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Abstract 

The crystal and molecular structures of the bis(n5-pentamethyl

cyclpentadienyl)metal(III) hexafluorophosphate salts (metal = Cr, Mn, 

Fe, Co, and Ni) are reported as determined by X-ray diffraction tech

niques. These [(C5Me5)2M][PF6] salts are isomorphous and hence provide 

optimal conditions for a detailed study of the effect of orbital 

occupancy on the cation structures in the series. The average metal

to-ring carbon atom distances conform to the electron imbalance rule of 

Haaland and follow the order R(Cr-C) > R(Mn-C) > R(Fe-C) ~ R(Ni-C) > 

R(Co-C). Additionally, the orbitally degenerate cations of Mn and Fe 

show differences in ring coordination which may be consistent with a 

static Jahn-Teller distortion for these cations. The structures conform 

to space group C2/m in which the cations occupy a site of 2/m symmetry; 

each of the complexes displays approximate o5d symmetry. Crystal and 

electronic effects on the structures are discussed. 
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Introduction 

The hexafluorophosphate salts of the decamethylmetallocenium cations 

(metal = Cr, Mn, Fe, Co, and Ni) provide a rare opportunity to examine 

the structural consequences of varying the metal, and therefore the 

electronic configuration, in an isostructural series of five members. 

The title compounds provide an isomorphous series with optimal conditions 

for identifying the effect(s) of varying orbital occupany on structure in 

the cationic portion of the salt. In addition, the series contains 

orbitally degenerate members which might beexpected to undergo Jahn-Teller 

distortion. The isomorphous nature of the title compounds offers a 

unique opportunity for the identification of Jahn-Teller distortion in 

an organometallic moiety. 

To provide the background for later arguments, we briefly review 

.what is presently known abo.ut the e 1 ectroni c structure of the decamethyl

metallocenes. To a first approximation the electronic structure of the 

3d decamethylmeta 11 ocenes should parallel that of the unsubsti tuted 

metallocenes, whose electronic structure has been examined theoretically 

at several levels of approximation.l-S Indeed, the ground states of the 

decamethylmetallocenes coincide with those of their unsubstituted analogs 

with the exception of (C5Me5)2Mn [which is strictly low-spin 2E29 
(e2g3a1g2) while manganocene shows a ground state which is dependent on 

the host lattice]-. 6' 7 .The ground states and orbital configurations for 

various metallocene species are given in Figure 1. 6,S-lO Thus, although 
' . 

the following electronic structural arguments are largely based on 

results for the unsubstituted species, the main features are expected to 

hold true for the decamethylmetallocenes (and their monocationic analogs). 

,, 
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There is general agreement that the metallocene e2 and a1 frontier 
. g . g 

orbitals are close in energy and correspond in large part to metal d , xy 
d 2 2 (e2 ) and d 2 (a1 ) orbitals. The e1 orbitals lie at higher 

X -y g Z g g 
energy than the e2g or a1g levels and are largely metal d , d in . xz yz 
nature1 ' 3' 11 (see Figure 1 ). Methylation of the cyclopentadienyl ring 

has been shown to increase the electron richness of the sandwich com

plexes12'13 and serves to increase the ligand ffeld strength of the 

cyclopentadienyl ring. 12 · The increased splitting o.f the frontier orbitals 

in alkylated metallocenes as a consequence of the increased "electron 

pressure" is most dramatically i 11 us trated for the manganocene derivatives 

which show a shift toward low-spin ground states with increasing methyla

tion.12 Finer points of the electronic structure of a given metallocene 

are still controversial, although experimental evidence for ferrocene 

shows that electrons are most easily removed from the e2g and a1g levels· 

and most easily accepted into the e1g leve1. 13 In keeping with this 

picture, Figure 1 shows a qualitative one-electron energy level diagram 

for the mainly 3d orbitals which is typical of MO results for the 

unsubstituted metallocenes. 2-4,ll This orbital scheme also represents 

to the necessary degree of sophistication an energy level diagram for 

all 3d metallocene species and may be used to rationalize many trends 

in. their behavior. 

A strong correlation between orbital occupancy and molecular struc

ture has been observed for the metallocene family. This is perhaps most 

strikirigly illustrated by observations of a high-spin (e29
2a1g1e2g2)/low

spin (e2g3a1g2) equilibrium for Mn(MeCp) 2 which is thermally activated 

9 14 d" at room temperature. ' Gas phase electron diffraction results in 1cate 
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the high-spin form has an R(M-C) of 2.433(8) ~ which is .30 ~ greater 

than that for the low spin form 2.144(12) t 15 . Additional structural 

5 

studies have revealed a correlation between the average metal-to-ring 

carbon distanc~ and the so-called electron imbalance, n, defined as the 

number of holes in the e2g and a1g orbitals plus the number of electrons 

in the e1g orbitals. 1b The electron imbalance rule states that R(M-C) 

should increase as more electrons occupy the e1g (antibonding) level or 

as electrons are removed from the e2 and a1 (bonding) levels. A . - . g g 

review of the experimental data for the unsubstituted ~tallocenes of 

the first row transition metals shows this correlation extends over the 

first row transition series. 13 

The metallocenes have also been the subject of experimental study in 

an attempt to identify the nature of Jahn-Teller distortions in this 

family. Theoretical arguments for the o5d meta 11 ocenes show tha,t to 

first order only e1 modes are Jahn-Teller active for the d4 (e2 
3a1 

1) g . g g 
and d5 (e2g 3a1g 2) cases with e2g modes John-Teller allowed for the low-

spin d7 case. Calculations indicate that a ring tilt mode which would 

increase the M-C bond order is most likely to be active for the d5 

(e2g3a
19

2) system.· For the low-spin d7 case a C-C stretching mode 

(increasing C-C bond order) and a ring deformation mode {increasing M-C 

bond order) were proposed as the likely active Jahn-Teller modes. An 

epr investigation supported dynamic distortions ·for the d5 and d7 

(C5H5)2M complexes 7 and electron diffraction studies have shown larger 

M-C and C-C vibrational amplitudes in metallocenes where Jahn-Teller 
16 17 distortion was expected than in non-degenerate cases. ' A crystal-

lographic study of decamethylmanganocene (2E2g ground state) revealed 



a possibly static Jahn-Teller distortion involving both ring slippage 

and ring deformation for this complex. 18 In an attempt to further our 

understanding of the structure and bonding in the meta 11 ocene family, 

we have determined the crystal and molecular structures of the PF
6
-

salts of the 3d decamethylmetallocenium cations [(C5Me5)
2

M]+, from 

Cr through Ni, by X-ray diffraction methods. 

Experimental 

Crystals of the title compounds were prepared as described in 

detail elsewhere. 12 The air sensitive samples were handled under dry 

N2 or Ar and mounted in capilla~ies which were then flame sealed. 

Unit Cell and Diffraction Data. Intensity data were collected on 

an Enraf-Nonius CAD-4 automated diffractometer controlled by a PDP-8/e 

computer. Preliminary cell dimensions were obtained for each crystal 

6 

19 by using the program SEARCH to obtain the positions of 25 reflections. 

Laue symmetry 2/m was found for all crystals. The only systematic 

absence condition (h, k, 1; h+k odd) was consistent with space groups 

C2, Cm, and C2/m. Choice of the centric space group, C2/m, was confirmed 

by the structure analysis. Crystal data and cell constants obtained by 

a least-squares fit to the setting angles of accurately centered, high 

angle reflections are given in Table I. 

All intensity data were collected with K radiation (Mo or Cu) 
a. 

monochromatized by Bragg reflections from the 002 plane of a highly 

ordered graphite crystal, which was assumed 50% perfect. A e-28 scan 

technique was used, with a variable scan speed which was calculated to 

give cr(I) = .02(I) up to a maximum of 90 sec {60 sec for the Ni complex) 
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per final scan (including background measurements). The e scan angle was 

calculated as given in Table I and extended 25% on both sides of the 

reflection for use as background measurement. The intensities of three 

standard reflections were measured every 7200 sec of X-ray exposure time 

for each crystal to monitor decay. Three orientation reflections in 

differing areas of reciporcal space were checked every 250 reflections 

for all crystals, and the orientation matrix was recalculated for changes 

in setting angle greater than .1° along any axis. An attenuator decreasing 

the intensity of the diffracted beam by a factor of 18.17 for MoK radi a-a. 

tion and 25.00 for CuK radiation was inserted into the beam when the 
a. 

prescan indicated an intensity too high for accurate counting (I > 50,000 

counts/sec). Details of the data collection are given in Table I. 

Solution a·nd Refinement of Structures. All intensity data were 

reduced to F2 and cr{F2) with corrections for variable scan speed, 

Lorentz, and polarization effects. 20 A correction for crystal decay 

(3.0%) was necessary only for the Cr data, while only the Ni data re

quired an absorption correction (max cor = 2. 18, min cor= 1. 72). The 

parameter p, 20 introduced to prevent the overweighting of strong reflec

tions, was set at .02 for the Cr, Mn, and Ni data and at .03 for the 

Fe and Co data. Symmetry equivalent reflections were averaged and 

full-matrix least-squares refinement19 ' 21 -22 was employed using 

independent reflections with F2 > 3cr(F2). Data refinement information 

and the final agreement factors are given in Table I. The final values 

of the positional parameters are given in Table II. See the last para

graph of this paper for information regarding supplementary material. 

!.~ •• 

t··•! 



Iron. The structure was solved by direct methods (MULTAN) and 

standard least-squares/difference Fourier techniques. After refinement 

of the non-hydrogen atoms using anisotropic thermal parameters, the 
0 

methyl hydrogens were introduced as rigid groups (C-H distance .98 A, 

8 

angles 109.5°) centered on the methyl carbon atoms. Only the rotation 

angle about the ring carbon-methyl carbon vector and a group temperature 

factor were allowed to vary for each group. A secondary extinction 

coefficient23 was refined to a value of 1.82 x 10-7. 

The largest peak in the final difference Fourier (.3 e/~3 ) cor-
0 

responded to a possible alternate fluorine position 1.6 A from the 

phosphorous and about midway between F(2) and F(3). In view of the low 

electron density (only twice the noise level) no attempt was made to 

refine a partial atom at this position. Other weaker peaks at about 

the noise level of the difference map were seen near the Fe, P, and F 

atoms, and at the approximate midpoints of the ring carbon-ring carbon 

bonds. 

Cobalt. Atomic positions of the non-hydrogen atoms of the iso-

structural iron complex were used as starting positions for the cobalt 

complex, and refinement continued in the same way as for the iron complex. 
-7 The final extinction coefficient was 3.5 x 10 . The largest peaks in 

the final difference Fourier corresponded to those described for the 

iron structure, though the possible disordered fluorine peak was smaller 

(all peaks were about the noise level). 

Chromi urn. Atomic positions from the Co( II I) structure were used 

as starting position for the chromium complex. Following several cycles 
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of refinement with isotropic and then anisotropic thermal parameters, 

methyl hydrogens were introduced as rigid groups (C-H distance .95 K, 
angles 109.5°) 24 centered on the methyl carbons. A group temperature 

factor was refined fa~ each group. The rotation angle about the ring 

carbon-methyl carbon vector was fixed for the methyl group on the mirror 

plane (with one hydrogen on the mirror plane) and was refined for the 

others. No correction was made for secondary extinction. The largest 

peaks in the final difference Fourier (.25 e;K3) corresponded to a 

possibly disordered fluorine (see IRON). An attempt at refinement of 

a partial atom produced no improvement in the agreement factors. 

~~nganese and Nickel. The solution and refinement of these struc

tures were similar to the Cr complex. The largest peak in each final 

difference Fourier (.3 e/A3 for Mn, and .25 e;K3 for Ni) again corres

ponded to the possibly disordered fluorine, but no refinement was 

attempted. 

Results and Discussion 

The hexafluorophosphate salts of the [(C5Me5)2M]+ monocations 

(M = Cr, Mn, Fe, Co, and Ni) are isomorphous, the only major change 

being the variation of the M-C distances in the cation. A representa

tive view of the cation geometry is shown in Figure 2. Bond distances 

and angles are given in Tables III and IV, respectively. The numbering 

scheme used corresponds to that given in Figure 2 in all cases. Figure 

3 shows the packing of the anions and cations in the crystal lattice. 

The packing is similar to that of CsCl with no exceptionally close 

contacts between ions. The close relationship and unstrained nature of 
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the structures pro vi des an excellent opportunity for a detai 1 ed compari

sion of the structural parameters of the cation. 

The PF 6- anions all occupy sites of 2/m symmetry with phosphorous .. 

coordination showing only minor deviations from octahedral geometry, no 

significant variation among the salts, and merit no further comment. 

The 2/m crystallographic symmetry of the metal atom in the structures 

requires the two c5 rings to be staggered with respect to each other 

and also requires the least-squares planes through the rings to be 

parallel (distances of these planes to the ring and methyl carbon atoms 

are given in Table V). All the c5 rings are essentially planar. As is 

typical for n5-c5r4e5 ligands, the methyl carbons are bent out of the 

c5 ring plane away from the metal. Additionally, the successful refine

ment of the methyl group hydrogens parameters show 3/4 of the methyl 

groups adopt an orientation with two hydrogens below the c5 ring toward 

the metal and one hydrogen away from the metal (i.e. a staggered config

uration). This hydrogen orientation has been previously observed18 ,25-27 

and discussed for the cases of (C5Me5)2Fe and (C5Me5)2Mn. 18 This con

figuration is not the result ·Of steric interactions between opposing 

rings. 18 ,25 In the present series of structures the degree to which the 

methyl carbon atoms bend away from the metal seems to increase as the 

distance between ring planes decreases. This is especially true for the 
0 

methyl carbon atoms on the mirror plane, which vary by .04 A in methyl 

carbon to ring plane distance. The average ring carbon-ring carbon 

bond distance for the five structures ranges from 1.419(4) A to 1.434(4) ~ 

with an overall average of 1.424 A. This is in good agreement with the 

average ring carbon-ring carbon distances observed in other n
5-c5Me5 
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. t· 18,25-26 Th . h l _ .· mo1e 1es. e r1ng to met y carbon d1stances are also consistent 

with a normal carbon sp2-sp3 bond [1.505(5) ~i8 and agree with those 

previously oberved for this ligand.l 8,25-26,29 

As has been noted by Haala-nd13 ,15 the average metal-to-ring carbon 

distance in metallocenes increases as the electron imbalance increases. 

For the decamethylmetallocenium cations we expect (and observe) R(Cr-C) > 

R(Mn-C) > R(Fe-C) "'R(Ni-C) > R(Co-C), since the electron imbalances are 

3, 2, 1, 1, and 0, respectively. 6 Figure 4 shows R(M-C) vs n ielectron 

imbalance) for the cations and other metallocene species. It should be 

noted that the electron imbalance is the primary determinant of R(M-C) 

while other factors play a secondary role. In addition to the correla

tion in ~(M-C) vs n, there is a consistent trend in the individu~l 

metal-to-ring carbon distances within each cation. For each cation the 

M-C distances increase in the order R(M-Cl) < R(M-C2) < R(M-C3). For 

the Cr, Mn, Fe, Co, and Ni cations, respectively, the individual M-C. 

distances span a range of .015 ~ ("' 8cr), .038 $. ("' 20cr), .031 ~ ("' 15cr), 

.014 $. ("' 8cr), and .023 ~{tV 12cr). Thus examination ~f the geometries 

of the decamethylmetallocenium cations shows a closely related series 

of approximate o5d symmetry whose structural subtleties may be studied in 

an effort to identify the nature of the Jahn-Teller distortions in the 

solid state structures of the orbitally degenerate members. 

Although Jahn-Teller distortions are well known in coordination 

compounds, they are less familiar in organometallic complexes; the 

metallocene family being one of the few organometallic species studied 

in this light. For the title compounds Jahn-Teller deformation is 

predicted for the orbitally degenerate Mn, Fe, and Ni complexes (see 
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Figure 1). The presence of dynamic distortion which would be indicated 

by larger vibrational amplitudes has little support as the cations Cr, 

Mn, Fe, and Co all show comparable thermal parameters (Table V) with the 

Ni structure showing only slightly different vibrational amplitudes. 

This difference is probably not significant when one considers the lower 

quality of the structure refinement and the larger uncertainties in bond 

lengths for the Ni case in comparison to the other cations. Indeed 

these shortcomings also prohibit comment on static Jahn-Teller distortion 

for the decamethylni ckell oceni urn cation. However, structura 1 data for 

the Mn and Fe cations are indicative of a static Jahn-Teller distortion 

in these systems. This distortion is evidenced in the individual M-C 

bond lengths, and may be viewed as an exaggeration of the symmetrical 

ring slippage which shortens the M-Cl distance and lengthens the M-C3 

distance in this series. The spread in M-C distances is signfficantly 

greater for the Mn and Fe cations than for the Cr and Co cations where no 

Jahn-Teller distortion is expected. This distortion is unlike that 

implicated for the Jahn-Teller distortion of (C 5Me5 ) 2 r~n in the solid 

state, which involved primarily ring deformation. 

The nature of the observed anomalies in the structures of the Mn and 

Fe decamethylmetallocenium cations (attributable to Jahn-Teller distor-

tion) may be rationalized by the small overlap of the metal dxy' dx2-y2 ~ 

and ligand TI orbitals and the predominant metal character of the resulting 

e2g MO. The e2g level for ferrocene has been calculated to be ~ 70% 

metal in nature3 with the ferrocenium cation showing ~ 80% metal 

character for the same orbitals. 11 The Jahn-Teller splitting of these 

e orbitals would then have the least effect on ring geometry as they 
2g 
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have little ring character and the greatest effect on ring coordination. 

The case for Ni is more complex, since the covalent interactions between 

ring and metal e1g levels are expected to be greater for this case. 7 

As a result, Jahn-Teller distortion may be affecting ring geometry as 

well as ring coordination. Finally, one might expect ring geometry to be 

more susceptible to Jahn-Teller effects for the neutral decamethylmetal

locenes than for the cations with the same dn configuration. This is due 

to the increased ionic character of the metal-ring bonding in the cations, 

and the resulting increased metal nature of the e2g level for the cations. 

Indeed this effect may be invoked to explain the differences in di stor

tion for the d5 (e2g3a1g2) decamethylmanganocene and the decamethyl

ferrocenium cation. The neutral manganese structure shows significant 

deformation in the ring18 while the cation shown no ring distortion but 

more ring slippage. 

Surrunary 

The hexafluorophosphate salts of the 3d decamethylmetallocenium 

cations (M = Cr toNi) have isomorphous solid state structures and hence 

offer a unique opportunity for structural comparisons in the series. 

The metallocene cations all display planar c5 rings in staggered con

figurations with the methyl groups titled away from the metal and the 

rings somewhat slipped off center from an idealized o5d geometry. The 

electronic structures of the decamethyl cations parallels that of the 

unsubstituted metallocenes as evidenced by identical ground states for 

a given dn system (excepting the Mn case)G-l,l 2 and the conformation of 

the average metal to ring carbon distance to the electron imbalance 
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scheme discussed by Haaland.lJ,lS Of the title structures, the Mn, Fe, 

and Ni cations are expected to show Jahn-Teller distortion, and an 

examination of the structural trends indicates a static distortion for 

the Mn and Fe cases in which the ring slippage is much greater than in 

the benchmark Cr and Co complexes. The quality of the Ni structure is 

just low enough to prevent identification of significant geometrical 

distortions while the thermal parameters hint at a dynamic distortion . . 
An attempt to freeze out any Hi distortion at low temperature may be 

helpful in this case. 
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Table I. Crystal data, data collection parameters, and refinement results for [(C
5

He
5

)2'1][Pf 
6

] salts a 

Hetal 

Color 

Molecular weight (g/mol) 

Cell constantsb 

Cr 

burnt orange 

467.4 

Mn 

opaque 

470.4 

Fe Co 

green yellow 

471.3 474.4 

Ni 

opaque 

474.1 

a (A) 14.6507(7) 14.409(3) 14.3258(17) 14.2193(1g) 14.3274(15) 

b (~) 

c (A) 

B (deg) 

Cell volume (A3) 

Calculated density (g/cm3) 

Crys ta 1 dimensions (nm) . 

Radiation 

IJ (cm- 1) 

26 limit (deg) 

hkt collected 

8.9078(4) 

8.9447(6) 

109.260(5) 

1102.0(2) 

1.41 

.30 X • 35 X 

~loK a 

6.9 

60 

+h :tk :1:1. 

8. 9208(17) 

9.057(2) 

110.866(18) 

1087.8(5) 

1.44 

.60 .28 X .40 X .40 

HoKa 

7.7 

70 

+h :tk u. 

8.9078(10) 8.8950(12) 8.9219(6) 

9.1467(14) g. 2835( 16) 9.1ll0(5) 

112. 222( 11) 114.050(12) 111. 666( 6) 

1080.5(5) 1072. 3(6) 1082.4(3) 

1.45 1.47 1.45 

.29 X .35 X .38 .28 X • 32 X .35 .20 X .28 X .33 

MoKa HoKa CuK a 

8.5 9.6 24.5 

70 70 140 

+h :tk :ti +h :tk u. :!:h :tk -t 

Scan angle (deg) .6 + .35 tan& .1 + .35 tan& .6 + .35 tan& • 6 + • 35 .. tan& .6 + .14 tan6 

Total number of reflections 

Independent reflections 

R(F2) on averaging 

R 

R w 

Error in an observation 
of unit weight 

N~mber of variables 

Number of observations 

aSpace group C2/m, Z = 2. 

3438 5138 

1706 2527 

1.1% 1.5% 

3.4~ 3.6:: 

5.4% 5.1% 

3.943 2.859 

79 79 

1565 2075 

5103 5032 2231 

230g 2273 1097 

1.9% 2.4% 3.3% 

3.5% 3.5% 4.9% 

4.9% 4.8% 7.4% 

1. 949 1.954 5.296 

81 81 79 

205g 2019 1054 

bBased on the setting angles of 25 reflections (22 .for Fe and Co) at an ambient temperature of 23°C. MoK = .70930 A (for Cr, 
a 

1-ln, Fe, and Co), CuK = 1.5406 A (for Ni). a 

.( .. 

-(X) 
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Table II. Positional parameters for the non-hydrogen atoms in [(C 5Me 5 ) 2r~-

[PF6] M = Cr, Mn, Fe, Co, and Ni. 

Atom X y z 

Cr 0. 0. 0. 

p l/2 o. 1/2 

F(l) .46596(17) 0. .6515(2) 

,_. F(2) .39172{17) 0. .3860(3) 

F(3) 1/2 .1772(2) l/2 

C(l) .11804(15) 0. -.1000(2) 

C(2) .12712(9) . 12906( 16) -.00226(19) 

C(3) .14262{9) .07950(16) .15479(18) 

C(4) .1037(3) o. -.2755{3) 

C(5) .12150(15) .2898(2) -.0562(4) 

C(6) .16130(15) .1773(3) .2979(3) 

Mn 0. 0. 0. 

p l/2 0. 1/2 

F(l) .45914(16) 0. .6412(2) 

F(2) .39107{16) 0 • .3733(2) 

F(3) l/2 • 17676(18) 1/2 

C( 1) .11297{ 14) o . -.0980(2) 

C(2) .12361 {9) . 12938(15) -.00076(18) 

C(3) .14187(9) .07968(16) .15655(16) 

C(4) .0986(2) o . -.2714(3) 

C(5) • 11830( 14) . 2900(2) -.0531(3) 

C(6) • 16258( 14) • 1772( 3) .2989(2) 

Fe o. 0. 0. 

p 1/2 0. l/2 

F( 1) .4547(2) 0. .6335(2) 

F(2) .3913(2) 0. .3663(2) 

'~' F(3) 1/2 . 1770(2) l/2 

C(l) .1101(1) o. -.0967(2) 

C(2) .12175(9) .1295(1) .0002(2) 

C(3) .14111(8) .0801 (2) .1566(2) 

C(4) .0946(2) o . -.2684(3) 

C(5) .1167(1) . 2901(2) -.0519(3) 

C(6) .1635{1) .1771 (3) .2983(2) 

Continued 
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Table II. (Continued) 

Atom X y z 

Co 0. 0. 0. 

p l/2 0. 1/2 
._, 

F( 1) .4473(2) 0. .6210(2) 

F(2) .3918(2) 0. .3551(2) 

F(3) l/2 .1769(2) 1/2 

C(l) .1066(2) 0. -.0952(2) 

C(2) .1189(1) .1299(1) .0002(2) 

C(3) .1399(1) .0802(2) .1569(2) 

C(4) .0892(3) 0. -.2661(4) 

C(5) .1135(2) .2901(2) -.0526(3) 

C(6) .1645(2) .1778(3) .2987(2) 

Ni 0. 0. 0. 

p 1/2 0. 1/2 

F(l) .4567(3) 0. .6381(4) 

F(2) .3912(3) 0 . .3674(4) 

F(3) l/2 • 1765(2) 1/2 

C( 1) .1119(2) 0 . -.0970(4) 

C(2) . 12278( 14) . 1290(2) -.0004(3) 

C(3) .14106(13) .0804(2) .1559(2) 

C(4) .0947(4) 0. -.2719(5) 

C(5) .1170(2) .2887(3) -.0555(5) 

C(6) .1626(2) .1768(5) .2984( 4) 

v 



... 

.. 
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Table III. Selected bond distances for [(C
5

Me
5

)
2

M][PF
6

] in A 

Distance 

M - Cl 

.. C2 

- C3 

Ava 

C1 - C2 

C2 - C3 

C3 - C3' 

Av 

C1 - C4 

C2 - C5 

C3 - C6 

Ave 

P - F1 

P - F2 

P - F3 

Av 

Cr 

2.193{2) 

2. 194{ 1) 

2.208{1) 

2. 199{4) 

1. 424(2) 

1.417(2) 

1.416{3) 

1.420{2) 

1.514(4) 

1. 503(2) 

1.498(2) 

1. 504( 3) 

1.591(2) 

1. 578{ 2) 

1. 579(2) 

1.583(3) 

Mn 

2.114(2) 

2.124(1) 

2. 152 ( 1 ) 

2. 133(8) 

1. 427(2) 

1. 424(2) 

1. 422 ( 3) 

1. 425( 1) 

1. 509( 3) 

l. 503(2) 

1.495(2) 

1. 501 ( 3) 

1. 586(2) 

1.580(2) 

l. 577(2) 

1. 581 ( 1) 

a - n - 2 ( )]1/2 cr{x) = [ ~ (x - x) /n n - 1 . 
i=1 

Fe 

2.080(2) 

2. 091 ( 1) 

2.111(1) 

2 .097( 7) 

l. 425{2) 

1. 421{ 2) 

1.426(3) 

1.424(1) 

1.501(3) 

1. 500(2) 

1. 488( 2) 

1.495{3) 

1. 585(1) 

1.575(2) 

1.577(2) 

1.579(1) 

Co 

2.042(2) 

2. 048(1) 

2.056(1) 

2.050(3) 

1. 423(2) 

1.431(2) 

1. 427(3) 

1. 427(2) 

1.503( 3) 

1.499(2) 

1.494(2) 

1.498(2) 

1. 584(2) 

1. 578(2) 

1.573(2) 

1.578(1) 

Ni 

2.097(5) 

2.103(2) 

2.120(8) 

2.109 ( 5) 

1. 422 (3) 

1.417(4) 

1. 434( 4) 

1. 422 ( 3) 

1.520{5) 

1. 503( 3) 

1. 492(4) 

1. 502(5) 

1. 596(4) 

1. 580( 7) 

1.575(2) 

1. 584( 4) 



Angles ( deg) 

C2 - Cl - c2• 

Cl - C2 - C3 

C2 - C3 - C3 1 

Av 

C4 - Cl - C2 

C5 - C2 - Cl 

C5 - C2 - C3 

C6 - C3 - C2 

C6 - C3 - c3• 

M - C1 - C4 

M - C2 - C5 

M - C3 - C6 

Av 
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Table IV. Bond angles in [(Me5Cp) 2M] PF6 

Cr(III) Mn(III) Fe( III) Co (I II) Ni(III) 

107.71(18) 108. 00(17) 108.06(17) 108.63(18) 108.0(3) 

108.00(13) 107.86(12) 107.91(12) 107.67(12) . 108.17(20) 

108.15(8) 108.14(8) 108.06(8) 108.01 (8) 107.81(13) 

108.00 108.00 108.00 108.00 108.00 

126.14(9) 125.96(9) 125.92(8) 125.65(9) 125.97(14) 

125.97(18) 126.45(17) 126.44(16) 126.30 ( 16) 125.48(26) 

126. 03(17) 125.68(16) 125.64(16) 126.02(16) 126.35(26) 

126.17(17) 126.19(16) 126.33{16) 126. 36 ( 17) 126.88(25) 

125.60(13) 125.61 (12) 125.53(12) 125.52(13) 125.22(19) 

124.39(18) 126.61(17) 127.54(16) 128.71(18) 126.1(4) 

123.01(11) 124.79(11) 125.84(10) 127.14(12) 125.19(20) 

126.23(11) 127.70(10) 128.54(10) 129.58(11) 128. 17(25) 

124.57 126.32 127.26 128.43 126.56 

co 

,.. 
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Figure Captions 

Figure 1. The electronic ground states and orbital occupancy fo·r 

selected metallocenes.G,S-lO 

Figure 2. An ORTEP drawing of a decamethylmetallocenium cation. 

Thermal ellipsoids are drawn at the 50% probability 

contour. 

Figure 3. A packing diagram for [(C5Me5)2M[PF6]2 viewed down the 

b axis. The a axis is vertical. M = Cr, Mn, Fe, Co, or 

Ni. 

Figure 4. A plot of the average metal-to-ring carbon distance 

[R(M-C)] vs electron imbalance (n) for several 

metallocene species . 
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