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Abstract

The first 30-electron triple-decker complexes of the iron group metals [(75-
CsRHOM(p,m-CsMes )M’ (n-CsMe; )|PF, were synthesized by reaction of [Fe(7-
CsH)(n-CoH)IPE or [Ru(n-CsR}MeCN);]PF, (R = H, Me) with decamethyl-
metallocenes M’(n-CsMes), (M’ = Fe, Ru, Os). The pentamethylcyclopentadienyl
ligand 7m-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 [(9-CsHs)Ru(p,n-CsMes)Ru(n-
CsMe;)]PF;.

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
[(p-CsH)Ni(p,p-CsH)Ni(n-CsH)] ™ 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 [3-5]. However, all attempts [6-8] 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
[IMM’(CsHs);]" M =M'"=Nj, Fe, Cr; M= Ni, M" = Fe) were formed from the
corresponding metallocenes [9,10] or from [Fe(n-CsH)(15-CO)], [11] 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

0022-328X /87 /803.50 © 1987 Elsevier Sequoia S.A.



188

sandwich structures, containing 30 and 34 valence electrons 121 It was thus
surprising that 30-electron triple-decker complexes with cyclopentadienyl ligand as a
central unit had not been prepared until now. although. according to these calcula-
tions. they should be more stable than 34-electron complexcs.

We have prepared the first such complexes with 1ron group metals © by interac-
tion of electron rich decamethylmetallocenes with catonie complexes [M( -
C.ROLIPE:
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(M= Fe, R=zH,; L =CsHg ; M = Fe, Ru, Os

MzRu; R=H Me,T={(MeCN)y;; M =Ru,OCs)

It is noteworthy that earlier attempts to use strong proten acids in reactions with
decamethyimetallocenes for the preparation of triple-decker sandwiches gave in the
case of decamethvlnickelocene only the stable protonation product {Ni{ 7-C Mes ) -
CsMe H)] " [8]. and in the case of decamethylferrocene the oxidation product
[Fe(qn-C.Mey, 17 1141

Results and discussion

Irradiation of the cationic cyclopentadienylbenzeneiron complex with visible
light in the presence of decamethylmetallocenes M(5-C.Me.j- (M = Feo Ru. Osy
CH.CI, leads to di-iron, ron-ruthenium and iron-osmium triple-decker cationic
complexes (see Scheme 1).

The analogous di-ruthenium and ruthenium-osmium triple-decker compounds
were prepared by reaction of both decamethyvlruthenocene and decamethylosmocene
with the acetonitrile complexes of ruthenium [Ru(n-C.R OHeMeCUN) IPF (R = H.
Mey) in refluxing nitromethane (see Scheme 2).

5

* For preliminary communication see Ref. 13



189

o o

hv
Fe PFg + M —_— PFs
@ ; o

L ]

-J
(1, M = Fe ;
2, M= Ru;
3,M=20s)

Scheme 1

It is noteworthy that for these reactions we used the methods developed by Mann
et al. [15-21] for the generation of the coordinatively unsaturated fragments
IM(7-CsR5)]* (M =Fe, R=H; M =Ru, R=H, Me). The starting iron complex
[Fe(n-CsH)(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-C,H)JPF, 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

Ru PFG + M —_—> PFG
(MeCN), @\
i il
(4a, M =Ru,R=H;
4b , M = Ru, R = Me ;
5 ,M=0s ,R=H )

Scheme 2
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ligands. pentamethylcyclopentadiene and arene. in refluxing alcohol {24]:
r T+

H R h‘i/
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/X-ﬂ\ N /:;
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The new triple-decker complexes 1--5 are coloured crystalline solids of varying
stability. The iron-containing triple-decker complexes 1-3 are stable only in an inert
atmosphere in the solid state or in methylene chloride solution. but decompose
rapidly in solvents of higher polarity. The rate of decomposition in air seems to
decrease in order Os > Fe > Ru.

Di-ruthenium (4a, 4b) and ruthenium-osmium (5) complexes are air-stable in the
solid state. and in CH,Cl,. Me,CO or MeNQO, solution. Complex 4a 15 so stable
that it remains unchanged in the refluxing C,H, /MeNO. muxture, 1.e. the exchange
of ruthenocene fragment for benzene does not occur.

These data demonstrate that stability of triple-decker complexes depends prim-
arily on the nature of the metals. Another important factor defining stability of such
compounds is the degree to which the cyclic ligands are methylated. In the
triple-decker complexes 1-5 two or three of the cyclopentadienv! rings are penta-
methylated. The analogous complex wherein only one cvclopentadienyi ligand is
pentamethylated was also synthesised. The known pentamethylruthenocene [25] was
prepared by a simpler method. by the reaction of complex [Ru(n-C.Me )l ], with
cvclopentadiene in the presence of zince dust:

R Ru(n-C Mes )(5-C o HL )

[Ru(9-CiMeq)CIL] |+ CoHe g Rul

Further reaction of the pentamethylruthenocene with cationic cyclopentadienyl-

benzeneiron complex then gives the unstable triple-decker complex wherein onlv the
central ligand is pentamethvlated:

r i} h ©

P . >
PFG + Ry —— O - P F &
CH2Clao P

Fe
This complex decomposes instantly in air. No triple-decker complexes were ob-

tained from similar reactions with the parent metallocenes M(#-C . H. ), (M =
Fe. Ru. Os).

—
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Table 1
Analytical data for, colour of the complexes [(7-CsR s)M(p,7-CsMes )M’ (1-CsMes )|PF,

Complex M M’ R Colour Found (calc)( %)
C H P Fe
1 Fe Fe H blue- 48.96 6.01 5.26 16.38
green (48.26) ¢ (5.72) ¢ (4.88) ¢ (17.60) ¢
2 Fe Ru H lilac 43.14 5.33 4.61 8.90
4323 (5.16) (4.29) © (773 *
3 Fe Os H lilac 4.33 7.02
(4.26) (7.69)
da Ru Ru H yellow- 43.91 512 4.55
orange (43.98) (517) (4.54)
4b Ru Ru Me yellow- 48.31 6.03 4.12
orange (47.86) (6.03) (4.11)
5 Ru Os H yellow- 3.90
orange (4.01)

“ Calculated for [Fe,(CsH;)(CsMes),PF-0.5CH,Cl,. ? Calculated for [FeRu(CsH ) CsMes);|PF -
CH,Cl,.

The structure of the 30-electron triple-decker compounds 1-S was confirmed by
elemental analysis (Table 1), '"H and *C {"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 § = 3.87-4.50 ppm and those of the methyl
group protons of the central and terminal rings are in the regions of § =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
8 =2.17 and 1.55 ppm with an integral intensity ratio 1,/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 ’C NMR data for the complexes [(7-CsR)M(p,1-CsMes)M’(7-CsMes)]PFg  (in
CD,Cl, /SiMe,)

Com- M M’ R 'HNMR, 8 (ppm) ¢ 13C NMR, 8 (ppm) “

plex 7-CsHs 7-CsMes p,n-CsMes n-CsHs n-CsMes p,n-CsMes 7-CsMes u,n-Cs Mes
1 Fe Fe H 3.87 1.51 2.69 7192  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 413 1.47 2.70 72.16 81.95 63.58 13.46 9.68

4a Ru Ru H 445 1.52 2.51 7414 8473 74.29 14.40 926

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 8205 67.07 14.32 9.76

¢ All signals are singlets.
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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-clectron nickel complex
[(n-CsH Me)Ni(n,n-CsH, Me)Ni(n-CsH  Me)] ¥ [2].

The "C{'H) NMR spectra are also consistent with the structure of triple-decker
complexes 1-5. It 1s 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 observed for the ring
carbons of pentamethylcyclopentadienyl ligands.

The nature of metal atoms has no significant influence on the signal positions the
largest effect was shown by osmium. At the same time the position of signals of
similar groups 1s strongly dependent on the ring position (central or terminal).

The X-ray diffraction study confirmed the structure of complex 4a to be a
triple-decker sandwich compound and its geometry was in good agreement with that
found for the nickel complex [(n-CsHONi(p. n-CsH)Ni(n-C.H)]BF, [26.27]. The
structure of the complex da cation is shown in Fig. 1; the cation les in a special
position on the mirror plane through the C(1), C(4). C(73, C(11} and C(14) atoms.
Unfortunately the intense thermal motion of the ions in the crystal or. perhaps their
disorder, prevented the geometrical parameters from being obtained with sufficient
accuracy, so that detailed discussion was deemed unnecessary. Nevertheless some

a{9) ci8)

Ci7)

c(9} -
cis')

Fig. 1. The structure of the cation [(n-CsH s )Ru(p.n-CsMes)Ru(n-CsMes)l ™.
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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-
dieny! 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(1)-A 1.87, Ru(2)-A 1.77 ;\) are longer than the metal-terminal ring plane
distances (Ru(1)-B and Ru(2)-C 1.75 fn\), the difference between the Ru(1)-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 conc. H,SO,, water, and aqueous Na,CO; solution, dried
over K,CO;, and distilled from K,CO,, and then from P,Os5 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-C;Mes), [31], Os(n-
CsMes), [25], [Ru(n-CsMeg)Cl, ), [32], [Fe(n-CsHs)(n-CoHg)IPF, [23], [Ru(n-
CsR)(MeCN),JPF; (R = H, Me) [17,21]. The syntheses of known Ru(7-CsMes),
[25,32,33], Ru(n-CsMes)}(n-CsH,) [25], and the cation [Ru(n-CsMes)(n-C4H()]™
[21,24,34,35] (as the PF,~ salt) were improved and are given below. 'H and *C-
{'H} NMR spectra were recorded on a Bruker WP 200 SY spectrometer with SiMe,
as internal reference.

Preparation of Ru(n-CsMe;),

A solution of RuCl; - 3H,0 (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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and eluted through a short alumina column (1015 e¢m). The solvent was removed n
vacuo and the residue was recrystallized from acetone { ~ 20°Cy. Yields, 55-60%.
Anal. Found: C. 64.26: H. 820 C,,H,,Ru cale: C. 64.66: H. 8.14% '"H NMR
(CDCIy): 8 1.64 (s).

The same result was obtained when “ruthenium blue™ solution, generated by 2
published procedure [36] was used.

The use of 2-methoxvethanol in place of aqueous ethanol gave no vield improve-
ment.

Preparation of Ru(n-C;Me.j(q-CiHs)

A mixture of [Ru(n-C.Me)CL, 1, (0.614 g). [reshly distilled cvelopentadiene (ca.
5 ml) and ethanol (ca. 10 ml) was stirred until the imitial material had dissolved to
give a deep green solution (ca. 3 h). Zinc dust (ca. 0.5 g) was gradually added and
the reaction mixture was stirred for 1 h. The muxture was evaporated 1o dryness in
vacuo. The residue was extracted with hexane and eluted through a short alumina
column. The solvent was evaporated in vacuo and the solid was reervstallized from
methanol (—20°C) to give very pale vellow crystals. Yields 70-73% . Anal. Found:
C.59.54: H. 6.80. C,.H,, Ru cale: €, 39.78: H. 6.69%. "H NMR (CDCT 10 8 1.95 (s,
15H. CiMeg) 416 (s, SH. CLHL).

Preparation of [Ru(n-C. Me j(n-C, H, )] PF,

A solution of RuCt; - 3H .0 (2.088 g, 8 mmol) in ethanol (100 mby was refluxed
for ca. T h. Benzene (20 my and pentamethyleyclopentadiene (2.2 g ca. 16 mmol)
were added and the reaction mixture was refluxed for 8 12 h. The mixiure was
evaporated to dryness in vacuo. The residue was then washed with ether. dissolved
in water {ca. 50 ml), and the solution filtered into a solution of NH,PF, 1.6 g. 10
mmol} in water (ca. 10 mly. The precipitate which was {iltered off. was washed with
water and dissolved i acetone. The solution was then filtered through a short
alumina column {(ca. 10 ¢m and eluted with acetone. After the solvent had been
removed in vacuo. the residue was washed with three 10 ml portions of ethanol. and
then with ether to give a colourless crystalline solid. Yields 70-75% . Anal. Found:
C.41.41; H. 4.65; P. 6.57. C,,H,, F,PRu calc: C. 41.83: H. 4.61: P. 6.74% "H NMR
(CDL,COCD;): 2.07 (s, 15H. CoMey), 6.03 (s, 6H. C H, ). H necessary the product
can be recrystallized from MeNQO, /EtOH mixture.

Preparation of [in-C HojFetyq-CoMe jMn-C.Me JJPE, (1 M = Fe; 20 M= Ru 3,
M = Os)

To a mixture of [Fe(n-CH ) n-C H)IPF, (0.172 g, 0.5 mmol) and M(n-C.Mes),
(M = Fe, Ru. Os) (0.5 mmol} was added dichloromethane (ca. 40 mi). The mixture
was degassed by bubbling of argon through it for 15 min and then irradiated by
visible light (300 W tungsten lamp) from a distance of 570 ¢cm for 3.8 h with
stirring and internal cooling with cold water. The solvent was evaporated w vacuo
and the residue was washed with hexane to remove unchanged decamethyimetallo-
cene. The product was extracted from the residue with dichloromethane ‘hexane
{1,/1) mixture thus separating it from the starting [Fe(n-C.H)(y-C . H, JJPF,. The
extract was filtered into an approximately equal volume of hexane. The resulting
solid was reprecipitated by hexane from a solution in dichloromethane /hexane
(3 /4) mixture, Yields ca. 50-60%.
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The complex [(9-CsHy)Fe(p,n-CsMes)Ru(n-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 [(1-CsRs)Ru(p,n-CsMe;)M(n-CsMe;)]PF, (4a, M = Ru, R=H, 4b,
M=Ru R=Me; 5, M= 0Os, R=H)

Nitromethane (5-10 ml) was degassed by bubbling of argon through it for 10
min and then was added to a mixture of [Ru(n-CsHs)(MeCN),]PEF, (0.217 g, 0.5
mmol) and M(7-CsMes), (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 vacuo 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 vacuo 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;Mes)(MeCN),]PF; and Ru(5-CsMes), 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), ¢

Table 3

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

Atom X y z B (;\2)
Ru(1) 0 0.71998(3) 0.501 3.39(1)
Ru(2) 0 0.55153(3) 0.5013(2) 4.50(2)
P 0 1.0010(5) 0.7506(9) 6.67(7)
F(1) —0.1647(9) 0.9789(5) 0.7428(9) 17.0(3)
F(2) 0 0.9849(8) 0.645(1) 20.5(6)
F(3) 0 0.9378(6) 0.796(1) 16.8(6)
F4) 0 0.995(1) 0.8517(8) 15.7(7)
F(5) 0 1.0667(6) 0.763(2) 21.3(9)
(1) 0 0.6330(5) 0.583K(7) 4.5(3)
C(2) —0.1313(9) 0.6350(3) 0.5310(9) 8.9(4)
C(3) —0.090(2) 0.6351(4) 0.4427(8) 8.5(3)
C(4) 0 0.7977(6) 0.603(1) 6.2(4)
C(5) —0.126(1) 0.8021(4) 0.5415(8) 6.4(3)
C(6) —0.091(1) 0.8043(4) 0.4502(5) 5.3(2)
() 0 0.4700(6) 0.580(1) 7.1(4)
C(8) 0.138(1) 0.4665(3) 0.535(1) 8.7(4)
C(9) 0.077(1) 0.4687(4) 0.440(1) 9.4(3)
c(11) 0 0.6272(9) 0.684(1) 22(2)
C(12) —-0.292(1) 0.6348(5) 0.566(2) 27.3(9)
C(13) —0.190(3) 0.6366(7) 0.360(1) 31.0(4)
C(14) 0 0.7936(8) 0.705(1) 10.5(8)
C(15) —0.302(2) 0.8013(6) 0.589(1) 10.8(5)

C(16) —0.193(2) 0.8143(6) 0.3758(9) 11.6(4)
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14.732(2) A, V 27485 A'. Z =4, d (calc.) 1.652 g/cmi’. space group Cme2,. both
cation and anion lie in special positions on the mirror plane. Unit cell parameters
and the intensities of 1044 reflections with F- = 36 were measured with an
Enraf-Nonius CAD4 four-circle automatic diffractometer (+20°C. A Mo-K .
graphite monochromator. scan speed ratio w8 =121 6 s 287

The structure was solved by the direct method, the Ru atoms were Jocated in the
E-synthesis. and all the other non-hydrogen atoms were found in the subsequent F-
and D-syntheses. The structure was refined by the full-matrix least-squares tech-
nique at first to an isotropic and then to an anisotropic approximation. Although
the refinement converged to rather low discrepancy factors R = 0.034, R = (L0417,
the scatter of the chemically equivalent bond lengths proved w be very large and the
temperature factors of a number of light atoms (the fluorine atoms of the anion and
the methyl group carbon atoms) became very high (up to 30 A% Attempts to
resolve the possible disorder as well as to solve the structure 1 the centrosymmetric
space group Cricem (assuming the disorder of the cation) to give better results failed.
The difficulties in the refinement of the structure of 4a mayv be the result of the
peculiarities of the crystal packing which 1s made up of the nearly spherical PE,
anions and cylindrical [(p-C.HORu(p.n-CsMeRu(n-C o Me i) cations. Both tvpes
of ions may be involved 1n some kind of rotational motion in crystal. although this
rotation is perhaps not completely free.

All calculations were performed with a PDP-11,/23PLUS computer using the
SDP-PLUS program package [37]. The final atomic coordinates and their equivalent
isotropic temperature factors are given in Table 3.
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