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Notes

Intervalence Absorption, Ligand Interchange, the contrasting results obtained with the pz-bridged pentacy-
and Redox Reactivity in Binuclear anoferratesand ruthenate¥ it seemed worthwhile to extend
Cyanopyridine-Bridged Complexes Containing our work with the CNpy bridging liganfithus, we report herein

the preparation and chemical properties of the fully reduced
(IL1I; R) and mixed-valence (I1,1Il; M) CNpy-bridged complexes
containing pentacyanoruthenate and pentaammineruthenium

Pentacyanoruthenate(ll) and
Pentaammineruthenium(ll) or -(l11)

) ) ) fragments.
Alejandra E. Almaraz, Luis A. Gentil,*
Luis M. Baraldo,* and JoseA. Olabe** Experimental Section
Departamento de Qmica, Facultad de Ciencias Exactas and ~ Materials. [Ru(NHs)s(4-NCpy)](PFe)> and K[Ru(CN)] were pre-
Departamento de IngeniarQumica, Facultad de Ingenier) pared according to literatufé:* Dilute solutions of RU(CNH0°"
Universidad Nacional de Mar del Plata, 7600 Mar del Plata, (~10"*M) were prepared by reaction of a solution of Ru(@N)with
Replblica Argentina, and Departamento de’@iga equimolar brominé the mixture was kept for 5 min under argon and
Inorganica, Analtica y Quimica Fsica (INQUIMAE), was immediately used. All the solution experiments were performed

Facultad de Ciencias Exactas y Naturales, Universidad de&t PH 5.5 (buffer ediaNaOAc),1 = 0.1 M (NaNQ, unless otherwise
Buenos Aires, Pabéltn2, Ciudad Universitaria, indicated), in deoxygenated media. Dimethyl sulfoxide (Baker) and

Capital Federal 1428, Réblica Argentina acetone (Mallinckrodt) were used as supplied. Other chemicals
' (potassium peroxydisulfate, bromine, ascorbic acid, potassium nitrate,

lithium chloride, sodium acetate, and Na(edta)) were analytical grade
reagents.

) Preparation of the Binuclear Complexes. The R compound was
Introduction obtained by mixing a solution of [Ru(C8;0]*~ (0.06 mol of K-

Metal—metal interactions in mixed-valence, asymmetric bi- [Ru(CN)] in 10 mL of water, as described before) with an equimolar

nuclear compounds of the [(N&e—L —Ru(NHs)s]" series show solution of [Ru(NH)s(4-NCpy)](PF).. After 1 h, precipitation was

. Ca . . induced with cold ethanol; the solid was isolated, washed with ethanol,
weak-coupling behavidr, independent of which electronic and dried in vacuo under silica gel. Anal. Calcd for K[(NR)-

isomer is predominant. FeL—Ru" distributions have been  (4.pyCN)RU(NH)g-H:0: H0, 3.1; K, 6.7; NH, 14.7; Ru, 34.9.
found for L= CN~,2 pyrazine (pzf, pyridinecarboxamidé,and Found: HO, 3.2; K, 6.8; NH, 14.4; Ru, 35.0. The mixed-valence
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imidazolato® and an F& —L—Ru' distribution, for L= cyano- solid was isolated after mixing equimolar solutions of Ru(G#D3~
pyridine (CNpy)® The calculated values for the electronic and Ru(NH)s(4-NCpyy; the latter was freshly prepared by oxidation
coupling factor,Ha, were in the range 466600 cnt?, with of RU(NHe)s(4-NCpyf* with chlorine and was used immediately to

the exception of cyanide showing a greater value, 1500tcm  Minimize hydrolytic reaction$ The precipitate was washed and dried
On the other hand, no coupling or IV absorption occurred with as before. Anal. Calcd for [(NGRu(4-pyCN)RU(NH)s|-H-0: H:0,
the [(NC)xF€e'—bpa—Ru'" (NH3)s] complex? featuring a non- 3.3; N, 15.8; Ru, 37.5. Found: 40, 3.6; NH, 15.2; Ru, 37.0.
communicating ligand (bpa 1,2-bis(4-pyridyl)ethane). An Spectral, Electrochemical, and Analytical Measurements.The

t - ¢ | | ith Ru(€N)sh d visible—=UV and IR spectra were measured on a Shimadzu UV 210A
extension 10 analogous compiexes wi u(eN)showe and a Perkin-Elmer 599 spectrophotometer, respectively. The cyclic

reasonable results for & CN~,29 but surprisingly, no inter- yoammograms of R, Ru(N§k(4-NCpy#+, and Ru(CNy(4-pyCNy-
valence transitions were detected forLpz,'° 4,4-bipyridine were obtained as recently descritfed?otassium, ruthenium, water,
(4,4-bpy)? or even dicyanogen (NCCN)a ligand which and ammonia were determined for the analytical characterization of
promotes a large interaction and strong delocalization in the the binuclear complexés.

bis(pentaammine) complék. This was assigned to a very weak Kinetic Measurements. The kinetics of the formation reactions of

through-space overlap between the arbitals in Ru(CNg3~ R and M were studied by measuring the absorbance increases at 460
and the Rl acceptor, associated with the competitive influence and 380 nm, respectively, with [Ru(Ci#),0°] = 2 x 10°° M, pH
of cyanides as electron-withdrawing coligarids. 55,1 =0.1 M (LiCl), T = 25.0°C, and Ru(NH)s(4-NCpyy>" in the

range (0.6-2) x 1074 M. Values ofkys (s72) were obtained by fitting

a pseudo-first-order rate law, up to 3 half-lives. The second-order
formation rate constantg( k;) were calculated from the slopes of the
plots ofkops against the concentration of Ru(MWs(4-NCpy)t (n = 2,

3). The kinetics of the dissociation reaction of RX5107° M) was

The electronic interactions are controlled by the type of metal
and by both the bridging and nonbridging ligafid$n view of
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Table 1. UV—Visible and IR Absorptions, Reduction Potentials, and Rate Constants for Peroxydisulfate Oxidatidi{@Rg@and RU " As
(A = Ammine) Complexes with Bridging 4-Cyanopyridine

complex A, nm 10%, M~tcm? v, cnrt E, V (NHE) k, M~ts?
[Ru" (CN)s(4-pyCN)E- b 388 5.9 2250,2040 1.00* 10°5e
[Ru'As(4-NCpy)p* 1 425 5.4 2180,1268 0.62 (2.3+0.1) x 1032
[(NC)sRU' (4-pyCN)RUAs]~ 380, 460 45,73 218020559 1280 0.58 (8.7£0.4) x 1
[(NC)sRU' (4-pyCN)RU' Ag] 400, 700 5.1,0.5 220020689 1300" 1.18 10°5e

aThis work; at 25°C, | = 0.1 M (KNQg), pH 5.5 (HEDTA?-, CH;COO"). IR data are for solids in KBr disk$.Reference 18; potassium salt.
¢ Nitrile stretching, with pyCN bound through the pyridine nitrogé@yanide stretchingt See text! Reference 14; hexafluorophosphate salitrile
stretching, with NCpy bound through N at the nitrile grodmmine deformation! Oxidation at the RUAs center. Oxidation at the R{(CN)s
center.

8452-A diode-array instrument, interfaced with a rapid-mixing device o300
(Applied Photophysics, Model 7004B), by following the absorbance !
decrease at 460 nm with an excess of oxidant (rang&)1x 103 0.251L
M). With Ru'(NH3)s(4-NCpyY*, the oxidation reaction was followed !
by measuring the absorbance decrease at 425 nm. A good pseudo- 0201
first-order behavior was obtained, and the second-order rate constants g ’
were calculated as befoPé. 8 o015}
o
Results and Discussion § o,10]
The solution obtained by mixing R(CN)sH.03~ (1074 M, <
Amax = 315 nm}* with equimolar RU(NH3)s(4-NCpy?"™ (Amax 0,05
= 425 nm}2 displays a band at 460 nne & 7.3 x 10° M1 0,001
cm1) and a shoulder at 380 nma € ~4.5 x 168 M~1cm™?).

The spectral changes are completed in about 30 min and can 200 300 400 500 €00 700 800 900

be described by eq 1. wavelength ( nm )
o " Figure 1. Spectrophotometric titration of the [(NERU' (4-pyCN)RU -
Ru(CN}H,O" + Ru(NH3)5(4-Npr)2 - (NHa3)s]~ complex (R) with bromine ([R¥ 4 x 1075 M, pH 5.5, 25.0

(NOGRU'(4-pyCNIRIINHII ™ +HO Ky ks (D o witn 1 equiv of bromine. ) i &8 edulv o bromine:
Solutions of R display the MLCT bands involving both'Ru  (NHs)s disappears, while the one for REN)s is conserved,

(CN)s and RU(NH3)s centers and the bridging ligand. Table 1 we infer that localized valences are as shown in Table 1. Thus,

shows the values of the MLCT bands corresponding to the the band at 700 nm is assigned to the intervalence (IV) transition

relevant mononuclear species. Additional supporting evidence from dz(RU'(CN)s) to dz(RU" (NHs)s). The energy is displaced

in Table 1 is the IR results for the solids, which are diagnostic to higher values by 3600 cmh (0.45 V) compared to that of

of oxidation state Il at both ruthenium centérsThe value of the IV transition band measured for the [(NE2(4-pyCN)Ru-

ki, 22.5+ 0.5 M1 s71 (25 °C), is consistent with the entry of  (NH3)s] complex2this shift agrees with the difference in redox

a dipositively charged ligand into Ru(C#),0%.16 For the potentials for R (CN)s(4-pyCNP—3~ and Fé!' (CN)s(4-

dissociation reaction (reverse reaction in eq 1), spectral monitor- pyCN}—3-, 1.00 and 0.53 \f respectively. Fresh solutions of

ing of the products showed the formation of Ru(iyf4- M could be reduced with ascorbic acid, and the spectral changes
NCpy)y*, indicating the cleavage of the (\SRu—pyCN bond.  were consistent with the recovery of R.
The value ofk—y, (4 £ 1) x 107> s7* (25 °C), is similar to the That M has the [(NGRU'(4-pyCN)RU' (NH3)s] distribution

one obtained for the dissociation of 4-pyCN from the Ru(&N)  is confirmed by the cyclic voltammetric results shown in Table
(4-pyCN}~ ion1” Both the values ok; andk-; as wellasthe 1 (see also the illustration). The shifts Bfvalues for the
activation parameters for the dissociation reactioHf = 100 binuclear complex with respect to values for the mononuclear
+ 20 kJ mof! andAS' = 79 + 17 J K'* mol™%, reflect the species agree with previous results obtained for related com-
onset of dissociative-type mechanisms for ligand interch&née. plexes with L= pz3

The M complex was obtained in solution by a stoichiometric ~ For the formation and dissociation reactions of M, eq 2, the
oxidation of R with peroxydisulfate or bromine. In a spectro- values ofky, 314+ 3 M 1s% andk_,, (4 + 1) x 106571 (25
photometric titration experiment, the spectrum of R (Figure 1a) °C), also suggest dissociative pathways.
evolved to the one shown in Figure 1c with addition of 1 equiv
of oxidant; Figure 1b shows a spectrum of the mixture with RU(CN)H,0% + Ru(NH,)s(4-NCpy)'" —
addition of 0.5 equiv. The plots of absorbance at 460 or 700 0 I
nm against the concentration of oxidant showed definite [(NC)sRU'(4-pyCN)RU' (NHZ))] + H,O0  ky k_, (2)
breakpoints for the 1-equiv relation. The latter results and the
well-defined isosbestic points in Figure 1 confirm that a mixed- ~ The M complex is unstable on the minute time scale, as
valence species is formed. Because the MLCT band 8t Ru shown by the slow increase of absorbance at 400 nm obtained

after the fast R~ M conversion. The results were fitted to a
(16) (a) Hoddenbagh, J. M. A.; Macartney, D. lHorg. Chem 1986 25, pseudo-first-order rate law, with the following values ofk0
380. (b)Inorg. Chem 1986 25, 2099. (s} at the indicated pH’s in parentheses (25 1 = 0.1 M):

O ey 19 [ A Olabe, J. Al Chem. Soc., Dallon 9 g4 0.1 (4); 1.5+ 0.1 (5.5); 1.3+ 0.1 (7); 2.6 0.1 (10).

(18) Macartney, D. HRev. Inorg. Chem 1988 9, 101.

(19) The value ofAH* is similar to those obtained for the dissociation of  (20) In fact, the predominant electronic isomer was [(M@)' (4-pyCN)-
[Ru(CNXL]" (L = 4-CNpy and others)¢1” The positive value of RU'(NH3)s], and Amax Of the IV band transition was found at 938 nm;
AS' agrees with that for [Ru(CN@-pyCN)E~,17 in contrast with the 1V transition energy for the EeRU'" isomer should be very close
values near zero (positive and negative) found for other L ligdhds. to ~0.05 V (cf. ref 6).
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By taking samples periodically and treating them with ascorbic available owing to the presence of the reactive [(MRTY' —
acid, we obtained decreasing amounts of R for increasing timespyCN—RU'(NH3)s] electronic isome??
after the generation of M. The picture reflects a hydrolytic ~ On the basis of the Hush modé€lwe calculate values of
process at the Ru(IlBNCpy bond. The rate constants (pH 345 cnt?! for Ha, and 5.8 x 107 for o, the delocalization
range 4-7) are lower than the values obtained for thé"Ru  factor in the ground state. The first value is similar to those
(NH3)s(4-NCpyP* ion, 2.85 x 1073 s714 and for the fully measured for related complexes of the same s&rfe3he value
oxidized binuclear species, "' —pyCN—RuU" (NH3)s]", with of o2 is consistent with the proposed valence-trapped formula-
XsM!" = (NC)sFe!' or (NHg)sRu", ~2 x 1072 571621 The tion. In summary, the coordination of pentacyanoruthemate
stabilization relates to the back-bonding influence of the pentacyanoferrate fragments in the binuclear complexes under
RU'(CN)s®~ moiety, which lowers the positive charge at the consideration leads to predictable results and interpretation. In
electrophilic nitrile group. The small rate increase when pH is a revisited experiment, the pz-bridged complex also shows a
decreased from 7 to 4 may be ascribed to the influence of weak IV transition band, probably related to a less efficient
hydrolysis of protonated [R{(NH3)sNCpy]**+, which overlaps orbital overlap of pz compared to CNpy at the Ru(lll) acceptor
with the dissociation reaction of ¥1.On the other hand, the  site?®
rate increase at pH 10 may be ascribed to enhanced nucleophilic
attack of the OH species instead of watér.

The value of the specific rate constant for the one-electron
oxidation of R with peroxydisulfate (Table 1) shows that
oxidation at the RUWNHz3)s center is operative; the value kf
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fits nicely in the LFE plot for the oxidation of different binuclear ?:%n?\;fcfé_?dmg' J.A.O. 1s a member of the research staff of
complexes of the [YM—L—Ru'(NHz)s] series with peroxy- ‘
disulfate>® Table 1 also shows the large differences in reactivity 1C9606643
toward peroxydisulfate displayed by the mononuclear Ru(ll) (24) Haim, A. Taube Insights: From Electron Transfer Reactions to Modern

species with cyano and ammine coligands. The oxidation of Inorganic ChemistryAdv. Chem. Ser in press. According to the
the RU (CN)s center in the M complex to the fully oxidized intramolecular assistance mechanism, the observed second-order rate
. . . . constant should biens= 2 Kekry, WhereKe is the equilibrium constant
11 species could not be obtained chemically with excess for the formation of the unstable electronic isomer ded is the
peroxydisulfate; instead, hydrolysis occurred. In addition, no second-order rate constant for oxidation at the Ru(ll) certtee; latter
reaction could be detected with the Ru(G}pyCNy- ion is controlled by the redox potentiat-0.65 V) and thus we estimate
(Table 1). With bromine as oxidant, decomposition ensues with <t = 270 M * s* (according to the LFE plot, cf. ref 5). By
’ ! p considering a thermodynamic cycle as described elseviiveeegbtain

formation of blue precipitate®. Because the HECN)s~ Ket = 2.3 x 1078 Thus, kes should be~105 M1 sL
centers react with peroxydisulfate wii= ~1 M~ s 1 or even (25) Hush, N. SProg. Inorg. Chem 1967, 8, 391.

23 ; ; ; 'RII‘ 3— (26) We again performed the oxidation of the pyrazine-bridged Il,Il complex
lower** and considering the redox potential at the )s with bromine!® The 11,1l complex showed absorptions at 365 and 504

centers (Table 1), we estimate, on the basis of LFE calculations,  nm, associated with MLCT transitions from the pentacyanoruthenate-
that the oxidation of M to the III,IIl complex (through direct (1) and pentaammineruthenium(ll) fragments, respectively, in addition

electron transfer at the R(CN)s center) should be-10-> M~1 to the pz-centered band at 260 nm. Upon oxidation with 1 equiv, the
— . - bands at 260 and 365 nm shifted to 265 and 380 nm, respectively, as
1
s 1. On the other hand, we also predict an effective rate of the expected from oxidation at the Ru(NJd center. The band at 504 nm

same order if the intramolecular assistance path becomes  nearly disappeared, with a weak broad absorption remaining in the
450-500 nm region. A careful inspection of the near-IR region showed

(21) Chou, M. H.; Creutz, C.; Sutin, Nnorg. Chem 1992 31, 2318. a weak band centered at 963 nm= ~100 M1 cm~1), which decayed

(22) No decay of the absorption in the IV transition region was observed upon addition of excess bromine (cf. ref 22). The energy shift of this
with excess bromine; instead, spectral changes in the near-UV region band compared to the one measured for the [gRN€)-pz—Ru'"-
suggest the release of cyanides, probably through oxidation. Decom- (NH3)s] specied is as expected from the difference in reduction
position of the pentaammine fragment is also feasifilee persistence potentials for the mononuclear iron and ruthenium pentacyanometalates
of absorption and the formation of precipitates probably relate to the (~0.5 V). However, the intensity is unexpectedly low. Precipitation
onset of Prussian blue-type compounds. is probably induced upon formation of the neutral mixed-valence

(23) Chen, M. H.; Lee, S.; Liu, S.; Yeh, Anorg. Chem 1996 35, 2627. complex.



