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Electrochemical reactivity patterns have been established by cyclic voltammetry, EPR,
and UV/vis spectroelectrochemistry for the transition [(CsMeg)ClOs]™/[(CsMeg)Os] in mono-
nuclear and dinuclear complexes with the 2,2'-azobispyridine (abpy) and 2,2'-bipyrimidine
(bpym) bridging ligands. The isolated electron reservoir intermediate {[(u-abpy)[OsCl-
(CeMeg)la}* could be analyzed by X band and W band EPR with regard to %°Os hyperfine
splitting and g anisotropy as an abpy anion radical species with significant contribution
from the metal centers. The function of the 7-conjugated acceptor ligand in mediating the
interaction between two equivalent electron and atom transfer sites was analyzed through
simulation of the cyclic voltammograms. In comparison with the system bridged by 2,2'-
bipyrimidine, the dinuclear abpy complex displays a much stronger interaction between the
two organometallic reaction centers, as illustrated by the 1.14 V vs 0.42 V splitting between
the redox potentials separating the two chloride-dissociative processes, i.e., stabilizing the
05°0s™ mixed-valent form [(MegCs)Os(u-abpy)OsCl(C¢Meg)]} . This result parallels the
observations made for (CsMes)Rh- and (CsMes)Ir-containing analogues and for the coupling

of pure electron transfer centers through such bridging ligands.

Introduction

The coupling of inorganic,'2 organometallic,3* or main
group element®% electron transfer centers through
m-conjugated molecular bridges has produced unusual
molecular redox systems that have provided valuable
insight into electron transfer reactivity. For instance,
self-exchange can thus be approached as a structurally
controlled degenerate intramolecular phenomenon in-
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stead of as an intermolecular process.” As a side effect
of such studies, new stable mixed-valent intermediates
were obtained!~48 that owe their existence to strong
electronic communication between the electron transfer
centers via mediating molecular bridges; degenerate
half-wave potentials E for two such chemically identical
centers may thus split into two different values E' and
E", the separation AE = E' — E" relating to the
comproportionation constant K, (eq 1).28

M —L—M" ;‘—_-:: M'—L—M""! ;‘__-Z: M —L—M""! (1)
Red E) Int E" Ox
Int]?
Comproportionation constant K, = % =
10°559mV (at 298 K) (2)

In an effort to extend this concept to reaction centers
beyond mere electron transfer, i.e., to molecular frag-
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ments that undergo not only electron transfer processes
(E) but electron transfer and chemical transformations,
such as bond breaking, we have used organometallic
reaction centers [(CsMes)CIM]*, M = Rh or Ir, from
hydride transfer catalysis,? which typically undergo a
two-electron ECE reaction to [(CsMes)M], involving the
reversible loss of chloride (C process).?1° As bridging
ligands we used bis-chelating acceptor ligands such as
2,2'-bipyrimidine (bpym),!! 3,6-bis(2-pyridyl)-1,2,4,5-
tetrazine (bptz), and 2,5-bis(1-iminophenyl)pyrazine

(bpip)'2 or 2,2-azopyridyl ligands.1?
aal
= =

abpy bpym

Related to [(C5sMes)CIM]", M = Rh or Ir, are arene-
osmium cations [(CgRg)C10s]t, which have been studied
with 2,2'-bipyridine (bpy) and bpym ligands.!415 For the
latter, the dinuclear {(u-bpym)[OsCl(p-Cym)]s}(PF¢)s,
p-Cym = p-cymene, has been identified structurally in
the anti (trans) configuration;!® analysis of the cyclic
voltammograms by simulation has also been performed,
yielding a difference of 0.41 V between the two poten-
tials related to the transformation [(arene)ClOs]t —
[(arene)Os].15 Considering the relatively poor inter-
action brought about by the bpym bridging ligand for
electron transfer centers such as [(H3N),Ru]?+/3+ 16
[(bpy)2Ru]2+/3+ 17 or [(NC)4Fe] 72-,18 we have now inves-
tigated the [(CeMeg)C10s]™/[(CeMeg)Os] system in mono-
nuclear and dinuclear complexes with bpym and the
very strongly metal—metal coupling 2,2'-azobispyridine
(abpy) ligand.13:19

Abpy can be conveniently synthesized by oxidative
coupling of 2-aminopyridine and was early recognized
to exhibit a strong interaction with low-valent metal
centers such as iron(II) and to have a potential for
several different coordination modes.!® The structurally
established alternatives include mono- and dinuclear
coordination situations with the formation of five-
membered chelate rings NNCNM. The ability of the
abpy ligand to bridge two metal centers at a distance
of about 5 A, the small size of its 7 system, and the very
low-lying 7% orbital make it a very special ligand,
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suitable for studying metal —metal interaction across an
unsaturated molecular bridge.1%2

The compounds reported herein are mononuclear
[(abpy)OsCI(CsMeg)(PFg) (1) and the dinuclear analogue
that was initially isolated as one-electron-reduced (i.e.,
radical) species {(¢-abpy)[OsClL(CsMeg)]2} (PFg) (2a) but
was then converted into { (u-abpy)[OsCl(CsMeg)]2} (PFg)2
(2b). Cyclic voltammetric, UV—vis-spectroelectrochemi-
cal, and EPR characterization in the X and W band of
the intermediates will be described, and the results
obtained shall be compared to those of the bpym-bridged
analogues 3, 4, and 4":1% [(abpy)OsCIL(C¢Meg)](PF¢) (1),
{(u-abpy)[OsCl(CsMeg)lo} (PFg) (2a), {(u-abpy)[OsCl-
(CeMeg)la} (PF6)2 (2b), [(bpym)OsCl(CeMeg)l(PFs) (3),
{ (u-bpym)[OsCl(CcMeg)lo} (PFg)s (4), { (u-bpym)[OsCl(p-
Cym)]o} (PFs)2 (4).

Experimental Section

Instrumentation. X band EPR spectra at about 9.5 GHz
were recorded on a Bruker System ESP 300 equipped with a
Bruker ER035M gaussmeter and a HP 5350B microwave
counter. W band EPR spectra at about 94 GHz were obtained
with a Bruker ELEX SYS E680 spectrometer. "H NMR spectra
were taken on a Bruker AC 250 spectrometer. UV/vis absorp-
tion spectra were recorded on a Bruins Instruments Omega
10 spectrophotometer. Cyclic voltammetry was carried out at
25 4+ 2 °C under an atmosphere of dry argon in DMF/0.1 M
BusNPFg, using a three-electrode configuration (glassy carbon
working electrode, Pt counter electrode, Ag wire reference
electrode) and a PAR 273 potentiostat and function generator.
The ferrocene/ferrocenium couple served as internal reference.
The program DigiSim 2.12° was used to reproduce cyclic
voltammograms; cross reactions were not considered, and the
diffusion coefficients were generally set to 1075 cm? s7! (a0 =
0.5). In situ radical generation for EPR spectroscopy was
performed using a two-electrode cell,2? and an OTTLE cell??®
was used for UV/vis/NIR spectroelectrochemistry.

[(abpy)OsCIl(CcMeg)1(PFg) (1). A 212 mg (0.25 mmol)
amount of [(CsMeg)CleOs]s 22 was heated under reflux together
with 110 mg (0.60 mmol) of abpy for 4 h in 75 mL of methanol.
Filtration, reduction of the filtrate volume to 10 mL, addition
of a concentrated solution of 387 mg (1.00 mmol) of BusNPF,
and finally cooling to 0 °C produced an orange-brown precipi-
tate, which was washed with methanol and diethyl ether and
dried under vacuum (202 mg, 56%). Anal. Calcd for CgoHgs-
ClF¢N4OsP (717.7): C, 36.85; H, 3.65; N, 7.81. Found: C, 36.99;
H, 3.58; N, 7.46. 'TH NMR (CD3sNOy): 6 2.21 (s, 18H, CsMey),
7.82 (ddd, 1H, H%), 7.79 (dt, 1H, H?), 8.05 (td, 1H, H®), 8.33
(td, 1H, H*), 8.35 (td, 1H, H*), 8.88 (ddd, 1H, H®), 8.94 (dt,
1H, HS), 8.95 (dt, 1H, H?) ppm. 3J(H?H*) = 8.0 Hz, *J(H3H?) =
1.5 Hz, 5J(H3HS) = 0.8 Hz, 3J(H*H%) = 7.7 Hz,*J(H*H®) = 1.5
Hz3J(H?H®) = 5.7 Hz,’J(H*H*) = 8.1 Hz, “J(H*H") = 1.0
HzJ(H*H®) = 1.0 Hz,3J(H*H?) = 7.5 Hz,*J(H*H®) = 1.8
Hz3J(H*HS) = 4.9 Hz.

{ (u-abpy)[0sC1(CeMes) 12} (PFe) (2a). A 212 mg (0.250
mmol) amount of [(C¢Meg)ClyOs]2?? was heated under reflux
together with 41 mg (0.225 mmol) of abpy for 12 h in 75 mL of
methanol. Filtration, reduction of the filtrate volume to 10 mL,
addition of a concentrated solution of 387 mg (1.00 mmol) of
BusNPFg, and cooling to 0 °C produced a dark purple precipi-
tate, which was washed with methanol and diethyl ether and

(20) (a) DigiSim 2.1; Bioanalytical Systems: West Lafayette, IN.
(b) Feldberg, S. W.; Goldstein, C. I.; Rudolph, M. J. Electroanal. Chem.
1996, 413, 25—36.
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Chem. 1991, 317, 179—187.
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dried under vacuum (173 mg, 73%). Anal. Calcd for CssHus-
CloFsN4OssP (1105.0): C, 36.96; H, 4.01; N, 5.07. Found: C,
37.08; H, 4.02; N, 5.08.

{(u-abpy)[OsCl(CsMeg) 12} (PF)2 (2b). A cooled solution of
20 mg (0.018 mmol) of 2a in 10 mL of CH3CN was treated
with 10 mg (0.085 mmol) of solid NOPF; for 1 h under a slight
argon flow. After the color change from purple to green the
solvent was removed, the residue redissolved in an ethanol/
acetone (1:1) mixture, and a saturated solution of BuyNPFg in
ethanol added. The dark green precipitate was collected,
washed with diethyl ether, and dried under vacuum (18 mg
(80%). Anal. Caled for 034H44012F12N4052P2 (1249.9): C, 32.67;
H, 3.55; N, 4.48. Found: C, 33.02; H, 3.67; N, 4.56. 'H NMR
(CD3NOy): 0 2.37 (s, 18H, CsMeg), 8.13 (ddd, 1H, H5%), 8.43
(td, 1H, H**), 8.74 (d, 1H, H3>%), 9.01 (d, 1H, H®®) ppm.
3J(H®H*) = 8.5 Hz, “J(H?H®) = 7.4 HzJ J(H*H?) = 7.5
Hz,*J(H*HS) = 1.4 Hz,3J(H?H®) = 5.6 Hz.

[(bpym)Os(CsMeg)1(PF) (3). A procedure similar to that
for the synthesis of 1 yielded 243 mg (70%). Anal. Calcd for
020H2401F6N4OSP (691.1)1 C, 34.76; H, 3.50; N, 8.11. Found
C, 34.58; H, 3.36; N, 8.09. 'TH NMR (CD3NO): 6 2.31 (s, 18H,
CsMes), 8.01 (dd, 2H, H5%), 9.20 (dd, 2H, H**), 9.25 (dd, 2H,
H%¢) ppm. *J(H*H®) = 4.8 Hz, 3J(H°H®) = 5.9 Hz, *J(H*HS) =
2.0 Hz.

{(u-bpym)[OsCl(C¢Mes) 12} (PFe)2 (4). A procedure similar
to that for the synthesis of 2a yielded 257 mg (84%). Anal.
Calcd fOI‘ C32H42012F12N4OS2P2 (1224.0)1 C, 31.40; H, 3.46; N,
4.58. Found: C, 31.38; H, 3.46; N, 4.54. 'TH NMR (CD3NOs): 0
2.34 and 2.39 (s, 36H, CsMes), 8.30 and 8.28 (t, 2H, H5%), 9.32
and 9.29 (d, 4H, H**-6¢) ppm (mixture of syn and anti isomers
in a 2:1 ratio). 3J(H*SH5%) = 5.8 Hz.

Results and Discussion

Synthesis and Configuration. The compounds
[(abpy)OsCl(CsMeg)](PFs) (1) and {(u-abpy)[OsCl(Ce-
Meg)l2} (PFg) (2a) were obtained as air-stable species by
reaction of the abpy ligand with [(C¢Meg)CleOsle in
methanol. The rather positive reduction potential of
the dinuclear system (cf. below) caused the initial
formation?? of the paramagnetic one-electron-reduced
species 2a, from which the diamagnetic { (u-abpy)[OsC]l-
(CeMeg)lo} (PFg)2 (2b) could be obtained by oxidation
with NOPF.

As outlined previously,'113:15 dinuclear systems such
as 2 or 4 can exist as diastereoisomers with the two
chloride ligands in either syn or anti (cis or trans)
positions relative to the plane of the bridging ligand.
For {(u-bpym)[OsCl(p-Cym)]2} (PFe)2 (4') an anti position
was established crystallographically,'® and compound
4 was isolated as a 2:1 mixture of isomers. In contrast,
the complex dication of 2b exists in only one configu-
ration according to the TH NMR spectrum; by analogy
and considering the typically smaller metal—metal
distances d < 5.1 A in abpy-bridged dimers2* relative
to bpym-bridged dinuclear species (cf. dos-0s = 5.674(1)
A in 4')15 we assume this to be the anti (trans) isomer.
That anti isomer of 2 would be the meso form, as the
metals in 1 and 2 are centers of chirality; the strongly
electron-accepting azo nitrogen atoms of abpy are
electronically quite different from the more basic but
less m-acidic pyridyl nitrogen atoms.1?

(23) The oxidized component of that reaction, presumably a high-
valent osmium species, has not been isolated. Cf. e.g.: Sixt, T.; Kaim,
W.; Preetz, W. Z. Naturforsch. 2000, 55b, 235. Alternatively, the solvent
can act as a reducing component.

(24) Hartmann, H.; Scheiring, T.; Fiedler, J.; Kaim, W. /. Organo-
met. Chem. 2000, 604, 267—272.
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Figure 1. Cyclic voltammogram of [(C¢Meg)OsCl(abpy)]-
(PFg) (1) in 0.1 M BusNPF¢/DMF at 250 mV/s scan rate
(top) and simulation with the data from Table 1 (bottom).

Reduction of the Mononuclear Complex 1. The
prototypical mononuclear complex ions [(bpy)OsCl-
(CeMeg)]™ and [(bpym)OsCl(CgMeg)]™ exhibit a two-
electron reduction behavior with concomitant loss of
chloride,*1% similarly to the related complex ions [(o-
diimine)MCI1(CsMes)] ", M = Rh or Ir.%1° These processes
were attributed to metal-based electron uptake in an
ECE or EEC mechanism (E: one-electron transfer at
the electrode; C: chemical step, here: chloride dissocia-
tion).10:1415 Although apparently irreversible in cyclic
voltammetry, these two-electron processes are chemi-
cally reversible; that is, reoxidation at positive potential
leads back to the original species. A detailed study of
the 3d transition metal analogue [(bpy)(C5Mes)C1Co]™
has shown that the two-electron reaction is split into a
chloride-dissociative first one-electron reduction to yield
[(bpy)(CsMe5)Co!!]* and a subsequent reversible one-
electron process.??

In contrast to [(bpym)OsCl(CsMeg)|(PFg) (3) or [(bpym)-
OsCl(p-Cym)](PFg),'® the mononuclear 1 with the much
stronger m-acceptor ligand abpy is reduced via two
consecutive one-electron steps. Analysis of the cyclic
voltammogram (Figure 1) shows the first step to be
electrochemically reversible with only slow loss of
chloride, whereas the second step is strongly dissociative
with respect to the Cl~ ligand. EPR results (cf. below)
confirm that the first electron occupies a largely abpy
ligand-centered MO, which explains the difference
between the bpy/cobalt (rapid Cl~ dissociation)?® and
abpy/osmium systems (slow Cl~ dissociation). In the
latter case, the charge is stored in the acceptor ligand,
which renders this form a (chemically inactive) electron
reservoir intermediate (electron accumulation effect).?6
Only after addition of the second electron does rapid
chloride dissociation occur; that is, both electrons then
combine to create a formal osmium(0) species [(abpy)-

(25) Kaim, W.; Reinhardt, R.; Waldhor, E.; Fiedler, J. J. Organomet.
Chem. 1996, 524, 195—202.

(26) Kaim, W. In New Trends in Molecular Electrochemistry;
Pombeiro, A. J. L., Ed.; Fontis Media: Lausanne, 2004; pp 127—151.
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Scheme 1

ko, Ky

[(arene)OsHCl(L)]Jr —_— [(arene)O SII(L)]2+ rCr
/
E, E,
/
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[(arene)Os"CI(L™)]* === [(arene)Os\)]"+ CI
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[(arene)Os’(L)] + CI
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Y
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Table 1. Half-Wave Potentials E;%, Rate Constants
k;,> and Equilibrium Constants K;¢ for the
Reduction of the Complexes
[(CsMeg)OsCI(L) 1(PFg)de

i 1 2 3 4 5
E; —0.74 —-1.31 —0.46 —0.40 —2.66
(—1.36) (—1.67) (=1.01) (=1.01) (—2.56)
J 0 1 2
kj g 0.10 + 0.02 >1000"
© (2.0 £0.2) (>1000")
K; 1 x 10712 0.1+ 0.05 6 x 108
(2 x 1076y (0.5+.0.1) (4 x 1012y

@ In V vs ferrocenium/ferrocene. ® In s~1. ¢ In mol/L. ¢ Hetero-
geneous electron transfer rates set at 1 cm-s™1, except for step 2
(ksi = 0.001 for L. = abpy and 0.008 for L. = bpym). ¢ From
simulation of the cyclic voltammograms obtained at 250 mV/s (L
= abpy) or 1 V/s (L = bpym) in 0.1 M BusNPF¢/DMF (Scheme 1).
Values for L. = abpy, values for L. = bpym in parentheses.
/' Determined directly. ¢ Set at 0.1 s~L. »* From fast scan measure-
ments. { Dependent variable (thermodynamically superfluous reac-
tion20).

Os(CgMeg)]. While the actual electron distribution?” may
not correspond to that simplistic oxidation state formu-
lation due to strong z-back-donation from Os® to the
excellent 77 acceptor abpy even in the ground state, the
lowered coordination number of the metal is in agree-
ment with significant electron acquisition by the transi-
tion metal.

For a more quantitative assessment, the cyclic vol-
tammograms of 1 and 3 have been simulated (Figure
1, Scheme 1, Table 1). This approach?® revealed a
labilization of the chloride even after the first electron
uptake with a quite pronounced effect for the bpym
analogue 3 with its more negative potentials (Table 1).
In contrast, the value of £y = 0.1 s71 leaves sufficient
time for characterization of the chloride-containing
intermediate [(abpy)OsCl(C¢Meg)]*, the stability of which
is further enhanced by addition of excess chloride.

EPR spectroscopy of in situ generated [(abpy)OsCl-
(CeMeg)]* confirms the notion of a predominantly abpy
ligand-centered first reduction of 1. At room tempera-

(27) Zalis, S.; Sieger, M.; Greulich, S.; Stoll, H.; Kaim, W. Inorg.
Chem. 2003, 42, 5185—5191.
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ture in DMF/0.1 M BuyINCl there is an unresolved broad
line (AH = 2.7 mT) at gi;, = 1.9713 for the neutral
complex, which splits into two g components of an axial
system in the glassy frozen state (Table 2). The notable
deviation from g(electron) = 2.0023 or g(abpy* ) =
2.0044 can be attributed to the large spin—orbit coupling
contribution from divalent osmium (& ~ 2500 cm™1).28:2%
The deviation to lower g values signifies the presence
of low-lying unoccupied orbitals close to the singly
occupied MO (SOMO),39 possibly the low-lying metal d
orbital involved in reductive chloride labilization. The
related complex [(abpy)IrCl(CsMes)]* exhibits slightly
higher gis, and Ag = g1 — g3 values (Table 2).13

UV/vis spectroelectrochemistry using an optically
transparent thin-layer electrolytic (OTTLE) cell?® was
again used to characterize 1 and its one- and two-
electron reduction products (Scheme 1). The persistence
of the chloride-containing one-electron-reduced form
[(abpy)OsCl(C¢Meg)l* was ensured by using 0.1 M
BusNCI/DMF as electrolyte. The spectrum of unreduced
1 (Figure 2, Table 3) shows singlet and less intense long-
wavelength triplet ligand-to-metal charge transfer
(LMCT) transitions involving the 5d element with its
high spin—orbit coupling constant. DFT calculations on
the [(bpy)IrCI(CsHs)]" model system have confirmed this
assignment.2’” Comparison between complex ions [(a-
diimine)MC1(CsMes)]* (M = Rh or Ir) has shown the
significance of the 5d configuration in allowing term-
forbidden transitions such as singlet—triplet by virtue
of the mixing through spin—orbit coupling.13-14

One-electron reduction to [(abpy)OsCl(C¢Meg)]* results
in some intensity loss of the CT bands, while the SOMO-
involving bands of the abpy radical anion2%3! ligand
become observable (Table 3). The following EC reduction
to an “osmium(0)” species [(abpy)Os(CsMeg)] causes the
CT bands to disappear and produces the expected!415
d(0s%)—x* “MLCT” band in the visible region (Figure
2, Table 3). The latter probably involves highly mixed
d.. and w*(abpy) orbitals, as was similarly postulated
for the analogous [(bpy)Os(CsMeg)]'* and as was con-
firmed by DFT calculation for the related [(bpy)Ir-
(C5H5)1.27

Reduction of the Dinuclear Complex 2b. The
dinuclear system 2 exhibits a first reversible one-
electron reduction (E) from 2b to 2a, followed by a
chloride dissociative EC process to yield the “two-
electron mixed-valent species” [(C¢Meg)ClOs(u-abpy)Os-
(C¢Meg)]*. In that respect, it is similar to 1 except for
the much less negative potentials and the higher
stability of the primarily reduced “electron-reservoir”
intermediate 2a.26 This intermediate is capable of
storing the first added electron without causing ap-
preciable chloride dissociation (see k; values, Table 4);
only after accumulation of two electrons is there a rapid
chemical reaction. The cyclic voltammogram for 2b is
shown together with the simulation in Figure 3; the

(28) Weil, J. A; Bolton, J. R.; Wertz, J. E. Electron Paramagnetic
Resonance; Wiley: New York, 1994.

(29) (a) Kober, E. M.; Meyer, T. J. Inorg. Chem. 1984, 23, 3877—
3886. (b) Pramanik, K.; Shivakumar, M.; Ghosh, P.; Chakravorty, A.
Inorg. Chem. 2000, 39, 195—199.

(30) Kaim, W. Coord. Chem. Rev. 1987, 76, 187—235.

(31) Krejcik, M.; Zalis, S.; Klima, J.; Sykora, D.; Matheis, W.; Klein,
A.; Kaim, W. Inorg. Chem. 1993, 32, 3362—3368.
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Table 2. ESR Data of Mononuclear Radical Complexes

complex Ziso® g1® g2t g3t g1— g3 solvent ref
[(CeMeg)OsCl(abpy)]® 1.9713 1.9893 1.9893 1.9643 0.025 DMF this work
[(CsMe5s)IrCl(abpy)]® 1.983 1.995 1.995 1.966 0.029 CH3CN 13a
[(CsMes)RhCl(abpy)l* 1.998 1.998 1.998 1.998 <0.01 CH3CN 13a
@At 298 K. At 110 K.
Table 3. UV/Vis/NIR Data for [(C¢Meg)OsCl(abpy)]+ E,.
and Reduction Products® Experiment

Amax [nm]
complex (e x 1073 [M~1em™1]) assignment
[(CsMeg)OsCl(abpy)l™ 311(8.1) a—m*
496 (6.0) 1LLCT/MLCT
690 (0.6) SLLCT/MLCT
[(C¢Meg)OsCl(abpy)]® 297 (7.2) 1L
352sh
395 (8.6) IL (r7—ms™)
505 (4.4) ILLCT/MLCT
581sh IL (mg*—mg*)
679 (0.9) SLLCT/MLCT
[(CsMeg)Os(abpy)] 291 (11.0) 1L
332sh IL
437 (8.6) MLCT II
492sh (1.8) MLCTI

¢ From spectroelectrochemistry in DMF/0.1 M BusNPF.
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Figure 2. Spectroelectrochemical response on reduction
of [(C¢Meg)OsCl(abpy)l™ to [(C¢Meg)OsCl(abpy)l- (top) and
further to [(C¢Meg)Os(abpy)] (bottom) in 0.1 M BuyNCV/
DMEF.

data according to the extended “ladder” Scheme 232 are
summarized in Table 4.

The second metal reduction, on the other hand,
proceeds in the rapid, dissociative two-electron fashion,

(32) Glockle, M.; Fiedler, J.; Kaim, W. Z. Anorg. Allg. Chem. 2001,
627, 1441-1453.

Simulation

0.0 -0.5 -1.0 -1.5 -2.0 [V]
Figure 3. Cyclic voltammogram of {(u-abpy)[(C¢Meg)-
OsCl]s} (PFg)2 (2b) in 0.1 M BuyNPF¢/DMF at 100 mV/s
scan rate (top) and simulation with the data from Table 4
(bottom).

as familiar from the simple mononuclear species such
as 8.1* No osmium(I)-containing mixed-valent interme-
diate has been observed by EPR or absorption spectros-
copy in contrast to ruthenium(Il) in the related {(u-
abpy)[(arene)Ruls} 36 the reason probably being a more
pronounced reluctance to adopt the 5d7 (Os!) configu-
ration instead of 4d” (Rul). This process leading to
neutral (u-abpy)[Os(CsMeg)]2 occurs at a rather negative
potential, causing an effective splitting of Eo — E3 =
—0.73 V — (=1.87 V) = 1.14 V between the first and
the second chemical (EC) step at the chosen scan rate
of 100 mV/s. This splitting is thus much larger than the
0.42 V measured for the analogous bpym-bridged system
4 (Table 4) or for 4'.1%> As shown previously,!* the change
from p-cymene to hexamethylbenzene arene ligands
results in a slight cathodic shift of potentials. The

(33) Glockle, M.; Kaim, W.; Katz, N. E.; Garcia Posse, M.; Cutin,
E.; Fiedler, J. Inorg. Chem. 1999, 38, 3270—3274.

(34) (a) Frantz, S.; Hartmann, H.; Doslik, N.; Wanner, M.; Kaim,
W.; Kiimmerer, H.-J.; Denninger, G.; Barra, A.-L.; Duboc-Toia, C.;
Fiedler, J.; Ciofini, I.; Urban, C.; Kaupp, M. J. Am. Chem. Soc. 2002,
124, 10563—10571. (b) Kaim, W.; Kohlmann, S.; Jordanov, J.; Fenske,
D. Z. Anorg. Allg. Chem. 1991, 598/599, 217—234. (¢) Kaim, W.;
Kohlmann, S. Inorg. Chem. 1987, 26, 68—77. (d) Kaim, W.; Kohlmann,
S. Inorg. Chem. 1986, 25, 3442—3448.

(35) Barra, A.-L.; Brunel, L.-C.; Baumann, F.; Schwach, M.; Mosch-
erosch, M.; Kaim, W. J. Chem. Soc., Dalton Trans. 1999, 3855—3857.

(36) Sarkar, B.; Kaim, W.; Fiedler, J.; Duboc, C. J. Am. Chem. Soc.
2004, 126, 14707—14708.
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Scheme 2

ko Ko
[(arene)OsllCl(u—L)ClOs“(arene)]2+ —_——

[(arene)Os"CI(u-L)C10s" (arene)]”t ———=

ko K,
[R—

[(arene)Os"'Cl(u-L)C10s (arene)]

Es

chloride dissociation

Table 4. Half-Wave Potentials E;,* Rate Constants
k;,> and Equilibrium Constants K;° for the
Reduction of Complexes
{ (u-L)[(CcMeg)OsClle} (PFg)o%e

[(arene)Os“(p.—L)ClOsH(al'ene)]3 *+Cr

o d

[(arene)OsI(u-L)CIOsH(areme)]'2+ +CI

| “

[(arene)Os’(u-L)ClOs" (arene)| + CI ———=

[(arene)Os’(u-LHC10s (@rene)]” + CI'

Egn
reduction

[(arene)Oso(u-L'I)ClOsI(arene)]' +CI'

i 1 2 3 3" 4
E/[VI —007  —0.73 ~1.87 ~1.90 -2.75
(-0.76) (-1.38) (~1.80) (-1.80) (—2.80)
i 5 6 7 8 9
E/[VI -177  —052 g g -0.31
(-141)  (-0.73)  (=0.71)  (—0.69) (-0.53)
j 0 1 2 3 3"
ki h h 5+1 3 1243
(h) (h) (>10%) (h) 8+2
K, 107" 1075 14£02 107U >100

(10-19y (10712y (>10%) (1072 (200 + 50)

@In V vs ferrocenium/ferrocene. ® In s~1. ¢ In mol/L. ¢ Hetero-
geneous electron transfer rates set at 1 cm+s~1. ¢ From simulation
of the cyclic voltammograms obtained at 250 mV/s (L. = abpy) or
100 mV/s (L = bpym) in 0.1 M BusNPF¢/DMF (Scheme 2). Values
for L. = abpy, values for L = bpym in parentheses. / Determined
directly. £ Not observed. ” Set at 0.1 s~L i Dependent variable
(thermodynamically superfluous reaction2?).

Table 5. Reduction Potentials® for the Reduction
of 2,2'-Bipyridine and 2,2'-Azobispyridine and of
Some of Their Metal Complexes (L)(ML',,)x

ML, L=bpy, k=1 L =abpy, k=2
Re(CO)sCl —1.70 (DMF) +0.01 (DCE)
[Cu(PPhg)s]* —1.86 (DMF) —0.28 (CH2Clp)
Mo(CO)q4 —1.86 (DMF) —0.42 (DMF)

- —2.55 (DMF)192 —1.37 (DMF)192
Rh(C5Mes) —2.61 (CH3CN) —2.34% (CH3CN)'3
Ir(CsMes) —2.82 (CH3CN)4 —2.49° (CH3CN)13
Os(CeMeg) —3.00° (CH5CN)4 —2.75° (DMF)

@ Potentials in V vs ferrocenium/ferrocene. ® Cathodic peak
potentials from cyclic voltammetry at 100 mV/s.

separation of 1.14 V is also larger than that observed
for abpy-bridged dinuclear species involving the related
(CsMes)CIRh™ (0.75 V) or (CsMes)ClIrt (1.02 V) cations.13P
Both the presumably somewhat closer metal—metal
distance and the more efficient metal—metal interaction

ke Ks
[(arene)OsH(]J.—L)Os“(arene)]4+ +2CI
ks, K5
—

[(arene)Os'(u-L)Os (arene)] > +2 CT

|

ko K,
[(arene)Os()(;L-L)Osn(arene)]ZJr +2CI
B, 1
ks Ky
[(arene)Os’(u-L)Os'(arene)] ™ + 2 CI
ks, K

[(arene)Os’(u-L)Os’(arene)] + 2 CI°

g

[(arene)Os’(u-L™)Os (arene)]” + 2 CT

mediation by abpy versus bpym can be considered
responsible for the bridge effect; in agreement with
previous arguments we assume that the latter is more
important.32 The special mediating capability of abpy
as demonstrated also in mixed-valence chemistry!92.33
is attributable to the low-lying z* MO (bg), which has
about 80% contribution from the nitrogen atoms inter-
facing with the metal centers in dinuclear compounds.!92

A further reversible one-electron reduction step
was observed at a very negative potential of —2.75 V to
yield the anionic {(u-abpy)[Os(CsMes)lo} ~ (Table 4).
Characteristically, this potential is much more neg-
ative than that of free abpy at —1.37 V vs Fct/0,19
confirming the substantial metal-to-ligand electron
transfer in the ground state of neutral (u-abpy)[Os(Cs-
Meg)lo. In fact, this potential is more negative even than
the values determined for the related systems {(u-abpy)-
[M(CsMes)]2}”~,13 not to mention the abpy-bridged
dinuclear complexes of rhenium(I), copper(I), or molyb-
denum(0).34 Table 5 illustrates for both mononuclear
bpy and dinuclear abpy complexes that hexamethyl-
benzeneosmium(0) is the strongest 7 donor fragment
within the whole series.

The other parameters from Table 4 illustrate the
expected dependence of rate and equilibrium constants
for chloride dissociation on the oxidation states as well

[ —

10mT

Figure 4. X band EPR spectrum of {(u-abpy)[(CsMeg)-
OsCl]3} (PFg) (2a) in 0.1 M BuyNPF¢/DMF at 298 K (left)
and simulation with a(1%°0Os) = 3.5 mT (line width 2.8 mT,
right).
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Table 6. EPR Data of Dinuclear Complexes of abpy*~

complex (L = abpy) Siso” g1® g9 g3 g1— 83 solvent ref

{(u-L)[(CsMeg)OsCl] o} -+ 1.9515¢ 1.97824 1.9631¢ 1.9155 0.063 DMF this work
{(u-L)[(C5Mes)RhCD]g} 1.993 1.996 1.993 1.990 0.006 CH3CN” 13b
{(u-L)[(C5Mes)IrCD]g}++ 1.968 1.979 1.971 1.954 0.025 CH3CN” 13b
{(u-L)[Ru(Cym)g]a}** 1.989 1.9990 1.9886 1.9780 0.021 CH3CN” 36
{(u-L)[W(CO)4lo}*~ 2.0089" g g g g THF 34d
{(u-L)[Re(CO)sCl]2}*~ 2.0039 2.023 2.007 1.981 0.042 CH,Cly" 34a
{(u-L)[Cu(PhyP(CH2)sPPhy)sla} -+ 2.0050 2.0134 2.0047 1.9968 0.0166 i 35

@At 298 K. At 110 K. ¢ Ajeo = 3.5 mT. ¢ A; = 6.1 mT. ¢ Ay = 4.2 mT. / Hyperfine structure from ligand. ¢ Not determined. * g tensor
components measured in toluene/dichloromethane (1:1). ¢ Acetone/ethanol (5:1).

Table 7. UV/Vis/NIR Data for [(C¢Meg)OsCl(u-abpy)ClOs(C¢Meg) 1T and Reduction Products®

Amax [nm]
complex (e x 103 [M~1em™1]) assignment

[(C¢Meg)OsCl(u-abpy)ClOs(CeMeg)] 2+ 291 (12.8) IL

321sh

414 (10.2) a—m*

662sh, 731 (12.3)° ILLCT/MLCT

883 (3.7), 974 (3.8)¢ SLLCT/MLCT
[(C¢Meg)OsCl(u-abpy)Cl0s(CeMeg)]*+ 298 (11.1) IL

322sh IL

375 (10.5)

496 (6.0), 524 (6.2)4 IL

705 (4.2) MLCT

794(2.8), 902(2.1)° SOMO-LUMO
[(CeMeg)Os(u-abpy)ClOs(CeMeg)] * 288 (17.0) IL

338sh

509(6.7), 542(7.2) MLCT/z—a*
[(C6Meg)Os(u-abpy)Os(CeMes)] 290 (18.3) IL

358 (11.9) IL

509 (5.9)

654 (6.7) MLCT Il/n—a*

895 (4.0), 1009 (8.9 MLCT1I

@ From spectroelectrochemistry in DMF/0.1 M BusNPFs. ® Vibrational structuring Av = 1425 cm™1. ¢ Vibrational structuring Av = 1038
cm™L. 4 Vibrational structuring Av = 1077 em™1. ¢ Vibrational structuring Av = 1507 cm™!. / Vibrational structuring Av = 1196 cm™1.

¢ Vibrational structuring Av = 1262 cm™ 1.

[ T T 1
A(*0s)=6.1mT

| N
A(Os) = 4.2 mT
mnm
A(®0s)< 0.8 mT

[ I [ I I
330 340 350 360 370 [mT]
Figure 5. X band (9.5953 GHz) EPR spectrum of {(u-

abpy)[(CsMeg)OsCllo} (PFg) (2a) in 0.1 M BuyuNPF¢/DMF at
110 K.

as the differences between abpy- and bpym-bridged
analogues.

The stability of various redox states of 2, especially
the isolability of the one-electron-reduced form 2a,
allowed us to carry out more detailed investigations by
EPR and UV/vis spectroelectrochemistry. In DMF solu-
tion at 298 K complex 2a exhibits a 1¥90s metal isotope

3350 3400 3450 3500 3550 [mT]
Figure 6. W band (94.261 GHz) EPR spectrum of {(u-

abpy)[(C¢Meg)OsCl]s} (PFg) (2a) in 0.1 M BuyNPF¢/DMF at
80 K.

hyperfine splitting (Figure 4, Table 6). This isotope with
I = 3/2 has 16.1% natural abundance, which leads to
the occurrence of the following isotope combinations in
a symmetrically dinuclear compound (Os: isotope with-
out nuclear spin): 3% 1890s/1%90s, 27% 18°0s/Os, and
70% Os/Os. Relative to the isotropic hyperfine coupling
constant a;,, = 471 mT?8 the value of 3.5 mT for 2a
signifies a still small but noticeable participation of the
heavy metal centers at the SOMO.

Further information could be expected from low-
temperature spectra in frozen solution; however, the
metal hyperfine signals in the standard X band EPR
spectrum (9.5 GHz) caused sufficient overlap (Figure 5)
as to preclude immediate analysis. We therefore re-
sorted to EPR spectroscopy in the W band (94 GHz),
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Figure 7. Spectroelectrochemical response on reduction
of {(u-abpy)[(CeMeg)OsCllg}2t (2b) to {(u-abpy)[(CeMes)-
OsCllg}*t (2a) (top) and then via [(C¢Meg)Os(u-abpy)ClOs-
(Ce¢Meg)]™ (center) to { (u-abpy)[(CsMes)Osls} (bottom) in 0.1
M Bu,NPF¢/DMF.

which helps to considerably separate the g components
(Figure 6). Combining the information from both the X
and W band spectra we could thus straightforwardly
analyze the spectrum with the data summarized in
Table 6. As for the mononuclear radical complex, both
the considerable deviation of g;s, from 2 and the high g

Organometallics, Vol. 24, No. 8, 2005 1973

anisotropy Ag = g1 — g3 are caused by the strong spin—
orbit coupling effects from divalent osmium.2%2° The
slightly rhombic g anisotropy is evident from the W
band spectrum measured in frozen solution (Figure 6).
Previous high-frequency EPR studies of dinuclear com-
plexes with the abpy radical anion have also shown a
tendency for rhombic symmetry.13:34235 Two of the
anisotropic coupling constants for 18°0s could be directly
determined (Figure 6); they are in agreement with the
isotropic value of 3.5 mT.

UV/vis spectroelectrochemistry using an OTTLE cell
was used to characterize not only 2b and 2a but also
further reduced species (Scheme 2). The spectrum of the
starting system 2b is once more dominated by the
singlet and (weaker, bathochromically shifted) triplet
charge transfer transitions involving the 5d element
with its high spin—orbit coupling constant (Figure 7,
Table 7).1322 Reduction results in a shift and intensity
loss of the CT bands while transitions at about 500 nm,
attributed to the abpy radical anion,'®2 become ob-
servable. The first EC reduction to the formally
diosmium(0,I1) species [(C¢Meg)Os(u-abpy)OsCl(CeMeg)]+
produces the expected emergence of a band in the visible
above 500 nm, which is further intensified and batho-
chromically shifted to 1010 nm after the second (E)EC
process (Figure 7, Table 7), leading to the “diosmium(0)”
system [(CsMeg)Os(u-abpy)Os(CeMeg)]l. The apparent
vibrational structuring of this intense band (Av = 1270
cm™!) indicates strong mixing between the metal d,,
orbitals and the 7% MO of the acceptor ligand, to the
extent that charge transfer designations based on
oxidation state assignments become less meaningful.
The conspicuous intense band at 1010 nm may thus be
attributed to a transition between highly mixed d.(Os)
and z*(abpy) orbitals.

In conclusion, the presented results have confirmed
not only the remarkable capacity of the abpy bridging
ligand to strongly couple organometallic reaction
centers!3?26 bhut also the extraordinary response of
[(CeMeg)ClOs] T in relation to [(CsMes)CIM]T (M = Rh,
or Ir) and the enormous 7 donor effect of the resulting
(CsMeg)Os fragment. The coupling of reversible electron
transfer and bond-breaking processes should make the
results more relevant for general chemistry; for in-
stance, these observations may have implications for the
unusual chemistry of areneosmium compounds in sta-
bilizing carbene and allenylidene ligands as described
recently.37
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