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Abstract 

When a solution of [Ru($-~H,)($-[~~~(~,~)C~~H~~)][BF& and IOs($- 
C,H,((CH,),CO),][BF,], in a mixed (CH,),CO/CF,CO,H solvent is refluxed the 
paracyclophane ligand is transfered in part to the osmium ion. Pure samples of 
[Os( $-C,H,)(V~~-[~,](I,~)C~~H~~)][BF~]~ are obtained by reflwring a solution of 
[Os($-C&6)((CH,)2CO),][BF,] and paracyclophane in the mixed (CH,),CO/ 
CF,CO,H solvent. This new osmium(I1) compound has been character&d by NMR 
spectroscopy and X-ray crystallography. The reaction of [Os($-C,$I,)((CH,),- 
CO),][BF& with [Ru(?~~-[~&~,~)C~~H~~)~][BF~]~ in neat CFsCO,H yields the novel 
tliUUClC~ heterometallic COlllpkX [(~6-C,H6)OS(~6,~6-~2~](1,4)C16H16)RU(~6,~6- 

~22](114)~~6H16)OS(116-C6H6)][BF4]6, which has been isolated and character&d by 
H and C NMR spectroscopy. 

Intmduction 

Recently we reported [l] that reaction of [RU(176-[22](1,4)C16H16)C12]2 with a 
variety of donor ligands L (L = NC,H,, PPh,, PMe,Ph) in non-polar and polar 
solvents gave products of the types [RU(116-[2Z](1,4)C16H,6)C1ZL] and [Ru($- 
[22](i~4)C16H&iL2]+~ respectively. The mononuclear nature of these complexes 
was confirmed by single crystal X-ray diffraction studies on the representative 
compounds [Ru(~6-[22](1,4)C,,H,,)c1,(PPh,)] [21 and [Ru(~~221(1,4)C16H*6)C1- 
(NC5H5)2][PF6] [l]. Binuclear products are formed when [Ru($-[22](1,4)C,6- 
H,,)Cl,], reacts with freshly prepared NaOR in ROH (R=Me, Et), as we estab- 
lished by crystal structure determinations of [Ru,($-[2,](1,4)C,,H,,),(OMe),]- 
[BPh,] [2] and [Ru,(~6-[2,~l,4)C,6H,6),(OEt),][PF6] [3]. We now report the exten- 
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sion of our studies to osmium(11) paracyclophane complexes, and to heterometahic 
species. 

Results and discussion 

The synthetic technique first described by Bennett [4] for the preparation of 
bis( $-arene)Ru(II) complexes is readily extended to ($-arene) ($- 
cyclophane)Ru(II) complexes [5]. Using a strictly analogous procedure we have 
prepared the OSmiUm COfIlpkX [oS(116-~H6Xr16-[221(1,4)c~6H16)][BF41~. The rH 
NMR spectrum, recorded in CD,NO,, exhibits a singlet due to the benzene protons 
at S 6.91, singlets at S 6.54 and 7.11 ppm due to the protons of the coordinated and 
non-coordinated aromatic rings of the paracyclophane ligand, and an AA’BB’ 
coupling pattern centred at S 3.36 due to the ethylenic protons of the para- 
cyclophane ligand [Fig. l(a)]. Integration of the spectrum supports the proposed 
stoichiometry. When the ‘H NMR spectrum of this osmium compound is compared 

Fig. 1. ‘H NMR spectra, recorded in CD3N02 at 400 MHz, of the ethylenic bridging groups of (a) 

[Osi$-~H,X$-I2,1(1,4)C,,H,,)IBF,I,, and (b) [(116-~H,)OS(~6,~6-[221(1,4)C16H16)RU(~6,96- 
[22K1,4)C,,H,,)os(r~H~)HBF,I,. 
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Fig. 2. Molecular structure of the cation [O.S($-~H~)(~~-[~~](~,~)C~~H~~)]~+ showing the numbering 
scheme adopted. Selected averaged bond lengths (A): OS(l)-c(1) 2.22(2), OS(l)-C(2) 2.19(2), 05(1)-C(3) 
2.20(2), 0.$1)-C(4) 2.37(2), OS(l)-centroid of coordinated cyclophane ring 1.70, OS(l)-cmtroid of 
benzene ring 1.73, c(3)-c(4) 1.42(2), C(4)-c(5) 1.47(3), c(5)-c(6) 1.X!(3), c(6)-c(7) 1.49(3), C(7)-c(8) 
1.38(2), c(l)-C(l*) l-36(5), c(3)-c(3*) 1.37(3), C(8)-48*) 1.39(3) (starred atoms generated by crystal 

symmetry). 

with that of its ruthenium analogue the most noteworthy feature is the shifting of 
the signals due to the various aromatic protons to higher frequency [5], by ca 0.2 
ppm. In contrast, when the 13C NMR spectra of the two compounds are compared 
it is found that the signals from the ring carbon atoms appear, on average, at a 
chemical shift 7 ppm to lower frequency in the osmium compound. 

Single CryStdS Of the compound [oS($-C6H6~~6-[2~](l,q)C16H16)][BF~]~ Were 

obtained by slow evaporation of a dilute solution of the complex in acetonitrile, and 
the structure confirmed by X-ray diffraction. The cation is shown in Fig. 2. The 
osmium(I1) ion is sandwiched between the benzene ring and one ring of the 
paracyclophane ligand in a similar fashion to reported structures of bis($- 
arene)ruthenium(II) complexes [5,6]. For the reported ($-arene)osmium(II) struc- 
tures [7-121 typical OS-C distances lie in the range 2.12-2.25 A, while the 
corresponding metal-ring centroid distances average 1.68 A. The corresponding 
values for this new structure are given in the figure caption, and are generally in 
agreement with previous data. The clear exception is the osmium to cyclophane 
bridgehead carbon distance OS(l)-C(4), 2.37(2) A, which is significantly longer than 
the others. This is now a familiar and expected structural feature of paracyclophane. 
Both in the free ligand [13], and in its metal complexes, the aromatic rings are 
distorted into a shallow boat conformation by the electronic repulsions between the 
stacked rings. In the ruthenium(I1) paracyclophane complexes which we studied 
previously [l-3] the ruthenium-bridgehead carbon distance fell in the range 2.27- 
2.38 A. The distance between the aromatic decks of the cyclophant is 2.99 A, which 
is less than the corresponding value for the free cyclophane, 3.09 A. This reduction 
in inter-deck spacing, and by implication of the unfavourable electronic interac- 
tions, is often observed on coordination of a metal to the external face of the 
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paracyclophane ligand [l-3,5,14]. Crystal symmetry accounts for the apparently 0 o 
torsion angle in the interdeek ~M~~~ty, c(4)-C(5)-C(6)-C(7). In other com- 
pounds this angle typically has a value of 3-ll” [I-3,5]. Early crystal structure 
studies of paracyclophane also gave an apparent torsion angle of 0” 115,161; 
however, a subsequent careful redetermination of the structure [13] identified a 
dynamic disorder that occurs by a twist of the aromatic rings and results in a torsion 
angle of ca 3’. We feel that a similar disorder must be present in our metal complex, 
but have been unable to refine an acceptable model owing to the presence of the 
heavy metal ion. 

During synthetic studies on a variety of complexes ~nt~g the “($- 
[2,](1,4)C,,H,,)ruthenium(11)” sub-unit, Boekelheide et al. prepared triple-layered 
complexes of the type [(~6-arene)Ru(ll6,16-[2,111,4)~*~H*~)Ru(~6-~~e~][BF~]~ 
[5,17]. It was our intention to prepare a mixed-metal analogue of this type of 
compound, namely [(rl6-C,H,)Ru(~6,r16-[22](1,4)C,,H,,)Os(~6-C,H,)][BF,],. To this 
end [Ru( r6-~H,)(r6-122](l,4)C16H16)][BF4]z was treated with [Os($-GH,)- 
((CH,)&O),][BF,], (1: 1 mol ratio) in a mixture of (CH,),CO/CF&O,H for 30 
minutes under reflux. Cooling followed by pr~pi~tion with diethyl ether gave a 
pale yellow powder. The ‘H NMR spectrum, recorded in d6-DMSO, showed two 
sets of resonances, which could be attributed to the cations [Ru($-C,H,)(#- 

I2J(I~4)G,H,,)]*+ and [Os(rlB-CkHs>(_r16-[2*](l,4)C~~H~~)]**. These compounds 
were present in solution in an approximate ratio of 1: 3, and thus we conclude that 
under the experimental conditions employed in this reaction the paracyclophane 
ligand has been substantially transferred to the osmium(I1) ion. 

We also ~v~ti~t~ the reaction between fOs(rp-c$H,)((CH,),~]~BF,l,, 
generated from fOs($-GH,)Cl,], by addition of Ag[BF,] in acetone, and the 
bisparacyclophane complex [Ru( r16-[22](l,4)c,6H,,)2][BFs]z in trifluoroacetic acid. 
A two-fold excess of the osmium compound was employed, and the reaction time 
was kept to a minimum (10 minutes) to avoid decomposition of the product. The 
analysis of the off-white solid obtained corresponded closely with that expected for 
the heterotrimetallic complex [(rl6-~H,)CIS(~6,7j6-[22](1,4)C16H16)R~(Tp,r16-[2Z]- 
(1,4)C*~H~~)Os( ~6-~H~)][BF~]~. Compelling evidence supporting the proposed tri- 
nuclear, qua~plelayer~ structure comes from the ‘H and 13C NMR spectra of the 
compound recorded in CI),NO,. In the “H NMR spectrum there are just three 
singlet resonances in the aromatic region: at 6 7.14 for the benzene protons, at 5: 
6.95 for the aromatic cyclophane protons on the rings adjacent to the osmium ions, 
and at S 6.68 for the protons on the aromatic rings bound to the ruthenium ion. In 
the closely related trinuclear ruthenium complex [(116-C,M~)Ru(~6,r16-[22](l,4)C16- 
H,6)R~~6,rp-f22](f,4)C16H16)R~(~6-CgM~)][B~~]6 the aromatic protons of the 
cyclophane ligands resonate at 6 6.36 and 6.47 ppm. These differences in chemical 
shift are Consistent with those described above for the monomeric complexes 
[M(r16-C;,H,)f~6-[2,1(1,4)C,,H,,)1[BF~12. 

The ethylenic protons now show a radicahy different second-order couphug 
pattern [Fig. l(b)]. The chemical shifts of the two sets of signals from the methylenic 
protons are now closely similar. In addition these signals now appear at higher 
frequency thau either of the signals from the complexes in which onIy one face of 
the p~~y~loph~e Iigand is bound to a metal. ‘Ibis dramatic change in coupling 
pattern and the enhanced second-order character of the spectrnm provide compel- 
ling evidence indicating that each face of the cyclophane ligand is coordinated to a 
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different metal ion. The integration of the complete spectrum is consistent with the 
proposed stoichiometry. 

We predict that seven resonances should be observed in the 13C NMR spectrum 
of the heterometallic trinuclear cation. Two signals from aliphatic carbon atoms are 
observed at S 33.3 and S 32.9 ppm. The chemical shift difference between these is 
much smaller than that observed when only one face of the paracyclophane ligand is 
bound to a metal. Two signals from the non-bridgehead aromatic carbon atoms are 
observed, at 6 90.2 and 84.0 ppm, while two further signals, at S 131.5 and 136.6 
ppm, are assigned to the bridgehead carbon atoms. The resonance due to the 
benzene carbon atoms is observed at 6 89.6 ppm. 

The significance of the results reported above lies in the obvious possibility of 
extension of this chemistry to the synthesis of heterometallo-organic polymers 
having one-dimensional properties. 

Experimental 

Microanalyses were carried out in the Chemistry Department of University 
College London. NMR spectra (lH, 13C) were obtained on a Varian VXR-400 
spectrometer (chemical shifts quoted in ppm with positive values to high frequency 
of SiMe.,). 

Materials 

tRUb’f%H,)Cb1,, [0S(r16-~,~,)~1,12, [RU(r16-~H,>(s6-[221(1,4)c~6H16)1[BF41* 
and [RU(116-[221(1,4>C,,H16)21[BF412 were prepared by published methods [4,5,18]. 
All other reagents were obtained from commercial suppliers. 

AI1 reactions were carried out in degassed solvents under nitrogen. 

To a suspension of [Os(q6-GH6)ClJ2 (0.42 g, 0.61 mmol) in acetone (10 cm) 
was added AgJBF,] (0.55 g, 2.83 mmol). The AgCl was removed by filtration 
through eelite. Paracyclophane (0.25 g, 1.20 mmol) and CF,CO,H (5 cm3) were 
added to the yellow/orange filtrate and the mixture was refluxed for 30 minutes 
then allowed to cool, and dietbyl ether (50 cm3) was added. The pale yellow 
precipitate was filtered off, washed with acetone and diethyl ether, and dried in 
vacuum. Yield 0.44 g, 55%. (Found: C, 40.7; H, 3.5. Calc. for C,,H&F,Os: C, 
40.6; H, 3.4%). ‘H NMR (CDsNO,): 8 6.91 (s, GH,), S 6.54 (s, metallated C,H,), 
6 7.11 (s, non-metallated c$H,), 6 3.36 (AA’BB’, -CH,CH,-). 13C NMR 
(CD,NO,): 8 87.2 (GH,), 6 83.4 (metallated C&H,), Q 133.0 (metallated C&H,), 
6 135.7 (non-metallated C&H,), S 141.1 (non-metallated C&H,), 6 33.8 and 34.9 
(-CH,CH,). 

N~6-C,H,)os(116~q6-[2~~(l~4)~,6H,6)R~~6=~6-~2~~(l,4)c,6H~6)o~(~6-c6H6)~~BF~~6 
To a suspension of [Os($-C$H,)Cl,], (0.11 g, 0.17 mmol) in acetone (10 cm3) 

was added Ag[BF,] (0.15 g, 0.77 mmol). The mixture was stirred at 20” C for one 
hour and the AgCl then filtered off. The solvent was removed under vacuum to 
leave a residue of yellow [Os(q6-C&6)((CH3)aCO)3][BF4]2, to which CF3C02H (5 
cm3) and [Ru(q6-[2Z](1,4)C16H16)2][BF4]z (0.06 g, 0.09 mmol) were added. The 
mixture was refhtxed for 10 minutes and then cooled to give a pale yellow 
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precipitate, which was filtered off, and identified as [(#-C,H,)Os($,$- 
[2,](1,4)C,,H,,)Ru(176,r16-[22](1,4)C,,H,,)os(~6-~H6)][BF416. Addition of &ethyl 
ether (50 cm3) to the reaction mixture gave a second crop of the precipitate which 
was filtered off, washed diethyl ether, and dried under vacuum. Combined yield 0.11 
g, 0.07 mmol. (Found: C, 34.6; H, 2.8. Calc. for C,H,$F,Os,Ru: C, 33.5; H, 
2.8%). ‘H NMR (CD,NO,): 6 7.14 (s, C,H,), 6 6.95 (s, OsC&), 6 6.68 (s, 
RuC&), S 3.56 (A&, -CH,CH,). r3C NMR (CD,NO,): 6 89.6 (GH,), 6 84.0 
and 90.2 (C&H,), S 131.5 and 136.6 (C&H,), 6 33.3 and 32.9 (-CH,CH,-). 

Crystar structure determination of ~S(~6-c6H,)(~6-[2’221(1,4)c,,H,6)][BF,], 
Crystal dfta: C,,Hr2~FsOs, M = 650.3, orthorhombic, a 7.728(2), b l&642(2), 

c 14.852(4) A, Y 2140(l) AT, 0, 2.02 g cmW3, 2 = 4, ~(Mo-K,) 60.4 cm-‘, F(W) 
1248, h(Mo-K,) 0.71073 A, space group Cmcm from systematic absences. 

A crystal of dimensions 0.80 X 0.12 X 0.02 mm was used to collect 1050 unique 
reflections in the range 5’ < 28 G 50 O, on a Nicolet R3m/V diffractometer 
equipped with a molybdenum X-ray tube and graphite monochromator. 

The asymmetric unit contains one quarter of the cation and one half of a [BF,]- 
anion. The position of the osmium atom was derived from a three-dimensional 
Patterson function. Least-squares refinement followed by difference-Fourier synthe- 
sis were used to locate the remaining non-hydrogen atoms. It was immediately 
apparent that each component of the structure was subject to disorder. The cation is 
disordered in two respects. Firstly the cyclophane ligand is disordered over two 

Table 1 

Atomic coordinates (X 104) and equivalent isotropic displacement parameters (AZ x 103) 

x Y 2 UC4 a 
OS(l) 0 1282(l) 2500 33(l) 
c(l) 
c(2) 
c(3) 
c(4) 
c(5) 
c(6) 
c(7) 
c(8) 
(WA) 
c(2A) 
c(3A) 
q4A) 
c(5A) 
c(6A) 
c(7A) 
C(8A) 
B(l) 
F(l) 
F(2) 
F(3) 
WA1 
WA) 

956(16) 
1811(29) 

883(20) 
187q31) 
3639(31) 
3502(36) 
1794(32) 
871(24) 

1480(54) 
0 

1552(19) 
0 
0 
0 
0 

1519(21) 
0 
0 
0 

1541(31) 
0 

1128(41) 

2203(6) 
218qlO) 

326(7) 
234(12) 

- 78(12) 
- 887(14) 

- 1215(12) 
- 1275(7) 

2231(20) 
2224(17) 

399(7) 
314(10) 

33(15) 
- 787(11) 

- 1133(12) 
-1202(S) 

3605(14) 
3603(13) 
3496(32) 
3447(23) 
2817(16) 
4134(16) 

3336(9) 
2500 
3296(10) 
2500 
2500 
2500 
2500 
3302Jll) 
2921(29) 
3397(23) 
2967(10) 
3475(15) 
4384(21) 
4388(16) 
3451(15) 
2980(U) 
5391(14) 
6284(14) 
4570(29) 
5139(18) 
5459(28) 
5307(26) 

49(3) 
52(5) 
2~3) 
36(5) 
51(6) 
67(7) 
40(5) 
37(3) 
51(8) 
19(7) 
3U3) 
33(4) 
66(7) 
45(5) 
W5) 
36(3) 
83(8) 

211(12) 
249(33) 
208(19) 
173(19) 
224(19) 

a Equivalent isotropic U defined as one-third of the trace of the orthogonaked qj tensor. 
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positions related by a 90 O rotation with the two sites having equal occupancy. The 
benzene ring is similarly disordered, though in this case one site is occupied 75% of 
the time, the alternative site 25% of the time. The [BF,]- anion is located on the 
mirror plane at (0, v,z). The boron atom and two fluorines lie in that plane. The 
anion is highly disordered. Attempts to refine chemically reasonable models based 
upon interpenetrating rigid tetrahedra were largely unsuccessful. When the atoms of 
the anion were allowed to refine freely a chemically unsatisfactory solution was 
obtained. This solution did however result in the best overall refinement, and more 
importantly, led to the greatest precision for the parameters describing the chem- 
ically more interesting cation. As there are no short contacts between cation and 
anions this imperfect result was accepted. The osmium, boron, and fluorine atoms 
were refined anisotropically. The hydrogen atoms were included in fixed positions 
with a common isotropic temperature factor (U 0.08 A2). At the end of refinement 
R = 0.0380 (R, = 0.0402), based on the 928 unique, absorption-corrected data with 
I < l.%(I). The largest shift/esd was 0.02 and the largest peak in the final 
difference-Fourier synthesis was 1.1 e A-3, close to the metal atom. Crystallo- 
graphic calculations used the SHELXTL PLUS program package [19]. Final frac- 
tional coordinates are given in Table 1. Tables of observed and calculated structure 
factors and a full list of positional and thermal parameters are available on request 
from the authors. 
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