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Table I, Summary of Stability Constants and Stoichiometry of Model Complexes®

Molar extinction

Formulation of coeff at
Iron(III) chelate? Sulfhydryl compd?® complex min % dev of K K
FellIHEDTA H,S [FellITHEDTA],S*" 8900 4.4 x 10°
(490 nm)
FellIHEDTA Mercaptoethanol FellIHEDTA - SR~ 3100 6.0
(530 nm)
FelllHEDTA L-Cysteine FelllHEDTA - SCy~ 3320 15.2
(530 nm)
FelllEDTA L-Cysteine FellIEDTA SCy~ 3300 8.6
(530 nm)
FelllHEDTA Ethyl mercaptan FelllHEDTA - SEt~ 3200 3.9
. (530 nm)

@ Temperature 25 + 1°; u=0.2 M, KCL. b Approximate ranges of concentration: H,S, 1074-107? M; mercaptoethanol, 10~2-1 M; L-

cysteine, 107%-10"" M; ethyl mercaptan, 107*-10"! M.

spin iron(I1I) in the model thiol complex.® No signal near
g =2 due to an iron-sulfur species was detected upon cooling
the FeIMHEDTA-H,$ system to 4° K.’
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Aqueous Complexes of

Association quotients for aqueous complexes of the bipositive ligand pentaammine(pyrazine)ruthenium(II) with
nickel(II), copper(Il), and zinc(II) have been determined by spectrophotometry, using the bathochromic shift of

the ruthenium(Il)-pyrazine electron-transfer band. For nickel(II) the association quotient is 17 = 2 ™! while

the parameters AH and AS are ~6 + 0.8 kcal/mol and —15 + 3 cal deg™ mol™!, respectively, at 25°, u = 1.5 M, and

pH 3.9-6. For the copper(Il) adduct those quantities are 32 + 3 M, ~4.3 £ 0.5 kcal/mol, and —7 + 2 cal deg™!
mol™!, respectively, at 25° and u = 1.0 M. For zinc(Il) the association quotient is 3.1 + 0.5 M~! with AH and AS
equal to —4.3 * 0.5 kcal/mol and —12 + 3 cal deg™ mol™! at 25° and u=2.0 M. The rate constants for formation and
dissociation of the nickel(II) complex were also determined, yielding for k,, AH*,, and AS*, the values (1.1 + 0.1)

X 10° M~ sec™!, 10 + 1 kcal/mol, and —11 ¢ 3 cal deg™! mol~?, respectively, at 25° and u = 1.0 M. For the reverse
reaction k_,, AH¥_, and AS¥_| were found to be 66 * 5 sec™, 16 + 1 kcal/mol, and 4 + 3 cal deg™! mol™?, respectively.
The results are related to the basicity of the pentaammine(pyrazine)ruthenium(II) complex.

Introduction
An especially interesting property of the aqueous ion pen-
taammine(pyrazine)ruthenium(II), Ru(pz) (I), is that, when

£ v +
Ru(NHg)g N (O Ne*a)

I

protonated at the free electron pair of pyrazine, the complex
has a pK, value of 2.6.1: In comparison, the pK, of the

*To whom correspondence should be addressed at the Depart-
ment of Chemistry, University of Missouri, Columbia, Mo. 65201.

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

(2) D. K. Lavallee and E. B. Fleischer, J. Amer. Chem, Soc., 94,
2583 (1972).

free, aqueous pyrazinium ion is only 0.6.> On protonation
of Ru(pz), the metal-to-ligand (7* « t,,) electron transfer
band of the complex is shifted to lower energy. Both the
energy shift and the increased pK, of pyrazine when coor-
dinated to ruthenium(Il) have been attributed to increased
metal-to-ligand back-donatjon in the protonated complex,
relative to the unprotonated ion.?>*

We have found that Ru(pz) can associate with several aque-
ous, first-row transition metal ions to form binuclear com-
plexes. The existence of these complexes demonstrates
that the basicity of pyrazine in the Ru(pz) moiety is suffi-
cient to balance the repulsion between the two positively
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p 299.

(4) H. E. Toma and J. M. Malin, submitted for publication in
Inorg. Chem.



Pentaammine(pyrazine)ruthenium(II)

charged metal centers. The Ru(pz) ligand has special utility
because spectrophotometric studies can be made of its com-
plexes with metal ions that do not absorb light at conven-
ient wavelengths. In this article we present determinations
of the association quotients of the Ru(pz) complexes of aque-
ous nickel(II), copper(Il), and zinc(II). An investigation of
the kinetics of formation of the Nill-Ru(pz) adduct is also
described.

Experimental Section

Materials and Methods. The ion pentaammine(pyrazine)ruthen-
ium(II) was prepared in aqueous solution as described by Ford, et
al.,' but using only a tenfold excess of the ligand. Although the
ages of the Ru(pz) stock solutions did not affect the results, new
solutions at ca. 10™* M concentration of Ru(pz) were prepared peri-
odically and stored in darkness. All operations involving the Ru(pz)
complex were carried out in an atmosphere of argon. Reagents were
transferred using hypodermic syringes. The extinction coefficients
for the aqueous Ru(pz) complex were computed from Shepherd and
Taube's value of €,,, 1.34 X 10* M~* cm™,at 25°.%

Solutions of aqueous nickel(II) perchlorate were obtained by dis-
solution of nickel carbonate (Carlo Erba, reagent grade) in stoichio-
metric amounts of perchloric acid solution. Solutions of copper(II)
and zinc(II) perchlorate were prepared similarly. The concentration
of nickel(I) was determined spectrophotometrically using the
Ni(CN), 2 absorption peak, €,,, 1.16 X 10* M~* cm™ .* The con-
centration of copper(Il) in stock solutions was found by precipita-
tion of copper as cuprous thiocyanate.” The concentration of
zinc(II) was determined by EDTA titration using Eriochrome Black
T as indicator.?

In determining the association quotients pH 3.9 or higher was
obtained by adding lithium hydroxide solution while monitoring
with a Beckman Expandomatic pH meter. Ionic strength was main-
tained by the addition of lithium perchlorate. Doubly distilled water
was used in the experiments, the second distillation being made from
basic permanganate solution.

Instruments. Absorbance measurements were taken using a Cary
Model 14 spectrophotometer. In the stopped-flow experiments a
Durrum Model D-110 instrument was employed.. The cell compart-
mentos of the two spectrophotometers were thermostated to within
£0.5°.

Results

Equilibrium Measurements. Association of Ru(pz) with
aqueous nickel(II), copper(Il), or zinc(II) results in a shift
of the electron-transfer absorption band, observed at 467 nm
in Ru(pz), to longer wavelengths. By superimposing spec-
tra taken at identical Ru(pz) concentrations, but with vary-
ing amounts of M(II), the metal ion, in large excess, plots
featuring isosbestic points were constructed. The plot for
the Cull-Ru(pz) association is shown in Figure 1. Similar
plots were obtained using aqueous zinc(II) and nickel(II).
By working at high values of [M(II)] it was possible to find
the energy at maximum absorption, E;, in the three binu-
clear species. These data are given in Table I.

Because of the isosbestic behavior and the high ratios of
[M(ID)] to [Ru(pz)] which were used (ca. 10°:1), the cal-
culations of association quotients refer to formation of
adducts of 1:1 stoichiometry, as shown in

/~\ . *
RuNHzleN (O N2*(aq) + MZ*(aq) =

k-q

RutNHgeN (O MM @) @
—/
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Figure 1. Variation in the visible spectrum of Ru(pz) with the con-
centration of copper(Il). [Cu*'(aq)} =0,0.012,0.039, 0.079,
0.157,and 0.315 M for peaks moving from left to right. Conditions:
[Ru(pz)] =7.7X 1075 M, pH4-6,25%°, u=1M.

Table I. Association Parameters and Electron-Transfer Absorption
Band Energies for the Species Ru(pz)MI(aq)

AS,
) AH, caldeg™!  Eg @
M M kecal/mol mol™? kK
Ni(ID)® 17£2 -6 0.8 -15%3 20.3
Cu(lD¢ 32:3 -4.3 + 0.5 -7+2 19.7
Zn(ID4 3.1+ 0.5 —4.3+ 0.5 -=12+3 20.5

@ Eo for Ru(pz) is 214 kK. b u=1.5M,25°. ¢pu=1.0M, 25°.
du=2,0M, 25°,

where k,/k-, = Q, the association quotient.
The calculations were made employing the equation

A/[Rug] =€~ B/Q ()
which is easily derived,” where
B =A/M(ID)] [Rur] - ery/ [MD)]

A is the measured absorbance, [Ruy] is the sum of the con-
centrations of free Ru(pz) and of the binuclear complex,
[M(II)] is the concentration of the metal ion, and eg, and
€. are the molar extinction coefficients of Ru(pz) and of the
binuclear complex, respectively. By plotting the quantity
A/[Ruy] vs. B, obtained at wavelengths where the binuclear
species absorbs more strongly than Ru(pz), values of Q were
calculated from the slopes while the ordinate intercepts
yielded e,. Plots of eq 2, obtained at various temperatures
for the association of aqueous Ru(pz) with nickel(IT), cop-
per(I), and zinc(II), are given in Figures 2-4, respectively.
In Table I are listed the association quotients, thermodyna-
mic parameters, and electron-transfer band maxima asso-
ciated with formation of the complexes.

The data for the nickel(II) and zinc(II) complexes were
obtained at 4 = 1.5 and 2.0 M, respectively, in order to ex-
tend the range of M(II) concentrations which could be used.
For nickel(Il), equilibrium data were also taken at u= 1.0 M,
yielding Q =24.2 + 2 and 14 + 1.5 M™!, respectively, at 10
and 25°. Thus, Q was found to be slightly smaller at the
lower ionic strength, as expected for reactants of the charge
types employed. Within experimental error, the values of
AH and AS were unaffected by the variation in u.

Kinetics of Formation and Dissociation of the Binuclear
Ion Ru(pz)Nill(aq). On mixing solutions of Ru(pz) with

(9) The treatment is similar to that given by B. R. Baker, N.
Sutin, and T. J. Welch, Tnorg. Chem., 6, 1948 (1967).
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Figure 2. Plot of 10724/[Ruy] vs. 107*B for the Nill-Ru(pz) asso-
ciation at three temperatures. Conditions: pH S5, u=1.5 M, 500
nm.
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Figure 3. Plot of 10-34/[Ruy] vs. 107%B for the ZnlI-Ru(pz) asso-
ciation. Conditions: pH 5-6, u=2.0 M, 500 nm.
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Figure 4. Plot of 10734/[Rup] vs. 10728 for the Zn!!-Ru(pz)
association. Conditions: pH 5-6,u=2.0M, 500 nm.

excess aqueous nickel(IT) in a stopped-flow apparatus it was
possible to measure the rate of formation of the binuclear
species. Pseudo-first-order rate constants, k,psq, describing
the rate of approach of the system to equilibrium, were ob-
tained from plots of In |4..— A4, vs. ¢, where A.. and 4; are
the measured absorbances at equilibrium and at time equals
t. kepsa is related to k; and k-, the specific rates of forma-
tion and dissociation, respectively, by eq 3. Plots of kqgpsq

Kobsa = k1 [NI(ID] + k-1 3

vs [Ni(I1)] at several temperatures are given in Figure 5.
The calculated activation parameters A H*; and A §%#, for
the forward reaction are 10 £ 1 kcal/mol and —11 £ 3

cal deg™ mol™!, respectively. For the reverse reaction
AH*., and AS*_; are 16 = 1.5 kcal/mol and 4 + 3 cal deg™
mol™!, respectively. Calculated values of k; and k- at 25°

are (1.1 0.1) X 103 M~ sec™ and 66 + 5 sec™?, respectively.

From the relationship Q = k,/k.;, the quantities Q, AH, and
AS are found from the kinetic parameters to be 16.7 M,
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Figure 5. Plot of kgpeq vs. the concentration of aqueous nickel(II)
at several temperatures. Conditions: pH 5-6,u=1.0 M, 500 nm.

-6 kcal/mol, and —15 cal deg™ mol ™, respectively. Agree-
ment with the results of the static measurements is very good.

Discussion

Table I presents the central result of this work, which is
that the bipositive Ru(pz) ligand forms relatively stable com-
plexes with the aqueous ions of nickel(Il), copper(Il), and
zinc(II). For example, the association quotient for the
Nill-Ru(pz) reaction is greater than the known value for the
nickel(IT)-pyrazine association, 10 £ 1 M~*.'® This is con-
sistent with the augmented basicity of Ru(pz), relative to
pyrazine.

The values of AS in Table I are negative, as expected for
aqueous reactions in which like charges are brought togeth-
er.)! In each case the driving force for complexation is
provided by a small but favorable enthalpy change. The ori-
gins of these changes are of special interest.

Values of AH and AS for the aqueous nickel(II)-pyrazine
reaction are —3.2 + 0.5 kcal/mol and —6 = 2 cal deg™ mol™,
respectively.’® In comparison, AH for the NilI-Ru(pz) asso-
ciation is more negative by ca. 3 kcal/mol. This may be due
mainly to a stronger ¢ bond between nickel(II) and Ru(pz).

However, an interesting contribution to the enthalpy of
complexation is perhaps related to the degree of dm-pm back-
donation in the Ru(pz) moiety. The increasing batho-
chromic shift in the metal-to-ligand electron-transfer band
in a series of complexes of the kind Ru(NH3)sL** or Fe-
(CN)sL?" (where L is a pyridine- or pyrazine-related ligand)
can be correlated with increasing back-bonding stabilization
of the complexes.'? Since similar electron-transfer band
shifts are seen on formation of the binuclear complexes
described here, an increase in back-bonding stabilization
within the Ru(pz) moiety may contribute to their stability.
Lavallee and Fleischer? have advanced a similar argument
for stabilization of the ion Ru(pz)H™.

The change in stabilization accompanying a given spectral
shift of this type has not been assessed for ruthenium(Il)
complexes. However, for complexes of the type Fe(CN)s-
L%, increments of back-bonding stabilization are estimated
at ca. 1 kcal/mol per kilokayser of shift.!® Assuming that
the factor for pentacyanoferrate(IT) complexes is similar to
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that for pentaammineruthenium(II) species, we can use the
data in Table I to estimate the contribution of the back-
bonding interaction to the measured enthalpy of adduct for-
mation. For the nickel(IT) and zinc(II) complexes this con-
tribution would be ca. 1 kcal/mol while for the copper(II)
species it would be ca. 1.7 kcal/mol. Thus, the effect of
induced back-donation may be a significant fraction of the
measured values of AH.

The observation that the copper(Il) complex, which exhi-
bits the largest spectral shift of the three systems studied,
has a less negative enthalpy of association than the nickel-
(I1) complex shows that the induced back-bonding effect is
not predominant. The lack of a trend in the measured AH
values for the nickel(II), copper(II), and zinc(Il) reactions
is probably due to other factors, e.g., variations in solvation
energy and in crystal field stabilization.

Kinetics of the Ru(pz)-Nill Reaction. Although the kine-
tics of many complexation reactions of aqueous nickel(II)
have been studied,'®:*~!® the reaction with Ru(pz) is the
first to be reported using a bipositive, monodentate ligand.
The specific rate of formation of the binuclear species,
ky=(1.1£0.1) X 10° M sec™ (u=1.0M,25%), is slightly
lower than those which have been measured for neutral or
positively charged ligands. In an Eigen-Wilkins mechanistic
scheme,!® the lower rate constant would be reflected in a
diminished value of K,,, the outer-sphere association con-
stant. Allowing for this charge effect, the rate of complex
formation is close to rates which are known for a large num-
ber of reactions in which loss of a water molecule from the
inner coordination sphere of Nill(aq) is rate determining.'*™'®
The enthalpy of activation for the forward reaction, 10 + 1
kcal/mol, falls within the range (9-14 kcal/mol) which has
been established for water-exchange-controlled complex for-
mation by NilI(aq). The entropy of activation,—11 + 3 cal
deg™ mol™!, is negative as expected considering the charge
types of the reactants.!®
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The rate constant k.; and activation parameters for the
dissociation step are given in the Results. Moore and Wil-
kins?® have shown that the rates of dissociation of nickel-
(IT) complexes of nitrogen bases can be correlated with the
Kz, values of the leaving ligands using the equation log
k-, =1.58 — 0.21(pKuy,), which is valid at 8°. For the Ru-
(pz) ligand, the pKyy, of which is ca. 2.6, k; is calculated
from the equation to be 11 sec™ . Our data yield k_; equals
13 sec™!, in good agreement with the predicted value. The
enthalpy of activation, AH¥.,, is 16 * 1 kcal/mol, a value
which falls within the range of energies and enthalpies of
activation established by various workers!%16718:20 for dis-
sociation of aqueous nickel(II) complexes of aromatic N
heterocycles.

Conclusion

Rate and equilibrium measurements have demonstrated
that the Ru(pz) ligand can form binuclear complexes with
aqueous nickel(I), copper(Il), and zinc(II) which are rela-
tively stable, despite their fairly high positive charge. The
complexes are detected conveniently by a bathochromic
shift in the electron-transfer absorption (7* < t,z) of the
Ru(pz) moiety. This shift, which also is seen in the Ru-
(pz)H" ion, indicates that back-donation from Ru(II) to
pyrazine is increased in the complexes, relative to Ru(pz).
This effect is evidently a stabilizing one, but it does not
predominate in determining the relative association quotients
of the complexes.
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