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The compounds [Ru(NH&DTDP] (PF6)2, K ~ [ R u ( C N ) ~ D T D P ] . ~ H ~ O ,  Na3 [Fe(CN)5DTDP].4H20, [(Ru(NH3)&- 
DTDP](PF6)4, and Na6[{Fe(CN)5)2DTDP].6H20 (DTDP = 4,4'-dithiodipyridine) have been synthesized and 
characterized by infrared, electronic, and nuclear magnetic resonance spectroscopies, microanalyses, and cyclic 
voltammetry. The extent of back-bonding M(II)+DTDP in the complexes was determined to be [Ru(NH3)5- 
DTDPI2+ > [Ru(CN)sDTDPI3- > [Fe(CN)sDTDP]3-, based on pKa, electrochemical, and spectroscopic data. The 
pKa for the acids [Ru(NH3)5DTDPHl3+, [Ru(CN)5DTDPHl2-, and [Fe(CN)5DTDPH]2- are 5.25,4.70, and 4.40 
(25.0 f 0.2 OC, p = 0.10 M (NaCF3COO)), respectively. The rates of aquation of the DTDP ligand from the 
complexes [Fe(CN)5DTDPI3-, [Ru(CN)5DTDPl3-, and [Ru(NH3)sDTDPIZ+ were determined to be 1.1 X l k 3 ,  
1.2 X 10-4, and 4.5 X s-I, respectively. Electrochemical and near-infrared data for the binuclear complexes 
[ { R U ( N H ~ ) ~ ) ~ D T D P ]  (PF6)4, Na6[(Fe(CN)5}2DTDP], and their respective mixed-valence derivatives indicate intense 
electron delocalization between the two ruthenium centers. 

Introduction 
Despite the importance of the disulfide bridge on redox reactions 

in biological systems, the electron-transfer mechanism through 
the -S-S- bridge is far from being well understood.' 

We undertook this work to gain a better understanding of the 
effectiveness of electron transfer through the-S-S- bridge. Simple 
and easy implementable models were chosen using 4,4'-dithio- 
dipyridine as the bridging ligand and [ R U ( N H ~ ) ~ ( H ~ ~ ) ] ~ + / ~ + ,  
[RU(CN)~(HZO)]~- /~- ,  and [Fe(CN)5(H~O)]3-/2- as the metal 
complexes. 

Crystallographic studies2 indicate that in aromatic disulfides 
strong A interactions exist between pyridine ring filled pr and 
sulfur vacant d, orbitals as well as between sulfur filled p, and 
pyridine ring pl* orbitals in the DTDP molecule. 

The interactions of Ru(I1) and Fe(I1) with pyridine ligands 
are well-known.3-5 The low-spin d6 configuration of these 
complexes provides filled orbitals of proper symmetry to interact 
with relatively low-energy, unoccupied A* orbitals on the pyridine 
ligands. These M(I1)-py (or M(II1)-py) bonds are thermody- 
namically very stable and kinetically inert. 

The back-bonding, M(I1) - py, is an important component 
of the ruthenium-pyridine interaction in this oxidation state. 
Conversely, the u bond component is the most important when 
the metal oxidation state is 111. 

This paper describes the synthesis, characterization, and 
reactivity of the monomeric species, M(I1)-DTDP and the 
binuclear complexes [{Ru(NH3)5)2DTDP] (PF6)4 and Nab- 
[( Fe(CN)s}2DTDP].6HzO. 

Experimental Section 
Double-distilled water was used throughout. Potassium hexacyan- 

oruthenate(I1) (Alfa), sodium nitroprusside (Aldrich), ruthenium trichle 
ride (Aldrich), and 4,4'-dithiodipyridine (DTDP) (Aldrich) were used 
as recieved. Other chemicals were reagent grade. 
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Reagent grade ethanol, acetone, and ethyl ether were purified as 
described in the literature? 

The complexes [RU(NH~)S(HZO)] (PF& and N ~ ~ [ F ~ ( C N ) S N H ~ ] . ~ H ~ O  
were synthesized and characterized according to literature 
The [R~(CN)sH2O]~-complex wasgenerated9"insitu" from the reaction 
of Ru(CN)& with Br2, during the synthesis of the [Ru(CN)sDTDP]> 
complex. 

All preparations and measurements were carried out under argon, 
using standard techniques for manipulation of air sensitive compounds.I0 

Synthesis of New Complexes. Nss[Fe(CN)sDTDP].4H20. A 300-mg 
sample of DTDP was dissolved in 10 mL of a 70% ethanol/water mixture, 
at 50 OC. The resulting solution was cooled to room temperature and 
filtered to eliminate any residue. In a separate flask, 220 mg of 
Na3[Fe(CN)sNH+3HzO was dissolved in 10 mL of a 50% ethanol/ 
water mixture. An orange color developed upon mixing the DTDP and 
the Fe(I1) solutions. After 1 h the orange solution was filtered, and the 
filtrate was added to a flask containing 100 mL of NaI solution (30% of 
NaI in 100 mL of ethanol). An orange solid formed and was collected 
by filtration, washed with absolute ethanol and ethyl ether, and stored 
under vacuum, in the absence of light. Anal. Calcd: C, 18.42; H, 2.76; 
N, 25.77. Found: C, 18.30; H, 2.73; N, 26.01. Yields were better than 
60%. 

K~[Ru(CN)#TDP].~H~O. A 50-mg sample of &[Ru(CN).+3H20 
was dissolved in 5 mL of a 50% ethanol/water mixture. Then 10 mL of 
a Br2 solution in water (0.10 mM Br2; 1 mM KBr) were added dropwise 
with stirring. After 10 min, 5 mL of the DTDP solution, prepared as 
described above, were added. The resulting solution developed an intense 
yellow color and was cooled down in an ice bath. After 45 minutes of 
reaction and upon the slow addition of cold acetone, a yellow precipitate 
was obtained and collected by filtration, washed with ethanol and ethyl 
ether, dried, and stored under vacuum, in the absence of light. Anal. 
Calcd: C,28.31;H,2.26;N,16.79. Found: C,28.92;H,2.25;N,16.80. 
Yields were better than 65%. 

[Ru(NHp)#TDP](PF&. A 150" sample of DTDP was dissolved 
in 10 mL of acetone at 50 "C, under a stream of argon, followed by the 
addition of 100 mg of [RU(NHJ)~H~O](PF.&. The solution developed 
an orange color. After 1 h, the solution was cooled in a ice bath and cold 
ether (peroxide free) was added dropwise with stirring. A dark yellow 
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solid precipitated. The material was collected by filtration, washed with 
a solution of 20% acetone in ethyl ether and then with ether, dried, and 
stored under vacuum, in the absence of light. Anal. Calcd: C, 17.24; 
H, 3.31; N, 14.02. Found: C, 16.92; H, 3.51; N, 13.92. Yields were 
generally better than 60%. 

[{Ru(NH3)5)pTDP](PF& Solid [Ru(NH&DTDP](PF& (142mg) 
was added to 10 mL of acetone containing dissolved [Ru(NH3)s(H20)]- 
(PF& (101 mg). After 2 h under stirring, the initial pale yellow solution 
turned red-brownish. The complex was precipitated by adding 0.5 g of 
NH4PF6 followed by 60 mL of diethyl ether. The precipitate was filtered 
off and washed with a 7:3 diethyl ether-acetone mixture, dried, and 
stored under vacuum in the absence of light. Anal. Calcd: C, 10.24; 
N, 14.33; H, 3.21. Found: C, 10.18; N, 13.98; H,  3.24. Yields were 
better than 70%. 
Nas[(Fe(CN)s)2DTDPE6HzO. A 50" sample of Na3[Fe(CN)s- 

NH3]-3H20 dissolved in 5 mL of water was added to 5 mL of aqueous 
Na3[Fe(CN)sDTDP].4H20 (90 mg). After 1 h, 0.3 g of solid NaI was 
added into the reaction flask. A yellow solid was obtained upon the slow 
additionofcold absoluteethanol (50 mL). Thesolid was filtered, washed 
with absolute ethanol and ethyl ether, dried, and stored under vacuum 
in the absence of light. Yields were better than 60%. Anal. Calcd: C, 
28.64; N, 20.05; H, 2.39. Found: C, 27.94; N, 18.83; H, 2.31. 

The voltammetric and electronic spectra of these DTDP complexes, 
when stored under vacuum, show that they are stable for more than 2 
weeks. 

The corresponding [Ru(NHs)sDTDP]'+ and [Fe(CN)sDTDP]2-ions 
were generated in solution by the electrochemical oxidation of the 
respective Ru(I1) and Fe(I1) complexes. During the electrolysis of the 
solution containing the [Ru(CN)sDTDP]' ion, the platinum anode was 
covered by a brownish solid while the solution became colorless. The 
electrode could not be cleaned by electrochemical reduction, by reversing 
the electrode polarity. 

Kinetic Measurements. The aquation of the DTDP complexes was 
studied in the presence of a large excess of dimethyl sulfoxide (DMSO) 
as auxiliary ligand at 25 f 0.2 "C, as follows: 
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k-rmp slow 
[MA,DTDP]" + H 2 0  s [MA,(H,O)]" + DTDP 

b" 

fast 
[MA,(H,O)]" + DMSO - [MA,DMSO]" + H 2 0  

n = 3- when M = Ru and A = CN-; n = 2+ when M = Ru and A = 

An aliquot of the solution of the desired complex was added to a 
solution containing DMSO, the supporting electrolyte, and the previously 
adjusted hydrogen ion concentration (both solutions were previously 
deaerated and thermostated at 25 f 0.2 "C). The disappearance of the 
complexes [ML5DTDPIn was monitored spectrophotometrically at the 
A,, of the MLCT bands of the respective DTDP derivatives. 

In order to avoid contributions of the back-reaction, k ~ r ~ p ,  the 
concentration of the [MLsDTDP]" complexes was kept smaller than 1 .O 
X 10-4M. 

Specific rate constants were calculated from the plots of log& - A , )  
uersus time. These plots were linear for more than 3 half-lives. 

Determination of pK.. The pKa for the reactions 

NH3. 

[M(CN),DTDPHI2- + H 2 0  s [M(CN),DTDP]'- + H30+ 

where M = Ru(I1) and Fe(II), and 

[Ru(NH3),DTDPHI3+ + H 2 0  s [RU(NH, )~DTDP]~+  + H,O+ 

were measured spectrophotometrically.' 
For the pentacyano complexes, the absorbance was measured at the 

A,, of the intraligand bands (IT), as a function of pH values. 
The higher pKa of DTDP, as compared to pyrazine pzI2 and 2,6- 

dimethylpyrazine (dmpz)13 pentacyano complexes, allows one to work 
under experimental conditions such that protonation of the cyanide ligands 
is not as critical as in the pz-containing systems. 
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For the pentaammine system, the absorbance was measured at the 
maxima of both the intraligand band (IT) and the charge transfer (MLCT) 
bands. 

The pKa values for the system [ R U ( N H ~ ) ~ D T D P ] ~ + - ~ +  were also 
determined by cyclic voltammetry following standard procedures.14 

The excited state pKa and pKa* values were calculated using the 
expression 

where pKa refers to the ground state and YI and v2 are the MLCT band 
frequencies of the complex in the deprotonated and protonated forms, 
respectively. 

Apparatus. The electronic spectra were recorded on a HP 8452A 
diode array spectrophotometer. The electrochemical measurements were 
performed using a PARC System Model 173 potentiostat/galvanostat, 
a Model 175 universal programmer and a RE 0074X-Y recorder and a 
Model 264A polarographic analyzer. For cyclic voltammetry a glassy 
carbon electrode was used as the working electrode vs SCE as reference, 
with a platinum wire as a auxiliary electrode. For electrolysis experiments, 
a platinum net (area of 13.6 cm2) was used as the working electrode. 

The IR and IH NMR spectra were recorded on Nicolet 55XC and 
Bruker AC-200 spectrometers, respectively. The NMR spectra were 
performed with D2O solutions, using sodium 2,2-dimethyl-2-silapentane- 
5-sulfonate (DSS) as internal standard. The NMR assignments have 
been checked by decoupling experiments. 

The near-infrared spectra were recorded on a Cary 17D spectropho- 
tometer, in D20, at 25 "C. 

The [II,III] species have been generated in the D2O solutions by 
oxidation of the corresponding [II,II] complexes with Br2. 

Results 

The spectral characteristics and the band assignments for the 
electronic spectra of the [Ru(NH3)5DDTP]2+, [Ru(CN)$DDTP]%, 
and [Fe(CN)5DDTPI3- complexes are summarized in Table 1. 
The ligand field bands were not observed and are probably 
overlapped by the more intense charge transfer bands. These 
spectra exhibit a metal-to-ligand charge transfer band, in addition 
to the bands of the ligand. 

The high intensity absorption bands below 300 nm are similar 
in energy and intensity to those observed for the free ligand15 and 
therefore have been assigned to ligand internal transitions. 

The MLCT bands have been attributed to electronic transitions 
from the B2 level (d,) of the metal to the B2 level (T* )  of the 
coordinated aromatic ring.3 

The LMCT band for the solutions containing the [Ru(NH3),- 
DTDPI3+ complex ion could be observed at  3 14 nm despite some 
overlapping with I T  bands. The L M C T  band for [Fe- 
(CN)5DTDPI2-could not be assigned due to the strong absorption 
of the ligand below 300 nm. 

The electronic spectra of solutions containing the [Ru(NH3)5- 
DTDPI2+, [Ru(CN)sDTDP]3-, and [Fe(CN)sDTDP]S- ions are 
sensitive to changes in pH. In the pH range 7.0-3.0, the MLCT 
bands exhibit bathochromic shifts due to the protonation at  the 
uncoordinated pyridinic DTDP nitrogen atom. The  spectral 
characteristics of solutions containing the protonated complexes 
are shown in Table 1. 

At hydrogen ion concentrations higher than 10-3 M, the 
[Ru(CN)5DTDPH]3- and [ Fe(CN)jDTDPH]Z- complexes un- 
dergo a second protonation, a t  the cyanide groups. When the 
complexes are fully protonated, the LMCT bands exhibit an 
hypsochromic shift, (see Table 1). 

The formal potentials for the Ru(I I I ) /Ru(I I )  couples on the 
title complexes are shown on Table 1. On the basis of cyclic 
voltammetric data, the Ru(I I I ) /Ru(I I )  couples are reversible 

(14) Meites, L. Polarographic Techniques; 2nd ed.; Interscience: New York, 
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Table 1. Formal Potential and Spectral Data for Ruthenium(I1) and Iron(I1) Complexes 
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species E”M(III)/M(II),~ W C T , b  nm e, M-I cm-I P P,d nm e, M-l cm-I 
256 1.5 x 104 

[Ru(NH3)5DTDPI2+ 0.095 458 1.3 x 104 0.286 286 (sh) 1.0 x 104 
[R~(NH3)54,4’-bpy]~+ 475’ 

[Ru(NH3)5DTDPHI3+ 474 1.4 x 104 292 1.2 x 104 
260 (sh) 1.1 x 104 

[Fe(CN)5DTDPJ3- 0.255 412 5.0 x 103 0.150 286 (sh) 1.0 x 104 

[Fe(CN)sDTDPH] 2- 436 5.0 x 103 294 1.3 x 104 
264 (sh) 1.0 x 104 

[HCN(CN)dFeDTDPH]- 400 - 103 294 - 104 
264 (sh) - 104 

[Ru(CN)sDTDP] 3- 0.710 348 6.0 x 103 0.222 286 (sh) 8.0 x 103 
256 1.4 x 104 

[Ru(CN)5DTDPHl2- 360 4.0 x 103 294 1.2 x 104 
262 (sh) 9.5 x 103 

[RWH3)spy12+ 0.05u 407e 

252 1.5 X 104 
[ Fe(CN)54,4’-bpy] 3- 432‘ 
[Fe(CN)spyl 3- 0.2888 362* 

[ R~(CN)54,4’-bpy] 3- 365e 
[R~(CN)~PYI’- 0.710h 316c 

a Versus SCE, 25 “C, p = 0.10 M (NaCF3COO); CH+ = 1 .O X 1 P  M. b MLCT = metal-to-ligand charge transfer band. Oscillator strength, 
calculated as described in ref 21. IT = intraligand band; sh = shoulder. Reference 17. IReference 25. 8 Reference 24. h Reference 23. Reference 
19. 

Table 2. pK,, pK,*, and ApKa* Data for DTDP Complexes and the 
Free Ligand 

Table 3. Rate and Equilibrium Constants for Ligand Substitution in 
[MA5LIn Complexes 

svecies v K ~ ”  vK.*’ AvK.*~ 
[ Fe(CN)5DTDPI2- 4.40 7.19 2.79 

[ Ru(NH3)sDTDPHI 3+ 5 .25‘rb 6.78 1.53 
[ Ru(NH3)5DTDPHI4+ 3.20 
DTDPH+ 4.8OC 
a Uncertainties of fO.10 pKa units. Obtained independently through 

spectrophotometric and voltammetric measurements. Reference 37. 

[ Ru(CN)5DTDPHIZ- 4.70 6.70 2.00 

ApKa* = PK~’ - PKB. 

for all the complexes studied. The Fe(III)/Fe(II) couple becomes 
irreversible as theconcentration of the protonated formin solution 
increases. 

The changes in AElp  as a function of the hydrogen ion 
concentration are smaller for the Ru(III)/Ru(II) couple in 
[Ru(CN)5DTDP]3--/2-than in the [Ru(NH&DTDP]3+/2+ system. 

The cyclic voltammograms of solutions containing the [Ru- 
(NH3)5DTDP]2+ ions show reversibility over a wide range of 
hydrogen ion concentrations. Voltammetric experiments allow 
the evaluation of the pK, for the acids [Ru(NH3)5DTDPHI3+ 
and [Ru(NH3)sDTDPHl4+. The pK,value for the Ru(I1) species, 
calculated from the cyclic voltammetry data, is in very good 
agreement with the one calculated from spectrophotometric 
experiments (see Table 2). 

The infrared spectra of the DTDP complexes are the super- 
position of the ligand bands and the bands of the corresponding 
aquo complex. The u(CN,,), bands appear a t  2093 (sh) and 
2100 (sh) cm-I and the v(CN,) bands appear at 2051 (s) and 
2057 (s) cm-I, for the Fe(I1) and Ru(I1) complexes, respectively. 
The infrared spectra of [Ru(NH&DTDP] (PF6)2, { [Ru(NH&] 2- 

DTDP)(PF6)4, Na3 [ Fe(CN)5DTDP].4H20, and Na6[{Fe(CN)5)2- 
DTDP].6H20 are very similar, exhibiting some group frequencies 
displacements within the limits of the experimental error (f5 
cm-I) . 

The proton N M R  spectrum of the 4,4’-ditiodipyridine ligand 
consists of two multiplets in an A2Xz system.I6 

The chemical shifts of 8.44 and 7.42 ppm were assigned to the 
2,6- and 3,5-protons of the two DTDP pyridine rings, respectively. 
The DTDPHz2+ IH N M R  spectrum exhibits two multiplets 
centered at  8.54 and 7.91 ppm assigned to the 2,6-protons (Hz, 
H.5 and H i ,  H6’) and 3,Sprotons (H3, Hs and H3’, Hs’), 

(16) Forchioni, A.; Pappalardo, G .  Spectrochim. Acta 1975, 3ZA, 1367. 

[F~(CN)SPYI~- 1.1 x 1 0 - 3 0  3.3 x 1 o Z  
[ Fe(CN)5DTDPI3- 1.1 x 10-3  

1.6 x 105 b [Ru(CN)spyl3- 3.34 x 10-5 b 
[ Ru(CN)sDTDP] 3- 

[RWH3)  SPY] ’+ 2.7 x 107 c 

[ Ru(NH3)sDTDPI *+ 
1.2 x 10-4 
4.6 x 10-5 c 
4.5 x 10-5 

Reference 25. Reference 24. Reference 26. 

respectively. The observed A6 on DTDPHz2+, with respect to the 
DTDP molecule, is -0.10 for the 2,6-protons and -0.49 for the 
3,s-protons. 

When coordinated to the R U ( N H ~ ) ~ ~ + ,  Ru(CN)s3-, and 
Fe(CN)53- moieties, the DTDP moieties present four multiplets 
in their spectra as shown in Figure 1. These aspects will be 
discussed in the next section. 

The aquation of the DTDP complexes was studied as described 
in the experimental section, and the results for JC-DTDP are shown 
in Table 3. The results for kob obtained for each complex with 
DMSO concentrations higher than 0.50M were very reproducible 
(*9%). Under these conditions, the aquation reaction becomes 
independent of the auxiliary ligand (DMSO) concentration. 

Discussion 
The MLCT bands of the DTDP complexes were attributed to 

nd, - pr* transitions. The 4d, orbitals of the Ru(I1) are closer 
in energy to the p,’ orbitals of the pyridine ring in the pentaammine 
complex than in the pentacyano ~pecies .1~ As inferred from the 
DTDP complexes’ electronic spectra, the substitution of all the 
NH3 ligands by CN- groups in the coordination sphere of Ru(I1) 
stabilizes the 4d, orbitals of the metal by about 20 kcal mol-’. 
As a result of better mixing between the metal 4d, orbitals with 
the pr* (DTDP) orbitals, an oscillator strength of 0.286 is observed 
for the MLCT in the [Ru(NH3)5DTDPI2+ species compared to 
0.222 for the [Ru(CN)sDTDP]3-~omplex. Again, if we compare 
the energy of the MLCT bands in the [Fe(CN)5DTDP]3- and 
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Figure 1. Simplified diagram for the IH nuclear magnetic resonance spectra of ruthenium and iron complexes. 

[RU(CN)~DTDP]~-  complexes, a stabilization of 13 kcal mol-] 
is observed favoring the 3d, orbitals relative to the 4d, orbitals. 
An increase of about 50% is observed in the oscillator strength 
for the Ru(I1) complex in comparison with the Fe(I1) analogue, 
(see Table 1). 

As can be observed in Table 1, the MLCT absorptions for the 
[ R u ( N H ~ ) ~ D T D P ] ~ +  and [Ru(CN)5DTDPI3- species occur a t  
lower energy than those of the corresponding py complexes, (7.8, 
8.2, and 9.6 kcal mol-’, respectively), but at higher energy than 
the 4,4’-bipyridine analogues (2.2, 3.8, and 3.3 kcal mol-], 
respectively). As pointed out by Johnson and Shepherd,17 little 
mixing is expected to occur between the metal and ligand orbitals 
in the [Fe(CN)5L]3- series. Therefore, the difference between 
the MLCT energies for the [ Fe(CN)gL]3-~eries can be considered 
a reasonable estimative of the energy differences between the L 
A* orbitals. On the basis of this simplified model,I7 the Table 
1 data indicate that the A* orbital in the DTDP ligand is about 
9 f 1 cal mol-1 more stable than the corresponding A* orbital 
in the py ligand but about 3 f 1 kcal mol-] less stable than the 
A* orbital in the 4,4’-bipy ligand. 

The MLCT absorption for the binuclear {[Ru(NH3)5]2- 
DTDPI4+ species was assigned at 466 nm (e = 1.9 X lo4 M-I 
cm-I), slightly red-shifted ( ~ 1  kcal) with respect to the corre- 
sponding transition for the complex ion [Ru(NH3)5DTDPI2+. 
For the [{Fe(CN)5]2DTDP]” species the MLCT band occurs a t  
the same energy observed for the mononuclear species: 412 nm 
(e = 9.3 X lo3 M-’ cm-I). 

Through Gaussian deconvolution of the electronic spectra in 
the 300-220-nm region, a group of three bands could be identified 
for all the complexes under study. They have been attributed to 
ligand absorptions and are located in the following ranges: 280- 
286 nm (e = (1.0-0.80) X lo4 M-I cm-I); 256-252 nm (e = 
(1.5-1.3) X 104M-lcm-1)227-223nm(e=(1.5-1.0)X lO4M-I 
cm-I). 

On protonation of the DTDP complexes, the MLCT bands are 
shifted to lower energy with respect to those observed in the 
corresponding deprotonated species (see Table 1). The observed 
bathochromic shifts, upon protonation of the DTDP ligand, can 
easily be understood as the stabilization of the p,* orbital by the 

(17) Johnson, C .  R.; Shephard, R. E. Inorg. Chem. 1983, 22, 2439. 

effect of the presence of the electron withdrawing group 

bound to the pyridine ring, coordinated to the metal center. On 
the basis of these bathochromic shifts, the stabilization of the pr* 
orbitals could be estimated as being 2.1 kcal mol-1 for the 
pentaammine complex and 2.7 and 3.8 kcal mol-’ for the Ru(I1) 
and Fe(I1) pentacyano species, respectively. 

Although the observed px* stabilization energies are small they 
are significant since they reflect the effect of a proton on the 
pyridine ring, separated from the [ MLspy]2+ moiety by a disulfide 
bridge. 

Zang and ShepperdI8 recently pointed out the advantages of 
using 4,4’-bipH+ complexes instead of the corresponding pzH+ 
species for the analysis of the Ru(I1) d, back-donation, based on 
pK,, pK,*, and ApK,* data. In the 4,4’-bipyH+ complexes the 
protonated nitrogen is more isolated from the ruthenium center 
and therefore less exposed to the metal and ligand environment 
electrostatic effects than in the pzH+ species. 

Since the ligand DTDP resembles more 4,4’-bipy than pz, it 
could be expected that the trends observed on pK,, pK,* and 
ApK,* on the DTDPcomplexes will follow the same trend observed 
for 4,4’-bipy systems. 

Our experimental data did not confirm this prediction for the 
DTDPH+ systems. 

In the DTDP pentaammine complexes the effect is similar to 
those observed for the pyrazine system.3J2J3 Due to the 
predominance of the back-bonding Ru(I1) - DTDPH+, over the 
electron density polarization by the Ru(I1) center, [Ru(NH3)5- 
DTDPH]+3 is a weaker acid than DTDPH+ by 0.45 pKa units. 
Although this difference is much smaller than that observed for 
the pyrazine system,3 it becomes relevant when compared with 
similar data for related bipyridine systems.19 In these cases the 
negative ApK, data have been interpreted assuming23 that the 

(18) Zhang, S.; Shepherd, R. W. Transition Met.  Chem. (Weinheim, Ger.) 

(19) Lavalle, D. K.; Fleisher, E. B. J .  Am. Chem. SOC. 1972, 94, 2583. 
1992, 17, 199. 
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major effect of complexation over these ligands is the polarization 
of the electron density by the Ru(I1) ion. 
In the [Ru(NH3)5DTDPI2+ species, an increase in basicity on 

the nitrogen atom of the uncoordinated pyridine ring is observed 
as a consequence of the efficiency of the S-S bridge to conduct 
a flow of electron density. Conversely, in the absence of the 
back-bonding and since the polarization effects of the Ru(II1) 
are greater than that of Ru(II), the acid [ R u ( N H ~ ) ~ D T D P H ] + ~  
exhibits a pKa value which is 1.40 units smaller than that of the 
free DTDPH+ ion. 

The pKa values for the acids [Ru(CN)5DTDPHI2- and 
DTDPH+areabout thesame within thelimits of theexperimental 
error. Similar results have been described in the literature12J3 
regarding the [ Ru(CN)~dmpzH]~-  and [Ru(CN)spzH] 2- systems 
and the corresponding free ligands. The back-bonding effects of 
the sixth ligand in the ruthenium(I1) pentacyano complexes due 
to the presence of good r-acids- the cyanides- are smaller 
than the ones observed for [Ru(NH3)5DTDPI2+. 

However, the same cannot be argued for the polarization effects 
of the metal center, in the cyanometalated species. Despite the 
difference in formal charge between DTDPH+ and [ R U ( C N ) ~ -  
DTDPHIZ-, the pKa values differ by only 0.10 unit. The 
[Fe(CN)5DTDPHI2- acid is 0.40 pKa unit stronger than the 
corresponding free acid DTDPH+, exhibiting the same behavior 
as found for the [Fe(CN)5dmpzHI2- and [Fe(CN)spzH]2- 
acids.I1J2 For the three iron pentacyano complexes discussed 
above, the u polarization effects on the Fe(I1) - L bond must 
dominate over the back-bonding of Fe( 11) - DTDPH+. 

The ApKa*, thedifference between the pKa values of theground 
and excited state, is an indicator of the mixing of the metal and 
the ligand 0rbitals.~q~&2~ The higher the ApKa* value, the smaller 
will be the degree of mixing of the metal and ligand orbitals in 
theground state and therefore the back-bonding M - L will also 
be smaller. On the basis of this argument and considering the 
data in Table 2, the extent of the back-bonding M - DTDP 
should decrease in the following sequence: [Ru(NH3)5If2 > 
[Ru(CN)4I3-> [Fe(CN)513-. Thissequenceisin agreementwith 
the oscillator strength values calculated for the MLCT bands of 
the DTDP derivatives; see Table 1. 

The different environment of the ligands will also affect the 
stabilization of the M(I1) d, orbitals and therefore the E”M(III)/(II) 
potentials. The cyanides being strong s-acids stabilize the d, 
metal orbitals ofthe [Fe(CN)5DTDPI3-and [Ru(CN)5DTDP]3- 
complexes through d, - p,*(CN-) back-bonding interactions. 
The NH3 ligands in the [Ru(NH3)5DTDPI2+ complex are 
considered as s-innocent ligands and do not play a role in the 
metal center stabilization by back-bonding. 

The [Ru(CN)sL]2-I3- (L = py, pz,23-25 DTDP) potentials not 
only are the highest in the monomer series but also show very 
little dependence on the nature of the sixth ligand. Actually, 
the E lp  = 0.72 f 0.010 V value observed for the couple 
[Ru(CN)6]”/3-, under the same experimental conditions as the 
title complexes, is very close to the ones found for the couples 
[ R u ( C N ) ~ L ] ~ - / ~ -  (L = py, pz, DTDP), indicating that the sixth 
ligand competes in disadvantage with the cyanides in the 
electrochemical stabilization of the Ru(I1) center. 

The more positive the Ell2 values for the couples M(III)/ 
M(I1) in the [MA~LIncomplexes (M = Fe, Ru), the stronger will 
be the stabilization of the metal(I1) centers by the d,-p,* back- 
bonding between M(I1) and L.23-29 On the basis of Ell2 data 
(Table 1) and the energy of the MLCT for these complexes, the 
ligand DTDP behaves as stronger s-acid than py. 

(20) Ireland, J. F.; Wyatt, P. A. H. Adu. Phys. Chem. 1967, 12, 131. 
(21) Lever, A. B. P. Inorganic Electronic Spectroscopy, 2nd ed.; Elsevier: 

(22) Gray, H. B.; Beach, N.  A. J .  Am.  Chem. SOC. 1963, 85, 2922. 
(23) Henderson, W. W.; Shepherd, R. E. Inorg. Chem. 1985, 24, 2398. 
(24) Toma, H. E.; Creutz, C. Inorg. Chem. 1977, 16, 545. 
(25) Hrepic, M. V.; Malin, J. M. Inorg. Chem. 1979, 18, 409. 

New York, 1984. 
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Despite the different dimensions of py and DTDP, the rate 
of aquation of DTDP ( ~ D T D P )  and pyridine (kpy) from 
[Fe(CN)5LI3- and [Ru(NH3)5Ll2+ are equivalent (Table 
3).5J2J3J732630 On the [Ru(CN)5LI3- species, DTDP aquates 
only 3.6 times faster than py. 

Substitution reactions for the [MAsL]” s y ~ t e m s 5 ~ ~ ~ ~ ~ 3 ~ ~ ~ ~ * ” 2 9  
show that the stability of the complex formed, [MAsL]”, is not 
dictated by the rate of the complex formation but is extremely 
sensitive to the rate of L aquation (k-L). Thus the affinities of 
the [MAS]“ moieties for py and DTDP are expected to be similar. 

The high affinity of the [MA# fragments for DTDP and the 
slow aquation of the DTDP ligand from [MAsDTDP]” species 
(see Table 3) show that these complexes are good candidates for 
building blocks in the synthesis of binuclear and trinuclear 
complexes. 

The affinity of the [MAJn moiety for the DTDP ligand 
increases in the following order: [Fe(CN)5l3- < [Ru(CN)s]’- < 
[Ru(NH3)5I2+ (Table 3). 

The proton N M R  spectra of all DTDP monomer complexes 
consist of four multiplets. The features of these spectra are 
consistent with the coordination of DTDP to the metal centers 
in the ratio 1:l via the nitrogen atom of one of the pyridine rings. 

Two of the multiplets originate from 2,6- and 3,5-protons of 
thepyridine ring near the metal centers and the other twooriginate 
from 2,6- and 3,5-protons of the remote pyridine ring. 

The analysis of the proton chemical shifts of the (4,4’- 
dithiodipyridine)pentaammineruthenium(II) monomer shows 
multiplets a t  8.45 and 7.50 ppm, which are in the same region 
as found for the 2,6- and 3,5-protons of the free DTDP molecule 
(8.44 and 7.42 ppm, respectively). These have been assigned to 
the H i ,  Hd and H3’, H5’ protons of the remote pyridine ring, 
respectively. 

The multiplets at 8.68 and 7.67 ppm were assigned to the H2, 
Hs and H3, H5 centers, respectively. These attributions were 
made on the basis of the similarity in the chemical shift change 
observed in pyridine, 4,4’-bipyridine, and 1 ,Zbis(Cpyridyl)- 
ethylene molecules upon complexation.19 

It is not clear for us the reason for the downfield shift of both 
2,6- (-0.24) and 3,5-protons (-0.25) observed for [Ru(NH3)5- 
DTDPI2+ with respect to the free DTDP molecule. 

Contrary to the back-bonding Ru(I1) - py arguments, the 
chemical shift suggests a decrease in the s-electron density in the 
pyridine ring. This apparent conflict can be understood if the 
metal center effects are considered. The Ru(I1) ion anisotropic 
effect in the distortion of the H 1s orbital spatial distribution 
could lead to proton deshielding.19J0 Therefore, the observed 
proton chemical shift might reflect the predominance of the Ru- 
(11) anisotropy effect over the Ru(I1) - py back-bonding. 

The N M R  spectra of the binuclear {[Ru(NH3)5]2DTDPl4+ 
and [(Fe(CN)5]2DTDP]” species resemble the one of the free 
ligand. The multiplet a t  8.37 and 7.26 ppm for ruthenium 
complex, (8.84and7.17ppmforironspecies), have beenattributed 
to the 2,6- and 3,5-protons respectively. 

In the interpretation of the [Ru(CN)sDTDP]3- and [Fe- 
(CN)5DTDP]3- spectra, the anisotropy of the cyanide ligands 
must also be taken into account. The anisotropy of the cyanides 
due to the perpendicular induced field a t  the C=N bonds could 
deshield the 2,6-protons of the coordinated pyridine ring. This 
phenomenum is more effective for the 2,6-protons due to the 
unfavorable distance between the cyanide ligands and the 3 3 -  
protons of the coordinated pyridine ring. 

(26) Hoddenbagh, J. M. A.; Macartney, D. H. Inorg. Chem. 1986,25,2099. 
(27) (a) Toma, H. E.; Malin, J. M. Inorg. Chem. 1973,12, 1039. (b) Inorg. 

(28) Taube, H. Comments Inorg. Chem. 1981, 17 and references therein. 
(29) Macartney, D. H. Reu. Inorg. Chem. 1988, 9, 101. 
(30) Miller, R. G.; Stauffer, R. D.; Fahey, D. R.; Parnell, D. R. J .  Am.  Chem. 

Chem. 1973, 12, 2080. 

SOC. 1970, 92, 15 1 1. 
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0 

Figure 2. Near-infrared spectra for the mixed valence species [RulI,- 
RulI1] in D20. 

h,nm 
Figure 3. Near-infrared spectra for the mixed-valence species [Fell,- 
FelI1] in D20. 

On the basis of the preceeding arguments the peaks centered 
at  8.86 and 8.72 ppm in the spectra of Fe(CN)5DTDP3- and 
Ru(CN)sDTDP'-, respectively, were assigned to Hz and H6 
absorptions of the DTDP coordinated pyridine ring. 

The downfield shift of the 2,6-protons chemical shift of 
[Ru(CN)sDTDP]3- (A6 = -0.28), is smaller than that observed 
for [Fe(CN)5DTDP]3- (A6 = -0.42), possibly suggesting that 
the d, - py back-bonding ability of Ru(I1) is greater than that 
of the Fe(I1) center. 

The multiplets a t  8.42 and 8.46 ppm in the [Fe(CN)5DTDPl3- 
and [Ru(CN)sDTDP]3- spectra, respectively, are very close to 
the observed chemical shifts for 2,6-protons in the DTDP free 
molecule and therefore have been assigned to the absorption of 
H i  and Hg' of the DTDP uncoordinated pyridine ring. 

The different nature of shifts in the chemical shift of 3,5- 
protons of the [ Fe(CN)sDTDP] 3- and [ RU(CN)SDTDP]~- spectra 
deserve some comments. For the Fe(I1) complex the peaks 
centered at  7.41 ppm are very close to the 3,5-proton absorption 
of the free DTDP molecule and therefore have been attributed 
to H3', Hs'. The absorption at 7.18 ppm was assigned to H3, Hs, 
and since the cyanide anisotropy is not expected to have noticeable 
influence over the meta protons, the observed chemical shift 
variation (A6 = +0.34) could be substantially due to back-bonding 
effects. 

This behavior was not observed for the corresponding 
[Ru(CN)sDTDP]3- complex. The chemical shifts for the 3,5- 
protons H3, HS and H3', HS/, occur at 7.64 and 7.49 ppm, 
respectively. This observation suggests that the anisotropic effect 
of Ru(II), deshielding the protons in the coordinated pyridine 
ring (Aa = -0.22), probably overcomes the electron density 
increase due to the 4d, - p, back-bonding effect. This effect 
has also been observed for the [Ru(NH&DTDPI3+ system, where 
the Ru(I1) - DTDP back-bonding is greater than in 
[ Ru(CN)sDTDP] 

Table 4. Near-IR Absorption Data and Comproportionation 
Constants4 

920 

960 

910 

855 

1 ,mo 

810 

1 J w  

1,195 

1303 

1300 

1,010 

760 

w 

70 

920 

30 

2 J w  

900 

600 

1,100 

3303 4x10'  

85s 8x10' 

500 5Xld 

305 2 x 1 0  

285 14 

150 

390 1 x 1 0  

100 9.8 

900 S X l O *  

466 1 X I 0 1  

220 4 

390 4 

4 Data collected from ref 34 except for L = DTDP. 

The relevance of the second sulfur atom bridging the two 
pyridine rings can be evaluated comparing the chemical char- 
acteristics of bis(4-pyridyl) sulfide (DPS)31 and DTDP as ligand 
on Ru(I1). The A,,, values of the MLCT band for both acids 
[Ru(NH3)sDPSH]3+ are experimentally the same (474 nm), and 
the molar absortivity for the DTDPH+ species (1.4 X lo4 M-I 
cm-1) is only 2.2 times bigger than the observed3I values for the 
DPSH+ species (6.3 X lo3 M-I cm-I). 

The voltammetric spectra for the [{Ru(NH3)5J2DTDPl4+ 
species exhibit two well-defined one electron reversible electro- 
chemical processes ( E l p ) ~  = -0.130 V, (E1/2)2 = 0.160 V) and 
an intervalence band (see Figure 2) at 1500 cm-I (t = 4.3 X lo3 
M-1 cm-1). For the [II,III]s+ species, the band width at  half- 
height (1.24 X 103 cm-I) is significantly narrower than that 
calculated by Hush's equation (3.92 X 1 O3 cm-I) and the electronic 
coupling values HAB = 855 cm-I indicates a strong coupling 
between the two ruthenium centers. The high values of the 
comproportionation constant K,  = 8 X 104, for the reaction 

KC 

[2,214+ + [3,3]'6 F? 2[3,215+ 

calculated from the El/z data above, strongly supports our 
conclusions based on the near-infrared data. 

The [ { R U ( N H ~ ) ~ J ~ D P S ] ~ +  complex ions exhibit31 only a one 
stageredox process (E1/2=0.12V), witha peak-to-peakseparation 
larger than the expected for a reversible one electron process. 
This voltammetric spectrum was interpreted31 assuming the 
existence of two stages [2,2]-[2,3]-[3,3] with very close values 
of half-wave potentials. The intervalence transition for the 
~ ~~ ~~ 

(31) Fischer, H.; Tom,G. M.;Taube, H. J .  Am. Chem.Soc. 1976,98,5512. 
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[{Ru(NH3)sJ2DPS]5+ species was observed at  855  nm (t = 70 
M-1 cm-I), A U ~ I ~ . =  7.3  X lo3 cm-I, and HAB = 150 cm-I). These 
data31 are consistent with the voltammetric spectra for the 
binuclear [ { R U ( N H ~ ) ~ ) ~ D P S ] ~ +  species and taken together 
unambiguously indicate a weak coupling between the two 
ruthenium centers. Indeed, only weakcoupling has been reported 
for a series of binuclear ruthenium complexes containing two 
separated sulfur atoms in the bridging ligand. 

Experimental data collected for the [{Fe(CN)&DTDP]” 
species also provide strong evidence for the electron delocalization 
through the “S-S” bridge. The half-wave potentials for the two 
reversible electrochemical process ((E1/2)1 = 0.155 and ( E l p ) ~  
= 0.275 V) allows us to calculate K, as equal to 1 X lo2. The 
near-infrared band for the [FeI*, FeIII]S- ions, (see Figure 3), 
occurs a t  1.195 nm (t = 9.0 X lo2 M-1 cm-l), with A V I ~  = 4.02 
X 103 cm-1 and HAB = 466 cm-l. 

Table 4 gives near-infrared characteristics and compropor- 
tionation constants32J3 Kc for related complexes of ruthenium 
and iron. 

A noteworthy feature of the disulfide ligand came out when 
comparing the coupling between ruthenium centers and between 
iron centers on closely related bipyridine complexes.32~33 As judged 
from near-infrared and voltammetric data, the “SS” bridge 

(32) Creutz, C. Prog. Inorg. Chem. 1993, 30, 1 and references therein. 
(33) Isied, S. S., Metol Ions in Biological Systems; Marcel Dekker: New 

York, 1991; Vol. 27, pp 1-56 and references therein. 
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provides more efficient electron delocalization than N H  meth- 
ylene, ethylene, and acetylene groups. 

Another point that deserves some comments is the stability of 
the sulfur-sulfur bridge of the DTDP molecule. The free ligand 
is easily reduced by ascorbic acid or zinc amalgam yielding 
4-mer~aptopyr id ine .~~-~~ However, when DTDP is coordinated 
to the Fe(I1) or Ru(I1) centers, the SS- bridge is quite stable 
and does not yield cleavage products in the reaction with reducing 
agents such as N3-, ascorbic acid, or zinc amalgam or by controlled 
potential electrolysis. 

The change in the DTDP chemical reactivity upon coordination, 
as shown here clearly indicates electron delocalization through 
the 3 - S -  bridge and its relevance in electron transfer processes. 

Binuclear complexes of Ru(II), Os(II), and Fe(I1) with DTDP 
as bridging ligand are currently under in~estigation36.3~ at  our 
laboratory. The results will be reported in a forthcoming paper. 
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