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The complexes [M(bpy)Q)](PFs) (bpy = 2,2"-bipyridyl; M = Ru, Os; Q = 3,5-di-tert-butyl-N-phenyl-1,2-
benzoquinonemonoimine) were isolated and studied by X and W band EPR in a dichloromethane solution at
ambient temperatures and at 4 K. For M = Ru, the N hyperfine splitting confirms the Ru"/semiquinone formulation,
although at a > 1 mT, the %Ry satellite coupling is unusually high. W band EPR allowed us to determine the
relatively small g anisotropy Ag = g1 — g5 = 0.0665 for the ruthenium complex. The osmium analogue exhibits
a much higher difference Ag = 0.370, which is attributed not only to the larger spin—orbit coupling constant of Os
versus that of Ru but also to a higher extent of metal contribution to the singly occupied molecular orbital. The
difference AE between the oxidation and reduction potentials of the radical complexes is larger for the ruthenium
compound (AE = 0.87 V) than for the osmium analogue (AE = 0.72), confirming the difference in metal/ligand
interaction. The electrochemically generated states [M(bpy)(Q)]™, n = 0, 1, 2, and 3, were also characterized
using UV-vis—near-infrared spectroelectrochemistry.

Ruthenium complexes of “non-innoceritl,2-dioxolené transition metal. Mononucle&r and dinucled® paramag-
ligands @ have long been studiétf® because of the netic species with quinonoid ligands ranging from clear
possibility to combine a redox active chelating ligand Q/Q  radical complexeé®82to predominantly metal-centered sys-

Q? with a substitutionally inert but electron-transfer active tems have been investigated mainly by spectroelectrochem-
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istry and electron paramagnetic resonance (EPR). HoweverChart 1
the EPR information was frequently found unsatisfactory

because of insufficient resolution, either for the hyperfine OH
structure or for the tensor anisotropy. In particular, those NH
systems with a considerable metal contribution to the singly

occupied molecular orbital (SOMO) did shaypanisotropy ©
in the X band (9.5 GHz) but no hyperfine splitting due to

broad lines:”?On the other hand, the smalanisotropies  ere recordedmJ & M Tidas Agilent 8453 and Bruins Instruments
expected for complexes with a primarily ligand-based SOMO omega 10 spectrophotometers. Cyclic voltammetry was carried out
(anion radical complexé3 were often difficult to determine  in 0.1 M BwNPF; solutions using a three-electrode configuration
accurately in the X ban#> Osmium analogues are less well- (glassy carbon electrode, Pt counter electrode, Ag/AgCl reference)
documented than the ruthenium compleXeghe EPR and a PAR 273 potentiostat and function generator. The ferrocene/
spectroscopy of osmium-containing compounds is typically ferrocenium couple served as an internal reference. Spectroelec-
affected by the high spirorbit coupling constant of that 5d  trochemical measurements were performed using an optically
element?'3 and by inherently rapid relaxation, leading to transpa_rent thin-layer electrode (OTTLE) éefor UV —vis—NIR
broadened lines or even “EPR silence”. On the other hand, 2°SOrption spectra. N

if the line width allows for detection, the conditions for metal . SYnthesesThe ligand 2-anilino-4,6-diert-butylphenol (Chart

. . . - 1) was prepared according to a published procetfure.
hyperfine coupling are a little better f§*0s ( = %5, 16.1% [Ru(bpy)(Q)]PFs and [Os(bpy)(Q)]PFs. The complexes were
natural abundancéys, = 471.0 mT) than for the ruthenium

! o s o obtained in an analogous way. Solutions of 1.0 mmol of the ligand,
isotopes®Ru (I = °/2, 12.7%,Aiso = 62.94 mT) and®Ru (| 4 mL of 0.5 M NaOCH, and 1.0 mmol otis-M(bpy),Cly+2H,0
= %5, 17.0%,Aiso = 70.52 mT)*3 (M = Ru, Os) were heated to reflux in the presence of air in 25
In this report, we present a detailed EPR analysis of the mL of acetonitrile for 4 h. After cooling, 1.0 mmol of KRFvas
isolated complexes [M(bpy(Q)]1(PFs) (bpy = 2,2-bipyridyl) added to precipitate the complexes &Gt The precipitates were
at X and W band frequencies (95 GHz) in a dichloromethane collected by filtration, and after washing with cold acetonitrile, dark
solution at ambient temperatures and at 4 K. We also reportmicrocrystalline materials were obtained in about 60% yield. Anal.
UV —vis—near-infrared (NIR) spectroelectrochemical results galé:g ;c;r S"O'l“ff!\lf\?z”;:(yc’ AfglzzaTc’ d4%2fi93|N’|§ ﬁoégcs’gf'd:
. n+ , 90.0/, M, 4.41, N, 0.5470. . 40E1416IN5 .
‘;lor_tr(‘)e f'ez‘:t;c;]‘:dhgm'ca”y generated states [M(B@)]™. <50 95! 1, 4.38: N, 7.43. Found: C, 50.41; H, 4.06; N, 7.11%.

Results and Discussion

Experimental Section . . .
P Synthesis and ElectrochemistryThe radical complexes

Instrumentation. X band EPR spectra were recorded on a [M(bpy).(Q)](PR) were obtained from reactions between the
Bruker System ESP 300 equipped with a Bruker ERO35M gauss- cis-M(bpy).Cl. precursors and 2-anilino-4,6-tbrt-butyl-
meter and an HP 5350B microwave counter. W band EPR spectraphenol. The oxidation equivalents required to obtain the
were recorded using a multifrequency spectromiétarGunn diode semioxidized complexes are believed to come from traces
operating at 95 GHz was used as a radiation squrce. An Insb of O, which, in the reduced form, also acts as proton
:)noa:;r:;tiirfiEa?defaLns:L%?&igti)yvgassugigo;oéui%f;t:r?gérnT;[e((r:T: ;gj acceptor. Identification of the isolated complexes by elemen-

tal analysis, EPR, and cyclic voltammetry in gE,/0.1 M

genics Consultant), which generates fields up to 12 T. As a result ) )
of different field sweep conditions, the absolute values ofghe ~BWNPFs showed that the isolated paramagnetic compounds

components were obtained by calibrating the precisely meagured are intermediates with not too closely spaced one-electron
anisotropy data with the isotropig value from X band measure- ~ reduction and oxidation waves (Figure 1; Table 1). After
ments. Although this procedure does not account for the temperaturethe first oxidation to [M(bpy)Q)J]?** at about—0.5 V, a
dependence ofj, the values extracted are identical with those second oxidation to [M(bpy{Q)]** was observed in both
obtained using an added standard.-J¥s—NIR absorption spectra  cases at rather high potentials; bpy-centered reduction
processes cannot be observed before the negative potential
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[Ru(bpy),(Q)I(PF,)

[Os(bpy),(Q)I(PF )

: R '
E[V] vs. Fc'IFc
Figure 1. Cyclic voltammograms of compounds [M(bp{®)](PFs) in
dichloromethane/0.1 M BiNPFs at 100 mV/s scan rate: M Ru (top), M
= Os (bottom, preoxidized to [Os(bpyR)]?").

Table 1. Redox Potentiafsfor Complexes [M(bpy(Q)]"

Ea
n M =Ru M= Os
3+/2+ 1.22 0.95
2+/+ —0.42 —0.51
+/0 —-1.29 —-1.23

aFrom cyclic voltammetry at 100 mV/s scan rate in £#/0.1 M
BusNPFs. Potentials in V vs that of [Fe@Els)2] 0.

Table 2. Electronic Spectra of Complexes
Amax (103 €)b

[Ru(bpy(Q)**  309(26.1), 437(8.1), 504(8.1), 591 (sh)

[Ru(bpy(Q)2*  281(31.1), 411(5.8), 595(13.4)

[Ru(bpy:(Q)I* 294(36.0), 350(9.5), 376(sh), 496(6.3), 686(7.4)
[Ru(bpy:(Q)]° 295(35.6), 374(9.8), 423(sh), 531(7.0), 607(sh)

286(17.0), 501(6.6)
287(22.1), 512(7.6)

292(27.1), 390(6.9), 465(sh), 534(5.5), 688(5.9)
295(29.9), 385(8.6), 542(6.8), 805(sh)

[Os(bpyX(Q)I**
[Os(bpyX(Q)1>*
[Os(bpy}(Q)I*
[Os(bpyX(Q)I°

aFrom spectroelectrochemistry in @El/0.1 M BwNPFs. P Wave-
lengths in nm, molar extinction coefficients inTcm=1.,

Spectroelectrochemistry.The results from OTTLE spectro-
electrochemistry are listed in Table 2 and illustrated for the
ruthenium complex in Figure 2.

A one-electron reduction to [M(bpy)Q)] and two one-
electron oxidation processes to [M(bg))]*" and [M(bpy}-

10%(Lmol" c)

0% (L mol" e’

10% (Lmol" e’}

-

600 800 1000

A (nm)
Figure 2. UV —vis-spectroelectrochemical response of [Ru(b{fy)](PFs)
in dichloromethane/0.1 M BiNPFs on one-electron reduction (top) and
on first (center) and second oxidations (bottom).

o T
200 400

w*(bpy)-targeted metal-to-ligand charge transfer (MLCT)
bands at about 530 and 370 nm for [M(bg®)]°, semi-
quinone- and bpy-targeted MLCT bands at about 690 and
500 nm for [M(bpy}(Q)]*, and quinone- and bpy-targeted
MLCT bands at about 590 and 410 nm for [Ru(bpy)
(Q)J7" .27 The bands of the [M(bpyjQ)]*" species at ca.
500 nm are assigned to intraquinone ligand transitténs.

EPR SpectroscopyBoth [M(bpy):(Q)](PF) complexes
exhibit EPR signals in the dichloromethane solution at room
temperature. This result alone is evidence for a predominantly
ligand-based spin, as has been mentioned béfsignificant
amounts of metal-centered spin would be expected to lead
to rapid relaxation and to largganisotropy with concomitant
line broadening:°

Semiquinone complexes of ruthenium(ll) were often found
to show only partially useful EPR spectra because of
unresolved hyperfine structure or detaitgnsor anisotropy
information in the X band.Osmium analogues are less well-
documented than the ruthenium compleXes.

Whereas [Os(bpy]Q)](PFs) exhibits only a broad un-
resolved line AHp, = 9 mT) atgiso = 1.982 in the X band
EPR experiment at room temperature, the ruthenium ana-

(Q)I*" could be observed. Although more bands could have logue [Ru(bpy)(Q)](PFs) gives a spectrum &@is, = 2.0049
been expected for the osmium analogue as a result of the(Figure 3, Table 3), a typical value for free semiquinone

effect of higher spir-orbit coupling allowing observable
triplet absorption features, both the osmium and the
ruthenium redox systems [M(bpy®)]" exhibit bands very

radicalst®*°Fortunately, the spectrum is sufficiently resolved
to determine thé*N and®1°Ru hyperfine couplings.
At 0.78 mT, the magnitude of #{) is typical for

similar to those reported for the N-unsubstituted ruthenium o-semiquinonemonoimine complex&sRemarkably, how-

complex3i This overall agreement justifies the adoption of

the reasonable assignments made by Masui, Lever, and18) Stegmann, H. B.; Uimschneider, K. B.; Hieke, K.; Scheffler,JK.

Auburn for the main long-wavelength transitions, that is,
ligand-to-ligand charge transfer (LLCT;2Q— bpy) and

Organomet. Cheml976 118 259.
(19) Burghaus, O.; Plato, M.; Rohrer, M.; Minis, K.; MacMillan, F.;
Lubitz, W. J. Phys. Chem1993 97, 7639.
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Figure 3. X band EPR spectrum of [Ru(bpf®)](PFs) in dichloromethane
at 298 K: experimental (top) and simulated spectra (bottom).

Table 3. EPR Data of Complexes [M(bpy(R)](PFs)?

M = Ru M= 0Os
298 K
Oiso 2.0049 1.982
5K
0 2.0393 2.160
o 2.0022 1.913
Os 1.9728 1.790
Ag=01— g3 0.0665 0.370
Gav 2.0048 1.960

aln CHyClp. Pa@“N) = 0.78 mT; a?®Ru) = 1.01 mT; af’Ru) = 1.13
mT. ¢ AHpp = 9 mT. ¢ From the W band spectrum.

ever, the metal hyperfine coupling is large enough to be
clearly detectable at the wings of the main signal. The values
of a®°Ru) = 1.01 mT and d('Ru) = 1.13 mT are larger
than those observed for [Ru(bpfgbpy)t (0.77/0.86 mT;
abpy= 2,2-azobispyridinef° [Ru(bpy)(abcp)] [0.72 mT;
abcp= 2,2-azobis(5-chloropyrimidine}f [Ru(bpyx(PQQ)I"
(0.50 mT; PQQ= pyrroloquinolinequinone¥? [Ru(bpz)-
(CN)4J® (0.514/0.458 mT; bpz 2,2-bipyrazine)® [Ru(mpz)-
(CN)s)®~ (0.39/0.437 mT; mpZz = methylpyraziniumy*
[Ru(mpz)(NH)s]>t (0.58/0.65 mTYy> or [Ru(bpyy(Q)]
(0.225 mT; Q = 5-methyl-2-oxido-1,4-benzosemiquinorie).
Even for [Ru(NO)(CNJJ®~, the calculated isotropic value
for a (*°"Ru) was below 1 m?%We attribute this large metal
hyperfine coupling to an efficient spin transfer (spin polar-
ization) from theo-semiquinoneimine ligand to the metal in
a chelate situation, this enhanced orbital overlap being
additionally favored by the well-established strength of the
RuU'—N bond?’

Although the hyperfine coupling f°Os should be better
detectable than the ruthenium valdés, was not observed
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Kaim, W. Inorg. Chem.1993 32, 3362.
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S.J. Mol. Struct.2003 656, 183.
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Chem.199Q 102 74; Angew. Chem., Int. Ed. Engl99Q 29, 78.

(23) Waldhuw, E.; Poppe, J.; Kaim, W.; Cutin, E.; Garcia Posse, M.; Katz,
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Figure 4. X band EPR spectrum of [Os(bp{®)](PFs) in dichloromethane
at 4 K.

325 330 335 340 345 350
B/T

Figure 5. W band EPR spectrum of [Ru(bpy®)](PFs) in dichloro-
methane/toluene (4:1) at 5 K.

here for [Os(bpy)(Q)](PF;) because of the large line width.
Conversely, however, thg components could be detected
in frozen dichloromethane solution in the X band (Figure 4;
Table 3), confirmed also through W band measurements.

For the analogous [Ru(bp¥)](PFs), the W band studies
were essential to determine thanisotropy (Figure 5; Table
3) because of the much smaller differemtg= g1 — gs =
0.0665 in comparison taAg = 0.370 for the osmium
complex.

In relation to typical catecholatoruthenium(lll) specias(
~ 0.8Y or extensively metatligand mixed systemsA(g ~
0.25)8 the g anisotropy of [Ru(bpy(Q)](PR) is so small
as to allow its labeling as a ruthenium¢H$emiquinoneimine
complex [RU(bpy)(Q)]*. However, the isotropig value
of 2.0049 showing almost no difference to a metal-free
semiquinone is deceptive; theg value of 0.0665 is still
much larger than the correspondig@nisotropies of about
0.006 for typical free semiquinonésRecently reported high-
field EPR studie® of Ru'—radical complexes have shown
Ag values between 0.01 and 0.04, that is, clearly lower than
the 0.0665 observed for [Ru(bpy®)]*. Thus, both they
anisotropy as determined from W band EPR ancth&Ru
hyperfine coupling from high-resolution X band EPR suggest
a nonnegligible contribution from the metal to the SOMO.

The metal participation at the SOMO is obviously still
higher for [Os(bpy)Q)](PFs). Although the spin-orbit
coupling constants of osmium centers are only abot3 2
times higher than those of ruthenium analogtfésthe g
anisotropy of the osmium complex is more than 5 times as
large as that for [Ru(bpy)Q)](PFs). This disproportionate

(29) (a) Sarkar, B.; Frantz, S.; Kaim, W.; Duboc,JCChem. Soc., Dalton
Trans.2004 3727. (b) Sarkar, B.; Kaim, W.; Fiedler, J.; Duboc,XC.
Am. Chem. So004 126, 14706.
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increase suggests a stronger contribution from formulations In summary, this report on redox systems [M(b§)]"*

such as [O4(bpy):(Q)]T, the higher oxidation state being (M = Ru, Os) has not only confirmed the WWis spectro-
more stable for the 5d element system. The shiftggfg,, electrochemical results obtained by Lever and co-workers
andgs to lower values< 2 indicate the presence of close- for the N-unsubstituted quinoneimine ligand form (¥
lying excited states with nonzero angular orbital momen- Ru)3 it also describes the facile isolation of both radical
tum to the doublet ground stat®However, such states states and their comprehensive EPR analysis at two very
cannot yet be identified with certainty; high-level calculations different frequencies with the result of a remarkably large
based on structural data will be necessary for such assess?1°Ru hyperfine coupling and an unusually pronounged
ments. It is remarkable that the formally related species anisotropy difference between the ruthenium and osmium
[Fe(cyclam)(Q)] was reported to exhibit a catecholate (  analogues.

imidophenolate) ligand state with coordinated high-spin
iron(l11).%° Apparently, the preference for the low-spifi d
metal configuration with the semiquinoneimine state of the
ligand is most pronounced for the ruthenium system, whereas
the heavier homologue (Os) tends toward higher metal
oxidation states, and the first row transition metal analogue
(Fe) readily adopts odd d-electron and even high-spin
configurations.
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