FORSCHUNG

Chim;a 47 (/993) /89-/9/
© Neue Schweizerische Chemische Gesellschaft
/SSN  0009-4293

Hydrogen Activation by
Benzene-Ruthenium Complexes
In Aqueous Solution:

Synthesis, Molecular Structure,
and Intercalation of the Cluster
Cation [{C6H6)4Ru4H4]2+
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Evans, and Georg Siiss-Fink*

Abstract. The hydrogenation of the aqua complex [(CGHG)Ru(H20)3P+, prepared in situ
by hydrolysis of (C6H6)2Ru2CI4 in water, was found to lead to the tetranuclear cluster

dication [(C6H6)4Ru4H4]2+ (1) which crystallizes as the dichloride from the aqueous

solution. In the presence of acetate ions, however, the reaction yields the dinuclear

cations [(C6H6)2Ru2H(OOCCH3)X]+ (X=0OH: 2, X=Cl: 3) which crystallize as the
hexafluorophosphate ~ salts. The X-ray crystal-structure analysis of [(C6H6)4Ru4H4]CI2
reveals the cluster dication 1to consist of a tetrahedral ruthenium framework; the four
hydrido ligands are presumably coordinated to three faces and to one edge of the RUy
tetrahedron. The cationic complexes land 2have been found to intercalate in sodium

hectorite.

At present much interest is focussed on  Scheme]. Hydrolysis of Bis(benzene)tetrachlorodiruthenium(
the chemistry of transition-metal  com-
plexes containing both organic and water
ligands [1]. A well-characterized  repre- -~ /"Cl ~I
i i icati " RV
sentati ve of such acomplex is the dication 1/2 RUCI/ ({)
[(CgHE)RU(Ho0)3P+,  accessible  from cl

bi s(benzene )tetrachlorodirutheni um(ll)
[2]. Little is known about the reactivity of
this triaqua(benzene)ruthenium dication
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[3]1[4]. Here we report the reaction of
[(CgHE)RuU(Ho0)3P+ with molecular  hy-
drogen in aqueous solution.

The dication [(CgHg)RU(H90)3]2+ s
formed in an equilibrium  mixture with
[(C6HB6)Ru(H20)2CJ]+ and (CgHg)Ru-
(Ho0)Cly, by hydrolysis of the neutral
complex (C6H6hRu2C14 in Hy0 (Scheme
1) [5]. Upon pressurizing of this aqueous
hydrolysis  mixture with hydrogen (60
atm) at 55° black-violet  crystals of
[(C6H6)4Ru4H4]CI2 (cation 1) were ob-
tained. In this reaction, molecular hydro-
gen is heterolytic ally cleaved without the
presence of any auxiliary base. Therefore,
the pH of the reaction mixture decreases
to values of between | and 2 during
the hydrogenation. The dication lis sta-
ble under these conditions, in contrast
to the isoelectronic rhodium species
[(CSMeS)4Rh4H4]2+, reported by Maitlis

and coworkers, which decomposes quick-
ly in an acid solution [6].
4 [(CgHgRu(HzON]2\aq) + 5 Hyg)--t

[(C6H6)4Ru4HA4T2+(aq) + 6 H+(aq) + 12 H,0
In the IH-NMR spectrum, Zlgives rise
to a signal for the benzene ligand and a
resonance for the hydride ligands; the IR
spectrum displays only the characteristic
absorptions  of the benzene ligand (Table).
The X-ray crystal-structure analysis of
a single crystal of [(C6H6)4Ru4H4]CI2

1/) According to [5]
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Table. Characteristic IR and 1H-NMR Data of the Cationic Complexes 1-3. IR: KBr pellet, em-I; 1H-NMR: (D4)methanol (1), (D6)acetone (2, 3), ppm .
ation ) \' H) \ v fin - H-) * RuHI
3057 1435\\ 6.12 -14.91
2 15361\ 3076vIV 15+, 14\ 6.00 1.67 -7.14
309111 15'+3.\. 1441\ 142\ 6.26 1.73 - .19
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SCHAKAL

Figure. SCHAKAL plot [8] of the cluster dication [(C,H ) Ru,H, J2* (1). The counterions and crystal
water are omitted. Selected bond lengths [A]: Ru()-Ru(2) 2.792(1), Ru(1)-Ru(3) 2.754(1), Ru(1)~
Ru(4) 2.813(1), Ru(2)-Ru(3) 2.815(1), Ru(2)-Ru(4) 2.800(1), Ru(3)-Ru(4) 2.747(1).

Scheme 2. Synthesis of the Acetato-Bridged Hydrido Complexes 2 and 3
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shows the dication 1 to consist of a tetra-
nuclear ruthenium framework which co-
ordinates four benzene and four hydrido
ligands (Fig.). The four Ru-atoms of the
metal skeleton define a slightly distorted
tetrahedron; two of the six Ru-Ru dis-
tances (mean 2.75 A) are significantly
shorter then the other four (mean 2.80 A).
The distortion of the Ru, tetrahedron finds
it counterpart in the arrangement of the
four hydride ligands: The positions of the
four H-atoms suggest that three of them
actas {,-capping ligands, while the fourth
seems to represent a U,-bridging ligand.
All four hydride ligands become equiva-
lent in solution as reflected in a single
hydride resonance in the 'H-NMR spec-
trum. Contrary to the hydride ligands, the
four benzene ligands are equivalentalsoin
the solid state: They are all n®-bound, the
average Ru—C distance being 2.19(2) A,
slightly longer than in [(C,Hg)Ru(H,0),]-
SO,4(2.14(1) A) [2). A similar structure,
containing aslightly distorted Rh, tetrahe-
dron, has been observed for the cluster
cation already mentioned, [(C;Me;)-
.Rh,H,1?* crystallized as the tetrafluorob-
orate [6]; the structure of the analogous
ruthenium complex [(p-Me,CH-C H -
Me),Ru,H,)** [7] is unknown.

In order to eliminate the chloro species
[(C¢Hg)Ru(H,0),CI* and (C4H )Ru-
(H,0)Cl, from the hydrolysis mixture of
(C¢Hg),Ru,Cl,, the hydrolysis can be car-
ried out in the presence of silver acetate
which causes the precipitation of silver
chloride, giving exclusively the triaqua
cation [(CiHg)Ru(H,0),1** (Scheme 2).
Hydrogenation of this solution, however,
does not lead to the tetranuclear cluster
dication 1, with the acetate ions present
the acetato-bridged dinuclear cation
[(C¢Hg),Ru,H(OOCCH;)OH]* (2) is
formed. Without precipitation of the chlo-
ride by silver acetate, but in the presence
of acetic acid, the chloro analogue
[(C4Hg),Ru,H(OOCCH,)CI]* (3) is ob-
tained. Both cations are precipitated from
the aqueous solution as the hexafluoro-
phosphate salts.

The solvent H,O plays acrucial role in
the hydrogenation of (CgH,),Ru,Cl,: The
formation of 2 and 3 (just as of 1) obvious-
ly involves the intermediacy of aqua
complexes. Accordingly, the reaction of
(C¢Hg),Ru,Cl, with H, in CH,Cl, solu-
tion is reported to give the neutral dinucle-
ar complex (C,H¢),Ru,CI,H [9].

Both cationic complexes 2 and 3 are
composed of two (C¢H¢)Ru moieties
held together by two three-electron donor
bridges (CH,COO and OH) and a one-
electron bridge (H). The structure should
be similar to the one reported for the p-
cymene osmium analogue [(p-Me,CH-
C¢H,~Me),0s,H(OOCH)OH]* [10].
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Analogous ruthenium derivatives contain-
ing p-cymene, mesitylene, durene, and
hexamethylbenzene as aromatic ligands
are known for the chloro-bridged cation;
the benzene representative 3, however,
was not accessible by the synthetic route
reported {9].

The cations 1 and 2 react with sodium
hectorite in H,O or in acetone, respective-
ly, to give the supported materials 1a and

2a(Scheme 3). The ion-exchange reaction’

is visualized by the decolourization of the
aqueous or acetonic solutions of 1 or 2,
respectively. The clay minerals 1a and 2a
thus obtained display in the IR spectrum
the characteristic absorptions of 1 and 2,
slightly shifted to higher wavenumbers.
The enlargement of the interlayer spacing
by the bulky cations 1 and 2 is reflected in
the d,, peaks of the XRD spectra: For 1a,
dgo, was observed at 18.5 A, for2aat15.5

, as compared to unmodified sodium
hectorite (12.8 A). Work to test these
supported materials as heterogeneous cat-
alysts is in progress.

Experimental

All syntheses were carried out in N,-saturat-
ed, bidistilled H,0. The starting complex
(CgHg),Ru,Cl, was prepared according to [11].
CH,COOAg was commercially available (Flu-
ka). The NMR spectra were recorded on a Varian
Gemini 200 BB, IR spectra were run on a Perkin
Elmer FT-IR 1720X spectrometer.

Synthesis of 1. A suspension of 150 mg (0.3
mmol) of (CH¢),Ru,Cl, in 20 ml of H,0 was
hydrogenated in a stainless-steel autoclave at 55°
and at a pressure of 60 atm. After 14 h the
autoclave was cooled, the pressure released, and
the violet soln. filtered under N,. Evaporation of
most of the H,O atreduced pressure, followed by
crystallization at 2° for | d, gave 1 as dark-violet
crystals. [(C,H¢),Ru,H,]Cl,-2H,0, yield: 81 mg
(65%). Anal. calc. for C,,H;,Cl,0,Ru,: C34.83,
H 3.90; found: C 34.76, H 3.94.

Synthesis of 2. A suspension of 150 mg (0.3
mmol) of (C;H,),Ru,Cl, and 201 mg (1.2 mmol)
of silver acetate in 18 ml of H,0 was stirred for 2
h. After filtration of the precipitated AgCl, the
soln. was transferred into a stainless-steel auto-
clave and hydrogenated at r.t. at 50 atm. After 9
h the pressure was released and the soln. filtrated
under N, Precipitation with 150 mg NH,PF, in2
ml of H,O gave 2 in anal. purity. [(C;Hg)Ru (u-
H)(1-OH)(u-OOCCH;)Ru(C H()JPF,, orange
crystals, yield: 110 mg (65%). Anal. calc. for
C,,H;F,O;PRu,: C 28.97, H 2.95; found: C
28.96, H 2.83.

Synthesis of 3. A mixture of 150 mg (0.3
mmol) of (C;H¢),Ru,Cl,, 1.5 ml of AcOH and
350 mg of NaCl in 20 m} of H,O was placed in a
pressure Schlenk tube and stirred at a H, pressure
of 1.5 atm at rt. After 48 h the soln. was filtered
and 3 precipitated with 50 mg of NH,PF,in 2 ml
of H,0. Washing with 4 ml of ice-cold H,0 gave
complex 3 in anal. purity. [(C;H)Ru(u-H)(u-
Ch(u-OOCCH;)Ru(CH)]PF, red crystals,
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Scheme 3. Intercalation of the Cationic Complexes 1 and 2 into Sodium Hectorite
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yield: 80 mg (45%). Anal. calc. for Crystallographic Data Centre,UnionRoad, Cam-

C,,H,;F(CIO,PRu,: C 28.08, H 2.69; found: C
28.21, H 2.82.

Intercalation of 1 and 2 in Hectorite. 0.3 g of
Na hectorite were treated with 1.8-10~4mol of the
complexes in H,0 (1) oracetone (2) for48 hatr.t.
The modified hectorites were filtered of under N,
and dried under vacuum.

X-Ray Crystal Analysis of 1.
C,,H,;Ru,Cl,.5H,0, M = 881.8, crystal dimen-
sions 0.76 x 0.76 x 0.65 mm, monoclinic, P2,/n,
a=9.463(2),b=17.675(3),c=17.501(2) A v=
2906.2 A3,Z=4,D =2.015 g-em?,A=0.71073
A, 1t =2.20 mm, F(000) = 5122 unique reflec-
tions, 4355 observed [/ > 3a(D)], R = 0.042, unit
weights, § = 0.53. Maximum shift/sigma 0.014,
residual density (e/A%) max. 1.31 nearatom CI(2),
min -1.19.

Intensity data were collected at r.t. on a Stoe
AED? 4-circlediffractometerusing MoK, graph-
ite monochromated radiation using the @/ © scan
mode. It was difficult to find a suitable crystal for
X-ray analysis. The crystal used was rather large
because it was found that on cutting the crystals
they tended to disintegrate. The crystal used was
covered with a thin layer of epoxy resin to protect
it from the atmosphere. Three standards were
measured every h; a 3% intensity variation was
corrected for. No correction for absorption was
made. The structure was solved by direct meth-
ods using the programme SHELXS-86 [12]. All
further calculations were carried out using the
NRCVAX [13] system. Neutral complex-atom
scattering factors in NRCVAX are from [14].
The hydrides are located from difference maps.
They were initally refined and then held fixed
(U, = 0.075 A2). H-atoms for waters O(W)1-3
were located from difference maps but held fixed
(U, = 0.12 A2). The remaining H atoms were
included in calculated positions and their posi-
tions renewed after every third cycle of refine-
ment (U, = U, (C) + 001 A2). Anion CI(2)
undergoes considerable thermal motion. A re-
gion of electron density ca. 2.8 A from atom
CI(2), with three discrete peaks, was attributed to
three disordered H,O molecules, O(W)4-6. Their
H-atoms could not be located. The non-H-atoms
were refined anisotropically using full-matrix
least-squares and unit weights. Atomic parame-
ters and complete tables of bond distances and
angles have been deposited with the Cambridge

bridge CB2 1EZ, UK.
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