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Abstract

The electron conducting ability of the —-S—S— bridge was investigated using iron, ruthenium
and osmium as metal centers and the bridging ligands 4,4'-dithiodipyridine and bis(4-
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pyridine)sulfide. The observed back-bonding manifestations in mononuclear complexes,
(evaluated through pK,, MLCT and E°), data), the calculated comproportionation con-
stant (K_) for the homobinuclear species and the near-infrared (NIR) band characteristics
of the homobinuclear and heterobinuclear mixed valence complexes consistently indicate
a strong electron delocalization through the disulfide bridge. The available data strongly
suggest a correlation between the conducting efficiency of the —S-S— bridge and the

existence of a multiply bonded L---S--S--L core. © 2000 Elsevier Science S.A. All rights
reserved.
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Nomenclature

BPMS bis(4-pyridilmethyl)disulfide
DPS bis(4-pyridyl)sulfide

DTDP 4,4'-dithiodipyridine
2,2-DTDP 2,2'-dithiodipyridine
4,4'-bpy 4,4'-bipyridine

spy 2-mercaptopyridine anion
pz pyrazine

isn isonicotinamide

py pyridine

‘72 1,2-bis(2-mercaptophenyl)thioethane(2 )
PPh, triphenyl phosphine
P(Ome), trimethyl phosphite

1. Introduction

Ruthenium(IL,III) ammines are inert to ligand substitution due to the metal
center configuration (d® and d°, low spin) [1,2] but are quite reactive regarding
electron transfer reactions. The inertness of these complexes is such that under
appropriate conditions the coordination sphere remains intact after the electron
transfer. These characteristics allow one to investigate changes in the ligands and in
the metal center properties as a function of the metal center oxidation state [1,2].

Using ruthenium ammines as a model, Taube [3-16] and co-workers have
devoted much effort to develop the synthetic and the reactivity aspects of sulfur
containing ligands. They were able to isolate the first well characterized [3] H,S
complex with a transition metal ion and the first ruthenium disulfide [4], recognize
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the availability of the 3d, sulfur orbitals for electron delocalization between the two
metal centers and, investigating ligands containing sulfur atoms, lying apart from
each other, described remarkable examples of sulfur-to-sulfur through space inter-
actions [9—-13]. Recently the same Laboratory reported S—C bound cleavage activa-
tion by Ru(III) [14].

Inspired by these earlier studies [3—16], we decided to study the abilities of the
—S-S— bridge as an electron conductor. Despite the well known relevance of the
sulfur—sulfur interaction in biological processes [17], molecular electronics [18§],
catalysis [19], superconductors [20] and energy storage technologies [21], little is
known about electron delocalization along the —S—S— bridge.

Extending Taube’s work we chose dithiodipyridines as bridging ligands and
ruthenium, iron and osmium complexes, whose core structures are resistant to
ligand substitution, to start investigation of the —S-S— unity as an electron
conductor. Despite the well known oxidative addition reaction of disulfides to metal
centers, our first experiments with the 4,4'-dithiodipyridine ligand allowed us to
isolate stable complexes of ruthenium ammines, pentacyanoiron and penta-
cyanoruthenate. Besides the ability of the —S—S— bridge to conduct electrons, it was
possible to observe a noticeable gain in the sulfur—sulfur bond stability with respect
to reduction, when at least one of the pyridine rings was coordinated to the
ruthenium or iron center. This gain in stability was not observed when the parent
molecule 2,2'-dithiodipyridine was used. In this case the —S-S— bond was easily
activated by the 18-electron metal center containing only one dissociable ligand.

In our approach, the effects of the nature of the sulfur spacer, the nature of the
metal center and the distance between the metal centers in the electron delocaliza-
tion were investigated.

2. Synthesis of the complexes

The mononuclear species were obtained [22—-29] by reacting the aquo species
[Ru(CN)s(H,0)]> ~ and [Fe(CN)s(H,0)]? ~ with the 4,4'-dithiodipyridine (DTDP):

[M(CN)s(H,O)]?~ + DTDP
+ H,O, (M =Fe, Ru)

[M(CN)s(DTDP)J* ~

ethanol/water

[M(NH,)s(H,O)P *2* + DTDP —— [M(NH,)s(DTDP)] + >+
acetone
+ H,0, (M = Ru, Os)

trans-[Ru(NH;),(H,0),]** + 2DTDP —— trans-[Ru(NH;),(DTDP),]* *

acetone
The aquo species [Ru(CN)s(H,0)]?~ and Fe(CN)s(H,0)]> ~ were generated in
solution. The binuclear complexes were synthesized by [22,23,27,29] reacting
[Ru(NH;);sDTDPJ**, [Os(NH;);DTDP]* * and [Fe(CN);DTDP]® ~ with the desired
aquo species: [Ru(NH;)s(H,O)**, [Os(NH,)s;(H,0)]**, [Ru(CN)s(H,O)]?~ and
[Fe(CN)s(H,0)]?~ in aqueous medium:
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[Ru(NH,),(DTDP)P* + [Ru(NH,),(H,0) *

— [Ru(NH,);(DTDP)Ru(NH,)s]** + H,0
[Fe(CN)s(DTDP)J* ~ + [Fe(CN)5(H,0)]* -

— [Fe(CN)5(DTDP)Fe(CN),]* ~ + H,O
[Ru(NH,)(DTDP)P2* + [M(CN)5(H,0)]*

- [Ru(NH,)s(DTDP)M(CN);]* + H,0, M = Fe(II), Ru(II)
[Os(NH,)s(DTDP)J*+ + [Fe(CN)5(H,O)]* -

— [0s(NH,)s(DTDP)Fe(CN),] + H,0
[Os(NH,)s(DTDP)]*+ + Ru(NH,)s(H,0)P?*

— [0Os(NH,)s(DTDP)Ru(NH,),*+ + H,O

The trinuclear complex [(Ru(NH;)s(DTDP)),Ru(NH;),]®* was generated [28] by
two independent reactions:

2[Ru(NH;)s(H,O)** + trans-[Ru(NH;),(DTDP),]* *

— trans-[(Ru(NH;)s(DTDP)),Ru(NH;),]** + 2H,0
and

2[Ru(NH,)s(DTDP)* ™ + trans-[Ru(NH;),(H,0),]* *

— [(Ru(NH,)s;(DTDP)),Ru(NH,),]** + H,O

These compounds were isolated and characterized [22—30] by microanalysis,
spectroscopic (UV-vis, IR, Mossbauer, NMR and ESR spectroscopies) and
voltammetric techniques (CV, DPP).

The attempts to isolate the binuclear complexes [Os(NH;);(DTDP)Os(NH;);5]X,
and Nag[Ru(CN)s(DTDP)Ru(CN)s] have proven so far to be unsuccessful [29].

In contrast with the observed data for 4,4'-dithiodipyridine-[Ru(NH;)s(H,O)]**
system, it was not possible to isolate the 2,2'-dithiodipyridine (2,2’-DTDP) ruthe-
nium complex by reacting this ligand with the aquopentaammine species. Oxidative
addition of the disulfide to the metal center was observed with —S-S— bridge
cleavage and the metal center oxidation [31]:

k

1
2[Rull 2+ " i 2+
[Rull(NH3)5(H,0)]2* +2,2'-DTDP Py 2[Rulll (NH3 )5 (spy)]

=z
where spy- = | = 2-mercaptopyridine ion
X -S-
N

The pentaammine-2-mercaptopyridine complex is formed with a second order
specific rate constant k, =0.3 M~ ! s~ !, at 25°C. Since pyridine replaces H,O [31]
in [Ru(NH;);(H,O)** at k,=0.0093 M~! s—! the possibility of 2,2-DTDP



L. de Sousa Moreira et al. / Coordination Chemistry Reviews 196 (2000) 197-217 201

coordination to the Ru(Il) center followed by a intramolecular electron transfer
process was proposed [32].

3. Mononuclear complexes, characterization and properties
3.1. Electron spin resonance

Electron paramagnetic resonance is of particular interest in the analysis of low
spin d°> osmium and ruthenium ammines [25,33,34]. The energy level of these
systems can be described as an orbital triplet ground state t,, and the highest lying
orbital doublet e,. In these complexes (d°, strong field) the ground state configura-
tion will be t3, ¢ and the presence of an axial distortion 4 will split the orbital
triplet into a singlet (d,,) and a doublet (d,., d,.), which can undergo a further split
by a rhombic distortion ¥ to the regular octahedron. The effect of the ligand field
and spin orbit coupling on the energy levels for these systems has already been
examined [25,33,34] and since the spin-orbit parameter £ is quite large, it is difficult
to describe rigorously the ground state in terms of pure d,,, d,. and d,. orbitals.

In the angular overlap model (AOM) treatment [25,33,34] of MX,Y and the
trans-MX,XZ, (Y =Z or Y #Z) complexes, the d(t,,) orbitals, which have un-
paired electrons, were recognized to interact with the ligands in a m fashion.

In the AOM symbolism [25,34], the tetragonal distortion 4 in the ammine
species, when V=0, will be:

A =[e(X) — e(Y)] for MX;Y
and
A =[2¢,(X) — 2¢,(Y)] for MX,Y,

where X = NH; and ¢, is the energy of interaction for the antibonding d orbitals
with one ligand atom. Assuming that ¢, for NH; ~ 0, which is quite reasonable
since the ammonia ligand has no = electrons to donate, ¢,(Y) can be calculated
from the 4 values.

In this model, (see Table 1), the positive value of 4, and therefore of ¢, will
reflect the better m donation ability of Y with reference to NH;. Thus, the negative
sign for ¢, (DTDP) would be an indication of the Os(III) back-bonding into the m*
orbital of the pyridine ring. This behavior is not completely unexpected since
conversely to Ru(I11), which is well known not to be able to back-bond, Os(III) is
reported to act as a © donor in [Os(NH;)spz]** complex [35-37]. Fig. 1 shows as
illustration [25] the powder EPR spectrum of [Os(NH;)s(DTDP)](CF;S05);.

3.2. Ligand’s acid—base properties

The measured changes in the ligand’s acid—base properties (pK, values), induced
by coordination to a metal center, have been extensively used to understand how
the m and o components of the metal-ligand bond change with changes in the
metal center oxidation state [38—42].
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As observed in Table 2, the coordination of DTDP and pz to Os(II) and Ru(II)
centers leads to an increase in the coordinated ligand basicity. This effect was
recognized as a manifestation of M(IT) » L back-bonding, which for the ammines is
stronger for Os(I) than for Ru(Il). Thus, the observed increase in ligand basicity is
0.7 and 6.8 pK, units for DTDP and pz, respectively, when coordinated to Os(II),
whereas, when the coordination center is Ru(II), the ApK, values are 0.4 and 1.9,
respectively.

The changes observed follow the same trend for both pz and DTDP ligands but
the effects observed for the pyrazine systems are larger than those for the DTDP

Table 1
Experimental g values® and ligand field parameters for ruthenium and osmium complexes

Species® g I g5 s Viem—h) g Ref.
[Ru(NH,)s(H,O)P * 264 ¢ 0.18 0.00 180 [25,33]
[Ru(NH,)s(DTDP)]* + 229 191 0.15 0.00 150 [25]
trans-[Ru(NH,),(DTDP),’+ 2.5 241 177 024  —0.05 120 [28,29]
[Os(NH;)5(CF,SO,)+ 212 190 161 015  0.09 450 [25]
[Os(NH,)s(H,O)P * 216 216 118 0.35 0.00 1050 [25]
[Os(NH,){(DTDP)J* + 171 171 223 —022  (0.00) —660 [25]

4 ¢ values calculated using a homemade program written by Bruce R. McGarvey [33].

b CF,SO; or PF; salts.

€0.6>g,=0.

41=1.000 cm~! for Ru(IIl) and 3000 cm~! for Os(IIl), 4 = tetragonal distortion parameter.
¢ Rhombic parameter.

Absorption derivative (arb. units)

i U T T 1 | !

5000 6000

g
g
8

Magnetic field/G

Fig. 1. Powder EPR spectrum [25] of [Os(NH;)sDTDP](CF5S05);, 7K, v =9.30 GHz.
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Table 2
pK,, pK} and ApK, data for coordinated and uncoordinated DTDP and pzH

Species pK,? pKP ApK, ¢ Ref
[Fe(CN),DTDPHJ> - 44 7.2 2.8 23]
[Fe(CN)spzH** 1.5 [40]
[Ru(CN);DTDPHJ~ 47 6.7 2.0 23]
[Ru(CN)pzHJ? ~ 1.9 [40]
[Ru(NH,),DTDPHJ** 5.2 6.8 1.6 23]
[Ru(NH,);DTDPHJ** 3.2 1.9 13 23]
[Ru(NH,).pzH]J**+ ~08 [38]
[Ru(NH,)-pzHJ* + 2.5 7.3 48 [38]
[Os(NH,)spzHJ** 7.4 [39]
[Os(NH,)sDTDPHJ* + 5.5 nde nde [24,29]
[Os(NH,);DTDPH]J**+ 3.5 5.9 24 [24,29]
DTDPH: * 2.7¢ [43]
DTDPH* 4.8° [38]
pzH™* 0.6° [24]

2 For reaction M'""'"LH* + H,0 s ML+ H,0+

> pK* = pK,+2.86(v,,)/2.3RT, v, and v, are the MLCT frequencies for the deprotonated and the
protonated forms [48].

¢ For the reaction LH* +H,0 s L+H;0* and LH3* +H,0—>LH* +H;0*, L =pz and DTDP

4 ApK, = pK} —pK,.

¢ nd, data not available.

complexes. When comparing the m-bonding manifestation using pz and DTDP as
probes, it should be emphasized that in [Ru(NH,)spzH]?* the proton and the
ligand coordination sites are both in the same ring. For [Ru(NH,)s-py-S-S-pyHJ* +
complex, the protonated nitrogen is in the second pyridine ring, which is separated,
from the coordinated [43] one by about 8.2 A, through the —S—-S— bridge.

As described in the literature [40,41] for [Ru(CN)s;pzH?~ and
[Ru(CN).dmpzH]?>~, no noticeable change has been observed [23] between the pK,
values of [Ru(CN);DTDPH*]*~ and DTDPH™" acids. In these systems, the
predominance of ¢ polarization effects over back-bonding in the Ru(Il)-LH* bond
still remains a matter of discussion.

For Os(III) and Ru(IIl) ammine complexes, where o electronic effects are
dominant, a decrease of 1.3 and 1.6 pK, units was observed [23,24] in the
coordinated ligand basicity with respect to the free DTDPH™ acid [43,44]. This is
consistent with the stronger Lewis acidic character of Ru(IIl) center relative to
Os(I1I), which could be explained by the possibility of some Os(Ill) - L =«
interaction [25,35-37].

A comparison of ApK} values, which is an indication [47—-51] of the relative
degree of the mixing between metal and ligand orbitals in the ground state
[23,37,39,45-48], correlates with the analysis above, strongly suggesting an interac-
tion between the two py rings in the DTDP complex.
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3.3. Formal potential and charge transfer spectral data

The formal potentials E°\;quymar and the charge transfer band energy for the
DTDP and DTDPH* metal complexes [22—29] follow the general trend observed
for the similar species containing N-heterocycles ligands: py [39,41,45,52], pz
[38,39,49], BPMS [53] and 4,4'-bpy [41,54], see Table 3. Both E°\;qypnan and the
energy for the MLCT bands exhibit a coherent behavior with that expected based
on the n-bonding model [1,2,16].

Again, the protonation of the uncoordinated pyridine ring will provide informa-
tion about the —S—S— bridge behavior. The —S—S— bridge acting as a good conductor
would transform the DTDPH™ ligand into a stronger m-acid than the DTDP, so a
greater stabilization of the metal center’s low oxidation state (II) relative to the (III)
state would be expected upon DTDP protonation.

The observed shifts of E°\qymar to more positive values and of Jy cr to lower
energies with the coordinated DTDP protonation are therefore consistent with the
conclusion that the disulphide bridge acts as a good conductor.

Table 3
Formal potentials and charge transfer spectral data for iron, ruthenium, osmium complexes

Species EdamNay” Amier ALMCT oM~ Tem 1) Ref.
[Fe(CN)s(DTDP)]*~ 0.25 412 - 5.0x 103 [23]
[Fe(CN)s(DTDPH)]>~ 436 - 5.0x10% [23]
[Fe(CN)s(BPMS)]*~ 0.22 394 - 4.1x103 [53]
[Fe(CN)5(4,4"-bpy)]*~ 432 [55]
[Fe(CN)spy]®~ 0.20 362 [33,41,46]
[HCN(CN),Fe(DTDPH)]~ 400 ~10° [23]
[Ru(CN)s(DTDP)]*~ 0.71 348 6.0x10° [23]
[Ru(CN)s(4,4"-bpy)]*~ 365 [41]
[Ru(CN)spy]*~ 0.71 316 [41,45]
[Ru(CN)s(DTDPH)]*~ 360 4.0x10° [23]
[Ru(NH;)s(DTDP)]** 0.095 458 6.6 x 103 [23]
[Ru(NH;)s(DTDPH)]**+ 0.14 474 1.4 x 10* [23]
trans-[Ru(NH;),(DTDP),>+ 0.31 460 1.3x10* [28,29]
[Ru(NH;)s(BPMS)]** 0.054 422 2.5x10° [53]
[Ru(NH;)spy]** 0.058 407 7.8 %103 [41,52]
[Ru(NH;)s(4.4-bpy)** 475 [55]
[Os(NH;)s(DTDP)?+ —0.69 312 1.1x107% [24,29,30]
[Os(NH;)s(DTDPH)J** —0.73 328 1.I1x10~* [24,29,30]
[Os(NH;)s(DTDPH)]** 488 8.5x 103 [24,29]
[Os(NH;)spy]** —0.64 266, 290 43x10% 2.5x10°  [39]

4 Volts, versus SCE at 25°C, x4 =0.10 M, expressed with two significant figures.
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-400 -200 000 200  4.00
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Fig. 2. Méssbauer spectra [27] of the mixed valence complexes (a) [(CN)sFe''(DTDP)Ru''(NH;),] and
(b) [(CN)sFe"'(DTDP)Fe"(CN)4].

4. Binuclear and trinuclear complexes
4.1. Mossbauer measurements

Doublets are the main feature in Mossbauer spectra of mononuclear pentacyano
complexes due to the presence of an electric field gradient with non-cubic symmetry
at the >’Fe nucleus [55]. The non cubic electronic symmetry is a consequence of the
asymmetric ¢ and n bonding along the Z axis, which is responsible for the
appearance of the electric field gradient (EFG) at the iron nucleus and consequently
for the quadrupole splitting 4, The isomer shift J, reflects the changes in the
electronic density at the nucleus due to the electron population modifications of
valence orbitals of the Mdssbauer atom.

The iron nucleus is less shielded in Fe(III)—DTDP species (d° low spin) than in
Fe(Il)—DTDP complexes (d° low-spin). However Fe(IlI) complexes exhibit bigger
EFG than the counterpart Fe(Il) ions due to the asymmetric electronic configura-
tion. As a consequence for Fe(III) species, the values for ¢ are expected to be much
smaller and 4, much bigger than those observed for the analogous Fe(II)
complexes, see Table 3.

There is no evidence for Fe(IIl) or Fe(IT) quadrupole splitting in the Mossbauer
spectra of the homobinuclear and of the heterobinuclear mixed valence complexes,
(as illustrated in Fig. 2 for the Nas[(CN);Fe(DTDP)Fe(CN)s]5-H,O species), there-
fore suggesting an electron delocalization between the two metal centers [26,27].
However the Mossbauer spectrum of the Fe(II)(BPMS)Fe(I1I) complex shows [53]
two quadrupole splitting patterns suggesting that the —CH,-S-S-CH,— bridge,
conversely to the —-S—-S— one, acts as an insulator.
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The bigger 4, and smaller J values observed for the Fe(IlI)-DTDP-Fe(II)
species, compared with those of Fe(Il)-DTDP-Fe(Il) suggest some degree of
electron delocalization between the two iron centers. The isomer shift and the
quadrupole splitting values measured for Na[(CN);Fe''(DTDP)Ru'(NH,)s]-6H,O
are very close to the ones found for the monomer Na;[Fe''(CN);(DTDP)]-4H,0.
The smallest isomer shift observed for the heterobinuclear mixed valence species,
relative to the fully reduced parent complex, is consistent with the presence of the
good Lewis acid Ru(IIl), which will stabilize the DTDP =n* orbitals leading to an
increase in the d, [(CN);Fe'] —» prn* DTDP interaction.

Increase in the extension of the Fe(II) > DTDP back-bonding leads to a decrease
in the Fe(Il) t,, orbital population, thus a deshielding in the s orbitals, which will
contribute to a decrease in the J value. This effect correlates with the observed
increase in the 44, value for the mixed valence heterobinuclear species.

The shape of the Mossbauer spectrum depends on the relative rate of Mossbauer
nuclear excited state decay k,,, compared to the rate of intervalence electron transfer
k.. Thus, despite the fact that evidence exists for electron delocalization through the
—S-S- bridge, more data is required before definitive conclusions and assignments
on these systems can be drawn.

5. Near-infrared and comproportionation constant data

The relevant characteristics of binuclear complexes in which the bridging ligands
are DTDP [22,23,26—29] or BPMS [53] are presented in Tables 4 and 5.

The homobinuclear species in the fully reduced form exhibit intense metal-to-lig-
and (MLCT) bands and in the same energy range as the parent mononuclear
complexes. The oxidation of one metal center in these complexes leads to a decrease
in the MLCT band intensity.

The main change is observed in the near-infrared (NIR) region of the mixed
valence homobinuclear DTDP complex spectra. For the (II,IIT) species [22,23,26,29]
an intervalence band (MMTC) is observed, which in its form, energy and intensity
clearly indicate considerable [56] electron delocalization between the two metal

Table 4
Mossbauer parameter data® at 300 K using nitroprusside as reference

Complexes o+107* Aoy 1073
(nm s~ 1) (nm s~ )
Na,[Fe''(CN)y(DTDP)]-4H,0 0.291 0.886
Na,[Fe!'(CN){(DTDP)-4H,0 0.220 1.709
Na[(CN);Fe'(DTDP)Fe""(CN).]- SH,0 0.278 0.740
Nag[(CN):Fe'(DTDP)Fe!(CN).]-6H,0 0.300 0.705
Na[(CN);)Fe''(DTDP)Ru"{(NH,)]-6H,0 0.293 0.887
[(CN)sFe'"(DTDP)Ru"{(NHs,)]-5H,0 0.275 0.910

4 Adapted from Refs. [26,27].



Table 5
Absorption data and reduction potentials for mono and heterobinuclear complexes

Species MLCT (ecm™H)* ¢eM~'em™!) MMCT (cm™ ") ¢eM~'em™") 4(v;p) M~ 'em™!) EP E,’° Ref.
x 1073 x 1073 x 1073

[(NH,);Os(DTDP)Fe(CN),] 435 790 7.7 —726 32 [28-30]
[(NH,);Ru(DTDP)Fe(CN).] 416 1250 93 289 [27.29]
[(NH)sRu(DTDP)Fe(CN),] 458 5.0 [27,29]
[(NH;):Ru(DTDP)Ru(CN);] 360 95 710 [22.23]
[(NH;);Ru(DTDP)Ru(CN),]~ 462 7.0 23]
[(NH.);Ru(DTDP)Os(NH4).J* 464 965 2.16 33 ~550 140 27,29
[(NH;);Ru(DTDP)Ru(NH,)J** 468 15 1500 426 12.4 [22,23]
[(NH,);Ru(DTDP)Ru(NH,)J*+ 466 19 130 160 [22.23]
[(NH)Ru(BPMS)Ru(NH,)J** 426 49 95 [52]
[(CN);Fe(DTDP)Fe(CN).J>~ 408 7.1 1195 0.90 4.02 [22,23]
[(CN);Fe(DTDP)Fe(CN),J*~ 412 9.3 155 275 [22.23]
[(CN);Fe(BPMS)Fe(CN).J¢~ 394 7.8 240 [53]
[(NH,);Os(DTDP)P*+ 312 590 [24]
[(NH);Ru(DTDP)]2 *+ 458 95 [22,23]
[(CN);Ru(DTDP)J’ ~ 348 710 [23]
[(CN);Fe(DTDP)* - 412 255 [23]
[(NH,);Ru(BPMS)]>+ 422 2.5 54 [53]
[(CN)sFe(BPMS)J* - 394 41 233 [53]

# Uncertainty of +2 nm for MLCT, +5 nm for MMCT.
> (E®) ;) mV versus SCE for M(IIII)/M(II) couple.

LIZ—161 (0002) 961 Sy Lysuuay) uoypuipi00) / v 1o D420 DSHOS ap ‘[

L0T
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centers. The characteristics of this intervalence band for the ruthenium species are:
Amax = 1.500 cm ~'; 6=4.3 x 10° M~ ' cm ~'; bandwith at half intensity (Av,,) =
1.24 x 10*> cm —! (Calc. = 3.92 x 10%) [56—59] and electronic coupling (H ) = 855
cm~ L. For [(CN);Fe(DTDP)Fe(CN)s]°~, the MMTC band is centered at A, =
1195 mm, ¢=9.0 x 10> M~ "' (Calc. = 4.4 x 10%) and H,p = 466cm ~ . The energetic
barrier (AGy,) [57-59] estimated on the basis of the energy (E,;,) of the intervalence
band is 4.7 and 5.9 kcal mol ~' for the ruthenium and the iron species, respectively.
These energies are of the same order of magnitude as the value calculated [57,58]
for the Creutz—Taube ion: 5.6 kcal mol ~ 1.

No NIR band could be observed in the spectra of the [(CN)sFe(BPMS)Fe(CN)s]°~
and [(NH;)sRu(BPMS)Ru(NH;)s]>* species [53]. This observation is in agreement
with Mossbauer data [27,53] and strongly suggests that BPMS, in contrast with
DTDP, does not promote any significant electron delocalization between the two
metal centers.

Metal-to-ligand charge transfer bands are always present in the spectra of the
heterobinuclear complexes. An inspection of the data in Table 5 [22,23,27,28] will
suggest that the contribution of the [Ru(NH;)s]** moiety is dominant in the MLCT
band present in the spectra of [(NH;)sRu(DTDP)Ru(CN)s]~, [(NH;)sRu(DTDP)-
Fe(CN)s]~ and [(NH;):Ru(DTDP)Os(NH;);]>* species. For the mixed valence
species [(NH;)sRu(DTDP)Ru(CN);], [(NH;)sRu(DTDP)Fe(CN);] and [(NH;)sOs-
(DTDP)Fe(CN)s] the fragment [M(CN)s]®~ is the main one responsible for the
MLCT absorption.

Along with the efficiency of the —S-S— bridge as a conductor, for all the
heterobinuclear mixed valence species, the energy of the MLCT band is intermedi-
ate between the energies of the charge transfer bands of its monomers.

In heterobinuclear mixed valence species spectra a low energy band 4., > 790
nm could be detected. This band which is absent in the monomers and in the

T T T T
750 900 1050 1200 130 1500
A ,am

Fig. 3. NIR spectrum for the mixed valence [(NH;)sOs(DTDP)Ru(NH;)s]° © ion; C=2.6 x 1073 M, in
D,O.
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Table 6
NIR data® and comproportionation constants for homobinuclear metal complexes
Metal Systems L NIR Bands K.b
c
Amax(MM) & (M'em™)
[(NH3), Ru]2 L 7\
U 1570 5000 4x10°
S - 4
\_ 7 s N 1500 4260 8x 10
\ 7
—\ S- SI_ — <10
| N
N\ /_ \ /
4 \—S / A 855 70 <10
N 920 1010 5x10
\ /7 \ 7
H
— | —
Cc=C 960 760
\ 7/ 1\
H
\ /—CEC \ 920 640 14
1030 920 2x10
\ /7 \

H
— | =
N -C 810 30
L)) o8
H
7 S N
N<:\>@—</ N 985 410 14°
o, /=

[(CN)sFe],L /—\
N 1200 2200 5x10 2

209
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Table 6 (Continued)

N S —
<\:/> \g \ 1195 200 1x102

\
_ S_|S — )
N <10
) K
H
— | —
_C=C- 1300 600 <10
)
H

1200 1100 <10
v

a) Adapted from refs.5, 23 and 26.

b) K. is equal to exp (AE,/25.68), T = 298K, ny=n, =1.

©) ref. 61

binuclear fully oxidized or reduced species spectra was attributed to an MMCT
transition [27].

For [(NH;);Os(DTDP)Ru(NH,)s]° * ions, (see Fig. 3) it was possible to calculate
[58—-60] H,p=2.2x 10> cm~! and the electronic delocalization parameter o as
4 x 10%, by taking the calculated [43] average distance between the two metal
centers as 8.2 /3;,

Some other useful information about the mediator ability of the ligand bridging
two metal centers at different oxidation states M"-L—M'" was obtained from the
comproportionation constant K, [55-59], for the reaction:

KC
[11, I1] + [I1] = 2{111, 11]

From the voltammograms of [(NH;)sRu(DTDP)Ru(NH,):]** and [(CN),Fe-
(DTDP)Fe(CN)s]°~ species it was possible to calculate the comproportionation
constants of 8 x 10* and 1 x 10%. For the BPMS [54] and DPS [9] analogues, the
calculated K, values are smaller than 10.

It is interesting to point out that the —S—S— bridge, in DTDP complexes, provides
more electron delocalization [9,23,58—61] than NH, methylene, ethylene, acetylene,
thiophene and furan groups, (see Table 6).

A comparison of the efficiency of bidentate sulfur ligands can be seen in Table 7.
In these ligands [10—13], the sulfur atoms lie apart from one another and since only
a o-bonded framework is involved, the bridge mediation effects have been ex-
plained either based on sulfur—sulfur through space interaction [10,13] for the small
ligands or assuming some electron tunneling for the spiro-ring type ligands [62—64].



L. de Sousa Moreira et al. / Coordination Chemistry Reviews 196 (2000) 197-217 211

Table 7
NIR bands and comproportionation constants for binuclear ruthenium(ILIII) mixed-valence com-

pounds, [(NH;)sRu""-L-Ru"(NH;):]>*

L NIR Bands
Mm@ (M1 em-1) Ke
AN 1220 86
{ s 892
/—\ 1000 64 ~185
S S
m 996 55 ~100
S _-S
S/ \S 972 6 ~40
\__/
(\ 1210 80 <10
S S
%
\S/\S/ 928 45 125
/
NS 80 21 <10
\Sq/ 775 5 <10
S s
@ 1132 35 ~48
\
_S S-—
=\ 964 22 ~30
\s s\

—<>Cs — o0 43 <10
_S<><>Cs_ 308 9
_%QOS e 23%07

0N
S s, 860 3 <10
K—o o/
b
—S—8s— 647 8x10'°

a) Data are adapted from ref. 5, 23 and 26; b) ref. 80.
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For DTDP mixed valence complexes, the two pyridine rings, (each one coordi-
nated to a charged metal center), will be separated to minimize electrostatic
interactions. Thus, through-space interactions are unlikely to occur in the DTDP
binuclear complexes.

It is remarkable that BPMS [54] and DPS [9], being ligands which closely
resemble the DTDP species do not exhibit conductor properties. These two systems,
could be regarded as a DTDP ligand where one CH, group was introduced into
each side of the —S—S— bridge (BPMS) or a sulfur atom abstracted (DPS). In both
cases, the coupling between the two metal centers is so weak that only one redox
process can be observed [9,54] in their voltammetric spectra.

The investigations have been extended [28,29] to the trinuclear complex ion
[(NH;)sRu(DTDP)Ru(NH,),(DTDP)Ru(NH;)s]®*. This trinuclear species exhibits
an MLCT band at 462 nm (¢=(2.0+0.1)x 10* M~! cm~!) and two redox
processes (see Fig. 4), with the area of the peak at (£°,); =0.090 V being twice
that at (E°),),=0.30 V.

The central ruthenium ion bound to two DTDP ligands is more resistant to
oxidation than the two other terminal ruthenium centers, as indicated by £\ man
for the [(NH;)sRu(DTDP)]**/2* and trans-[(NH;),Ru(DTDP),]**+/>* in Table 3.
A careful deconvolution analysis of the peak at (£°,); =0.090 V allows the
separation of this process into two components in which (AE, ,) =20 mV, see Fig. 4.

The calculated [28,29] comproportionation constant K, for the reaction.

[11L, 11, I11] + [I1, 11, 11] = 2{I11, 1L, 11]

barely exceeds the statistical value of 4, suggesting that the end-to-end communica-
tion is very weak. The absence of any band attributed to an MMCT transition in
the NIR spectrum of [III, II, I1] species provides additional support to the above
conclusion.

E,mV

Fig. 4. Differential pulse polarogram for trans-[(NH;)sRu(DTDP)Ru(NH,;),(DTP)Ru(NH;)s]®*, u=
0.10 M (NaCF;COO/HCF,COO), CF;COOH =1.0x 107% M; Coompiex=1.0x 107> M, 25°C, E
versus the saturated calomel electrode (SCE).
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The calculated K, value [65] of 70 for [(NH;)sRu(pz)Ru(NH;),(pz)Ru(NH;)]" +/6+
system is significantly higher than the one calculated for the parent DTDP analogue.

Electronic repulsions due to the back-bonding into a common orbital from two
metal centers were invoked to explain the large value of Creutz-Taube [57-59] ion
comproportionation constant, 4 x 10°. In the trinuclear species, when the terminal
ruthenium centers are linked by the trans-tetraammineruthenium unit, these repul-
sions are less intense and a smaller comproportionation constant for the [II, II, II]
species in comparison to [II, II] is expected. Furthermore the electronic factor 4,
which is directly proportional to electron delocalization and is larger [66] for pz
than for DTDP, should decrease with the increase in distance between the two
metal centers [59,66]. These effects would be more evident when DTDP is the
bridging ligand and the end-to-end communication distance [43] is ~ 16 A.

At this point some comments on the relevance of the bonding character in the
—S—-S— bridge properties seem in order. There is evidence of p,—d, overlap in
aromatic disulfides, which have sulfur atoms directly bound to aromatic rings. In
these systems the sulfur—sulfur distances are shorter than expected [67—72], for a
pure single bond, and the L-S-S—L dihedral angle is very close to 90°. This
condition maximizes m overlap between the 3pm orbitals of two neighboring S
atoms and minimizes, due to the orthogonality of the orbitals, the sulfur atom
lone-pair repulsion [69-73].

In DTDP the S-S bond length [67] is 2.03 A and the dihedral angle is 80.3°. The
S-S bond is nearly in the plane of each pyridine ring. Strong interactions between
the © orbitals of the pyridine rings (filled pn, empty pn*) and & orbitals of the sulfur
atoms (half filled 3pn, empty 3dn) have been a matter of discussion [67—74].

In the mono and binuclear complexes, the DTDP ligand, the coordinated
pyridine rings and the —S—S— bridge lie in the same plane exhibiting a trans planar
structure similar to the one observed for the Ru-S-S—-Ru moiety in related
complexes [4,5,62,69,72,75-78]:

M =Fe, Ry, Os

In this configuration the filled 7 orbitals of the coordinated pyridine rings (or one
of the t§, orbitals of each metal center in the Ru,S, core) would have the
appropriate [72—74,78] symmetry and orientation for & interaction with the orbitals
of the S; ligand. Deviations from this trans-butadiene like m network [76—78]
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would diminish the degree of © bonding and therefore the delocalization along the
L--S-S--L core, (L=M or py).

In the BPMS ligand CH, groups are located between the pyridine rings and the
sulfur bridge, and in the DPS only one sulfur atom exists between the pyridine
rings. Thus, in the complexes of both of these ligands the structures L—
CH,-S-S-CH,-L and L-S-L were not of the trans planar type, therefore not
fulfilling the above requirements for electron delocalization [76—78]. Unfortunately
crystal structure data for BPMS and DPS, which will certainly shed more light on
this subject, are not yet available.

The coordination to metal centers and the presence of solvent molecules will
induce changes in the DTDP ligand structrure relative to the crystal. Even so it is
likely that in this framework communication between the two pyridine rings,
through m orbitals of the C-S—S—C backbone, is more favorable to occur than in
BPMS and DPS.

In transition metal complexes the participation of orbitals other than those often
used in the nd,— 3d, back-bonding interaction was discussed [71,72] At least in
systems in which sulfur atoms were bonded to carbon atoms and a nodal plane at
the binding site precludes back-bonding interactions, c* orbitals derived from
atomic 2p on C and 3p on S were considered [65,62,72].

The p-S, complexes are particularly atractive since the donor and the acceptor
atoms are directly bonded to the S; wunit. The n-bond interaction across the
RuSSRu core, whose Ru-S-S-R dihedral angle is 180°, was suggested by the
shorter Ru-S (2.193 A) and S-S (2.014 A) distances [69,75] in [(NH;)sRuSSRu-
(NH;);]Cl,-2H,0 than those calculated [69,75,76] by the sum of single-bond radii.
In this case, two occupied ruthenium d, orbitals and the occupied 7 as well as the
empty ©* orbital of the S-S bridge combine to give one empty ©, (LUMO) and
three occupied molecular orbitals n; (HOMO), w, and =,.

The Ru-S-S-Ru moiety, to which the formulation Ru™(S; )-Ru'™ was proposed
[69,72¢,d] is considered the chromophore responsible for the green color exhibited
by [(NH;),LRuSSRu(NH,),L]"*, (when L=Cl—, Br—, I, n=4. L =isn and NH,,
n=4. L=NO", n=6) and other non ammine species [72c,73,76,78]. For all these
complexes except [(1-S,){Ru(PPh)‘S,’},], the n;—>m, HOMO-LUMO transition
occurs in the 600-800 nm range. The energy of this n; — 7, transition is sensitive to
the ruthenium centers coordination sphere composition. In [(p-S,){Ru(PPh;)‘S,’},],
the m; —m, transition was assigned at 1049 cm~!, ¢=1.3 x 10* M~! cm ~!), being
the absorption responsable for the ‘green color’ (645 nm, e=8.9 x 10° M ~'cm 1)
attributed to the n, — m, transition [78]. No MMCT transition was identified in the
spectra of the above mentioned species.

Unfortunately the instability of the Ru™SSRu core in [L(NH;),-
RuSSRu(NH,),L]"* complexes has prevented [3-5,8] reliable direct measurements
(E® 2, NIR) of the S3~ bridge efficiency as an electron conductor. Recently, the
[(CH;CN);(P(OMe);),RuSSRu(P(OMe);),(CH;CN);> /3 +/4+ gystem has been de-
scribed [79]. In the [II, ITI] species the measured Ru—S and S-S distances are 2.322
and 1.995 A, respectively, and K. has the remarkable value of 8.0 x 10'°. Due to the
strong © delocalization through the S3~ ligand, the NIR band in these [II, III]
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species was [79] strongly coupled, and therefore mixed, with the LMCT band at 647
nm.

These new observations [79], with technological implications in material science
[78—82] will be an additional incentive to the study of the S-S bridge properties.
Efforts [43] are being made to obtain reliable quantum mechanical calculations and
X-ray crystallographic data for selected systems with the aim of access to informa-
tion, which would better describe the —S—S— bridge behavior.
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