sec with no evidence of chemical reactions pre-
ceding or subsequent to the electrode redctions. Re-
versible voltammogrdams also resulted with Ru(NHj;)s-
C12+, Ru(NH3)5Br2+, and RU(NHg)aNCS2+, but, €X-
cept at the highest sweep rates, the current—potential
curves contained two peak currents during the anodic
half of the first cycle and two corresponding peak cur-
rents on the subsequent cathodic half cycle. - Figure 1
shows a typical example of the behavior observed.
The pair of anodic—cathodic peaks centered at —176
mV us. sce at the slower sweep rates clearly cor-
respond to the Ru(NH;);H,0%+2+ couple formed
by the aquation of the electrogenerated Ru(II) form of
the initial complex. By comparing the sweep rates
which produced the same ratio of peak currents for the
aquated and unreacted Ru(II) complex during. the
anodic half cycles, it was possible to determine that the
relative rates of aquation of the three complexes are
Ru(NH;);Brt > Ru(NH;);Clt > Ru(NH,;);NCS+,

Electrochemical Reductioni of Pyrazine Coordinated
to Ruthenium(II).—Uncoordinated pyrazine in aqueous
solution displays a reversible, pH-dependent, two-elec-
tron polarographic wave that splits into two one-
electron waves at sufficiently low pH values.?® The
available evidence indicates that the electrode reaction

(22) R. Larsson and A. Miezis, A.cta Chem. Scahd., 23, 37 (1969).

(23). C. Pecile, Tnorg. Chem., 8, 210 (1966).

(24) 8. Fronaeus and R. Larsson, Acta Chem. Scand., 16, 1447 (1962).

(25) J. A. Broomhead, F. Basolo, and R. G. Pearson, Inorg. Chem., 8,
826 (1064).

(26) J. F. Endicott and H. Taube, ibid., 4, 437 (1965).

(27) J. N, Armor and H. Taube, J. Amer. Chem. Soc., 91, 6874 (1969).

(28) E. D. Moorhead and D. Britton, Anal. Leit., 1, 541 (1068), and
references therein.
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Figure 1.—Cyclic voltammograms of 8 mM [Ru(NH;);CljCl,:
(A) scan rate 47 V/sec; (B)scanrate3.7V/sec. Dotted curveis
the second cathodic scan. Supporting electrolyte was 0.1 M
CF;COOH + 0.1 M CF;COONa; pH 1.8 Electrode area was
0.032 cm?2.

proceeding under conditions where a single, two-elec-
tron wave appears is

NN + 2 + sH* N, NH 6)
e =
N N

As already noted, the coordination of pyrazine to Ru(II)
shifts the formal reduction potential of the Ru(III)|Ru-
(I1) couple to more positive values because of the sta-
bilization of the lower oxidation state of the ruthenium
resulting from the strong metal-to-ligand = bonding.
The same factor would be expected to shift the potential
where coordinated pyrazine is reduced to more negative
values. In fact, well-defined polarographic waves are
obtained for Ru(NHj;);Pz?* in neutral and alkaline
solutions at potentials considerably more cathodic than
those at which uncoordinated pyrazine is reduced at the
same pH. (At pH values less than ca. 4 the pyrazine
wave is masked by the current due to hydrogen evolu-
tion which is apparently strongly catalyzed by the
pyrazine complex.) Unfortunately, no more quanti-
tative conclusions about the relative reactivities to-
ward reduction of bound and uncoordinated pyrazine
could be pursued because the two processes display
dissimilar pH dependences and lead to different prod-
ucts which could not be unambiguously characterized
in the case of bound pyrazine.

The polarographic diffusion currents for Ru(NHjz);-
Pz*+ correspond to a two-electron reduction if the com-
plex is assumed to have the same diffusion coefficient
as Ru(NH;);C1*+. Both polarographic half-wave po-

tentials, Ei,, and cyclic voltammetric peak potentials,.

E,, are linearly dependent on pH between pH 7 and 13
(Figure 2). At higher pH values E; attains a limiting
value of ca. —1.44 V.

The cathodic portions of the cyclic voltammograms
indicate that the electrode process is complex: the
peak current displays a nonlinear dependence on the

H.S.Lmv, D. J. Barcray, anp F. C. ANsoN
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Figure 2.-—pH dependence of polarographic half-wave po-
tentials (O0) and cathodic peak potentials (O) for Ru(NH;);Pz3+.
pH ranges and buffers were as follows: 4.82-7.69, phosphate;
8.07-10.13, borate; 11.11-12.15, phosphate; >13, NaOH. pH
values > 14 are calculated values based on the analytical concen-
tration of NaOH. Except for pH values greater than 14, the
solutions were maintained at unit jonic strength (0.9 M NaCl +
buffer). The Ru complex was 1.0 mM and the temperature was
25°.

square root of sweep rate, increasing with sweep rate
more rapidly than is expected for a simple diffusion-
limited charge-transfer reaction; the peak potentials
also become more cathodic with increasing sweep rates.

Typical cyclic voltammograms for the pyrazine com-
plexes are shown in Figure 3. Except in very acidic
solutions, a single anodic peak is coupled with the
cathodic peak. Between pH 4 and 9 the potential of
the anodic peak remains at about —0.4 V. If the pH
is increased beyond 9, this peak becomes broader and
begins to shift to more negative values. At the highest
pH values the shape of the anodic peak becomes nor-
mal again and in 4 7 NaOH the cyclic voltammogram
approaches that expected for a two-electron reversible
couple: the cathodic and anodic peaks are separated
by only 32 mV at a low sweep rate (0.1 V/sec) com-
pared with 29 mV for a reversible couple. This separa-
tion increases to 50 mV at a sweep rate of 8 V/sec.

The split cathodic wave shown in Figure 3 is ob-
served only in solutions having pH values less than 5.
This splitting may reflect the one-electron reduction of
the coordinated pyrazine to produce a complexed rad-
ical. Such radicals are known to be.stabilized by the
protonation of pyrazine,? but our data, while sugges-
tive, are insufficient to prove that coordination with
ruthenium (IT) leads to a similar stabilization.

The pK. of protonated pentaamminepyrazineru-
thenium(II) ion (2) is 2.5% so that in neutral and alka-
line solutions the complex is unprotonated. The pH
dependence of the reduction wave and its evident ir-
reversibility (Figure 3) point to an overall electrode
reaction of the form

(NH)sRuN (N + H* + 27 — (NH)RuN_  NH*
3/5 3/5

1 )
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Figure 3.—Cyclic voltammograms of 1 mM Ru(NHj;)sPz2*:
(1) pH 4.8, phosphate buffer, scan rate 1.25 V/sec; (2) pH 8.3,
phosphate buffer, scan rate 10 V/sec; (3) pH 12.5, phosphate
buffer, scan rate 10 V/sec; (4)1 F NaOH, scan rate 10 V/sec; (5)
4 F NaOH, scan rate 8 V/sec. Theionicstrength was maintained
at 1.0 with NaCl for 1, 2, and 3. The current scale for case 1 is
smaller than for the other cases.

The fact that the peak potentials lose their pH depen-
dence at about pH 13 (Figure 2) indicates that the
pK. for 1 is about 14~15. (Such a value seems reason-
able inasmuch as pK. = 15-16.5%° for the similar
amine pyrrole.) The reversible-looking cyclic volt-
ammogram obtained in 4 M NaOH (Figure 3, case 5)
may result because the overall electrode process has
become

24 -
(NH)RuN (N + 2~ == (NH)RuN. N @®)

with no protonation of reactant or product involved.

The rather large value of pXK, for 1 could well cause
its net rate of deprotonation at lower pH wvalues to be-
come so slow that the anodic reaction becomes

A A~
(NHyRuN( O NH* — (NH):RuN( ONH™ + 2¢™ (9)
2

followed by very rapid proton loss by the pyrazine com-
plex. Since the proton loss follows the anodic electrode
reaction, its potential will be independent of pH if the
electrode reaction is rate limiting. The irreversible
anodic peak at —0.4 V (Figure 3) is independent of pH
between pH 5 and 9 and may correspond to reaction
9. The gradual change in the shape of the anodic peak
as the pH increases is understandable in terms of the
growing importance of the reverse of reaction 8 as the
pH increases. Under the conditions of case 3 of Fig-
ure 3, the anodic wave owes its appearance to sizable
contributions from both reaction pathways with relative

(29) A. Albert, “Heterocyclic Chemistry,” Athlone Press, London, 1968,
Chapter 13.
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Figure 4. —Cyclic voltammograms of the mono- and dipyrazine
complexes: 1 mM Ru(NH;);Pz2*, (1) cathodic scan, (2) anodic
return; 0.3 mM cis-Ru(NH;),Pz2 T, (8) cathodic scan, (4) anodic
return; 1 mM trans-Ru(INH;)Pz.2+, (5) cathodic scan, (8)
anodic return. The supporting electrolyte was 1 M NaCl,
unbuffered; scan rate 10 V/sec. The current scale was adjusted
in each case to match the concentration of complex.

proportions governed by the kinetics of deprotonation
of 1.

The electrode reaction product containing reduced
pyrazine proved to be too unstable for isolation or re-
liable measurements of its spectrum. However, a com-
pound containing reduced pyrazine

(H,C)s8iN _ NSi(CH,);

has been isolated recently.%

Dipyrazine Complexes.—cis-Ru(NH;),Pz,2t ion gives
well-shaped polarographic and cyclic voltammetric
waves at potentials slightly more anodic than Ru-
(NH;);Pz?*, and the polarographic diffusion currents
correspond approximately to a four-electron reduction
of the complex. The trans complex begins to reduce
at a more positive potential than that of the cis com-
plex at the dropping mercury electrode, but a well-
shaped wave is not obtained. The cyclic voltammo-
grams of the dipyrazine complexes are compared with
that of the monopyrazine complex in Figure 4. Since
four electrons appear to be involved in the electrode
reactions of the dipyrazine complexes, reduction of
both of the coordinated pyrazine ligands is indicated.
The question as to whether the two discrete reduction
steps displayed by the dipyrazine complexes in Figure 4
correspond to the intermediate formation of a complex
which contains one pyrazine and one totally reduced
pyrazine as ligands or if a complex containing two rad-
ical pyrazine ligands is formed could not be settled from
the data available. The large anodic current obtained
with the trans complex appears only if the cathodic

(30) R. A. Sulzbach and A. F. M. Iqbal, Angew. Chem., Int. Ed. Engl.. 83,
145 (1971).
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sweep is allowed to traverse the range of potentials
occupied by the second peak. It seems likely that the
sharp anodic peak corresponds to oxidation of the un-
charged complex

trans-Ru(NH,),(N NH),

which is apparently adsorbed (or precipitated) at the
electrode surface.
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A series of complexes of formula [MX;(L *H),;]X was obtained, where M is Mn(II), Fe(II), Ni(II), and Cu{II); X is Cland

Br; and L *His the monoprotonated ditertiary amine 1,4-diazabicyclo[2.2.2]octane (Dabco).

The five-coordinate complex

cations [MX;s(L TH),] * have a trigonal-bipyramidal configuration with Dj; symmetry and represent an unusual example of
this stereochemistry for high-spin transition metal ions coordinated solely by monodentate ligands.

Introduction

In preceding papers of this series!—% we pointed out
that the positively charged ligands obtained by mono-
quaternization of the cagelike ditertiary amine 1,4-di-
azabicyclo[2.2.2 Joctane (Dabco) have unusual coor-
dination properties which can logically be related to
several cooperating factors. First, the presence of a
positive charge on the ligand itself may be expected to
give rise to strong electrostatic interactions even in
complexes which do not carry net jonic charges, thus
increasing their overall lattice energy and hence their
solid-state stability. Also, the rigid cagelike structure
of Dabco might be expected to minimize the steric re-
quirements which ordinarily hinder coordination of
tertiary aliphatic amines to metal ions. Finally, in the
monoprotonated Dabconium ligand the availability of
the lone pair on the N donor atom may be drastically
reduced by direct electronic interaction with the posi-
tively charged, quaternized N atom, as reflected by the
dramatic decrease in basicity compared to similar un-
charged tertiary amines—for example, the pK, of
quinuclidine? is 10.65 vs. 2.97 for the monoprotonated
Dabconium cation.® This change in the electronic re-
quirements of the N donor atom of the Dabconium
ligands may then result in the stabilization of metal
complexes of unusual coordination numbers and ge-
ometries.
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monoprotonated Dabconium quinuclidine

cation ligand

Results and Discussion

The reaction between the chlorides and bromides of
manganese(II), iron(IT), nickel(1I), and copper(II)—
but not cobalt(Il) and zinc(II)—and an excess of the
corresponding halide of the monoprotonated Dabco-
nium cation ligand (L+H) yields, as described in the
Experimental Section, a series of compounds having the
simple formula MX, 2(LTH)X (M = Mn(II), Fe(II),
Ni(II), Cu(Il); X = Cl, Br). These compounds are
crystalline solids, which dissolve with complete solva-
tion in water and in other solvents of good donor prop-
erties (e.g., dimethyl sulfoxide) and are insoluble in
nonpolar solvents or polar organic solvents such as
alcohols and ketones. The structural elucidation of
these compounds is based on the following experi-
mental evidence.

The d—d electronic spectra of the Ni(II) compounds—
the deep pink NiCly-2(LTH)Cl and the pink-violet
NiBry-2(LTH)Br (Table II and Figure 1)-—cannot be
assigned to either a tetrahedral or an octahedral stereo-
chemistry but rather strongly support a trigonal-bi-
pyramidal coordination. In fact, the spectrum of



