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In the mixed-valence chemistry of dπ5-dπ6 ligand-bridged
complexes based on Fe, Ru, and Os there are localized and
delocalized examples in closely related coordination environ-
mentse.g. [(NH3)5RuIII (4,4′-bpy)RuII(NH3)5]5+ 1 (4,4′-bpy is
4,4′-bipyridine) and [(NH3)5OsII.5(N2)OsII.5(NH3)5]5+.2 There is
also growing evidence for a class of molecules that exist at the
localized-to-delocalized transition for which an appropriate
description of electronic structure and coupling to the surround-
ing molecular vibrations and solvent is complicated. Examples
are [(NH3)5RuIII (pz)RuII(NH3)5]5+ 3 andcis-[(bpy)2ClOsIII (pz)-
RuII(NH3)5]4+ (pz is pyrazine, bpy is bipyridine).4 In previous
examples, with N2 as bridge, [(NH3)5M(N2)M(NH3)5]5+ (M )
Ru, Os),2 [(CH3CN)(NH3)4Os(N2)Os(NH3)4(CH3CN)]5+,5 and
[Cl(NH3)4Os(N2)Os(NH3)4Cl]3+,6 evidence for strong electronic
coupling and the oxidation state description MII.5-MII.5 has been
found. For example, in [(NH3)5Ru(N2)Ru(NH3)5]5+, [Cl(NH3)4-
Os(N2)Os(NH3)4Cl]3+, and [(CH3CN)(NH3)4Os(N2)Os(NH3)4-
(CH3CN)]5+, there is noν(NtN) stretch in the infrared. In
the structure of the latter, as determined by X-ray crystal-
lography, there are equivalent coordination environments at the
two Os’s. We report here that oxidation states are localized in
trans,trans-[(tpy)(Cl)2OsIII (N2)OsII(Cl)2(tpy)]+ (tpy) 2,2′:6′,2′′-
terpyridine) and that the ion is at the localized to delocalized
transition.
Following the work of Che5 and Taube,7 we have prepared

trans,trans-(tpy)(Cl)2OsII(N2)OsII(Cl)2(tpy) (2) in 70% yield by
1-electron reduction and coupling oftrans-[OsVI(tpy)(Cl)2(N)]+

(1)8 by using HS- or Et3N in MeCN or CH2Cl2,9

2 can also be prepared by electrochemical reduction at-0.36

V VsSSCE (n ) 1) with 0.1 M in [N(n-Bu)4](PF6) in CH3CN.
Subsequent oxidation by ferrocenium or I2 gave the mixed-
valence form (3) which was isolated in 60-70% yield and
characterized as the BF4- salt.10

In cyclic voltammograms of2 in DMF, reversible OsIII-OsII/
OsII-OsII and OsIII-OsIII /OsIII-OsII couples appear at+0.21
and+0.77 V VsSSCE (∆E1/2 ) 560 mV). For2 a very weak
ν(NtN) stretch appears at 2035 cm-1 in KBr (ν(15Nt15N) at
1972 cm-1). An intenseν(NtN) stretch for3 appears at 2007
cm-1 in KBr (ν(15Nt15N) at 1942 cm-1). In CD3CN ν(NtN)
appears at 2012 cm-1 (ε ) 1220 M-1 cm-1).
The appearence of the intenseν(NtN) stretch in3 points to

a redox asymmetry across theµ-N2 bridge. This is supported
by the X-ray structure in Figure 1.11 Important features in the
structure include the nearly staggered tpy ligands with a dihedral
angle of∼74° and the bent N2 bridge with Os(1)-N(1)-N(2)
and Os(2)-N(2)-N(1) angles of 171.5(9) and 172.1(9)°,
respectively. The Os(1)‚‚‚Os(2) distance is 4.9726(7) Å. The
N(1)-N(2) bond length is 1.132(13) Å, slightly longer than that
of free N2 (1.0976(2) Å).12 The Os-N(bridge) bond lengths
are not equivalent (Os(1)-N(1) 1.968(9) Å and Os(2)-N(2)
1.909(10) Å). Furthermore, there are two distinct sets of Os-
Cl bond lengths. There are “short” bond lengths, Os(1)-Cl(1)
2.352(3) Å and Os(1)-Cl(2) 2.371(3) Å, consistent with OsIII-
Cl13 and “long” bond lengths, Os(2)-Cl(3) 2.401(3) Å and Os-
(2)-Cl(4) 2.402(3) Å, consistent with OsII-Cl.14 The BF4-

counterion is located 6.22 Å from Os(1) and 6.74 Å from Os-
(2). The structural evidence supports localized OsIII (Os(1))
and OsII (Os(2)) on the basis of the Os-Cl bond lengths and
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counterion placement in the lattice. The OsII
2-N(bridge) bond

length is shorter than OsIII 1-N(bridge) because of OsII-N back-
bonding.15

The redox asymmetry in the solid state is maintained in
solution as shown by the appearence ofν(NtN) at 2012 cm-1.
The near-infrared (NIR) spectrum of3 in CD3CN is dominated
by intense bands at 3150 nm (3175 cm-1; ε ) 6400 M-1 cm-1;
∆νj1/2 ) 500 cm-1; 3050 cm-1 in KBr) and 2119 nm (4720
cm-1; ε ) 2600 M-1 cm-1; ∆νj1/2 ) ∼400 cm-1; 4630 cm-1 in
KBr). Additional features appear at 1905 nm (5250 cm-1; ε )
1200 M-1 cm-1), 1512 nm (6610 cm-1; ε ) 230 M-1 cm-1),
and∼1000 nm (∼10000 cm-1). On the basis of a previous
analysis16 three intervalence transfer (IT) bands and two
interconfigurational dπ f dπ bands are expected for a localized
structure. Intrans-[OsIII (tpy)(Cl)2(CH3CN)]+ dπ f dπ bands
appear at 2457 nm (4070 cm-1; ε ) 65 M-1 cm-1) and 1486
nm (6730 cm-1; ε ) 123 M-1 cm-1) in CD3CN.17 We
tentatively assign the intense bands to IT(1) and IT(2) and the

remaining features to a combination of dπ f dπ and IT(3). On
the basis of the analysis of Hush,18abthe resonance energy arising
from donor-acceptor orbital mixing is given by

(εmax is the molar extinction coefficient at the maximum in M-1

cm-1, ∆νj1/2 is the bandwidth at half-height in cm-1, Eop is the
absorption maximum in cm-1, andd is the metal-metal distance
in Å.18c HDA is 414 cm-1 for IT(1) and 289 cm-1 for IT(2).
The NIR band energies are the same within experimental error
in CD3NO2, CD3CN, and (CD3)2SO. By comparison, the
lowest-lying OsII f tpy metal-to-ligand charge transfer band is
somewhat solvent dependent withλmax ) 850 nm (CD3NO2),
840 nm (CD3CN), and 850 nm ((CD3)2SO).
The available evidence places3 at the transition between the

limiting localized and delocalized descriptions for class II and
class III in the Robin-Day scheme.19 On the basis of the
magnitude of∆E1/2 ()560 mV), there appears to be medium
to strong electronic coupling. There are trapped oxidation states
from the structural data and a residual intramolecular barrier to
electron transfer arising from low energy Os-Cl, Os-N
vibrations. Given the narrow IT bands and the absence of a
solvent dependence, intramolecular OsII f OsIII electron transfer
is apparently more rapid than the solvent reorientation time of
∼1 ps and the solvent does not contribute to the barrier.20 With
E(IT1)∼ 2HDA(1)+ λi, λi ∼ 2350 cm-1. λi is the intramolecular
reorganizational energy. On the basis of this analysis, the
classical energy of activation for the lowest energy electron
transfer pathway corresponding to IT(1)4b,16is Ea∼ λi/4∼ 590
cm-1.
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Figure 1. ORTEP diagram (30% probability ellipsoids) of the cation
in trans,trans-[(tpy)(Cl)2OsIII (N2)OsII(Cl)2(tpy)](BF4)‚DMF‚H2O (3).
Important bond lengths (Å) and angles (deg): N(1)-N(2) 1.132(13),
Os(1)‚‚‚Os(2) 4.9726(7), Os(1)-N(1) 1.968(9), Os(1)-Cl(1) 2.352-
(3), Os(1)-Cl(2) 2.371(3), Os(1)-N(11) 2.084(9), Os(1)-N(17) 1.996-
(9), Os(1)-N(23) 2.084(10), Os(2)-N(2) 1.909(10), Os(2)-Cl(3)
2.401(3), Os(2)-Cl(4) 2.402(3), Os(2)-N(31) 2.064(9), Os(2)-N(37)
2.006(9), Os(2)-N(43) 2.087(10); Os(1)-N(1)-N(2) 171.5(9), Os-
(2)-N(2)-N(1) 172.1(9), Cl(1)-Os(1)-Cl(2) 177.6(1), Cl(3)-Os(2)-
Cl(4) 179.0(1), N(11)-Os(1)-N(23) 159.4(4), N(31)-Os(2)-N(43)
157.9(4).

HDA ) ((4.2× 10-4)εmax∆νj1/2Eop/d
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