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Abstrac t  

Oxidations of biruthenocene (RcRc) and ferrocenylmthenocene (FcRc) wifll an equivalent amount of iodine or iodoruthenocenium ' Y 
([RcHi]+Y-), Y =  BF,( and PF~) gave monocationic halometaHocenium salts fomlulated as [MhCp(C.sH4C.sH4)CpRuWl]*Y - 
(M ~ Ru, Y = i ~ 1. BF  4 2; M = Fe, Y = i x 3, BE~ 4, PF 6 5). The crystal structures of ! .  3 and 4 were analyzed by single-crystal X-ray 
diffraction. The'crystal of I is monoclinicl space group P2~/c ,  a = 10.737(3), b = 23.957(3), c -  9.936(3) A, 13 ~ 110.96(2) °, Z =  4, 
final R -  0,084, The crystal of 3 is monoclinic, space group P21/c', a ~ 10.575(3). b =  23.811(6), c -9 .902(4)  A, t3 = 110.85(3) °, 
Z ~  4, final R = 0.049. The crystal of 4 is orthorhombic, space group P212~2 j, a - 9.871(10). b - 25.581(10), c ~ 7,810(3) ,g, Z -  4. 
final R ,~ 0.094. The most interesting structural difference between the 13 (1.3) and other salts (2, 4. $) is found in the direction of the 
RuW-I bond with respect to the remaining half of the MiiCp(CsH,,) (M = Ru, Fe) moiety. Because one end of the I~ anion sits above 
the C~H4 plane of the MOiCp(CsH.~) moiety, the R u W - i  bond is fixed in the trans position to the M"Cp(CsH 4) moiety, avoiding 
steric Irindrance between them when the l.i salts (I and 3) are crystallized. In the case of the BF 4 and PF~ salts, the RulV-! ~ bond sits 
in Ihe ris position to the MUCp(CsH,~) moiety, as shown in Scheme I, and this coufommtion gives larger tilting angles between the two 
lqS-Cp and ~l~-Csll,i on the Ru w side (e,g. tilling angles 42.40 ° :utd 39.21 ° for 2 and 4 respectively) than those of both I~ salts (31.08 ° 
Ibr I, 32.73" for .1) due to the van dcr Wuuls contact between I and the C ~ll.,('sll,t plane. Such large confommtional differences between 

g ?  • 
rite salts I, 3 and 2, 4, 5 were observed from the tPStlllS ot i.~(, CP/MAS NMR and FeoM~ssbauer spectroscopic studies: i,e. large 
Ienll~r|aul¢ dependenl S~Fe~MSssbauer SlYectra were fOUlld fi'~r 4 ,'rod 5. unlike II1e c:lse of 3, probably lmclmse of the delocalization of the 
higher positive [IRuiVCp(CsH4)] ' charge to the FeHCp(C~l14] moiety for 4 and ,q. 

g¢'ywmd, s: RutheBitlnl: I ro l | '  Melallocenes 

I. Introduction 

Recently, the crystal structure of 2, formulated as 
[RunCp(CsH4CsH4)CpRu wl] +BF 4- has been deter- 
mined by the present authors using X-ray analysis [I]. 
Two interesting structural features are found in the 
cation. One is the large," tilted structure of the TI'LCp 
and rlS-C.sH4 planes in the [(C.sH.~)CpRu Iv I] ~ moiety. 
The tilting angle between them is 42.40 ° , which is much 
larger than that of iodomthenocenium + I; ([RcHI] + !~) 
salt (32.2 °) [2]. The other is the nonq~lanarity of the 
C sH4C.sH 4 phme (the dihedral angle between the two 
C~H 4 phmes is 19.35°). As shown in Fig. !, the Ru~V-I 
bond is fixed in the cis position to the other half of the 
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Ru"Cp(C~It 4) moiety, thus these structural features 
may be caused by steric hindrance between the l and 
two C I atoms (the ! . . .  C(6) (3.188(8) ,g,) and 
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l , . .  C(II)  (3.253(9) /~) distances are much smaller 
than the sum of the van der Waals radii of C and I (3.85 
,~)). To confirm this conclusion and widen our studies, 
the related salts I and 3=$ were prepared and their ~:~C 
CP/MAS NMR and ~FeoM~ssbauer spectroscopies 
carried out, The results of the measurements indicated 
the presence of structural differences between them; e.g. 
although $ gives ferroceneolike ~Fe-Mt~ssbauer spectra 
at all the tomperatures, 4 and $ give temperature depen~ 
dent ferrocene and fetrocenium~iike spectra, suggesting 
some interaction ~tween the [IRutVCp(C~H4)] * and 
Fe"Cp(CsH,,) moieties for the latter salts. Such counter 
anion effects were observed only in the solid state (the 
effect was found to be absent in solution, based on the 
results of ~H NMR spectroscopy in CD~COCD0. It is 
therefore important to investigate the crystal structures 
of I, 3 and 4 in comparison with that of 2, The aim of 
the present work is to discuss the different results of 
STFe-MtSssbauer and a~C CP/MAS NMR studies from a 
structural point of view. 

3. E x p e r i m e n t a l  

2,1. Aleasuremems 

"~TFe-M~ssbauer measurements were carried out us- 
ing a ~Co(Rh) source moving in constant acceleration 
mode. The isomer shift (IS) value was referred to 
metallic iron foil, The M~ssbauer parameters were ob- 

tained by least-squares fitting to Lorentzian peaks. The 
experimental error of the IS and quadrupole splitting 
(QS) values was 0.02 mms ~ i. The 13C CP/MAS NMR 
measurements were carried out by the method reported 
previously [31. 

2.2. Xoray crystallograld O, 

Salts I, 3. 4 and S were prepmed by the method 
reported previously [4]. Crystals (0,1 × 0.1 x 0.3 mm ~) 
of 1, (0,1 × 0.1 × 0.3 mm ~) of 3 and (0.03 × 0.2 × 0.3 
mm '~) of 4 were selected. X-ray diffraction experiments 
were carried out on a Rigaku AFC-6A automated four- 
circle X-ray diffractometer with graphite monochro- 
mated Me Ke~ radiation (h ~ 0.71073 ~). Tile intensity 
data were collected at 25 5: I ° using the to-20 scan 
mode with a scanning speed of 4" rain -I.  The I' Rice 
parameters were determined by a least-squares catcula~ 
tion with 25 reflections. Crystal stability was checked 
by recording three standard reflections every 150 reflec- 
tions, and no significant variations were observed, For 
It, 6847 reflections were collected in the range 4 ° ~ 20 

55 °, 6483 were unique ( R,,  = 0.054), of which 281 I 
reflections with Lb,,> 2.5tr(!o1~, ~) were used for the 
structure determination. The scan width was 1.15 + 
0,3 tan 0. The refinement of 237 variable parameters 
converged to R = ~ IIFo I - [ F,, [1/E [ F o I = 0.084, R,. 

& I - I I ) / E , , + o  )1/" = o . l o 5 ,  where  w = 
4LpZF~/[SZ(C + R:B) + (pFo2) 2 ] (where S ~- scan 
rate, C = total integrated peak count, R = ratio of scan 
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Table ! 
Crystal and intensity collection data for I, 3, and 4 
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1 3 4 

Formula CmHisl.~Ru2 C20HtsFel4Ru C2oHIsBF4FeIRu 
Formula weight 968.12 922.90 628.99 
Space group P21/c P2 t /c  P21212 t 
a (ht) 10.737(3) 10.575(3) 9.871(10) 
b (~,) 23.957(3) 23.811 (6) 25.58 I(10) 
c (/~) 9.936(3) 9.902(4) 7.810(3) 
I~ (°) 110.96(2) 110.85(3) - -  

V (A'~) 2386( 1 ) 2329( I ) 1972(2) 
Z 4 4 4 
D~ (gcm -3) 2.694 2.631 2.118 
T (°C) 23 23 23 
k (~,) 0.71073 0.71073 0.71073 
Ix (era- t ) 64.45 65.76 31.06 
No. of ref. 6483 5157 3287 
No. of obs. 2811 ( I > 2.50"( I )) 2646 ( I > 2 0"( I )) 1272 ( i > 2.50"(!)) 
R 0.084 0.049 0.094 
R,,. 0.105 0.046 0.102 

time to background counting time, B = total back- 
ground count, Lp = Lorentz-polarization factor and p 
--- p-lacteal. The standard deviation s of an observation 
of unit weight was 2.53. For 3, 5459 reflections were 
collected in the range 4 ° ~: 20 _ 55 °, 5157 were unique 
(Ri, ~ = 0,038), of which 2646 reflections with lob.~ > 
2o'(i,,b~) were used tbr the structure determination. The 
scan width was I. i 5 + 0.3 tan 0. The refinement of 235 
variable parameters converged to R =  0.049, R,, = 
0,046, and s ~ 1.93. For 4, 3287 reflections were col- 
lected in the range 4 ° ~ 20 ~ 60 °, of which 1272 reflec- 
tions with I,,~,~ > 2.5~r(I,,~,,) were used for the structure 
determination. The scan width was 0 .84+ (k3 tan 0. 
The refinement of 253 variable parameters converged to 
R,~ 0.094, R,. ~ 0.102 and s ~ 2.37. 

The non-hydrogen atoms were refined anisotropically 
by full.matrix least-squares. For I and 4, hydrogen 
atoms were fixed at the calculated positions, and for 3 
the atoms were located from the difference of Fourier 
maps. Neutral atom scattering factors were taken from 
Cromer and Waber [5]; anomalous dispersion effects 
corrections were included in F~,,i ~ [6], the values for Af '  
and Af" were those of Creagh and McAuley [7]. All 
calculations were performed using the ~XSAN crystallo- 
graphic software package [8]. Crystallographic data tbr 
I, 3 and 4 and some of the experimental conditions for 
the X-ray structure analysis are listed in Table I. 

3. Results and discussion 

3.1. Salts I and 2 

The results of single-crystal X-ray studies of I com- 
pared with studies of 2 are discussed first. The final 

atomic coordinates and equivalent isotropic temperature 
factors Beq of non-hydrogen atoms, interatomic dis- 
tances, and selected bond lengths and angles for 1 are 
shown in Tables 2, 3 and 4, and oR'rEP drawings of the 
cation are shown in Fig. 2 with the atom numbering 
systeni. The cation of I is in trans conformation as with 
neutral RcRc and 2 [I], i.e. the two Ru atoms sit on 
opposite sides of the planar C sH4CsH 4 ligand. The 
R u ( l ) . . .  Ru(2) distance (5.273('3) ~," which is ea. 0.2 
/~ smaller than the v,'due for 2 (5.464(4)/~)) shows no 
interaction between them. The Ru(I)-I  bond length is 
found to be 2.756(2) /~, which is 0.039 :rod 0.024 f~ 
longer than the con'esponding values for the cation 2 
and [Rcloil]*l~ respectively. The mean bond distances 
from Ru(1 ) to th~ ring carbon atoms (Ru(I)-Cr~,~) and 
to the eyclopentadienyl tings (Ru(l)-Cp) are 2.21(4) 
and !.861(6) A respectively, which are closer to those 
of the [IRu'VCI~C,~H4)] ÷ moiety of 2 (2.22(2) and 
1.879(7) /~ resl~ecti'vely). Sinailarly, mean Ru(2)-C,,,~ 
(2.1 I(1)/~) and Ru(2)-Cp (I.740(3) A) bond distances 
are closer to the values of the Rc moiety of 2 (2.18(1) 
and 1.812(3) ~ respectively). Thus, the cation can be 
formulated as [Ru"Cp(C.sH4CsH4)CpRu 'v I] +. 

The most essential difference between 1 and 2 is 
found in the direction of the Ru~V-I - bond to the other 
half of the Rc moiety. As shown in Fig. 2, I sits in trans 
position to the Rc moiety. Therefore, a much larger 
distance Ru(2)-I (7.697(3) A) and an~le I(1)Ru(1)Ru(2) 
(145.2 ° ) were found compared with the values for cation 
2 (5.398(5) ,~, and 105.8" respectively). Moreover, .qt 
CsH 4 (C(6-10) plane) shows good planarity (the devia- 
tions of all C atoms from the least-squares plane are 
within the range 0.0012-0.0038 /~,), owing to the ab- 
sence of steric hindrance between I(1) and C(6), unlike 
the case of 2, where the ~q'tCsH4 ring is non-planar 
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Table 2 
Atomic coordinates and isotropic temperature factors for ! 

Atom x Y Z Bm a ( ~ 2 )  

l(1) -0.5783(2) -0.28454(7) ..... -0.3418(2) 5.0 
!(2) - 0.4999(2) - 0.05585(8) O. 1896(2) 5.7 
I(3) - 0,2.545(2) - O. I 1069¢7) O. 1996(2) 4.7 
I(4) - 0,0114(2) - O. 16995(6) 0.2082(2) 6.3 
Ru(1) - 0.4793(2) - 0.17808(7) - 0.3365(2) 2.5 
Ru(2) - 0.0485(2) - 0.05814(9) - 0.2648(2) 3.8 
C(1) - 0.560(4) - 0.094(I) - 0.368(6) 7.0 
C(2) - 0.651(4) - 0.128(2) - 0.472(4) 7.3 
C(3) - 0.696(3) - O. 164(I) - 0.398(5) 6,2 
C(4) - O.642(5) - O. 159(2) - 0.26 I(6) 9.4 
C(5) - 0.549(4) - O. 110(2) - 0.234(4) 8.6 
C(6) - 0.28 !(2) - O. 136(1) - 0.308(2) 2.6 
C(7) - 0.335(2) - O. 164(I) - 0,446(3) 3,5 
C(8) - 0,344(2) - 0.222(1) - 0,420(3) 3.5 
C(9) - 0.297(2) - 0.228(1) - 0,27 !(3) 3,5 
C(IO) - 0 . 2 f ~ 2 )  -0.177(1) -0.205(2) 3.3 
C( I ! ) - 0.247(2) - 0.077(I) - 0.287(2) 2.7 
C(12) - 0.245(2) - 0.037(I) - 0.392(2) 3.5 
C( ! 3) - O. 180(2) 0.01 I(I) - 0,325(3) 3.4 
C(14) - 0  I~8(2) 0.004(I) -0,173(2) 3.1 
C(15) -0.177(2) -0,051(I)  -0,147(2) 2,9 
C(16) 0.051(3) = 0.131(I) - 0.288(4) 5.8 
C(17) 0.055(3) - 0.093(1) - 0,391(3) 5.0 
C(18) 0 120(2) -0046(1)  -0,324(3) 4,3 
C(19) 0.I 62(2) - 0.053(I) - O. 180(3) 4.3 
C(20) O. 123(2) - O. 105( I ) - O. 146(3 ) 4.9 

Beq - 4 /3 (Bl lu ;  + Bi,b ~" + B~c ~ + Bl~.c cos ~). B, js are defined by exp[-(h2Bll + k"Bz2 + 12Be + 2klB. + 2hlB,~ + 2hkBi,)]. 

(Ih¢ d ihedra l  ang le  b e t w e e n  the p l ane  C ( 6 ) = C ( 7 ) ~ C ( 1 0 )  

~md C ( 7 = 1 0 )  be ing  I 1.6(Y'). 

T h e  i n t c r p l a n ¢  C ( I )  , , ,  C ( 6 ) ,  C ( 2 )  , , .  C ( 7 ) ,  

C(3)...C(8), C(4)...C(9) and C(5)...C(I0) dis- 

t ances  arc found  to be  3.00(4),  3 .40(5) ,  4 .10(4) ,  4 .10(6)  

and 3 .40(5)  ~ r e spec t ive ly .  T h e  largest  d i s t ance  (4 .10  

/~) is closet" to the v a l u e  for  [RcHI]  * !~ (4 .11(3)  A)  [2], 

thus  a simihu' t i l l ing  angle  b e t w e e n  lbe . q L C p  and 

Table 3 
Selected Interatomi¢ dls|anccs for I 

Atom I Atom ) Distance (/~) Atom I Atom 2 Distance (~) 

Ru(l ) I( I ) 2.756(2) Ru( I ) Ru(2) 5.273(3) 
I(2) I(3) 2.914(3) I(3) I(4) 2.944(3) 
Ru(I) C(I) 2.17(3) Ru(1) C(2) 2.21(3) 
Ru( I ) C(3) 2.2 I(3) Ru( I ) C(4) 2.19(3) 
Ru( I ) C~5) 2,18(3) Rut I ) C(6) 2,28(2) 
Ru( I ) C(7) 2.2 I(2) Ru( I ) C(8) 2.18(2) 
Ru(l ) ~9) 2.18(~) Ru( I ) C(I0) 2.25(2) 
Ru(2) C( I I) 2.11(2) Ru(2) (312) 2.09{2) 
Ru(2) C(13) 2,11(2) Ru(2) C(14) 2.14(2) 
Ru(2) C(15) 2,12(2) Ru(2) C(16) 2.10(2) 
Ru(2) ('(17) 2.13(2) Ru(2) ('(18) 2.1 I(2) 
Ru(2) ('(19) 2,11(2) Ru(2) ('(20) 2,11(2) 
C(1) C(21 1.4(~5} (31) C(5) 1.35(5) 
C(2) C(3~ 1.3S(S) C(3) ('(4) 1.28(5) 
04)  (~5) 1,51X5) C(6) (37) 1,45(3) 
~6)  C(10) 1,3~3) (~7) C(8) 1.44(3) 
('(8) (39) 1,38(3) C(9) C(I0) 1,36(3) 
C(6) ~ I I ) 1,45(3) C( I I ) C(12) 1.42(3) 
C(I I) (7(15) i ,4~ 3) C(12) C(13) 1.38(3) 
C( i 3) ~ 14) i ,42(3) C(14) C( 15 ) 1,43(3) 

15) C(17) 1,37(4) C(16) C(20) 1.49(4) 
17) ('(18) 1,38(4) C(18) C( ! 9) 1.35(3) 

C(19) C(20) 1,39(4) 
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Table 4 
Selected bond lengths (A) and angles (deg) for I - 4  
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I 2 3 4 

M n a . . .  RulV 5.273(3) 5.464(4) 5.219(2) 5.324(6) 
M n-Cp ~' i .740(3) 1.812(3) i .649(9) 1.649(19) 
Ru~V_Cp c !.861(6) 1.879(7) !.864(9) 1.840(28) 
M a_crin~ (av) 2. i 1(i ) 2.18( I ) 2.03(6) 2.03(6) 
RuW-Cn.~g (av) 2.21(4) 2.22(2) 2.21(9) 2.21(9) 
RuW-! 2.756(2) 2.717(2) 2.731(2) 2.746(I) 
Caag-Cme (Fe) 1.41 (3) 1.40(6) 1.41 (4) 1.42( i ) 
Cnng~Crm~ (Ru) !.39(3) 1.37(9) 1.42(5) 1.42(3) 

Dihedral attgle 
Cp-Ru iv -C  5 H 4 31.08 42.40 32.73 39.21 

a M = Ru for 1, 2 and Fe for 3. 4. 
b Fe-Cp; the distance between the Fe and "qS-Cp and "qS-CsH 4 rings, 

Ru-Cp; the distance between the Ru and "qS-Cp and "qS-C~H a rings. 

-qLCsH 4 planes of the Ruw side will be expected; 
actually the value is found to be 31.08 ° (32.2 ° for the 
[RcHI] + cation). Therefore, the larger tilting angle be- 
tween the rings (42.4 °) found in cation 2 is verified by 
the steric hindrance between the I and two C~ atoms 
(C(6) and C(I 1)), and as a result the non-planarity of 
the CsH4CsH 4 plane is observed in cation 2. 

The structure of the Rc moiety of 1 is similar to that 
of 2; i,e. the "q~-Cp and "q'S-CsH4 rings are nearly 
parallel (tilting angle 1.44 °) and the mean interplane 
Cr,,t: . . ,  Cr,~ distance of the Rc moiety is 3.41(9) ~. 
As s,'hown in Fig. 2 (upper part), the ~5-Cp and "qS-CsH4 
rings of the Rc moiety am essentially eclipsed, as in the 
case of RcH and the [Rcill] + cation (rotation angle 
1.2(9)°), while the two tilting rings on the Ru TM side at~e 
in a nearly intenuediate eclipsed and staggered state 
(rotation angle ca. 20(2F), as with 2. 

A stereo view of the packing down the c axis of ! is 
shown in Fig. 3. The unit has an asymmetric I ;  anion 
(I(2)-1(3)-1(4): distances 1(2)-!(3) and I(3)-I(4) 
2.914(3) and 2.944(3) ,g. respectively; 1(2)-i(3)~I(4) 
angle 178.0(I) ° i.e. the anion is i , - I -  in character). The 

shortest intermolecular l ( i ) . . .  I(2) and 1(1) . . .  I(3) 
distances are 3.904(3) and 4.188(2) ,~ respectively, 
these values are less than the value (4.30/g,) of the van 
der Waals radii of two I atoms [9]; i.e. I(1) is in contact 
with I~. However, an absence of contact between 1~ 
anions is found (the shortest intermolecular i~-13 dis- 
tance (4.622(4)/~,) is much longer than the sum of the 
van der Waals radii of two I atoms [9]). 

The characteristic feature of the packing is found in 
the position of the I.~ ; i.e. the l~ sits perpendicularly 
above the C s H  4 plane (C(l l -15))  of the Rc moiety. 
Fig. 4 gives a space filling plot, showing the contact 
between the I~ and cation 1. Although the 1(2)" 
• . .C(13)"  (4.26(2)), 1(2)" . . .C(14)"  (4.03(2))and 
1(2)" " '  C(15)" (4.21(2)/~) distances are longer than 
the st, m of the van der Waals radii of 1 and C atoms 
(3.85 .~) [9], tiffs packing decides the structure of the 
cation 1; i.e. avoiding steric hindrance between i(i)and 
the bulky I~, the direction of the RutV~l ° txmd is fixed 
as the t r a n s  position to the Rc moiety when the salt I is 
crystallized. The absence of BI~- on the Ru" side of the 
CsH 4 plane and a demand for close packing belween 

Table 5 
Dihedral angles between planes (deg) 

Plane C(6)- C( I O) C(11)-C(15) C(16).oC(20) 

Comlmund I 
C{ I ~5) 31.08 17.02 15.75 
C(6- I0) - -  14.06 15.36 

1.44 C(11-15) 

Cottq~olold 3 
C(1)-C(5) 32.73 18.48 16.93 
C(6)-C(10) - -  14.25 15.87 

2.01 C(11)-C(15) - -  

Cemq~mmd4 
C(I)-C(5) 39.21 46.08 42.03 
C(6)-C(10) - -  21.32 17.81 

__ 4.52 C(11)-C(15) 
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l ~ = = m a a a a a ~ R u  1 

C9 - ~lu ~ R u 2  

~ C18 

cr6 C 2 ~ 1 9  

Fig. 2. t~'rv~ drawing of cation I with thermal ellipsoids at the 40% 
prob~btlt|y level: per~pcctlve view wilh atomic numbering scheme 
(be(Iota), proj.:clton of a whole molecule onto the Cp plane (top), 

• t 

I 1 "  

Fig. 4, Space filling plot showing the contact between I~ and the 
cation I. 

the cation and anion, means that the direction of the 
Ru=V=l ~ bond is fixed as the cis position to the Re 
moiety tbr 2, as shown in Fig, i, These stn~ctun|l 

differences, caused by the counter ions. are also re- 
flected in the results of solid state NMR. 

Fig. 5 shows I'~C CP/MAS NMR spectra of (a) I 
and (b) 2. Two sharp signals are observed for both the 
salts. For 1. th~ lower field t~C signal at 5 93.5 is 
ascribed to tile Cp- and CsH4-ring (C~, s positions) of 
the Ru =v side. ~md at 8 78.0 to those of the Ru" side. 
The reason for the smaller peak intensity of the Rn TM 

side compared with that of the Ru" side is explained hy 
the overlapping of the other Csll4=ring signal (C?~t 
positions) of ttie Ru Iv side to die Ru" signal on th'¢ 
basis of I~C NMR spectn~scopy in solution [4]. All 
attempts to fi.d Ihe C, signals of the Ru" and Ru ~v 

C20 C19 

°L. 
b 

Fig, 3, Projeclion of tile unit eell of I along the c axis. 
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Fig. 5, I~C C P / M A S  N M R  spcclra  o f ( a )  I arm (b) 2. 

sides have been unsuccessful because of their poor 
intensities. For 2, ring carbon signals of the Ru t' side 
are observed at 8 77.7, those of the Ru ~v side at 8 88.7, 
which is a higher field shift (ca. A8 = 4.8) compared 
with the value of ! because of the structure difference 
between them. I is in van der Waals contact with the 
CsH4-ring of the Ru u side for 2, thus the higher 
positive charge of  Ru Iv may be delocalized over Ru lv-  
I . - - C s H a C p R u  u, resulting in the higher field shift 
observed in t h e  [ I R u l V C p ( C s H 4 ) ]  + moiety. In contrast, 
the absence of such contact in 1 gives no higher field 
shift of the Ru 'v side. 

As described in the Introduction, these counter anion 
effects are observed only in the solid state. From results 
of I H NMR spectroscopy of 1 in CD3COCD.~, the 
absence of the counter anion effect was observed [10]; 
i.e. 1 gives six sharp signals in CD3COCD.a at 183 K; 8 
6.41 (2H), 6.05 (5H), 5.76 (2H), 5.33 (2H), 5.19 (2H) 
and 4.61 (5H). The former three signals are assigned as 
ring protons of the [IRu'VCp(CsH4)] + moiety, and the 
latter three signals as the RunCp(CsH4) moiety. The 
same 8 values are observed for the analogous BF4- 2 
and PF~ salts, implying no interaction between the 
anion and the cation in solution. Avoiding sterie hin- 
drance between the 1 and two C~ atoms in the 
CsH4CsH 4 ligand in solution, the direction of the 
RuW-I "bond may be fixed as the t rans  position to the 
Re moiety in acetone, as for I iq solid. In order to 
estimate the central metal positive charge, ~TFe- 

Table 6 
AloIklic t.'oordill~|l¢,4 alld tsOltOl~;ic lelnperalliR~ f,,iclors 1oi' 3 

A tom x y z f)~.,) " (~2)  

I(I} 0 ,0858( I )  ~ 0 , 2 1 5 1 3 ( 5 )  - 0 . 1 5 7 2 ( I )  
1(2) - 0.0073( I ) 0 ,05501(5)  0.1875( I ) 
1(3) 0.2397( I ) 0 .10960(4)  0.1952( ! ) 
1(4) 0,4862( I ) 0 ,16975(6)  0.2046( I ) 
Ru - 0.0155( I ) - 0 . 3 2 0 9 3 ( 4 )  - 0 .1617(  I ) 
Fe - 0.4471(2) - 0 . 4 4 1 1 0 ( 7 )  - 0 .2325(2)  
C( I ) 0.061 (2)  - 0 . 4 0 4 9 ( 7 )  - O. 131 (3)  
C(2) 0.058(2)  - 0 .3906(9)  - 0 .264(2)  
C(3) 0.146(2)  - 0 .3426(9)  - 0 .095(3)  
C(5) 0.152(2)  - 0 ,3734(9)  - 0 .025(2)  
C(6)  - 0 . 2 1 7 ( I )  - 0 . 3642 (5 )  - O. 186( I ) 
(7(7) - 0.237( 1 ) - 0 .3226(6)  - 0.296( I ) 
C(8) - 0.202(I  ) - 0 .2698(5)  - 0 .227(2)  
C(9) - O. 154( I ) - 0 .2785(5)  - 0.078( I ) 
COO) - 0 . 1 6 2 ( 1 )  - 0 . 3 3 5 2 ( 6 )  - 0 . 0 5 1 ( I )  
C( I I ) - 0.257(1 ) - 0.4220(5) - 0.210( I ) 

C(12)  - 0.321( I ) - 0 .4483(5)  - 0.345( I ) 
C(13)  - 0.363( I ) - 0 .5023(5)  - 0 .320(2)  
(7(14) - 0 .322(! )  - 0 .5092(6)  - O. 170( I ) 
C( I 5) - 0.256( ! ) - 0 .4601(5)  - 0.098( I ) 
C(16)  - 0.542( I ) - 0 .3685(6)  - 0 .218(2)  
C(17)  - 0.610( I ) - 0 .3934(8)  - 0 .349(2)  
C(I  8) - 0.654( I ) - 0 .4460(7)  - 0.325( I ) 
(?(19) - 0 . 6 1 1 ( I )  - 0 . 4 5 3 7 ( 6 )  - 0 . 1 7 6 ( 2 )  
C(20)  - 0 . 5 4 4 ( I )  - 0 . 4 0 5 0 ( 7 )  - 0 . 108 (2 )  

a Be q -- 4/3(BllaZ + B22b 2 + B33c z + Bija c cos  [3). B, j s  are def ined by  e x p [ - ( h 2 B i )  + k2B22 + 12B.~.~ + 2kIBz3 

5,1 
5,5 
4.0 
6,1 
2.3 
2,1 
5.4 
6.6 
5.8 
5.6 
2.1 
2.9 
3.3 
2.6 
3.0 
2.3 
2.6 
3.0 
3.0 
2.3 
4.2 
4.7 
3.3 
3.7 
3.9 

+ 2hlBi3 + 2hkB)2)], 
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~ b a u e r  spectroscopy and X-ray diffraction studies 
were carried out using salts 3 - 5 .  

3.2. Salts 3 - 5  

The results of X-ray studies of 3 are discussed first. 
Tables 6 and 7 show the final atomic coordinates and 
equivalent isotropic temperature factors B~ of non-hy- 
drogen atoms and selected bond lengths for 3 respec- 
tively. Fig. 6 is a OR~P drawing of the cation 3. The 
structure of the cation is similar to that of 1; i.e. the 
direction of the Ru-I bond is trans to the Fc moiety. 
The Ru-l, Fe , . .  Ru and F e . -  • I distances are found 
to be 2.731(2), 5.219(2) and 7.492(2) ,~ respectively. 
These values correspond well with the values for 1 
(2.756(2), 5.273(3) and 7.697(3) ,g, respectively). The 
l-Ru . . .  Fe angle (138.7 °) is 6.5 ° smaller than that for 
1. 

The mean Ru-Cp and Ru-C~i,g, Fe-Cp and Fe-C,m g 
distances arc 1.864(9) and 2.21(9), 1.649(9) and 2.03(6) 
,g. respectively. The former two values are closer to the 
values for the [IRuWCp(CsH4)] ÷ moiety of 1, and the 
latter two values to those for ferrocene (!.65 and 2.045 
,g,) [i 1], Thus the oxidation states of Ru and Fe are 
assigned formally as Ru tv and Fe"; i.e. the formula of 
the cation is given as [Fe"Cp(CsH4CsH.,)CpRutVl] *, 
as already verified using STFcoM~ssbauer spectroscopy 
[I 2], The tilting angle between the Cp and C sH 4 planes 
on the Re moiety is 32,73 ° (2.01 ° for the Fc moiety), 
this is slightly larger than the value for I. As in the case 
of l, the Cp and C~H~ planes of the Fc moiety arc 
eclipsed (the rotation angle between them is ca. l(l)"), 

Table 7 
Selected interatotriic dlstanceg for 3 

Alom I Atom 2 Dlstar~e (~) 
Re I( I ) Z731(2) 
1(2) 1(3) 2~894(2) 
Ru C(1) 2,14(2) 
Ru C(3) 2,18(I) 
Ra ~$ )  2,19(I) 
Re C(7) 2,24( I ) 
Ru C(9) 2, I 7( I ) 
Ft" C(11) ZOO(i) 
Fe C(13) 2,05(I) 
Fe C(15) 2,04(I) 
Fe C(17) 2,04(I) 
Fe C(19) 2.03( I ) 

I ) C(2) 1,3~3) 
~2 )  CI3) I,.~2(3) 
~4 )  C(5) 1,33(2) 
C~6) C~ I0) 1,43(2) 
C18) ~ 9 )  1,40(2) 
C(O) C( l l ) 1,43(2) 
C( I 1 ) C( 1 ~) 1,43(~) 
C(13) C(14) 1,41(2) 
CI I0) C(I 7) 1,38(2) 
C~ 17) C(18) 1,38(2) 
C~ 19) L~20) 1.40(2) 

C3 

F ~ c~2 

C20 C 19 
Fig, 6, ORI~F..P drawing of cation 3 with thennal ellipsoids at the 40% 
probability level: perspective view with atomic numbering ~cheme 
(bottom), projection of a whole molecule onto the Cp plane (top). 

These two planes of the Rc moiety arc in an intermedio 
ate eclipsed and staggetvd state (the rotation angle 
between then| is Ca, 1~2)~). The packing o f  the cation 

Atom I Atom 2 Distance (,~) 

Ru Fe 5.219(2) 
I(3) l(4) 2.946(2) 
Ru C(2) 2.21(2) 
Ru C(4) 2,21(2) 
Ru C(6) 2.30( I ) 
Ru C(8) 2.2 I( I ) 
Ru ~ I0) 2.22(I) 
Fe C(12) 2.03( I ) 
Fe C(14) 2.04(!) 
Fe C(16) 2.03( I ) 
Fe C~ 18) 2.05( I ) 
Fe (~ 20 ) 2,0~( I ) 
C( I ) C(5) 1,37(2) 
C(3) C(4) 1.37(3) 
C(O) C(7) 1,43(2) 
C(7) C(8) 1.41(2) 
C(9) C(I0) 1.38(2) 
C(I I) C(12) 1.42(2) 
C(I 2) C~ 13) 1.41(2) 
C(14) C(15) 1.42(2) 
C(16) C(20) 1.40(2) 
C"(18) C(19) 1.39(2) 
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C4 

C2 

C8 

cI  

CIO 

1 C2 

CII 

C6 

Ft~ 

C17 ,~/ 

Cl 

C12 

CI3 

C18 

~ C 1 9  

C4 

C20 

Fig. 7. oR'm.p drawing of cation 4 with thennal ellipsoids at the 40% probability level: perspective view with atomic numbering scheme (bottom), 
projection of a whole molecule onto the Cp plane (top). 

and !~ is the  s a m e  as wi th  I ;  i .e.  the I.~ s i ts  on the 
C s H  4 p l a n e  ( C ( I  1 - 1 5 ) )  o f  the Fc  m o i e t y  ( the  shor tes t  
1(2) to  C a t o m s  d i s t ance  is 3 .94(1)  /~ (1(2)" 
. .  (? . (13)")) .  A l l  the c rys t a l  da t a  o f  3 ind ica te  that  its 

c rys ta l  structut¢, is h o m o l o g o u s  to  tha t  o f  1. 

In cont ras t ,  the c rys t a l  da t a  o f  4 is d i f f e ren t  f r o m  that  
o f  2; e.g.  the s p a c e  g r o u p s  o f  2 and 4 are  P 2 1 / n  and 
P 2 t 2 ~ 2 ~  r e s p e c t i v e l y  and  the cel l  p a r a m e t e r s  o f  2 ( a  = 
25 .078(12) ,  b =  10.599(12) ,  c = 7 . 6 5 2 ( 8 )  ~,, 13=  
95 .17(8)  °) are d i f f e r en t  f rom those  o f  4 ( a  ~- 9 . 8 7 1 ( i 0 ) ,  

Table 8 
Atomic coordinates and isolropic l¢~pe;'ature fiwlors lot' 4 

Atom a' y :. B,., I " ( ~'~ ) 

I 0,0839(4) (1.1433{ I ) O. 1722(3) 4,5 
Ru 0,207414) 0,182 I( I ) - O. 1157141 2.9 
Pe - 0,0(14'X61 O.(X) I 0(21 = 0.3166(7 ) 2.8 
R I ) 0,$0415) O. 183(3) 0.4?2(6) 14.7 
I-,'(2) 0.6?fg 5) 0.15 I( I ) 0.359(4) 11,2 
t~31 0.613(4) 0.135( I ) 0,63(X4) 10,3 
F(4) 0,692(6) I).21011 ) 0,556(5) 11,2 
C( I ) 0,376(6) 0.202(2) 0,067(6) 6.2 
C(21 0.278(8) 0.242( I ) 0,072(6) 7.4 
C13) 0.255(7) 0.263(2) - 0,080(6) 6.6 
C14) 0.373(5) 0.235(3) -0.166(8) 11.6 
(.'(5) 0.415(5) O. 192(2) - 0.093(7) 13.5 
(7(6) O. 118(4) O. 104( I ) - 0.243(4) 2.3 
C17) 0.224(4) O. 128121 - 0,333(5) 4.7 
C(8) O. 185(5) 0.178(2) - 0.388(4) 12.7 
C191 0.048(6) O, 188(2) - 0.309(6) 5.8 
C( I01 0.00615) O. 146(2) - 0.220(5) 5.4 
C'( I I ) O. I 1114) 0,052(2) - O. 187(41 4,7 
C(I 2) 0.005(4) 0.031(2) - 0.078(4) 2.8 
C(13) 0.025(6) - 0.025(2) - 0.069(5) 5.6 
C(14) 0.141(4) - 0.037(2) - O. 183(5) 4.2 
C(15) O. 188(4) 0.(110(2) - 0.239(5) 3.3 
C'(16) - O, 125(5) 0.038(2) - 0.497(6) 5.2 
C(I?) -0.182(6) 0.011(3) -0,390(7) 8.2 
C(18) - O. 196(7) - 0.023141 - 0,398(5) 12.3 
C(19) - 0.094(9) - 0.053131 - 0.498(9) 20.3 
C(20) - 0.027(4) - 0.001141 - 0.568(7) 11,3 
B 0.621 (5) O. 171(21 0.514(5) 3.4 

a Be q = 4/3(Bita z + B2262 + B33c2 + Bl3a c cos ~). BOs are defined by exp[-(h2Bi] + k2B22 + 12B33 + 2klB23 + 2hlBl~ + 2hkBI2)]. 
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b = 25.581(10). c = 7.810(3) ,~). Fig. 7 shows an ORtEP 
drawing of the cation of  4 formulated as 
[FeuCp(C~H~CsH~)CpR~Vl] +. The distance between 
Fe n and l~u Iv is 5.324(6)/~, which is ca. OA4 ,~ smaller 
than the value for 2, as shown in Table 9. The mean 
Fe-Crin~ (1.649(19)), Fe-Cp (2.03(6)), Ru-C~i,~ 
(1.840(28)) and Ru-Cp (2.21(9) /~) distances agree 
with the corresponding values for 3. The most interest- 
ing structural feature of the cation is the direction of the 
Ru-I  bond to the CsH ~ plane of the Fc moiety; I is 
coordinated to Ru from the oblique side of the Fc 
moiety. The torsion angle I -Ru-C(6)-C(I  I) is 43.0(1) °. 
while the angle for 3 is small (9(1)°; the same value is 
found for 1). The I . . .  C(6) distance (3.386(!) /~) is 
longer than the e,~lue for 2 (3.188(8)/~), suggesting less 
steric hindrance between I and C(6). The smaller tilting 
angle (39.21 °) between the Cp and CsH 4 rings of the 
Ru ~v side. and the lesser non-planarity of the CsH 4 
plane of the Ru tv side compared with those of 2. are 
explained by the same reason. 

Fig. 8 shows 'aC CP/MAS NMR spectra o f (a )  3 
and (b) 4, For 3, two broad main t'~C peaks (8 == 93.1 
and 75.8) are obscn, ed. On the basis of previous stud- 
ies. the signal at lower field is ascribed to the Cp and 
C2. s of the [Cp(CsH4)Ru Iv I] + moiety, and the signal at 
higher field to the Cp(CsH~)Fe" moiety. The much 
larger peak intensity of the latter is explained by the 
same reason de.~crilmd for 1 and 2. For 4. three broad 
main signals (8 ~ 89.4, 75.9 and 73. I) are observed; the 
lower field signal (8-~ 89.4) is ascribed to the Cp and 
Cz, s of the [IRuiVCp(CsH~)] * moiety, the higher signal 

a )  f 
l 
I I 
i / 
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b )  

r i 

t ! 
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/ l  
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, 't t 
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t ~ C  ,'~ / I P P m  

Fi~l. 8, '~C CP/MAS NMR spectra of(a) 3, (b) 4 and (c) .q. 

Table 9 
Selected tnteratomlc distances for 4 

Atom I Atom 2 Distance (A) 

Ru l( I ) 2.745(4) 
8 F( I ) 1.24(6) 
B R3) 1,29(S) 
Ru C(1) 2.24(5) 
Ru C(3) 2.13(5) 
Ru C(:5) 2.09(5) 
Ru C(7) 2.23(4) 
Ru C(9) 2.23(5) 
Fe C(I 1) 2.00(4) 
Fe C(13) 2.07(4) 
Fe C(15) 2.00(4) 
F¢ ~ 1 7 )  1.96(8) 
Fe EX 19) 2.12(6) 
C( I ) C(2) 1,42(8) 
('(2) C(3) 1.32(.~) 
C(4) C(.S) 1,35(8) 
C(6) C(I0) 1.44(9) 
C(8) C(9) 1.49(8) 
C(6) C( I I ) 1,37($) 
El I I ) ~ I,S) 1,37(5) 
C(13) EX 14) 1,48(6) 
C(16) C(17) 1,36(7) 
C(17) C(18) 1,34(7) 
C(19) C(20) 1.40(5) 

Atom I Atom 2 Distance (~) 
Ru Fe 5,324(6) 
B F(2) 1.40(5) 
B F(4) 1.26(6) 
Ru CX2) 2.22(4) 
Ru C(4) 2,15(5) 
Ru C(6) 2,41(3) 
Ru C(8) 2.14(2) 
Ru CXIO) 2,36(4) 
Fe C(12) 2,03(3) 
Fe C(14) 2,03(4) 
Fe C(16) 2,O8(4) 
Fe C(18) 2.04(5) 
Fe C(20) 1,98(5) 
C(I) C(5) 1.38(3) 
C(3} ('(4) 1.45(9) 
C(6) C(7} 1.42(3) 
C(7) EX8) 1.44(7) 
C(9) C(I0) 1,38(7) 
C( I I ) C(12) 1.49(5) 
C(12) C(13) 1.46(0) 
C(14) C(15) 1.35(6) 
CI I 6) C(20) 1.43(8) 
C(18) C(19) 1.39(7) 
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(~ = 73.1) to the Cp and C3. ~ of the Fc moiety, and the 
signal (~i = 75.9) to the C a.~ (Ru side) and C,5 (Fe 
side), The higher field shift (AS ca. 4 ppm) is also 
observed for the [IRuWCp(CsH4)] + moiety in 4 owing 
to the same reason described previously for 2 compared 
with 1. 

Fig. 9 shows STFe-Mbssbauer spectra of (a) 4 and (b) 
the related PF 6 salt 5 at the indicated temperatures. 
Although no temperature dependence was observed for 
3 (IS 0.52, QS 2.16 mm s-t  at 78 K; IS 0.43, QS 2.16 
mm s" i at 300 K), significant temperature dependence 
is observed for 4; i.e. the two types of Fe atom are 
observed at 300 K. One is a large portion of a fer- 
rocene-like component (1S 0.43, QS 2.05) and the other 
is a small portion of a fen'ocenium-like one (IS 0.43). 
At decreasing temperatures, the intensity of the Fem 
component decreases and only the Fe" component (IS 
0.51, QS 2.20 mm s - I )  remains at 78 K. Such tempera- 

57 .. ture dependence of the Fe-Mossbauer spectra is ob- 
served remarkably for 5, with the STFe-Mbssbauer spec- 
trum at 78 K showing a ferroeene-like doublet (QS 
2.13, IS 0.50 mm s - t )  accompanied by a broad singlet 
of ferrocenium character (IS 0.45 mm s- t ) .  The areal 
intensity ratio (Fe(III)/(Fe(II)+ Fe(III)) K is ca. 0.14. 
With increasing temperature, a decreasing ferrocene-like 
line (QS !.9% IS 0.44 mm s -t  ) and increasing fen'oce- 

nium-like line (QS 0.37, IS 0.42 mm s-  i ) are observed, 
the K value is found to be ca. 0.46 (for 4 the K value is 
ca. 0.20 at 300 K); i.e. the oxidation state of the Fe 
atom in 5 is closer to that of ferrocenium compared with 
the case of 3 (Fe II) and 4. This result corresponds weli 
with that of the L~C CP/MAS NMR spectra. Because of 
the paramagnetic ferrocenium species, three broader ]3C 
CP/MAS NMR signals (~ = 88.8, 74.4 and 78.6) were 
found for 3, as shown in Fig. 8(c). The lower field 
signal (~ = 88.8) is ascribed to the Cp and C2. 5 ring 
carbons of the [IRuWCp(CsH4)] + moiety and the other 
two signals to the Rc and C3. 4 ring carbons of the 
[IRuWCp(CsH4)] + moiety. 

Although X-ray diffraction studies of $ have been 
canied out, the final R (0.12) and standard deviation 
values are too large to describe because of a lack of 
success in preparing single crystals of suitable size and 
the larger thermal motion of PF6-. However, it is still 
useful to discuss the structure of 5 in comparison with 
that of 4. The crystal form of $ is P4 I. a = 10.72(I), 
c = 18.60(2) ,~, V = 2137 ,~'~ and Z = 4. The conforma- 
tion of the cation is quite similar to that of 2: the Ru-I 
bond (2.741(6) ,~) sits just above the CsH 4 plane of the 
Fc moiety, unlike the case of 4. The torsion angle 
I -Ru-C(6)-C(  11 ) is negligible. The l .  • • C(6) distance 
(3.286(6) ~)  is much smaller (ca. 0.3 ,~) than the value 
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Fig. 9. 57Fe-MSssbauer spectra of(a) 4 and (b) 5 at the indicated temperatures. 
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~ )  b )  

Fig. 10. Space filling plot showing the difference in structure of 
cation~ 4 (a) and $ (b). 

for 4; i.e. the coordinated I atom sits closer to the CsH 4 
plane of the Fc moiety (van der Waals contact), as 
shown in Fig. 10(b). unlike the case of 3 and 4. That 
confonnational change may be deeply concerned with 
the results of STFe-M~Jssbauer spectra for 3=$. 

For the last two decays, S~FeoM(~,ssb,,luer spectro- 
scopic and Xoray studies have been repoaed on the 
mixedovalence I' .l '%dialkylbifetvocenium and I',l'odio 
halobifetToeenium salts [13~!7], Results of the ~TFeo 
MSssbauer spectroscopy of I'.l"odiethylbiferro= 
eenium*17 and biferroeenium+l~ indicate the preso 
enee of significant interaction between the Cp or C sit 
pl',m~s i l ~  !~ (van der Weals contact between the 
Cp~ring and I atom), which is the driving force for the 
temperature dependence of the M6ssbauer spectra. 
Moreover, Konno et el, [15] concluded that the van der 
Weals contact between the halogen atoms (X = I, Br) 
arm the other C~H 4 plane of the fulvalene moiety is the 
driving force for the averaged valence state of the 
mixed-valence I',l'~°diiodo . and I',l'-dibromobifet~o- 
cenium ~lts,  even at low temperature (4,2 K) [15], 
Considering these reported facts and the t~sults of the 
present studies, it seems reasonable to conclude that the 
positive charge of Ru tv is delocalized o~,er C~llaRu ~v - 
I ~° ' "  C~HaFe" through the overlap between i ~ and 
the C~H~ plane, giving a larger portion of 
ferrocenium,like species for 5 m 300 K compat~d with 
4, With the absence of such an interaction, 3 gives 
ferrocene-like 5~Fe-M6ssbauer spectra at all tempera- 
lureS, 

Like the ca~  of I and 2, the absence of a counter 
anion effect is observed in acetone with t H NMR 
spectro~opy; i,e, six sharp signals (B 6,58 (2H), 5.97 

(2H), 6.10 (5H), 5.05 (2H), 513 (2H) and 4.29 (5H)) 
are observed at 183 K for 3. The former three signals 
are assigned as ring protons of [IRuWCp(CsH4)] ÷ and 
the latter three signals as the FeUCp(CsH4) moiety. Six 
quite similar signals were observed for 4 and 5 under 
the same conditions [18], implying that the direction of 
the RuW-I bond is fixed as the trans position to the Fc 
moiety in solution. 

From the results of the present study, it can be found 
that the structure of the cations 1-5 formulated as 
[MUCp(CsH4CsH4)CpRu Iv !] + is dependent on the 
counter anion effect (I.~, BF 4- and PF 6- ). The direction 
of the RutV-I bond is fixed as the trans position to the 
Mncp(CsH4) moiety for I.~ salt (!, 3) avoiding steric 
hindrance between the bulky l~ and the RutV-! bond. 
In the case of BF,~ (2, 4) and PF~- (5) salts, the RulV-I 
bond is fixed as the cis pesition to the MnCp(C~H4) 
moiety, which gives the large tilted structure found in 
the [Cp(CsH4)RuiVI] + moiety and the non-planarity of 
the CgH4CsH 4 plane caused by the van der Waals 
contact between I and the CsH4-ring of the MUCpCsH4 
moiety. This contact gives the delocalization of the 
higher positive [IRuWCpC~H4] ÷ charge to the 
MItCpCsH,s moiety based "on the results of L~C 
CP/MAS and 5TFe-MSssbauer spectroscopic studies. 
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