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Structural and Spectroscopic Evidence of Strong Electronic Delocalization
through a Cyanido Bridge in a Mixed-Valence Os—Ru Complex
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We report the properties of a trinuclear cyanido-bridged
complex, trans-[(dmap)Ru{(u-NC)Os"(CN)s},]*" [1*~; dmap
= 4-(dimethylamino)pyridine], whose structure and elec-

tronic and vibrational spectra present strong evidence of par-
tial redox states for the three metal ions, an unprecedented
feature for cyanido-bridged systems.

Over the last 40 years, considerable attention has been
given to mixed-valence complexes, systems where an ele-
ment presents more than one oxidation state, with transi-
tion metal compounds of group 8 as the more outstanding
examples.'! One of the areas of interest in this field is to
identify systems in the frontier between the so-called local-
ized systems or Class Il according to the classification
proposed by Robin and Day,®! and the delocalized systems
or Class III. To identify systems as Class III or Class II/
IIT (localized, but solvent-averaged)*! several experimental
criteria have been proposed*3! including (1) the shape, in-
tensity and solvent dependence of the intervalence transi-
tion, (2) direct evidence of localization from crystal struc-
ture, spectroscopic markers, the appearance of symmetrical
bridging-ligand vibrations and the appearance of non-
averaged spectator vibrations. Due to all the effort devoted
to this area, several examples of Class III mixed-valence
complexes have been identified,®) and a few of them show
identical coordination spheres for both centers in their crys-
tal structures.l’! Non-symmetrical mixed-valence complexes
have also been explored. The absence of symmetry could be
due to the presence of a different ligand set for each metal
atom, the presence of a non-symmetrical bridge or different
elements with different redox states. In this case, a delocal-
ized Class IIT system would not be symmetrical, and some
of the previous experimental criteria can not be applied as
they rely on the symmetry of the delocalized system.

Cyanido-bridged dinuclear dimers are one of the most
intensively studied families of mixed-valence complexes.
The exploration of the properties of these dimers, which are
non-symmetrical due to the intrinsic asymmetric nature of
the bridge, points to a strong coupling, measured through

[a] Departamento de Quimica Inorgéanica, Analitica y Quimica
Fisica, Universidad de Buenos Aires INQUIMAE(CONICET),
Buenos Aires C1428EHA, Argentina

[b] Department of Chemistry, University of Florida,

Gainesville, Florida 32611, USA

Supporting information for this article is available on the

WWW under http://dx.doi.org/10.1002/ejic.201000912.

Eur. J. Inorg. Chem. 2010, 5613-5616

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Hush’s H,, parameter. However, all the reported systems up
to date belong to Class II, probably due to the very different
energies of the frontier orbitals of the metal atoms caused
by the non-symmetric bridge.

Herein, we report the properties of a trinuclear cyanido-
bridged complex, trans-[(dmap),Ru{(u-NC)Os'-
(CN)s},]* [1*; dmap = 4-(dimethylamino)pyridine], whose
structural, electronic and vibrational spectroscopic data
present unambiguous evidence of partial redox states for
the three metal ions, an unprecedented feature for cyanido-
bridged systems. Additionally, the one-electron oxidized
Ru  species, trans-[(dmap),Ru™{(p-NC)Os"(CN)s},]*~
(1*), has also been isolated as well as the related complexes
trans-[(dmap),Ru™{(u-NC)Fe"'(CN)s},]* (2*), and trans-
[(dmap),Ru™{(u-NC)Co™(CN)s},]>~ (3*), which help in
the interpretation of the novel properties of the Os system
(see Supporting Information).

The reaction between [Ru'(dmap)s]CL,™ and an excess
of tetraphenylphosphonium (tpp*) hexacyanoosmate(III) in
refluxing ethanol results in a brown-grey solid, which, ac-
cording to single-crystal X-ray diffraction data and elemen-
tal analysis, is formulated as the tpp™ salt of 14~. The crystal
structure of 1% (Figure 1) displays a linear and totally
eclipsed configuration of the three coordination spheres,
where the three metal centres are connected by two cyanido
bridges as observed in other related trinuclear complexes
previously reported.!'!

Remarkably, the Ru-N(dmap) mean bond length
(2.089 A) is between the value observed for this Ru—-N bond
length in the Ru" cyanide trinuclear complex trans-[(dmap),-
RuM{(u-NC)Fe™(CN)s},]* (2* 2.104 A; see also the com-
pounds reported in ref.['%l) and the value observed for the
Ru-N bond length in the Rul-containing trinuclear com-
pound [(dmap),Ru™{NCCo™(CN)s},]* (3% 2.077 A; see
Supporting Information, Figure S1). Additionally, the C-
Nprigge bond is slightly longer [1.170(9) A in 1+ vs
1.15(1) A in 2*], whereas the Os—Chyigge distance is shorter
than that observed in the terminal cyanido ligands [1.992(9)
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Figure 1. Top: ORTEP representation of complex 14 (30% ellip-
soid probability). Bottom: Perspective view along the intermetallic
axis.

vs. 2.043 A for the mean cis Os—C bond length]. The Ru—
Niiwile bond is also shorter than the distance observed for
the same bond in the related trinuclear compounds
[1.959(7) vs. 2.016(6) in 2% and 2.019(3) in 3*]. This com-
parative metric data strongly support the existence of an
enhanced © bonding in this complex between two dn orbit-
als of the three metal ions and the n* orbitals of the cyan-
ido bridges. This results in shorter and stronger Ru—N,;ite
and Os—Cyigee bonds and a weaker C—Ny,iqqe bond, which
is confirmed by the presence of an additional wide and very
strong cyanide stretch (not observed in complex 24), at no-
ticeably lower energies for a C-N vibration mode
(1961 cm™), in the IR spectrum of solid [1]J[PPhy], (see Sup-
porting Information, Figure S2). This enhanced interaction
effectively delocalizes the charge of the formally Ru' over
the Os™! moieties resulting in a partial III/I1 character for
the three ions.

The electrochemistry of 1* in different solvents shows
three well-resolved reversible waves (see Supporting Infor-
mation, Figure S3). The E,), values of two of them show
the characteristic solvent dependence previously observed
for other cyanido complexes,[''l and we assign them as the
5614
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redox processes centered at the OsCNg moieties. It is gen-
erally accepted that this solvent effect is based on the spe-
cific donor—acceptor interaction between the exposed cyan-
ido ligands with the solvent molecules, that makes the cya-
nide ion a better m acceptor towards the metal ion. This
results in a stabilization of the Os'! state, and a linear corre-
lation of the E;), value with the Gutman acceptor number
of the solvent is observed (see Supporting Information, Fig-
ure S4).

The third redox process corresponds to the Ru fragment,
and its E;,, value is much less sensitive to the solvent ident-
ity. Due to this different behavior, the choice of solvent
tunes the difference between the E;,, values of the Ru and
Os fragments, being more than 800 mV in dimethylacet-
amide (dma), but less than 300 mV in methanol. The prox-
imity on the redox potentials of the Ru and Os centers has
a strong impact on the interaction between the terminal Os
fragments. In dma, the separation between the E;,, values
of the Os centers is ca. 200 mV, but in methanol it is
580 mV. The latter value is significant and points to a
stronger interaction between the three metal atoms in this
solvent.

More pieces of evidence of this phenomenon arise from
the electronic spectroscopy data (Figure 2 and Table 1). In
the absence of strong interaction between the metal atoms,
this trinuclear compound should behave spectroscopically
like the superposition of two low-spin dr®(Ru'")-dn>(Os")
donor—acceptor systems. To a first approximation, only one
metal-to-metal charge transfer (MM'CT) transition is ex-
pected, but the spin-orbit coupling (SOC) and the crystal
field can split both the ground state, dn®(Ru')-dn>(Os"h),
and the excited state, dn>(Ru™)—dn®(Os™), in three levels,
resulting in three MM'CT and two intra-configurational
(IC) dn—dn transitions. However, resolution of these bands
depends on the magnitude of the SOC. Usually, the IC
bands are observed for Os™ systems (¢ = 3000 cm™'), but
not for Ru™ (¢ = 800 cm™!) ones. Whereas three MM'CT
bands are observed for Os"'-M"! systems, the resolution of
the latter in an Ru"—M™" system requires a particularly
narrow bandwidth affording normally a unique band.!'3!
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Figure 2. Electronic spectra of 1 in [Ds]acetonitrile (—) and [Dg4]-
methanol (---).
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Table 1. Electronic spectroscopic data of 14~ and 13-

MLCT LMCT  MM'CT + IC
[em™] [em™] fem™]

14 acetonitrile 29100 (30200) - 8500 (14200)
5900 (2170)

methanol 32500 (32500) 20500 (2100) 7600 (20500)
16800 (2500) 7300 (20800)

5600 (6700)

4900 (7300)

3700 (14000)

13 acetonitrile 23700 (10500) 14500 (17200) 5700 (900)
methanol 27600 14600 5700 (2100)

(11000) (18300)

The spectrum of 14~ in acetonitrile closely resembles that
observed for the Fe' analogue,'” with a metal-to-ligand
charge transfer (MLCT) transition, Ru'—n*(dmap), at
29100 cm™! (¢ = 30200 M'em™!) and an MM'CT transition
at 8500 cm™! (¢ = 14200 m'cm™!) (Figure 2). The main dif-
ference relies on the intensity of the MM'CT band, which
suggests a stronger interaction between the metal ions
through the cyanido bridge as expected for the replacement
of a first-row transition metal ion for a third-row one. The
energy of this band in other solvents correlates with the
difference between the redox potential of the Os and Ru
moieties (see Supporting Information, Figure S5) confirm-
ing its MM'CT character. At lower energies, a less intense
and rather narrow band at 5800 cm™' (¢ = 1800 M 'cm ™) is
clearly visible. This band is also present in other solvents,
like dimethylacetamide, and in the spectra of 13~ at exactly
the same energy, and we assign it as an IC transition (see
Supporting Information, Figure S6). The increased inten-
sity compared to the IC bands observed for [Os(CN)¢]> 114
is caused by some mixing with an MM'CT state promoted
through the bridge, as previously observed.['3] The other
expected IC transition is probably less intense and is buried
in the tail of the MM'CT band. The observed pattern of the
spectrum of 14 in these solvents indicates that it behaves as
a localized mixed-valence compound with markers for Ru!
(the MLCT band) and for Os™ (the IC band). This is prob-
ably related to the very different frontier orbital energies of
the fragments in this solvent, as measured by their redox
potentials.

A completely different picture is found in methanol (Fig-
ure 2). In the visible region, the MLCT band is considerably
shifted to higher energies (32500 cm™), and new bands ap-
pear at 20500 cm ! (¢ = 2100 M 'em ') and 16900 cm ! (¢ =
2050 m~'cm™!). These bands resemble the ones observed for
13 (see Supporting Information, Figure S7) and for other
Ru'"" compounds containing the dmap ligand,! which have
been assigned as ligand-to-metal charge transfer (LMCT)
transitions n(dmap)—Ru™. In the NIR region, several
transitions are apparent, a sharp and strong band at
7300 cm™! (20800 M cm™") and a set of strong bands at low
energy at 5600, 4900 and 3700 cm'. The presence of mul-
tiple bands in the NIR indicates a split of the excited state.
This split could be due to the SOC action on the Os'-
RuM-OsM/QOs™M_Ru"_Qs!! excited state, which would re-
sult in several close-spaced MM'CT transitions.
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The patterns of these spectra may seem contradictory.
The presence of an Ru''=n*(dmap) MLCT suggests an
Os"_Ru"-Os™" configuration for the ground state. On the
other hand, the observation of an LMCT band, involving
the ruthenium and the dmap ligand, and the split of the
MM'CT transition, point to a ground state with Ru"'-Os!!
character. All these pieces of evidence suggest that the na-
ture of the ground state of 1* in methanol is better de-
scribed as a combination of the three possible configura-
tions Os™-Ru'-Qs™ Os"_RuM-QOs!' and Os™-Rull-
Os!!, with fractional redox states between II and III for the
Ru and Os metal centers, similar to what is observed in
the crystal structure. This composition is the result of the
enhanced mixing between osmium and ruthenium sites,
promoted by the cyanido bridge due to a better match be-
tween the energies of the frontier orbitals of both metal
fragments in this solvent. It is interesting to note that the
bands assigned as LMCT have a lower intensity than the
ones observed in other Ru™™ complexes, which is in line with
the partial Ru™ character proposed for the ground state.

Recent calculations have shown that = bonding in bridg-
ing cyanido ligands is not the dominant feature,!'¢! but the
results presented here indicate otherwise for this system.
Given the actual interest in developing extended structures
based in cyanido-bridged building blocks, these results
should encourage chemists in taking advantage of these
properties.

Experimental Section

[(CN)sOs"(u-CN)Ru''(dmap)4(n-NC)Os"(CN)s|(PPhg) 4 10H,O0
[1:(PPh,),10H,0]: [Ru'(dmap)]Cl9H,O (100 mg, 0.094 mmol)
was dissolved in ethanol (5 mL). The resulting yellow solution was
added to a solution (2.5 mL) of [Os"(CN)g](tpp)s-2H,0 (525 mg,
0.37 mmol) in ethanol. The mixture was heated under reflux with
stirring for 1 h. The grey-brown solid obtained was collected by
filtration, washed with ethanol and vacuum-dried. Yield: 149 mg
(55%). Cy36H120N20s,P,Ru-10H,O (2817): caled. C 57.9, H 5.0,
N 9.9; found C 57.6, H 4.9, N 10.2.

[(CN)sOs™ (u-CN)Ru'!(dmap) 4(p-NC)Os"(CN)s](PPhy);-10H, 0
[1-(PPhy)s10H,0]:  [(CN)sOs"(p-CN)Ru'!(dmap),(u-NC)Os!-
(CN)s](PPhy)4-10H,O [1:(PPhy),-10H,0] (100 mg, 0.04 mmol) was
disolved in methanol (50 mL). (NH4),Ce(NO3z)s (25 mg,
0.05 mmol) was added, which afforded a blue solution. Water
(10 mL) was added, and the resulting solution was concentrated
under reduced pressure, until only a few mL of water remained.
The blue solid obtained was filtered off, washed with cold water
and vacuum-dried. Yield: 50 mg (50%). C;2H;poNOs,Ps;Ru*
10H,O (2481): caled. C 54.2, H 4.8, N 11.3; found C 53.2, H 4.6,
N 11.6.

Synthesis of Auxiliary Complexes

[(DMAP)Ru"{(p-NC)M"™(CN)s},](PPhy),7TH,0 (M = Fe, Co): In
a typical preparation, [Ru(DMAP)4]Cl1,-9H,0 (0.2 mmol) was dis-
solved in absolute ethanol (10 mL). To this solution, (PPhy);-
[M(CN)g] (1.6 mmol), dissolved in absolute ethanol (5 mL), was
added. A yellow solid immediately appeared. This suspension was
refluxed, while protected from sunlight, with vigorous stirring. Af-
ter 10 min, the suspended solid was completely dissolved, and, after
additional 30 min, a new yellow precipitate had developed. This
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latter suspension was further heated for 15 min and then left to
cool to room temp. The product was filtered, washed with cold
absolute ethanol (3 X 10 mL) and vacuum-dried. M = Fe (2): Yield:
80%. Ci36Hi20NoP4Fe;,Ru-7H,0: caled. C 654, H 54, N 11.2;
found C 656, H 51, N 109. M = Co: Yield: 52%.
Ci36H120N20P4Co,Ru-7H,0: caled. C 65.3, H 5.4, N 11.2; found C
65.2, H 4.8, N 11.3.

[(DMAP)Ru™{(u-NC)Co"™(CN)s},](PPh,)s-SH,0: To [[DMAP),-
Ru''{(u-NC)Co"(CN)s},](PPhy),7H,0O (0.04 mmol), dissolved in
methanol (50 mL), solid (NH,),Ce'V(NO3)s (0.045 mmol) was
added. The solution turned immediately deep blue. Water (10 mL)
was added, and the resulting solution was concentrated under re-
duced pressure until only a few mL remained. The blue solid ob-
tained was filtered off, washed with cold water and vacuum-dried.
To remove some insoluble cerium salts, the solid was dissolved in
methanol and filtered. To this clear solution some water was added,
and the final solution was slowly concentrated at room temp. Blue
crystals of the desired product appeared after a few days. They
were filtered, washed with water and vacuum-dried. Yield: 91%.
Ci15H 0oN2P3Co,Ru-5H,0 (3): caled. C 63.2, H 5.2, N 13.2; found
C63.3,H5.0,N 12.4.

CCDC-622554 (for 2), -754739 (for 1), and -754740 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Materials; physical measurements; tables of crystal data and
structure refinement (Table S1), selected bond lengths and angles
(Table S2) of 1 and 3; ellipsoid representation of the molecular
structure of complex 3% (Figure S1); infrared spectra of complex 1
and 2 (Figure S2); cyclic voltammetry of complexes 1 and 2 (Fig-
ure S3); correlation of E}, with the Gutman acceptor number of
the solvent for complex 1 (Figure S4); correlation of the wave-
number of the MM'CT band with the difference between the redox
potential of the Os and Ru moieties (Figure S5); electronic spec-
trum of complex 14 in DMA (Figure S6), of complex 1° in dif-
ferent organic solvents (Figure S7), of complexes 3 and 2* in
methanol (Figure S8).

Acknowledgments

We gratefully acknowledge the University of Buenos Aires, the
Consejo Nacional de Investigaciones Cientificas, Argentina y
Técnicas (CONICET), and the Agencia para la Promocion de la
Ciencia y la Tecnologia (ANPCYT) for economic funding. We are

5616

WWW.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

also grateful to Johnson Matthey for a generous loan of RuCls.
P. A. and L. B. V. are members of the scientific staff of CONICET,
and M. B. R. is a fellow of CONICET.

[1] a) W. Kaim, B. Sarkar, Coord. Chem. Rev. 2007, 251, 584-594;
b) W. Kaim, G. K. Lahiri, Angew. Chem. Int. Ed. 2007, 46,
1778-1796; C. Creutz, Prog. Inorg. Chem. 1983, 30, 1-73; ¢)
R. J. Crutchley, Angew. Chem. Int. Ed. 2005, 44, 6452-6454.

[2] a) S. D. Glover, J. C. Goeltz, B.J. Lear, C. P. Kubiak, Eur. J.
Inorg. Chem. 2009, 585-594; b) S. D. Glover, B. J. Lear, C. Sals-
man, C. H. Londergan, C. P. Kubiak, Philos. Trans. R. Soc. A
2008, 366, 177-185.

[3] M. B. Robin, P. Day, Adv. Inorg. Chem. 1968, 10, 247-422.

[4] K.D. Demadis, C. M. Hartshorn, T.J. Meyer, Chem. Rev.
2001, 701, 2655-2685.

[5]1 a) J.J. Concepcion, D. M. Dattelbaum, T. J. Meyer, R. C. Ro-
cha, Philos. Trans. R. Soc. A 2008, 366, 163-175; b) D. M.
D’Alessandro, F. R. Keene, Chem. Soc. Rev. 2006, 35, 424-440.

[6] a) L.O. Spreer, C. B. Allan, D. B. Macqueen, J. W. Otvos, M.
Calvin, J. Am. Chem. Soc. 1994, 116, 2187-2188; b) C. G. At-
wood, W. E. Geiger, A. L. Rheingold, J Am. Chem. Soc. 1993,
115, 5310-5311; ¢) S. Joss, H. B. Burgi, A. Ludi, Inorg. Chem.
1985, 24, 949-954; d) L. Dubicki, J. Ferguson, E. R. Krausz,
P. A. Lay, M. Maeder, R. H. Magnuson, H. Taube, J Am.
Chem. Soc. 1985, 107, 2167-2171; e) D. E. Richardson, J. P.
Sen, J. D. Buhr, H. Taube, Inorg. Chem. 1982, 21, 3136-3140.

[71 C.M. Che, H.W. Lam, W. F. Tong, T. F. Lai, T. C. Lau, J
Chem. Soc., Chem. Commun. 1989, 1883-1884.

[8] D. M. D’Alessandro, F. R. Keene, Chem. Rev. 2006, 106, 2270~
2288; K. R. Dunbar, R. A. Heintz, Prog. Inorg. Chem. 1997,
45, 283-391.

[9] M. B. Rossi, O. E. Piro, E. E. Castellano, P. Albores, L. M. Ba-
raldo, Inorg. Chem. 2008, 47, 2416-2427.

[10] P. Albores, L. D. Slep, T. Weyhermuller, L. M. Baraldo, Inorg.
Chem. 2004, 43, 6762-6773.

[11] V. Gutmann, Electrochim. Acta 1976, 21, 661-670.

[12]a) L. M. Baraldo, P. Forlano, A. R. Parise, L. D. Slep, J. A.
Olabe, Coord. Chem. Rev. 2001, 219, 881-921; b) C. J. Timpson,
C. A. Bignozzi, B.P. Sullivan, E. M. Kober, T.J. Meyer, J.
Phys. Chem. 1996, 100, 2915-2925.

[13]R. C. Rocha, F. N. Rein, H. Jude, A. P. Shreve, J. J. Concep-
cion, T. J. Meyer, Angew. Chem. Int. Ed. 2008, 47, 503-506.
[14] P. Albores, L. D. Slep, L. M. Baraldo, R. Baggio, M. T. Gar-

land, E. Rentschler, Inorg. Chem. 2006, 45, 2361-2363.

[15] G. A. Neyhart, C. J. Timpson, W. D. Bates, T. J. Meyer, J. Am.
Chem. Soc. 1996, 118, 3730-3737.

[16]S. F. A. Kettle, E. Diana, E. M. C. Marchese, E. Boccaleri, G.
Croce, T. Sheng, P. L. Stanghellini, Eur. J. Inorg. Chem. 2010,
3920-3929.

Received: August 26, 2010
Published Online: November 22, 2010

Eur. J. Inorg. Chem. 2010, 5613-5616



