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An interesting dimerization occurred during the oxidation of ruthenocene with an excess of p-benzoquinone containing

BF;-Et,O (abbreviated p-Bg/BF3) in a mixed solution of benzene and hexane, which gave biruthenocenium(BF;); (A) in
89% yield. Reduction of A with TiCl; gave biruthenocene in a good yield (68% from ruthenocene), which is the most
elegant preparation of biruthenocene. Recrystallization of A from CH3NO, containing C;HsCN gave a mixed-valence
salt 3 formulated as [Ru"Cp(CsHsCsHs)CpRu'Y C,HsCN](BE4)(B2F7)CH3NO; in which C;HsCN coordinated to the Ru'”
center. The crystal of 3 was found to be monoclinic, space group P2i/a, a = 9.8930(8), b = 15.445(3), ¢ = 19.728(3) A,
B =92.57(1)°, V =3011.3(1) A3, Z = 4, and the final R = 0.075 and R,, = 0.093. Recrystallization of A from CH;NO,
containing 2,2’-bipyridine and p-benzoquinone gave a yellow planar salt 4 formulated as [Ru"Cp(2,2’-bipyridine)-
(p-benzoquinone)]BF; in which the olefin moiety of p-benzoquinone coordinated to the Ru'Y center in 77°-form. Salt 4 was
also synthesized by the reaction of bromoruthenocenium (BF,) with p-benzoquinone and 2,2’-bipyridine in CH;NO,. The
crystal of 4 was found to be monoclinic, space group P21, a = 8.516(3), b = 9.934(4), ¢ = 11.995(4) A, B =103.78(1)°,
V = 985.6(6) A%, Z = 2, and the final R = 0.040 and R,, = 0.050. The same p-Bq/BF; oxidation of osmocene gave an
orange red salt 5 formulated as [Cp,Os"™ FBF;]1BF, in which one of the F~ atom of the BFs~ ion coordinated to the Os™
center. The crystal of § was found to be monoclinic, space group P2i/c, a = 8.065(1), b = 12.048(1), ¢ = 16.730(2) A,

B =94.497(8)°, V = 1620.6(3) A%, Z = 4, and the final R = 0.055 and Ry, = 0.070.

Recently, we have reported the structures of the
mixed valence biruthenocenium salts (Ru"Ru'v) formu-
lated as [RuCp(CsH4CsH,)CpRu'YL](BF,),CH3;NO, with
a Ru!V-L bond (L = acetonitrile (1), pyradine (2)) which are
prepared by the oxidation of biruthenocene with p-Bq/BF;."
To prepare analogous mononuclear ruthenocenium salts for-
mulated as [Cp,Ru'VL](BF,),, the similar p-Bq/BF; oxi-
dation of ruthenocene was done. Contrary to our expec-
tation, the main oxidation product A is not a mononuclear
ruthenocenium cation but biruthenocenium dication. That
is, unexpected dimerization occurred during the oxidation of
ruthenocene with p-Bg/BF; as in the case of the reported
air oxidation of ruthenocene in sulfuric acid.”? The reduc-
tion of A with TiCl; gives neutral biruthenocene in a good
yield (see Experimental section). The CH3;NO, solution
of A containing CH3CN, pyradine, and C,H5CN gives the
mixed valence cations formulated as [RuHCp(C5H4C5H4)-
CpRu'VL] (L = CH3;CN 1, pyradine 2, C,HsCN 3), see
Scheme 1. The CH3NO; solution of A containing p-benzo-
quinone and 2,2’-bipyridine gives the mt-complex cation for-
mulated as [CpRu'(2,2’-bipyridine)(p-benzoquinone)] (4).

Unlike ruthenocene, the similar p-Bq/BF; oxidation of os-
mocene gives a mononuclear osmocenium salt 5. These
crystal structures of 3, 4, and 5 and their NMR spectral fea-
tures are discussed here.

Experimental

Syntheses. The salts 1 and 2 were prepared by recrystallization
of biruthenocenium(BF.),; from CH3NO; containing CH3CN and
pyradine by a method similar to that reported previously.”

Biruthenocenium(BFy), (A) and Biruthenocene. To a ben-
zene solution (100 ml) of ruthenocene (RcH; 100 mg, 0.43 mmol)
and p-benzoquinone (108 mg, 1.0 mmol) was added slowly a ben-
zene-hexane solution (50 ml) of BFs;-Et,O (0.06 ml, 2.0 mmol).
After this was stirred for 30 min, the resulting dark-brown crude pre-
cipitates, which contained hydroquinone, were filtered. To remove
the hydroquinone, the precipitates were washed with dry tetrahydro-
furan and were recrystallized from a mixed solution of nitromethane
and ether to give biruthenocenium(BF4), (A) as orange-yellow pre-

-cipitates (121 mg, 0.191 mmol, 89% yield). IR (KBr) vgr 1100—

1000 cm™!. '"HNMR (CD;NO,, 400 MHz) 6 = 6.82 (t, 4H), 5.79
(s, 10H), 4.96 (t, 4H). 3*CNMR(CD;NO,, 100 MHz) 6 = 95.7
(CsHy), 89.7 (CsHs), 87.0 (CsHy), 74.8 (ipso-CsHy). Found: C,
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37.95; H, 2.90%. Calcd for C30HisB2FsRuy: C, 37.88; H, 2.86%.
A (100 mg, 0.158 mmol) was dissolved in CH3CN (10 ml), and
then was poured into water containing a large excess of TiCls, losing
its color. The organic phase was extracted with benzene and the
extract was washed with water, dried, and evaporated. The residue
was purified by column chromatography by the same procedure
reported in the preparation of biruthenocene from ruthenocene in
concentrated H,SO4.?” The light yellow precipitates (55 mg, 0.119
mmol, 76% yield) were obtained. The 'HNMR, IR, and elemental
analysis data correspond well those reported for biruthenocene.
[Ru"Cp(CsH,CsHs)CpRu'" (NCC2Hs)](BF4)(B,F7)CH3NO;
3). A (100 mg, 0.158 mmol) was dissolved in CH3NO; (10
ml) containing C;HsCN (0.04 ml), giving a deep-red solution. To
prepare well formed single crystals, BF3-Et; O (0.03 ml) and diethyl
ether were added to the solution. Deep-red plates (52 mg, 0.064
mmol; yield 41%) were formed after keeping for several days at
about 260 K. IR (KBr) wo (nitromethane) 1555 cm™", v 1100—
1000 cm™". "HNMR (CD3COCDs) 8 = 6.65 (t, 2H), 6.07 (s, SH),
6.01 (t, 2H), 5.86 (t, 2H), 5.73 (t, 2H), 5.01 (s, SH), 4.42 (s, 3H,
CH;NO,), 2.93 (q, 2H, C,H5CN), 1.14 (t, 3H, C;HsCN). Found:

C, 35.52; H, 3.28; N 3.52%. Calcd for C4H26B3F11N202Ruz: C,

35.24; H, 3.20; N, 3.42%.

[RuPCp(CsHuN), (p-CsHs0,)1(BF4), (4).
prepared by the following two methods.

(1) A (100 mg, 0.158 mmol) was dissolved in CH3NO, (10 ml)
containing 2,2’-bipyridine (25.0 mg, 0.16 mmol) and p-benzoqui-
none (17.0 mg, 0.16 mg) at room temperature. The solution was
stirred for about 3 h. Single crystals suitable for X-ray studies were
obtained by diffusion of diethyl ether into the solution at about 260
K for several days, well-formed yellow plane crystals 4 (12 mg;
0.023 mmol; yield 15%) were obtained.

The salt 4 was

(2) Bromoruthenocenium(BF4) ([RuCp,Br]BF.) (100 mg, 0.25
mmol) were dissolved in CH3NO, (10 ml) containing 2,2’-bipyr-
idine (39.0 mg, 0.25 mmol) and p-benzoquinone (27.0 mg, 0.25
mmol). The solution was stirred for 2 h at about 320 K. Salt
4 was purified by column chromatography on silica gel. Salt 4
was eluted by CH3NO, as an orange-yellow band, which was re-
crystallized from a mixed solution of CH3NO, and C;HsOC,Hs as
yellow precipitates (52 mg, 0.010 mmol, 40% yield). IR (KB1) vco
(p-benzoquinone) 1644, 1631 em ™!, vr(BFs) 1100—1000 cm ™.
THNMR(CD;CN) 8 = 8.71 (d, 2H), 8.27 (d, 2H), 8.08 (t, 2H),
7.58 (t, 2H), 5.35 (s, 5H, CsHs), 5.25 (s, 2H, C¢H403), 5.20 (b,
2H, CsH40,). Found: C, 48.49; H, 3.21; N, 5.36%. Calcd for
C21H17BF:N,O2Ru: C, 48.76; H, 3.31; N, 5.42%.

[Cp.Os" FBF3]1(BF4)CH3NO; (5). To asolution of osmocene
(50 mg; 0.16 mmol) containing p-benzoquinone (54.1 mg; 0.50
mmol) in benzene (50 ml), a mixed solution of benzene (2 ml) and
hexane (10 ml) containing BF3;-Et;O (0.05 ml) was added. The
solution was stirred for 2 h, and then dark-yellow precipitates were
formed. The precipitates were filtered off and dissolved in CH3NO,
giving a red solution. To the solution, diethylether was added, and
well formed single crystals 5 were obtained after keeping for several
days at about 260 K (28 mg, 0.050 mmol, 31%). IR (KBr) wF
1000—1100cm ™. "HNMR (CD3NO;) & = 6.09 (s, 10H). Found:
C, 23.53; H, 2.31; N; 2.42%. Calcd for C;1H13B2FsNO,Os: C,
23.80; H, 2.36; N, 2.52%.

NMR, Cyclic Voltammetry, and X-Ray Analysis. The
THNMR spectra (400.134 MHz) were recorded at 298 K on a
Bruker AM400 spectrometer and referred to TMS as an internal
standard. IR spectra were recorded on Perkin—Elimer System 2000
spectrometer. Cyclic voltammetry was done using ALS CH in-
struments in 107! M n-BusNCl1O4 solution in CH>ClL, (1 M = 1
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moldm ™). The cell was fitted with a glassy carbon (GC) working
electrode, platinum wire counter electrode, and Ag—Ag* pseudo-
reference electrode, and the scan rate was 0.1 Vs, All potentials
were referred to ferrocene-ferrocenium, which were obtained by
subsequent measurement under the same conditions.

The X-ray diffraction measurements were done on a MAC Sci-
ence Rapid Diffraction Image Processor (DIP 3000) with graphite-
monochromatized Mo Ka radiation and a 18-kW rotation-an-
ode generator. Refections were collected using 30 continuous
Weissenberg photographs with a ¢ range of 6° (total range,
0—180°). The intensity data were corrected for the standard
Lorentz and polarization effects. The structure was solved with
the Dirdif-Patty method in the CRYSTAN-GM (software-pack for
structure analysis) and refined finally by the full-matrix least squares
procedure. An anisotropic refinement for non-hydrogen atoms was
done. All the hydrogen atoms, partially located from difference
Fourier maps, were isotropically refined. The crystallographic data
and some of the experimental conditions for the X-ray structure
analysis of 3, 4, and 5 are listed in Table 1. Tables of the atomic
coordinates thermal parameters, bond distances, and F, — F. data
for 3, 4, and 5 are deposited as Document No. 72012 at the Office
of the Editor of Bull. Chem. Soc. Jpn.

Results and Discussion

Preparation of Biruthenocene and Structures of 3 and
4., When the benzene—hexane solution containing BF3-Et,O
was added to a solution of ruthenocene and p-benzoquinone
in benzene, dark blown precipitates were obtained immedi-
ately. The precipitates were well soluble in CH3CN, giving
deep red solutions. The color was not that of the typical
mononuclear ruthenocenium cations (yellow-green) but that
of the mixed-valence (RuRu'Y) biruthenocenium cations
formulated as [Ru"Cp(CsH4CsH4)CpRulVX] (X = Cl, Br,
1).2 In 'HNMR spectrum of A in CD;CN, six sharp sig-
nals ascribed to the Cp- and CsHy-ring protons were found
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(6 = 6.24 (t, 2H), 5.72 (t, 2H), 5.71 (s, 5H) ascribed to
the [RulY Cp(CsH4)NCCH3]?" moiety and 5.52 (t, 2H), 5.32
(t, 2H), 4.90 (s, 5H) to the Ru'Cp(CsH,) moiety). All the
S values correspond well to the reported cation, [RuCp-
(C5H4C5H4)CpRuIV NCCHjs] [A-CH;3CN], which was pre-
pared by a similar oxidation of biruthenocene with p-
Bg/BF;;D ie., the dimerization of ruthenocene must have
occurred during the p-Bq/BF; oxidation. The recrystalliza-
tion of A from CH3NO, containing CoHsCN and BF; gave
deep red planar crystals 3. To verify this astonishing result,
X-ray diffraction of 3 was done.

Salt 3 crystallized in the monoclinic space group P2,/a.
Select interatomic distances and angles are shown in Table 2
and ORTEP drawings of 3 are shown in Figs. la and 1b,
along with the atom numbering system.

The X-ray diffraction study showed that the structure of 3
is the mixed valence biruthenocenium cation formulated as
[Ru"Cp(CsH4CsHy)CpRulVNCC,Hs 1%, that is, the dimer-
ization of ruthenocene by the oxidation of p-Bq/BF; is veri-
fied. We have reported a similar dimerization of ruthenocene
from air oxidation in sulfuric acid.? Thus, it can be concluded
that some oxidations of ruthenocene give dimerization prod-
ucts. Considering these facts, a possible mechanism of the
formation of A may be explained as follows (see Scheme 2).

Ruthenocene is first oxidized giving an unstable
ruthenocenium ion [szRu“I]+, which abstracts intermolec-
ularly a hydrogen atom from ruthenocene to give a relatively
stable protonated ion, [Cp,RuH]*, and a ruthenoceny! radi-
cal [CpRuCsHy-]. Two of the latter are coupled with each
other to give biruthenocene. Continuously, biruthenocene is
oxidized by p-Bq/BF; giving a dicationic biruthenocenium?*
ion. The driving force of the coupling must be ascribed to
the unstable ruthenocenium ion (Cp,Ru®)* (the cation was

Table 1. Crystal and Intensity Collection Data for 3, 4, and 5

3 4 5
Formula C24H26B3F11N202R112 C21H17BF4N202R11 C11H13B2FgNOzOS
Formula weight 818.03 517.25 555.03
Size of crys./mm 0.25x0.20 x 0.08 0.12x0.15%x0.05 0.23x0.25x0.15
Space group P2 /a P2, P2i/c
a/A 9.8930(8) 8.516(3) 8.065(1)
b/A 15.445(3) 9.934(4) 12.048(1)
c/A 19.728(3) 11.995(4) 16.730(2)
° 92.57(1) 103.78(1) 94.497(8)
V/Z\3 3011.3(1) 985.6(6) 1620.6(3)
VA 4 2 4
T/K 298 298 298
A /A 0.71073 0.71073 0.71073
Dy 1.876 1.743 2.275
No. of reflns meased 7814 2187 4969
-No. of reflns unique 6592 1844 4317
No. of reflns. 3706 (I > 20(D) 1588 (I >30(D) 3171 (I >20()
R 0.075 0.040 0.055
R 0.093 0.050 0.070
(A /O)max 0.75 0.71 0.499
Aprmin, Apmax/eA*3 —1.08, 1.26 —1.55,2.15 —1.80, 1.03

) R =3 |[Fo| —|Fe|l/ 22| Fol.

b) Ry = [ w(|Fo| — [Fe])?/SowlFo 2112,
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Table 2. Selected Bond Distances and Angles for 3

Atom 1 Atom 2 DistA  Atom 1 Atom2  Dist/A
Ru(1)-C(1) 221 (3) Ru(2)-C(11) 2.44 (1)
Ru(1)-C(2) 2.15(2) Ru(2)-C(12) 2.25(1)
Ru(1)-C(3) 2.17 (2) Ru(2)-C(13) 2.16 (1)
Ru(1)-C4) 2.16 2) Ru(2)-C(14) 2.18 (2)
Ru(1)-C(5) 2.11 (3) Ru(2)-C(15) 2.26 (1)
Ru(1)-C(6) 2.15(1) Ru2)-C(16) 220 (1)
Ru(1)-C(7) 2.16 (1) Ru(2)-C(17) 2.20 (1)
Ru(1)-C(8) 2.21(2) Ru(2)-C(18) 2.23 (1)
Ru(1)-C(9) 2.23(2) Ru(2)-C(19) 2.17 (1)
Ru(1)-C(10) 2.17 (1) Ru2)-C(20) 2.22 (1)
Ru(2)-N(1) 2.07 (1) NQ)-C21) 1.13 (2)
C(1)-C(2) 1.30 (3) C(1)-C(5) 1.38 (4)
C(2)-C(3) 1.32(3) C(3)-C#4) 1.39 (3)
C4)-C(5) 149 (4) C(6)-C(7) 1.44 (2)
C(6)-C(10) 141 (2) C(NHC®) 143 (2)
C(8)-C(9) 1.42(2) C(9)-C(10) 1.41(2)
~C(6)-C(11) 146 (1) CA1H-CA2) 142 (2)
C(11)-C(15) 141 (1) COA2)-C@13) 1.41(2)
C(13)-C(14) 142 (3) C(14)-C(15) 1.40 (2)
C(16)-C(17). 142 (3) C(16)—-C(20) 141 (3)
C(17H)-C@18) 1.36 3) C(18)-C(19) 1.39 (3)
C(19)-C(20) 143 (3) CQDC(22) 1.44 (3)
C(22)—C(23) 143 (3)
B(1)-F(1) 1.36 3) B(1)-F(?2) 1.32 (3)
B(1)-F(3) 1.30(3) B(1)-F@4) 1.35(3)
B(Q)-F(5) 1.29 (3) B(2)-F(6) 1.26 (3)
B(2)-F(7) 1.39 (3) B(2)-F(8) 1.52 (3)
B(@3)-F(@®) 1.51 2) B@)-F©9) 1.33(3)
B(3)-F(10) 1.32(3) B@3)-F(11) 1.40 (3)
Bond angles
Ru(2)-N(1)-C(21) 175(1) N(1)-C21)-C(22) 178(2)
C(21)-C(22)-C(23) 1172) B@)-F(8)-B(3) 129(1)
O(1)-N(2)-0(2) 125(2)  O@2)-N(@2)-C(24) 118(2)
O(1)-N(2)-C(24) 117(2)
Dihedral angle
plane C(1-5) C(6-10) C(11-15) C(16-20)
C(1-5) — 3.75 18.40 58.86
C(6-10) — — 21.52 62.12
C(11-15) — — — 40.61

only identified from the study of a cyclic voltammogram in
an extremely weak coordinating supporting electrolyte and
solvent (CH,C1,)?). The TiCls-reduction of A gave neu-
tral biruthenocene in a good yield (68% from ruthenocene).
This is the most elegant preparation of biruthenocene, to our
knowledge.

The molecular structure of 3 is fundamentally similar to
that of 1. The Ru(1)---Ru(2) distance (5.320(1) A), the mean
Ru—Cyip, distance (2.17(3) A forRul, 2.28(9) A for Ru'v), the
Ru—~Cp distance (1.815(1) A for Ru”, 1.88(2) A for RulV) are
closer to those of 1. The coordination mode of C;HsCN to
the RulV (the Ru™Y—N distance, 2.07(1) A, the Ru(2)-N(1)-C-
(21) angle 175(1)°, the C=N distance, 1.13(2) A) is nearly
the same with those of CH;CN in 1 (the Ru!V—N distance,

Structures of Some Salts of Metallocene
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2.04(2) A, the Ru(2)-N(1)-C(21) angle, 174(1)°, the C=N
distance, 1.13(2) A).» The most interesting difference of 3
from 1 is found in the direction of the Ru—N(1) bond toward
the CsH4CsHy plane (see Fig. 1b). The C,HsCN molecule
in 3 is located just in the center of the fulvalene ligand (the
torsion angle N(1)-Ru(2)-C(11)-C(6), about 1.6(9)°, see:
Fig. 1b), while the CH3CN molecule in 1 is coordinated to
the Ru!V from the oblique direction of the plane (the torsion
angle, 20°V). The latter mode must be caused by the steric
hindrance between the coordinated CH3CN and the BF4~
from the crystal packing.” For 3, since the absence of such
steric hindrance between the coordinated C,HsCN and the
F atoms of the anions (BF,~ and B,F; 7, the shortest inter-
molecular distance between the C atoms of C;H5;CN and the
F atoms of anions is 3.17 A (F(10)-C(23)), which is larger
than the sum (3.05 A) of van der Waals radii of F and C¥),
the C;HsCN molecule is located just in the center of the
fulvalene ligand. ’

The tilt angle (40.61°) between the Cp and CsHy planes in
CpCsH Ru!Y moiety is considerably larger than the values
of 1 (38.70°), [CsMes(CH,)3CsMesMIVNCCH;]?* (34.5°
for M = Fe and 34.83° for Ru®), and [RuCp(7*-CsH;0-
2-PPh3;)NCCH;)** (35.5 (7)°®), while its value on the Ru
side is 3.75°. The dihedral angle (21.52°) between the planes
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(a) ORTEP drawing of 3 with the thermal ellipsoids at the 50% probability level.
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C(18)

F7)
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(b) ORTEP drawing of the dication

[Ru"Cp(CsH,CsHs)CpRu“VNCCH;]** 3 with the numbering of the atoms.

C(6-10) and C(11-15) is also much larger than the value of
1 (17.04°). These phenomena may be caused by the van der
Waals repulsion between the CsH4CsHy ligand and coordina-
tion of more balkiness of C,HsCN than that of CH;CN. The
distance N(1)---C(6) (2.93(1) A) and N(1)---C(11) (2.69(1)
A) are much smaller than the sum (3.20 A) of the van der
Waals radii of the N and C atom®) and then the C(6) and
C(11) atoms are located far out of the plane (C(12)-C(13)-C-
(14)-C(15)), giving the much longer Ru(2)-C(11) distance
(2.44(1) A) compared with other values of Ru—C (2.258—
2.167 A).

The other remarkable feature in the crystal of 3 is the
presence of the B,F7;™ anion, which was the first identified
by X-ray diffraction, to our knowledge. The F atom of BF,~
anion is coordinated to the B atom of the BF; molecule (a
Lewis acid), giving the F-B—F bridged structure of B,F;~
anion. The bridging bond angle, B(2)-F(8)-B(3), and mean
bridging bond distance, B-F(8), of B,F; ™ anion were found
to be 129(1)°, 1.51(1) A, respectively. The latter is much
larger than the mean value of the B—Fiyina (1.33(5) A)
and mean B—F distance of the BF4~
of the ligation of the F(8) to the B(2) and B(3) atoms. In
the YFNMR spectrum of 3, done in CD3;CN at 298 K, two
signals were found at 6 = — 146 for the BF,~ and d =

— 147 for the B,F;~ ions. Only one F signal was observed
for bridged B,F;~ anion, suggesting the Fiermina and Forigge
atoms of the B,F; ™ anion are equivalent in NMR time scale at
room temperature, suggesting the presence of a fast dynamic
motion (F3BF BF; SF;BFBF,F') in solution.

The 'H NMR spectrum of 3 in CD;COCD; was essentially
similar to that of 1. The & values of Cp and CsH,CsH, were

(1.33(2) A) because

very similar to those of 1, see Experimental section. The co-
ordinated C;HsCN molecule gave two signals (6 = 1.14 (3H,
t) for -CHs, 2.93 (2H, q) for -CH;-). Compared with the
values of free CoHsCN (6 = 1.22 (3H, t) for—~CH3, 2.42 (2H,
q) for -CH,—) under the same conditions, a significant large
lower field shift (A6 = 0.51 ppm) was observed for the meth-
ylene signal of the coordinated C;HsCN. This is somewhat
smaller than the value of 1 (0.6 ppm) and [OsCp,NCCHj]
(0.9 ppm”), suggesting a weaker Ru!V-NCC,Hs bond of 3
compared with the Ru'Y-NCCHj; bond of 1. Actually based
on the result of the 'THNMR spectrum of 3 in CD;CN, the
coordinated C,HsCN was easily replaced by CD3;CN imme-
diately because of the stronger nucleophilicity of CH;3CN to
the Ru'V center compared with CH;CH,CN.

Recrystallization of A from CH3;NO; containing 2,2’-bi-
pyridine and p-benzoquinone gave salt 4 as yellow planar pre-
cipitates. The NMR spectrum of 4 in CD3;CN was quite dif-
ferent from those of the mixed-valence Ru"Ru'V salts 1—3.
In the spectrum of 4 no fulvalene signal was observed, sug-
gesting that the loss of the fulvalene ligand occurred during
the ligation of 2,2'-bipyridine. Similarly, 4 is also obtained
by the reaction of bromoruthenocenium cation, [Cp,RuBr]*,
with an equivalent amount of 2,2'-bipyridine and p-benzo-
quinone in CH3NO,.

The salt 4 crystallized in the monoclinic space group P2;.
The selected interatomic distance and angles for 4 are shown
in Table 3 and the ORTEP drawing of the cations are shown
in Fig. 2, along with the atomic numbering.

. The most interesting structural feature in the cation of
4 is coordination of 2,2’-bipyridine and p-benzoquinone to
the Ru center, other than the Cp ligand. The CsH4CsHy
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ligand of cation A is eliminated during the coordination of
strongly nucleophilic and cheleting 2,2-bipyridine to the Ru
center. The mean Ru—Cp and Ru~Ciy, distances are 1.843
and 2.19(5) A, respectively. On the results of the elemental
analysis and X-ray diffraction study, the formal oxidation
state of the Ru atom is Ru™ and salt 4 is formulated as [Ru"Cp-
(2,2’-bipyridine)(p-benzoquinone)|BF4. Reduction of the
central Ru atom from Ru!¥ to Ru® may have occurred during
of the elimination of the fulvalene ligand.

The distance between the Ru(1) and N(1) and N(2) in 4
are 2.11(2) and 2.08(1) A, respectively, which are somewhat
longer than the reported Ru® analogous salts; [Ru(2,2’-bi-
pyridine);] (2.056(2) A), [Ru(2,2’-bipyrimidine);] (2.067(4)
A), and [Ru(2,2'-bipyrazine);] (2.05(1) A) cations.® The
N(1)-Ru—N(2) bond angle is 75.8(3)°, which is somewhat
smaller than the values of [Ru(2,2'-bipyridine)s] (78.7(1)°),
[Ru(2,2’-bipyrimidine);] (78.3(3)°), and [Ru(2,2’-bipyra-
zine)s] (78.6(4)°) cations.®

From these results, it was concluded that there is no sig-
nificant difference in the coordination structure around the
Ru-2,2’-bipyridine moiety, however, the most interesting
feature in 4 is the coordination of p-benzoquinone in 7>-
form. To the best of our knowledge, this is the first 7?-
complex of p-benzoquinone, although many 7*-tetrameth-
yl-1,4-benzoquinone complexes and related complexes have
been reported.”~'» The Ru—~C(16) and Ru—C(17) distances
are 2.21(1) and 2.22(1) A, respectively, the values are com-
parable with the distance of the Ru—Cypg. The C(16)-C(17)
distances of the coordinated double bond (1.44(1) A) is much
larger than the C(19)-C(20) distance (1.30(3) A) of the other
olefinic bond, because of the coordination to the Rull.

The dihedral angle between the plane C(16)—C(17)-Ru-
(1) and the plane C(16-21) is 76.3°, supporting the 7>-
coordination of the C(16)—~C(17) double bond to the Rul
atom. The plane of p-benzoquinone C(16-21) keeps good
planarity and the dihedral angle between the plane of the
cyclopentadienyl ligand C(1-5) and the plane C(16-21) is
74.3°. To reduce steric hindrance between the Cp ligand and
2,2'-bipyridine, p-benzoquinone is ligated to the Ru atom in
the direction facing the 2,2’-bipyridine ligand (see Fig. 2).

In the 'HNMR spectroscopy of 4 in CD;CN, two broad
signals at & = 5.37 (s, 2H) and 5.04 (s, 2H) due to the olefinic
proton of the coordinated p-benzoquinone are observed at
270 K. The 6 values are shifted to a much higher field com-
pared with that of free p-benzoquinone in CD3CN (6 = 6.63).
When the temperature is raised (305 K), the broad signals be-
come sharp and approached each other (6 = 5.31 and 5.27),
suggesting a certain dynamic motion between the free and
the coordinated double bonds upon heating. On heating for
30 min, 4 was decomposed with the color of the solution
changing from yellow to orange. The 'HNMR spectrum of
the solution at 305 X, the protons for the coordinated 2,2’-
bipyridine at 6 = 9.51 (d, 2H), 8.31 (d, 2H), 8.05 (t, 2H)
and 7.54 (t, 2H) and that for the Cp-ring at 6 = 4.47 (s, 5H)
and that for the free p-benzoquinone at 6 = 6.80 (s, 4H)
were found. The observation may suggest clearly that the
coordinated p-benzoquinone is substituted by CH3CN.

Structures of Some Salts of Metallocene

Table 3. Selected Bond Distances and Angles for 4

Atom 1 Atom 2 DistA  Atom1 Atom 2 Dist/A
Ru(1)-C(1) 2.18 (1) Ru(1)-C(2) 2.21(2)
Ru(1)-C(3) 2.26 (2) Ru(1)-C(4) 2.19 (2)
Ru(1)-C(5) 2.18(2) Ru(1)-C(16) 221 (1)
Ru(1)-C(17) 2.22(1) Ru(1)-N) 2.11(2)
Ru(1)-N(2) 2.08 (1)

C(1)-C(2) 146 3) C()-C() 1.36 (2)
C()-C(3) 142(3) CGB-C@) 1.39 (3)
C(4)-C(5) 143 (3) C6)-C(D 141 (2)
C(6)-N(1) 1.36 (1) C(1)-C(8) 1.35(2)
C(8)-C(9) 1.37(2) C9)-C(10) 1.38 (2)
C(10)-N(1) 1.35(1) C(1)-C(12) 1.36 (2)
C(11)-N(2) 1.37 (2) C(12)-C(13) 1.37 (2)
C(13)-C(14) 1.39(2) C(14)-C(15) 1.37 (2)
C(16)-C(17) 144 (1) C(16)-C(21) 1.45 (1)
C(17)-C(18) 146 (1) C(18)-C(19) 1.48 (1)
C(19)-C(20) 1.30 (3) C(20)-C(21) 1.52(2)
C(18)-0(1) 1.25(1) CED-O(2) 1.22 (1)
B(1)-F(1) 1.38 (3) B(D-FQ) 1.38(3)
B(1)-F(3) 131 (2) B(1)-F4) 1.24 (3)
Bond angles

C(16)-Ru(1)-C(17) 37.6(3) N(D-Ru(1)-N(2) 75.8(3)
Ru(1)-C(16)-C(17) 71.5(6) Ru(1)-C(17)-C(16) 70.9(6)
C(16)-C(17)-C(18) 121.5(7) C17)-C(16)-C(21) 120.2(7)
Dihedral angle

plane C(1-5) N(1)-C(6-15)-N(2) C(16-21)
C(1-5) — 136.5 74.3

N()-C(6-15)-N@2) — — 30.4

cE

F@)
Fig. 2. ORTEP drawing of 4 with the thermal ellipsoids at
the 50% probability level.

Structure of 5.  For a long time no preparation of bi-
osmocene have been reported (biosmocene was not prepared
by air oxidation of osmocene in sulfuric acid under similar
conditions to those for biruthenocene,” but this study sug-
gests the possibility of preparation of biosmocene by the p-
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Bq/BF; oxidation of osmocene in a similar manner. The p-
Bg/BF; oxidation of osmocene in hexane—benzene solution
gave dark yellow precipitates. The recrystallization of the
resulting oxidation product from CH3NO, gave orange-red
micro crystals 5. Salt 5 crystallized in the monoclinic space
group P2,/c. The selected interatomic distances and angles
for 5 are shown in Table 4 and the ORTEP drawing of the
cations is shown in Fig. 3 along with the atomic numbering.

All the results of the X-ray diffraction of 5 indicate the for-
mation of a mononuclear osmocenium salt and no evidence
for formation of biosmocene was found. However the result
is very valuable for the metallocene chemistry.

The Os—Cp and Os—Cy,, distances are 1.857(5) and
2.20(6) A, respectively, the latter value is closer to those
of osmocene'® and [Os"Cp,~Hg—Os"Cp,]* cation,” how-

Table 4. Selected Bond Distances and Angles for 5

Atom 1 Atom2 DistA  Atom 1 Atom?2 Dist/A
0Os(1)-C(1) 215(1) Os(1)-C(Q2) 2.20 (1)
0Os(1)-C@3) 227 (1) 0s(1)-C(4) 2.25 (1)
Os(1)-C(5) 2.16 (1)  Os(1)-C(6) 2.11 (1)
Os(1)-C(7) 221(1) Os(1)-C(8) 227 (2)
0s(1)-C(©9) 223 (1)  Os(1)-C(10) 2.15 (D)
Os(1)-F(1) 2.07 (1)

C(1)-C(2) 140 (2) C()-CGB) 1.33(2)
C(2)-CQ3) 133(2) CGBR)»-C@ 1.48 (3)
C(4)-C(5) 137(2) C(6)-C(7) 1.26 (2)
C(6)-C(10) 128 3) C(7)-C(8) 1.30 (4)
C(8)-C(9) 1.68(3) C(9)-C(10) 1.38(2)
B(1)-F(1) 1.51(2) B1)-FQ) 137 (2)
B(1)-F(3) 140 (2) B(1)-F@) 1.36 (2)
B(2)-F(5) 1.33(2) B(Q)-F(®6) 1.27 3)
B(2)-F(7) 1.30(2) B(2)-F(@®) 1.23 (4)
Bond angles

B(1)-F(1)-0s(1) 130.6(7) Cp(1)-0s(1)-Cp(2) 140(3)

ca)

Cc(5) F(8)

Fa
N ca) )

F@
(5)

F(8)

Fig. 3.  ORTEP drawing of § with the thermal ellipsoids at
the 50% probability level.
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ever the formal oxidation state of Os is Os'V. The most
interesting structural feature of the cation is the coordination
of the F atom of the BF,~ ion to the Os'Y center to fulfill the
18-electron rule around the Os atom.

The F(1)-Os(1) distance is 2.07(1) A (which is close to
the sum of atomic radii (2.03.A) of the fluorine (0.68 A) and
osmium (1.35 A) atoms), indicating that the coordination of
the F~ atom in the BF;~ anion to the Os atom is verified and
the cation is formulated as [Cp,Os"VFBF3]*. This is the first
example of the coordination of the BF,~ anion to the central
metal atoms in metallocene chemistry to our knowledge.
The F(1)---C(3), F(1)---C(4), and F(1)---C(8) distances were
found to be 2.73(1), 2.94(2), and 2.74(2) A, respectively,
which are much smaller to the sum (3.05 A) of the van der
Waals radii of the C and the F atoms. The two Cp-planes
in the osmocene moiety are highly slanted as in the case
of halometallocenium cations [MCp,X]* and Hg adducts of
metallocenes.'” The tilting angle between the planes C(1-
5) and C(6-10) is 40(3)°, which is much larger than the
values in [OsCp,—Hg—OsCpy] (34.46° and 27.32°'¥) and
[Cp20s—0sCp,] (35.5°7).

The F(1)-B(1) distance is 1.51(2) A, which is much longer
than the those of other B(1)—F, 3 4 bonds (1.36—1.40 A) and
BF,~ (1.23—1.33 A). This must be due to the coordination
of the F(1) atom to the Os!V atom. The B(1)-F(1)-Os(1)
bond angle is 130.6(7)°, this is closer to the value of B-F-B
(129(1)°) of BoF77 in 3.

It can be concluded that the oxidation of osmocene by the
excess of p-Bq/BF; in benzene—hexane gives no dimerized
salts like in the case of ruthenocene but gives the mononu-
clear cation, [Cp,Os"YFBF;]*. To investigate the mechanism
of the formation of 5 (Scheme 3), the oxidation of osmocene
with various amounts of p-Bq/BF3; was pursued in detail by
the '"H NMR study in CD3NO, (a poor donor solvent). The
'HNMR spectrum of osmocene in CD3NO, gave a sharp
signal at 6 = 4.73. To the solution, 0.5 equivalent of p-
Bqg/BF; is added. The color of the solution immediately
changed to green, which is the color of the typical osmoce-
nium salt containing Os™. The solution gave a sharp sig-
nal at & = 5.86, which corresponds well with that of the
[Cp,0s—-0sCp,]** cation (6) (Ref. & = 5.887). Actually by
adding NH4PFg to the solution, well-formed green salt as
the major products could be collected from the solution, the
THNMR spectrum of which corresponds with that of the
reported salt [Cp,Os—OsCp,]1(PFg),. Thus, osmocene was
mono-oxidized by 0.5 equivalent of Bq/BFj; to give the cation
6 containing the direct Os™-Os™ bond which gives some sta-
bility to the osmocenium cation to fulfil the 18-electron rule.
To the green solution, 0.5 equivalent of p-Bq/BF; was added,
and then the color changed to yellow-orange, rapidly. The
solution gave a signal at 8 = 6.09, which agreed with the
value for 5, indicating that 6 is oxidized to 5, which contains
the Os"V—F~ bond in CH3NO,. The driving force of the
coordination of the F~ to the Os atom may be due to the
greater softness of the Os atom in osmocene compared with
the Ru in ruthenocene.

Considering these facts, osmocene undergoes two elec-
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Scheme 3.
tron-oxidation by an excess of p-Bg/BF; in benzene-hexane 8.0 b bbb b
directly giving insoluble dark-yellow precipitates. Recrys- 7.01
tallization of the salt from CH3NO; gave an orange-red salt, ] n=4
v . 6.0 L

[Cp20s' Y FBF3](BF4)CH3NO;, 5 as a major product. The co- /_\Q__,
ordinated BF,~ ion S is replaced by CH3CN slowly and gives 501 o ///_\/
the reported salt 7, based on the results of an "HNMR study 401 //,/—’/
in CD3;CN. The p-Bq/BF; oxidation of ferrocene gives a fer- < 307 o2 ;
rocenium cation formulated as [szFem]"; this cation is very w0 201 =l
stable in many polar solvents. Therefore, it can be concluded 2
that the great stability of the cations [Cp,M™]* (M = Fe, = 104
Os) prevent the coupling reactions observed for ruthenoce- 5 0
nium dication. The instability of the [Cp,Ru]* cation gives =104
the hydrogen abstraction from another ruthenocene to give = 99!
ruthenocenyl radicals in less nucleophilic solutions (CgHg;, © 30
CH,Cl,, et al.), which couple with each other giving a dimer )
product. These chemical reaction may be one of the pos- 4.0
sible reasons for occurrence of the irreversible 2e-oxida- 5.0
tion cyclic voltammograms for ruthenocene in normal sup- 6.01 2
porting electrolyte, except for a noncoordinating supporting 4 N —— E

electrolyte (TBA*TFPB™) in CH,Cl,.” Figure 4 shows the
multi scan (scan time n = 6) cyclic voltammetric behavior of
ruthenocene in CH,Cl, containing 0.1 M (n-Bu)4NClO4 as
supporting electrolyte.

As is well known, an irreversibility one-step 2e-oxidation
wave is observed at about 0.48 V (Oq, first scann = 1, in
V vs. ferrocene-ferrocenium); the peak intensity is getting
smaller and smaller and the second oxidation peak intensity
(03, Eyq = about 0.17 V) is increasing for multi scan cyclic
voltammograms (n = 2—6), and the E, value for the latter
peak corresponds with that of biruthenocene (E,, = about
0.21 V) for the same conditions. This observation sug-
gests that some species of unstable [Cp,Ru]* cation as the
first oxidation products of ruthenocene on the surface of the
electrode give the protonated cation [Cp,Ru™H]* and the
ruthenocenium radical (see Scheme 2) and the latter gives
biruthenocenium dication on the electrode at this potential.
The reduction of the dication gives biruthenocene through
the backscan, therefore a new oxidation peak, O, is ob-

03 -02 01 00 01 02 03 04 05 06

Potential / V
Fig. 4. Cyclic voltammogram of ruthenocene (1 mM) in CHyCl.

served for multi scan waves. The intensities of O, is much
less than that of O, due to the loss of the biruthenocene
by diffusion from the surface of the electrode. Absence of
the same cyclic voltammetric behavior of ruthenocene was
found in CH3CN because the unstable [szRum]+ cations
give the stable [RcHNCCH;]* and [RcHNCCH;]?* cations
(ECE-mechanisms) at the surface of the electrode.”

From the results of these studies, it can be concluded
that the dimerization salt (A) was prepared by the oxida-
tion of RcH in less polar solvents, this is the most elegant
preparation of biruthenocene. Recrystallization of A con-
taining RCN (R = CHjs, C,Hs) or pyradine gave their mixed
valence (Ru'Ru'") salts (deep red precipitates) formulated
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as [RuHCp(CSH4C5H4)CpRuIVL]2+. On the other hand, re-
crystallization of A from less coordinated solvents such as
CH;3NO, gave yellow-orange precipitates in which the for-
mal oxidation states of the Ru atom in both ruthenocenyl
moiety are equivalent from the 'HNMR spectra. That is,
four signals at 6 = 5.79 (s) assigned to the Cp ligand and
8 = 6.82 (t), 4.96 (t) to the CsH4CsHy ligand were found
and a surprisingly large chemical shift difference (AS = 1.86
ppm) is found for the CsH4CsH, ligand, suggesting the large
coordination mode change of the fulvalene ligand from that
of biruthenocene and its reported mixed valence salts (1—3).
The 3C NMR spectrum of A in CD3NO, shows four signals
at 0 = 89.7 assigned to the Cp ligand, 6 = 95.7, 87.0 to the
CsH,Cs5H, ligand, and one weak signal at 6 = 74.8 to the
ipso-CsH,CsHy. A similar large Ao (8.7 ppm) was observed
for the fulvalene ligand (AS = 1.7 ppm for biruthenocene in
CDCl;%). Moreover, a quite large higher field shift of the
ipso-carbon atom was found compared with that of neutral
biruthenocene (6 = 87.5 in CDCl;?), suggesting some inter-
action between Ru and ipso-carbon atoms. These results of
NMR studies of A predict the formation of a novel structure
Ru—fulvalene complex with a new coordination mode. To
extend these chemistries, single X-ray analysis of A should
be done.
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