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Abstract 

The first 30-electron triple-decker complexes of the iron group metals [(v- 
C,R,)M(~,9-CsMe,)M’(~-CSMes)1PFs were synthesized by reaction of [Fe(q- 
C,H,)(q-C,H,)]PF, or [Ru(q-C,R,)(MeCN),]PF, (R = H, Me) with decamethyl- 
metallocenes M’(q-C5Me,), (M’ = Fe, Ru, OS). The pentamethylcyclopentadienyl 
ligand q-bonded to both metal atoms is the middle deck in these sandwich 
compounds. Their structure was confirmed by ‘H and “C{ ‘H} NMR spectroscopy 
as well as by an X-ray diffraction study of [(q-C,H5)Ru(p,n-CMe,)Ru(q- 

VWIPF6. 

Introduction 

The triple-decker complexes of transition metals have attracted particular interest 
for the past 15 years. The first complex of this type, viz. 34-electron cation 

KG5H5)Ni(~L,~-C5H5)Ni(GH5)1+ was prepared by Werner and Salzer in 1972 
[1,2]. Further development of this field was mainly connected with the use of 
boron-containing heterocyclic ligands, which readily yield triple-decker as well as 
multiple-decker complexes [3-51. However, all attempts [6-81 to prepare other 
members of this class of compounds with a central cyclopentadienyl ligand were 
unsuccessful although mass spectrometry data suggested that ions of the type 
[MM’(C,H,),]+ (M = M’ = Ni, Fe, Cr; M = Ni, M’ = Fe) were formed from the 
corresponding metallocenes [9,10] or from [Fe(q-C5H,)(p.3-CO)], [ll] by electron 
impact. 

In 1976 Hoffmann et al. published the results of extended Hiickel molecular 
orbital calculations from which were predicted two series of stable triple-decker 
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It is noteworthy that for these reactions we used the methods developed by Mann 
et al. [15-211 for the generation of the coordinatively unsaturated fragments 
[M(n-C,R,)]+ (M = Fe, R = H; M = Ru, R = H, Me). The starting iron complex 
[Fe(q-C,H,)(n-C,H,)]PF, was prepared by the method of Nesmeyanov and 
Vol’kenau [22,23]. The starting acetonitrile ruthenium complexes [Ru( n- 
C,R,)(MeCN),]PF, (R = H, Me) were prepared by UV-irradiation of the corre- 
sponding benzene compounds [Ru( n-C,R,)( n-C6H6)]PF6 in acetonitrile [17,21]. For 
the preparation of pentamethylcyclopentadienylbenzene ruthenium cationic com- 
plex as well as of other arene complexes of this type we have developed the direct 
synthetic method based on interaction of ruthenium chloride with a mixture of the 

R 
Ru PF, + 

L ( MeCN J3 J 

(4a,M=Ru,R=H; 

4b, M q Ru, R=Me; 

5 / M=Os,R=H ) 

Scheme 2 



ligands. pentamethylcyclopentadiene and arene. in refluxing alcohol [ 731: 

(R, =H,Me,1,3,5-Me~s) 

The new triple-decker complexes I- 5 are colourecl crystalfine solids of varying 
stability. The iron-containing triple-decker complexes l-3 are stable onI\ in an inert 
atmosphere in the solid state or in methylene chloride solution. hut decompose 
rapidly in solvents of higher polarity. The rate c,f dc~nmpt,sitilln in .iir seems t(i 
decrease in order 0s :> Fe I Ku. 

D-ruthenium (4a, 4b) and ruthenium-osmium (5) complexes are air-stable in the 
solid state. and in CH,C‘I ~ Me,CO or MeNO, solution. (~‘~mplex 4a I s<) \tahle 
that it remains unchanged in the refluxing C,H,j, hleN0, mr%turc, i.e. the exchange 
of ruthenocene fragment for- benzene does not occur. 

These data demonstrate that stahrlity of triple-deckcr ~omplexcs depends prim- 
arily on the nature of the metals. Another important factor defining stability of such 
compounds is the degree to which the cyclic iigandx are nrcthylatcd. In the 
triple-decker complexes 1~ 5 txvo or three of the cyclopcntadien~i rings arc pent,r- 
methylated. ‘The analogous complex wherein only ow cyclopcrrtadren\ i h&and 1s 
pentamethylated was also s?nthesised. The known pent~~rneth~lrutht~~(~~~~~~e (Z-51 v.ai 
prepared by a simpler method. by the reaction of complex [RLI( q-i .‘Lit:. K’i J, u ittr 
cvclopentadiene in the prr~ncc of zinc dust: 

[ Ku( rpCi Me, )Cl :] i 4 C‘.cti, F&rRu(q-C,Me,)( q-(‘,lI. j 

Further reaction of the pentamethylruthenocene with cationic cyclopentadicnyt- 
henzeneiron complex then give> the unstable triple-decker ~wnplex wherr:in only the 
central ligand is pentamethx lar~d: 

Fe PF, -+- 
/ 

Ru 
hv 

___+ 

CH:Cl> 
PFE. 

This complex decomposes instantly in air. No triple-deckcr complesc% were nb- 
tained from similar reactions with the parent metallocenes M( ~T-(‘~H_, ): (hl =~ 
Fe. Ru. OS). 
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Table 1 

Analytical data for, colour of the complexes [(q-CzR,)M(~,q-C,Me,)M’(q-C,Me,)]PF, 

Complex M M’ R Colour Found (calc)(‘%) 

C H P Fe 

1 Fe 

2 Fe 

3 Fe 

4a Ru 

4b Ru 

5 Ru 

Fe H blue- 

green 

Ru H lilac 

OS H lilac 

Ru H 

Ru Me 

yellow- 

orange 

yellow- 

orange 

OS H yellow- 

orange 

3.90 

(4.01) 
- 

a Calculated for [Fe,(CsH,)(C,Mes)z]PF6.0.5CHzC1,. ’ Calculated for [FeRu(C,H,)(CsMe,),]PF,. 

CH,Cl,. 

48.96 

(48.26) ’ 

43.14 

(43.23) ’ 

43.91 

(43.98) 

48.31 

(47.86) 

6.01 

(5.72) a 

5.33 

(5.16) ’ 

5.12 

(5.17) 

6.03 

(6.03) 

5.26 16.38 

(4.88) ” (17.60) u 

4.61 8.90 

(4.29) h (7.73) h 

4.33 7.02 

(4.26) (7.69) 

4.55 

(4.54) 

4.12 

(4.11) 

The structure of the 30-electron triple-decker compounds l-5 was confirmed by 
elemental analysis (Table l), ‘H and 13C {‘H} NMR spectra (Table 2) as well as by 
an X-ray diffraction study of complex 4a. 

The ‘H NMR data (Table 2) show that the signals of unsubstituted cyclopenta- 
dienyl ring protons are in the range of 6 = 3.87-4.50 ppm and those of the methyl 
group protons of the central and terminal rings are in the regions of 6 = 2.17-2.70 
and 1.43-1.56 ppm respectively. The assignment of signals was made on the basis of 
‘H NMR spectrum of the permethylated complex 4b, which showed two peaks at 
6 = 2.17 and 1.55 ppm with an integral intensity ratio l/2. 

It should be noted that the signals of the central ring methyl groups are shifted 
downfield by 0.62-1.23 ppm relative to the terminal ring methyl groups. This shift 

Table 2 

‘H and r3C NMR data for the complexes ((n-C,R,)M(p,n-C,Me,)M’(n-C,Me,)lPF, (in 

CD,Cl,/SiMe,) 

Corn- M M’ R ‘H NMR, 6 (ppm) a 13C NMR, S (ppm) ” 

plex 
T&H, r&Me, P,n-GMe, n-GHs vC5Me5 p,vC,Me, vC5Me5 CL,I)-GM~~ 

1 Fe Fe H 3.87 1.51 2.69 71.92 79.15 69.14 13.28 8.29 

2 Fe Ru H 4.09 1.43 2.56 72.36 84.88 71.15 13.68 9.18 

3 Fe OS H 4.13 1.47 2.70 72.16 81.95 63.58 13.46 9.68 

4a Ru Ru H 4.45 1.52 2.51 74.14 84.73 74.29 14.40 9.26 

4b Ru Ru Me - 1.55 2.17 _ 84.89 72.52 11.92 9.36 

5 Ru OS H 4.50 1.56 2.64 73.74 82.05 67.07 14.32 9.76 

y All signals are singlets. 



can be explained by the deshielding effect of the central ring bonded to two 
positively charged metal atoms. A similar difference between the signals of the 
methyl group protons of the central and terminal cyclopentadienyl rings was 
observed earlier by Werner et al. in the case of the 34-electron nickel complex 
[(q-C,H,Me)Ni(p,q-C,H,Me)Ni(q-C5H,Me)]’ [2]. 

The “C{ ‘H} NMR spectra are also consistent with the structure of triple-deckrr 
complexes l-5. It is interesting to note that the methyl group signals of the central 
ring in ‘“C{ ‘H} NMR spectra are shifted upfield relative to the signals of methyl 
groups of the terminal rings. However, the opposite pattern is okned for the ring 
carbons of pentamethylcyclopentadienyl ligands. 

The nature of metal atoms has no significant knfluence on the signal positions the 
largest effect was shown b\; osmium. At the same time the position of signals of 
similar groups is strongly dependent on the ring position (central or terminal). 

The X-ray diffraction study confirmed the structure of complex 4a to be ;I 
triple-decker sandwich compound and its geometry was in good agreement with that 
found for the nickel complex I(,r7-CiH,)Ni(~.~-C~Hi )Ni(q-C,H, )JBF,J j26.27. The 
structure of the complex 4a cation is shown in Fig. 1: the cation lies 111 a special 
position on the mirror plane through the C(1). C(4). C(7)_ C‘( I1 ) and (‘(14) atoms. 
Unfortunately the intense thermal motion of the ions in the qstal (PI-. perhaps their 
disorder. prevented the geometrical parameters from bein, * cbtaincd with sufficient 
accuracy. so that detailed discussion was deemed unnecessary. Ueverthelcss .some 

C(9) C(Bj 

cgzs71 
C(B') 

Fig. 1. The structure of the catIon [I ~~-C,~~,)RU(I~.I)-C,M~, )Ru( +TMc. ,I. 
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main features of the structure can still be mentioned. 
The cyclopentadienyl ring planes A, B and C (see Fig. 1) are, in fact parallel to 

each other, the dihedral angles A/B, A/C and B/C being equal to 2.3, 2.0 and 2.4” 
respectively. In contrast to the nickel complex in which the two neighbouring 
cyclopentadienyl rings are in the eclipsed conformation and the third ring is 
staggered relative to the other two, in complex 4a all cyclopentadienyl ligands are 
eclipsed. This is remarkable if one takes into account that each of the A and B rings 
has five methyl substituents which should in general add to the relative instability of 
the eclipsed conformation. It should be mentioned, however, that the cyclopenta- 
dienyl rings in the crystal structure of decamethylruthenocene, in contrast to 
decamethylferrocene [28] and in agreement with the theoretical predictions for 
metallocenes, are also in the eclipsed conformation (see ref. 25 and references 
therein). 

The Ru-C distances (2.11-2.26 A) agree well with the values found in rutheno- 
cene [29] and decamethylruthenocene [25] (the averaged values are 2.186 and 2.174 
A respectively). In the complex 4a as well as in the nickel triple-decker (vide supra) 
the distances from the metal atoms to the central cyclopentadienyl ring plane 
(Ru(l)-A 1.87, Ru(2)-A 1.77 A) are longer than the metal-terminal ring plane 
distances (Ru(l)-B and Ru(2)-C 1.75 A), the difference between the Ru(l)-A and 
Ru(2)-A distances in 4a, is increased owing to mutual repulsion by the methyl 
groups on each of the A and B rings in the eclipsed conformation. 

In spite of the very large variation in the observed endocyclic C-C and exocyclic 
C-C(Me) bond lengths, the suggestion that 4a is a triple-decker sandwich, still 
holds. The triple-decker structure of the complexes 1-5 can then be inferred from 
the similarity of their NMR spectra to that of 4a. 

Experimental 

All reactions were carried out under argon, except for the case of iron-containing 
triple-decker complexes, reaction products were worked-up in air. CH,Cl, was 
washed successively with cont. H,SO,, water, and aqueous Na,CO, solution, dried 
over K&O,, and distilled from K,CO,, and then from P205 under argon. MeNO, 
was dried over CaCl, and distilled under argon. All other solvents and reagents 
were of reagent grade and were used as received. The compounds were prepared by 
published methods: pentamethylcyclopentadiene [30], Fe( n-CsMe,), [31], Os(v- 
C,Me,)? v51, FW~-GMe5W21, [3x [Fe(71-C5H5)(17-CgHg)lPF6 v31, WO- 
C,R,)(MeCN),]PF, (R = H, Me) [17,21]. The syntheses of known Ru(v-C5Me,), 
[25,32,33], Ru(&Me,)(q-C,H,) [25], and the cation [Ru(+J5Me,)(q-C,H,)]+ 
[21,24,34,35] (as the PF,- salt) were improved and are given below. ‘H and 13C- 
{‘H} NMR spectra were recorded on a Bruker WP 200 SY spectrometer with SiMe, 
as internal reference. 

Preparation of Ru(q-C,Me,), 
A solution of RuCl, . 3H,O (1.044 g, 4 mmol) in a mixture of ethanol (40 ml) and 

water (20 ml) was refluxed for 1 h. To this solution was added pentamethylcyclo- 
pentadiene (1.4 g, ca. 10 mmol) and the mixture was refluxed with stirring for 8 h. 
After cooling to room temperature, the solid product was filtered off and washed 
with cold acetone (ca. 5 ml). The solid was dissolved in hexane (or light petroleum) 
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The complex [(n-C,H,)Fe(p,q-C,M~,)RU(TJ-CsH,)]PF, can be prepared simi- 
larly using pentamethylruthenocene but in this case much more rigorous exclusion 
of air and moisture is essential. 

Preparation of [(q-C,R,)Ru(p,q-C,MeS)M(q-CSMeS)lPF6 (4a, M = Ru, R = H; 4b, 
M=Ru, R=Me; 5, M=Os, R=H) 

Nitromethane (5-10 ml) was degassed by bubbling of argon through it for 10 
n-tin and then was added to a mixture of [Ru(&H5)(MeCN),]PF, (0.217 g, 0.5 
mmol) and M(q-C,Me,), (M = Ru, OS) (0.5 mmol), and the mixture was refluxed 
for 0.5 h (M = Ru) or 4 h (M = OS). The solvent was then evaporated in vacua and 
the residue was washed with ether to remove unchanged decamethylmetallocene. 
The residue was chromatographed on an alumina column (15-20 cm) with acetone 
as eluent and, the yellow band was collected. The volume of the resultant solution 
was reduced in vacua and ether was slowly added to give yellow-orange micro- 
crystals, Yieds: ca. 80% (M = Ru), ca. 60%’ (M = OS). 

Complex 4b (ca. 50%) was prepared similarly by heating a mixture of [Ru(n- 
C,Me,)(MeCN),]PF, and Ru(q-C,Me,), in MeNO, at reflux for 8 h. 

The complexes 4-5 can be recrystallized from ethanol. 

X-ray structural study of complex 4a 

Crystals of 4a were obtained by recrystallization from nitromethane/ethyl 
acetate mixture. The crystals are orthorhombic, at 20°C a 8.632(4), b 21.612(3), c 

Table 3 

Atomic coordinates and equivalent isotropic temperature factors for complex 4a. 

Atom X Y .? &, (A2) 

Wl) 
W74 
P 

F(1) 

F(2) 

F(3) 

F(4) 

F(5) 

C(1) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

WI) 

W2) 

W3) 

C(l4) 

C(15) 

W6) 

0 

0 

0 

-0.1647(9) 

0 

0 

0 

0 

0 

-0.1313(9) 

- 0.090(2) 

0 

-0.126(l) 

-0.091(l) 

0 

0.138(l) 

0.077(l) 

0 

-0.292(l) 

-0.190(3) 

0 

- 0.302(2) 

-0.193(2) 

0.71998(3) 

0.55153(3) 

l.OOlO(5) 

0.9789(5) 

0.9849(8) 

0.9378(6) 

0.995(l) 

1.0667(6) 

0.6330(5) 

0.6350(3) 

0.6351(4) 

0.7977(6) 

0.8021(4) 

0.8043(4) 

0.4700(6) 

0.4665(3) 

0.4687(4) 

0.6272(9) 

0.6348(5) 

0.6366(7) 

0.7936(8) 

0.8013(6) 

0.8143(6) 

0.501 

0.5013(2) 

0.7506(9) 

0.7428(9) 

0.645(l) 

0.796(l) 

0.8517(g) 

0.763(2) 

0.5831(7) 

0.5310(9) 

0.4427(g) 

0.603(l) 

0.5415(g) 

0.4502(5) 

0.580(l) 

0.535(l) 

0.440(l) 

0.684(l) 

0.566(2) 

0.360(l) 

0.705(l) 

0.589(l) 

0.3758(9) 

3.39(l) 

4.50(2) 

6.67(7) 

17.0(3) 

20.5(6) 

16.8(6) 

15.7(7) 

21.3(9) 

4.5(3) 

8.9(4) 

8.5(3) 

6.2(4) 

6.4(3) 

5.3(2) 

7.1(4) 

8.7(4) 

9.4(3) 

22(2) 
27.3(9) 

31.0(4) 

10.5(8) 

10.8(5) 

11.6(4) 
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