369

Journal of Organometallic Chemistry, 427 (1992) 369-378
Elsevier Sequoia S.A., Lausanne

JOM 22436

Synthesis, crystal structure and spectroelectrochemistry
of [(C,Me Ru) ,-n°n°-chrysenel**(O,SCF,;"),. Formation
of [(C,Me ,Ru")(C,;Me,Ru")-n°n°chrysenelO,SCF,

YL gaANSL EEAE A

Ivonne Chavez, Margarita Otero, Enrique Roméan *
Facultad de Quimica, Pontificia Universidad Catélica de Chile, Casilla 306, Correo 22, Santiago (Chile)

and Ulrich Miiller
Fachbereich Chemie der Universitit, Hans-Meerwein-Strafle, W-3550 Marburg (Germany)
(Received July 20, 1991)

Abstract

The binuclear complex [(CsMesRu),-n8m®chryseneKO;SCF;), (1) was synthesized from
[CsMesRu(CH 3CN);JO4SCF; and chrysene in THF. Complex 1 is reduced by sodium naphthalene to
the mixed valence complex [(CsMesRu'XCsMesRu')-1%n5-chrysene]O,SCF; (2), which is thermody-
namically stable (coproportionation constant K = 2.57%10%). Complex 2 is also formed by electro-
chemical reduction, as established by cyclovoltammetry and coulometry; the reduction 1** +e 527" is
reversible with E; = —1.37 V (vs. saturated calomel electrode), and at E,=—1.69 V a second,
irreversible reduction takes place. In ESR at 140 K, 2 shows g;=2.025, g, = 2.009 and g;=1.998
(g;so =2.011). An intervalence absorption band is observed for 2 in the visible-near TR spectrum.
TH-NMR and *C-NMR data are reported for 1. A dielectronic reduction of 1** with two equivalents
of sodium naphthalene affords the unstable diamagnetic and neutral [(CsMe;),Ru,-n°,n’-chrysene] (3)
that probably has a cyclohexadienyl configuration configuration respect to the Ru'-chrysene bonds. An
X-ray crystal structure determination was performed for 1. In the centrosymmetric doubly charged
cation in 1 each of the two Ru atoms has a sandwich-type coordination between a CsMes group and
one of the terminal chrysene rings.

Introduction

In continuation of our studies on the syntheses, structures and electrochemistry
of binuclear sandwich complexes of ruthenium(Il) containing polycondensed aro-
matic ligands [1], we present results on the thermodynamic stability of an mixed
valence Ru'Ru” compound. Much knowledge about electrochemical and struc-
tural properties of mixed-valency complexes M!"M", M"M!, and M'M? has
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already been gathered [2], that which concerns Fe!'Fe! compounds with polyaro-
matic ligands [3] being the most closely related to our work. Some information was
published recently for binuclear complexes containing [Cp*Ru'}" units [4]. In this
paper we present a complete description of the electron transfer properties and
the structure of the binuclear cation [(Cp*Ru),-n%n°%-chrysene]?*, which relates it
to materials having electrochromic properties and conductivity in the solid state

[5].
Results and discussion

Synthesis

Attachment of the fragment [Cp*Fe]* to a polyaromatic ligand requires drastic
reaction conditions (high temperature, presence of excess AlCl;), which limits its
use in synthesis to thermostable systems [3,6]. In contrast, [Cp*Ru]* fragments
bind to orthocondensed polyaromatics under mild conditions [4]. We decided to
use Fagan’s approach [4a], and devised a high-yield, high-selectivity route involving
the following reactions:
1[Cp*RuCl], + AgO,SCF, + 3MeCN XX [ Cp*Ru(NCMe),] O,SCF, + AgCl

r.t.

n[Cp*Ru(NCMe);] O,SCF, + polyarene — [(Cp*Ru),polyarene] "t

+ 3nMeCN + nCF;S0,~
n=1,2,3,...

We describe here the compound [(Cp*Ru),-n°,n°-chrysenel(O,SCF;), (1) which is
formed with 93% yield. Dissociation of this complex by the action of solvents,

[(Cp*Ru),chrysene] X, + 6Solv — 2[Cp*Ru Solv,] * + chrysene + 2X
1: X~ = F,CSO,~ X = PF,~, F;CSO;"
1**: cation Solv = THF, MeCN, acetone

is rather slow (not detectable in several hours) in acetonitrile or acetone, probably
because of the higher thermodynamic stability of the ion-pair [(1) (O;SCF,),]
compared with that of hexafluorophosphate salts [7]. In this case, a rapid coordina-
tion of the [Cp*Ru]* group is observed. The double coordination of [Cp*Ru™*] to
the chrysene framework shows a selectivity towards the terminal rings, and ring
bonding isomers are not observed.

The yellow salt 1 can be reduced with sodium naphthalene to yield dark
blue-violet, paramagnetic [(Cp*Ru'XCp*Ru'')chrysenel*[0,SCF,1~ (2), which is
extremely sensitive towards oxygen.

Crystal structure of [(Cp*Ru),chrysene](O;SCF;),, 1

Crystal data for 1 and details of the X-ray structure determination are given in
Table 1 and the atomic parameters in Table 2.

The F;CSO;™ ions in complex 1 showed high thermal motion or disorder and
this caused problems during the refinement and prevented attainment of a lower R
index. The cations have the structure shown in Fig. 1. They are centrosymmetric
about an inversion centre between atoms C(19) and C(19’). The Cp* ligands,



Table 1

Crystal data and details for the X-ray structure analysis of 17
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Lattice parameters

V4

Density (calculated)

Space group

Diffractometer

Radiation

Temperature

Lattice parameter calculation
Range measured

Scan type

Number of measured reflections
Number of unique reflections
Unobserved reflections (F < 30 (F))
Corrections

Linear absorption coefficient
Transmission factors

Structure determination
Refinement

Comments

Programs used

Atomic form factors, f', f”
R=XIF, |- I|F.I/E|F,|

wR =[Zw(| F,|— | F.|)* /EwF,2}1/?

a = 1308.7(2), b =1634.6(3), c = 1937.6(4) pm
V=4145(1)x107% m?

4

1.60 g cm™?

Pbca

4-circle, Enraf-Nonius CAD4

Mo-K , (graphite monochromator), A = 71.07 pm
20°C

15 reflections, 15°< 0 < 21°

1.5°< 0 <21°

w-scan, Aw = 0.80+0.35 tan 8°

2825
2240; R
847
Lorentz and polarisation factor, absorption
p=81lcm~!

0.74 to 0.94

Patterson synthesis

Minimization of Zw(| F, | — | F. 1), w =1/a*(F)
High anisotropic temperature factors for the Cp*
ring and especially for the F;CSO;™ ion and
improbable C~F bond lengths suggest some
disorder

[13,14]

[15])

0.088

0.043

=0.016

int

2 Tables of anisotropic thermal parameters and structure factors have been deposited. Copies may be
obtained from the Fachinformationszentrum Karlsruhe, W-7514 Eggenstein-Leopoldshafen 2, Ger-
many, stating the authors, journal and depository number CSD-55877.

especially their methyl groups, also show high thermal motion in the sense of
vibrations of the rings about axes perpendicular to the ring centres.

The bond distances (Table 3) agree with those found for the mononuclear
complex [(Cp*Ru)-n®-chrysene]PF, [1], the mean values being 221 pm for the
Ru-C(Cp*) and 223 pm for the Ru—C(chrysene) bonds. In both compounds one
Ru-C(chrysene) bond (Ru—C(16)) is longer than the others. As in other Cp*Ru
arene complexes, such as [Cp*Ru(C,Me,)]* [4a), the aromatic rings are parallel to
one another.

Spectrochemical characterization

'H-NMR and *C-NMR data for 1 are summarized in Table 4. The assignments
relate to the numbering scheme used in Fig. 1. The protons H(17) and H(18) of the
uncomplexed rings show up as two doublets, at § = 7.82 and 8.75 ppm, assignable
to an AB coupling system with a coupling constant of 3/ = 9.33 Hz. Two further
doublets (8 = 6.53 and 7.62 ppm) are assigned to H(11) and H(14), respectively:
they are coupled with the other H-atoms of the complexed rings of the chrysene
H(12) and H(13), respectively, which show up as two pseudotriplets centred at
8 =6.23 and 6.07 ppm. They show shielding induced by the complexation to the
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Table 2

Atomic coordinates and parameters U(A?) for the equivalent anisotropic [16] temperature factor
exp(— 872U sin%0 /A%)

Atom x y z U

Ru 0.2477(2) 0.0465(1) 0.07774(8) 0.0414(4)
(1) 0.192(2) 0.172(2) 0.065(2) 0.08(2)
C2) 0.306(2) 0.176(2) 0.083(2) 0.05(1)
(¢ &) 0.315(2) 0.134(1) 0.155(1) 0.05(1)
c4) 0.208(2) 0.105(2) 0.175(1) 0.06(1)
() 0.137(2) 0.132(2) 0.121(1) 0.08(1)
C(6) 0.154(2) 0.218(1) —0.002(1) 0.10(1)
(6¢))] 0.393(2) 0.20%(1) 0.045(1) 0.08(1)
C(8) 0.407(2) 0.121(1) 0.195(1) 0.08(1)
c9) 0.181(2) 0.067(1) 0.240(1) 0.0%(1)
C(10) 0.022(1) 0.126(1) 0.121(1) 0.08(1)
can 0.201(2) -0.024(1) —-0.015(1) 0.034(9)
Cc(12) 0.153(2) —0.057(2) 0.042(1) 0.05(1)
Cc(13) 0.218(1) —0.086(1) 0.101(1) 0.034(9)
C(14) 0.331(2) —0.068(1) 0.094(1) 0.05(1)
c(15) 0.372(2) —-0.032(2) 0.037(1) 0.06(1)
C(16) 0.308(2) —0.009(2) —0.025(2) 0.05(1)
ca7 0.345(2) 0.027(1) —0.084(1) 0.044(8)
(18) 0.449(2) 0.041(1) —0.087(1) 0.046(8)
(19) 0.519(2) 0.019(1) -0.028(1) 0.05(1)
S 0.5582(6) 0.1167(5) 0.6942(4) 0.068(3)
F(1) 0.666(3) 0.246(2) 0.663(1) 0.28(2)
F(2) 0.650(2) 0.222(1) 0.7688(9) 0.19(1)
F(3) 0.737(2) 0.154(1) 0.711(2) 0.24(2)
o) 0.551(2) 0.069(1) 0.751(1) 0.19(1)
0(2) 0.478(2) 0.164(1) 0.684(1) 0.23(2)
0o@Q3) 0.588(2) 0.079(1) 0.633(1) 0.21(1)
C 0.647(3) 0.197(4) 0.707(2) 0.14(2)

]** ion with ellipsoids of thermal motion (50%

Fig. 1. Structure of the [(C;Me;Ru),;-n®,mchrysene
probability; H atoms omitted).
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Table 3
Bond lengths (pm) in [(CsMesRu),-n°,n%-chryseneXO,SCF;),
Ru-C(1) 220(3) Ru-C(11) 222(2)
Ru-C(2) 224(3) Ru-C(12) 221(2)
Ru-C(3) 225(2) Ru-C(13) 224(2)
Ru-C(4) 216(3) Ru-C(14) 21%(2)
Ru-C(5) 218(2) Ru-C(15) 221(3)
C(1)-C(2) 153(3) Ru-C(16) 232(3)
Cc(2)-C(3) 156(3) c(11)-C(12) 138(3)
C(3)-C4) 151(3) «(12)-Q(13) 149(3)
C(4)-C(5) 146(3) C(13)-C(14) 151(2)
C(5)-C(1) 146(4) C(14)-C(15) 136(3)
C(1)-C(6) 157(3) C(15)-C(16) 150(3)
C(2)-C(D 146(3) Cc(15)-C(19) 145(3)
C(3)-C(8) 146(3) x(16)-C(11D) 143(3)
C(49)-C(9) 145(3) C(16)-C(17) 137(3)
C(5)-C(10) 150(3) c(17)-C(18) 138(2)
C(18)-C(19) 150(3)
S-C 177(4) Cc(19-0(19") 134(3)
S-O(1) 135(2) C-F(1) 118(6)
S-0(2) 133(2) C-F(2) 126(5)
S-O(3) 138(2) C-F(3) 138(5)

[Cp*Ru*] fragments. For the methyl protons of the 7°-CsMe, groups only a single
peak is observed, and this arises from the above-mentioned large thermal motion.
In the decoupled *C-NMR spectra 1 shows a quartet at 126.25 ppm for the
F,CSO;™ ion (due to coupling with the F nuclei), a single peak for the methyl
groups of the Cp* rings at 9.92 ppm, and two groups of peaks due to the chrysene.
One group with § = 128.71 and 126.25 ppm corresponds to the atoms C(17) and
C(18) of the uncomplexed rings, while the other group with & values between 82
and 96 ppm can be assigned to the atoms of the complexed rings of the chrysene.
Peaks due to the quaternary C atoms cannot be clearly seen in the spectrum.

Table 4

'H- and *C{H}-NMR data * for [(CsMesRu),-n%n%chryseneKO,SCF,),

'H(300 MHz) ® BC(H)* (75.4 MHz)

8.75 (d; 2H; AB; 7 = 9.33 Hz); H(18) 128.71 (uncomplexed-C ring)
7.82 (d; 2H; AB; *J = 9.33 Hz); H(17) 126.25 (uncomplexed-C ring)
7.62 (d; 2H; 3J = 6.29 Hz); H(14) 122.32(q, O,SCF;)

6.53 (d; 2H; 3J = 5.88 Hz); H(11) 95.87 (complexed-C ring)
6.23 (pt; 2H; AA’BB’; J = 6.29; 37=580 Hz); H(13) 88.91 (complexed-C ring)
6.07 (pt; 2H; AA'BB’; *J = 5.84; 3J = 5.83 Hz); H(12) 86.50 (complexed-C ring)
1.57 (s; 30 H); (Me-Cp*) 82.35 (complexed-C ring)

9.92 (Me-Cp*)

2 ppm vs. tetramethylsilane at 25°C in CD,Cl, (s = singlet; d = doublet; pt = pseudotriplet; q = quartet).
> Numbering of the H atoms corresponds to the numbering of the C atoms in Fig. 1. € Proton
decoupled; quaternary carbon atoms were not assigned.
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Table 5
UV spectra and ESR g values of [(Cp*Ru),-chrysenelX,; n =1, 2; X = CF,80, 7, PF,~
Compound g factors “ A max” (€ (dm? mol~! cm~ 1)
1 - 334 (12.152)
392 (3.189)
416 (2.850) (sh)
2 8o = 20111 392
g, = 2.0256 518 (sh)
g, = 2.0095 562
g3 =1.9989 600-830 ¢
[(Cp*Ru)-chryseneXPF,) ¢ - 328 (5.483)
360 (2.973)

“ At 140 K in propylene carbonate. ® In acetone; sh = shoulder. € Broad low energy band (IVB).
4 See ref. 1.

The UV-visible spectral data for 1 and 2 and ESR values for 2 are given in
Table 5. Compared with those for [(Cp*Ru)chrysene]O,SCF; and other mononu-
clear Cp*Ru-polyarene complexes [1,7], the data for 1 show a bathochromic shift.
In acetone solution there is a ligand field peak (A =392 nm, e=3.189
dm3mol ~'em ') with a shoulder (A = 416 nm); this band is solvent-dependent and
corresponds to the '4, — 'E, (d-d) electronic transition with an important metal—
ligand orbital contribution, as suggested for analogous metallocene-d® complexes
[7]. Furthermore, an intense, solvent-independent band, with a characteristic fine
structure due to the m — =~ intraligand electronic transition, appears at A = 334
nm (e = 12.152). The spectrum of 2 is discussed below.

Spectroelectrochemistry

The binuclear cation 1**, having 36 valence electrons (counting only complexed
7 and metal-d electrons), undergoes electrochemical reduction in two independent
steps (Fig. 2) with an energy difference of AF =320 mV between the monoelec-
tronic steps (Table 6).

| ;
O—% @é‘

1** 2% 3

The disproportionation potential for the monocation 2% is thus —0.32 V and
the conproportionation constant for the mixed valence species [Ru'-Ru"]* is
K_=2.57-10°. Diffusion-controlied electron transfer was established for the first
wave (ipc/v'/? is constant over a wide range; Fig. 2). Electrochemical and
chemical reversibility was confirmed for the first wave by the peak separation
(AE, =50 to 100 mV and ipa/ipc = 1); in the case of the ferrocene/ferricinium
couple a similarly large peak separation under the same conditions was used as
criterion for reversibility [10]. The second wave corresponds to an electrochemi-
cally and chemically irreversible electron transfer process, 2* '+ ¢ — 3. The mono-
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Table 6
Peak and mean potentials ¢ of cationic [(Cp*Ru),-chrysene]X,, n=1, 2; X = CF,SO, ", PF,~

Compound - E, AE, ia/ic n Characteristics
W) (mV)
1 first wave © 1.37 60 1 1 reversible
1" +1ea2?
second wave ¥ 1.69 - - - irreversible
2*+1e—>3
[(Cp*Ru)-chrysene)PF © 1.72 210 055 1 irreversible

“ Propylene carbonate, NEt,ClO,, 0.1 mol/l; 20°C on GCE. ® v =50 to 700 mV /s. © see ref. 1.

cationic, dark blue-violet 37 electron species 2% was also generated by electro-
chemical reduction of 1 by electrolysis at a controlled potential on a platinum
electrode (E,,, = —1.40 V, vs. saturated calomel electrode, SCE) in propylene
carbonate, NEt,ClO, 0.1 mol /1). The UV-visible absorption spectrum changes in
the course of the electrolysis (Fig. 3), showing the formation of a stable species
possessing a broad low energy intervalence band, in the near infrared (A > 830 nm)
and two more bands (7w — 7* at A = 334 nm; ligand-field band at 563 nm). The
kinetic data for this one-electron reduction of 1** reveal it to be a first-order
process with kgp =9.37X 1073 s~!, as shown by the increasing intensity of the
band at 392 nm and the appearance of the band at 563 nm. This further supports
the presence of the mixed valence [Ru'-Ru'"] species in 2+

The species 2%, electrochemically generated in the cavity of the ESR spectrom-
cter at 140 K shows an orthorhombic paramagnetic behaviour with the following g
values: g, 2.025; g,, 2.009; g,, 1.998 (g,,, = 2.011). Satellite bands due to '“Ru

1 1 1 1 1
-0.4 -08 =12 -16 -20 08 12 16

E/V (SCE) E/V (SCE)

Fig. 2. Cyclic voltammograms of 1 (5x 10~ mol/I in propylene carbonate). Left: v = 200 mV /s. Right:
on a glassy carbon electrode in propylene carbonate; scan rates from 50 to 700 mV /s.



376

_ -3 A
k=937 - 10 sec

ABSORBANCE

0 800
A/nm

Fig. 3. Spectrochemical changes during controlled potential electrolysis at E, = —1.40 V (SCE) of 1
5x1073 mol /1) in propylene carbonate. The inset plot shows the linearity for the increase of the
A =392 nm absorption.

(8§ =5/2) are also observed, showing significant interaction of the radical electron
with the metal atoms [8].

In contrast to the cation 1**, the mononuclear complex [(Cp*Ru)chrysene]PF,
[1] shows only one irreversible reduction with a more negative potential (E = —1.27
V (SCE)); this is the case for other similar compounds [4c]. The thermodynamic
stability of 2" must therefore involve a higher degree of delocalization, with
considerable contribution of the LUMO-¢,* orbitals of the Ru atoms. After the
complete reduction to 3 no paramagnetic signal was observable, suggesting a
cyclohexadienyl mode of binding for the end rings of the chrysene component, as
formulated in the above formula scheme; this has been shown to be the case for
dielectric reductions of binuclear [(arene),Ru]** complexes [9]. Finally, the NMR
properties at the neutral complex 3 show it to be diamagnetic, but we were not
able to isolate it.

Experimental

All reactions were performed under an atmosphere of dry argon by use of
Schlenk techniques and a dry box. Solvents were dried and distilled prior to use.
[Cp*RuCl], and [Cp*Ru(CH,;CN),]0,SCF; were prepared from RuCl,-xH,0
(Aldrich) as previously described [4a]. Chrysene was of commercial grade (Aldrich).
Sodium naphthalene was prepared in THF from naphthalene and sodium, and the
concentration in the resulting green solution was determined by titration with
HCl(aq). 'H-NMR spectra (300 MHz) and '*C-NMR (75.4 MHz) were recorded
with a Bruker 300 spectrometer. Cyclovoltammetry and coulometry were per-
formed with a Wenking HP-72 potentiostat, triangular signal generator Wenking
VSG-72; propylene carbonate, NEt,ClO, 0.1 mol/l, SCE as reference, Ru com-
plex 5- 1073 mol/I; ferrocene was introduced as internal reference at the end of
each measurement (E°= +0.4 V [10]). A digital integrator Wenking EVI-80 was
included in the circuit for coulometry during electrolyses with Pt as working
electrode (up to 10% of the theoretical quantity). Spectroelectrochemical measure-
ments were performed with the P-72 potentiostat and a Hewlett-Packard 8452A
photodiode array spectrophotometer with a gold minigrid (100 wires in~!, 80%
transmittance) as working electrode; cell design as in [11]. The pseudo first order
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heterogenous electron transfer constant was taken from the slope of In(A4,-4,) vs.
A, plot (A4,, A,=absorbance at equilibrium and at time ¢, respectively). ESR
measurements were performed at various temperatures with an electrochemical
cell mounted inside the cavity of a Bruker ER-10 spectrometer, the equipment was
as previously reported [8,12].

Bis-(n’-pentamethylcyclopentadienyl-ruthenium)-n°n°-chrysenium  bis-trifluoro-
methanesulfonate, 1. A solution of 100 mg of chrysene (0.438 mmol) and 489 mg
of [Cp*Ru(CH ;CN);]0,SCF; (0.96 mmol) in THF (20 ml) was refluxed for 30 min
then allowed to cool to room temperature. Diethyl ether (40 ml) was added,
precipitating a yellow powder. This was filtered off, washed with ether, and
chromatographed on short column of activated neutral alumina (Merck 90) with
acetone—ether (50:50) as eluant. Crystallization was achieved by allowing ether to
diffuse slowly into the solution. Yield: 407 mg (93%). Analysis: found C, 48.00; H,
4.15. Ru,C,oH ,S,0F; (999.0 g/mol) calc.: C, 48.09; H, 4.24%.

[(Cp*Ru'X(Cp*Ru")n%nS-chrysene] O;SCF;, 2. A solution of 77 mg of sodium
naphthalene (0.51 mmol) in THF (0.348 mol /1) was added from a syringe to a
vigorously stirred suspension of 509 mg of 1 (0.51 mmol) in dimethoxyethane in a
Schlenk tube. The vellow suspension rapidly turned violet-blue, and finally a black
solution and a white precipitate of NaO;SCF; were formed. The latter was filtered
off. The solution, which is stable but extremely sensitive towards oxygen, was
evaporated in vacuo to yield 2, which was washed with pentane and dried. Yield:
303 mg (70%). Analysis: found C, 55.05; H, 5.01. Ru,C;,H ,,SO;F; (850.0 g /mol)
c/alc.: C, 55.11; H, 4.98%.
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