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Summary 

X-ray structural analysis of sym-octamethylferrocene (I) and decamethyl- 
ferrocene (II) was carried out. Sandwich conformations of I and II are staggered. 
The steric overcrowding of I is reflected in the deviation of methyl groups from 
the cyclopentadienyl plane away from the Fe atom and in a ‘<gear mesh” of 
methyl groups within one ring. Shortened contacts between ligands in the mole- 
cule and between molecules in the crystal are absent. Intensive thermal motion 
precludes an accurate determination of the geometry of II at room temperature. 
X-ray analysis entirely confirms conclusions concerning the steric hindrance of 
vicinal methyl groups in sym-polymethylferrocenes drawn from results of an 
NMR study. 

Introduction 

Investigation of highly alkylated metallocenes has revealed several specific 
features connected with the “high space factor” within the molecule. The exten- 
sively used term “steric overcrowding” one associates with the notion of energetic 
unfavourability of usual sandwich conformations and the fact that C(Cp)-C(AIk) 
bond or bonds easily rupture to form less alkylated systems. However this is not 
always the case. For instance, the molecular ions of deca- and sym-octamethyl- 
ferrocenes are highly stable [ 1,2]. Evidently, certain compensation effects take 
place that optimize the conformation and improve stability of the molecule. 

The aim of the present work was to verify the conclusions made on the basis 
of an NMR study of polymethylferrocenes [3]. The NMR investigation revealed 
that, according to the number of adjacent methyl groups (1,2 or 3), the 13C and 
‘H chemical shifts of a methyl group fall precisely into three subgroups, and that 
upfield shifts of vicinal methyl carbons with increase in the number of CH, 
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.groups in the molecuIe exceedby about a&order of magnitude LU(C).those of 
the iselated methyl groups. 

I&er$et&ion of these findings was based on the h&thesis proposed by 
Grant et a& [+] about the redistribution of charge density in the vicinity of the 
nucIeuS of the spatially perturbed C(Me) atom (see also [5,6]). This hypothesis, 
however, does not account for all the effects observed and requires an additional 
assumption about effective shortening of .C-H bonds of vicinal CHJ groups to 
explain the difference between strong upfield shifts of C(Me& signals and weak 
upfiefd H(M%,) shifts. To verify this assumption it is first of ah necessary to con- 
firm the steric hindrance in sym-octamethylferrocene (I) and decamethylferro- 
cene (II) molecules and to determine their specific geometrical features_ 

Experimental 

Gryst+l.s of I are monoclinic and of II orthorhombic. The X-ray study was 
carried out with an autotiatic Syntex P2, difractometer (MO-R, radiation (I) and 
Cu-Ki radiation (II), graphite monochromator). Crystal data are given in Table 1. 

Molecules I and II are in a special position: I is in the center of symmetry, II 
on the two-fold axis. 

Intensities of 3100 (I) and 840 (II) independent reflections were coIIected by 
the e$Zf? SCZUI technique to 28 = 63(I) and 20 = 116” (II). Absorption was dk- 

regarded. 2611 (I) and 514 (II) reflections with F2 > 20 were used for structure 
solutjon and refinement. Solution of both structures was carried out by the 
heavy atom method. In the structure of I ah H atoms were located by the differ- 
ence synthesis. 

Lezksquares refinement, fuII matrix anisotropic for Fe and C atoms of I and 
for Fe atoms of II, and isotropic for H atoms of I and C atoms of II, gave 
-RI = 0.044 (R, = 0.043) and Ru = 0.153 (R, = 0.160). 

After refinement the scatter of C-H bond lengths was rather large (O-77- 
1-22 A), and therefore coordinates of H atoms were corrected according to 
stereochemicaI considerations. The H(5) atom was placed on an extension of the 
biseckix of C(4)C(5)C(l) angle and for methyl H atoms the following procedure 
was used. H atoms were placed along C-H vectors so that the length of these 
bonds were equal to 1.08 A_ _Assuming that the coordinates of the first H atom 
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-r/iBLE 1 

CRYSTALDATAFORMOLECULESI ANDII 

I II 

8.540(l) 
7.833(l) 

12.X79(2) 
106.98(l) 
779.1(l) 
312.26 

1.27 
2 

P211n 

X1.885(2) 
15.221(2) 
10.000(13 

1809.0(l) 
326.29 

1.20 
1.20 
4 
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TABLE3~ 
-: --_. 

CO~RD~ATES(X1033A$W tiOTROPICTEMPERATUREFACTdRS(XiO)OFHATOMSiN 
&iOLEcULEr- 

Ati5m . . x Y z. B~oC~2) 

a& -63(4) -342~43 -66C33 74X83 
-fs3. H(613‘ -346 -63 

342C6) -161(63 -56C4) 92<13) 
344 -x41 -74 

H(62) 192(53. -231(5) i-135(43 116(143 

192 292 -133 

H(63) 342C5) -316(63 --18<43 -79(n) 

354 -342 -9 
H(713 45?<6) -7O<?) 241<5) 116(i2) 

464 -74 236 
'H(72) 345<63 76(73 237<43 X13(133 

340 115 211 

a733 406(5) 29673 121(4) 79(12) 
415' 28 102 

H(61) -68(43 32(53 268(3) 61(S) 
41 23 278 

H(823 x37(8) 9x63 282(5) 1260.53 
123 120 278 

H(83) 106(53 -71(6) 332(43 72(12) 

125 -79 346 

w[(913 -259(53 -145(6) 181(4) lOO(11) 

-259 -135 158 
H(92) -x82(5) -348(6) 192(4) 95<10) 

-398 -350 171 

5x933 -269(5) -231<63 96<43 121(16) 

-306 -266 36 

TABLE4 

ATOhlICCOORfnNATES(Xl033ANDISOTROPICTEhfPERATUREFACTORSfX 10) INMOLECULE 
II 

.-----_-- 

Atom 5 Y z B& <‘w 

I?e= 
cc13 
C<2) 
cc33 
cc&) 

C(5) 
cm 
C(7) 
c(8) 
C(S) 
cm.93 

0 

3W43 
113(6) 
167<23 

X14(3) 

3w43 
-34c43 
176(3) 

265(33 
134(3) 
-34(43 

248(l) 

304(3) 
345<4) 
266(3) 
177(2) 

209c53 
347(33 
419(33 
229(3) 

68(33 
124(3) 

114 

75(43 
173(6) 
206(3) 
149(3) 

5x53 
-27(4) 
205(4) 
309(33 
173(4) 

13(63 

31(113 
91(163 

42~9) 

9(63 

45(153 
34(113 

65<12) 
62(113 
43003 
84f173 

a Pammeters of the anisotropic temperatcre (X 10) of Fe atom 

f31i B22 333 Bl2 313 B23 

42(3) . 36<3) 53(3) o- -5<4) 0 
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(then of the‘second and subsequently of the third) of each CH, group are correct 
and that C-H is 1.08 A and HCH and CCH angles are each 109.5”, the coordi- 
nates of the second and third atoms (then of the first and third and, finally, of 
the first and second) were calculated. The averages between calculated coordinates 
and those obtained from difference synthesis were then taken. The procedure was 
repeated to convergence (2-3 iterations). These values are given in the second 
Lines of Table 3 and are used in the calculation of interatomic distances. 

Coordinates and temperature factors are given in Tables 2,3 and 4, Al.1 com- 
putations were performed on an Eclipse S/200 mini-computer, using EXTL pro- 
grams. 

Unfortunately, due to intensive thermal motion that results in the small num- 
ber of reflections, the accuracy of results in the case of II is rather low (cf. tem- 
perature factors of Fe atom in both structures, Tables 2 and 4). We are planning 
to repeat the study of this structure at lower temperatures, and meanwhile it is 
considered here only in general. 

Geometry of the molecules 

The geometry of I tid II is shown in Figs. I and 2. In accordance with the 
special position of the molecules in the crystals (in the case of II axis 2 is prac- 
ticalry parallel to the C(1)-+(5) bond of the Cp ring), Cp rings are parallel in 
both complexes and the sandwiches are staggered (Figs. 3 and 4). 

Molecules of I and II are sterieally crowded. Indeed, in their ideal models 
(planar parallel Cp rings, Me groups arranged on the extentions of Cp diagonals) 
the C- - -C distances between adjacent methyls of the same ring are 3.19 A and 
between the nearest methyls of different rings 3.31 A for eclipsed and 3.71 A 
for staggered conformations. Whereas the normal van der Waals C- - -C distance 
between methyls freely rotating about C-C bonds is 4.2 A [?I, while for favour- 
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Fig. 2. Geometry of moIecuIe IL 

able m&al orientation (H atom of one methyl is located between a pair of H 
atoms of another CH3 group) and for coordinated rotation in such an orientation 
(“engagement of gear wheels”) this distance may be reduced to 3.57 A [S]. 
Hence the staggered conformations of I and II, in which steric Me- - -Me interac- 
tions between Cp rings are appreciably weakened. However, the Me- - -Me dist- 
awes within a Cp rAg are independent of the conformation and remain shortened. 

Bond lengths in I (Table~5) are in excellent agreement with results of electron 
djffraction study of ferrocene [9] and with the standard length of the C(sp’)- 
C(sp3) bond [TO] (the latter values are given in brackets): Fe-C 2.054(3) 

TABLE’ 5 

BOND LENGTHS <ri (ii)) IN MOLECULE I 

Bond d Bond d Bond d 

Fe-CXI> 
=?-aS> 
Fe--iX3) 
Fe-C<41 

Fe--c<51 
average 

205X3) 
2_053<3) 

2056<3) 
2058<3) 
2.Oso<2) 
2054(3) 

c(lH(2) 

C@)--c<3) 
C(3+cx4> 
Cc4)--c<5) 
C(5)-c<l) 
avenge 

1.425<4) av-C<~) 1.490<6) 
1.418(4) C(2)--c(7) 1.503(5) 
1.433<4) -3PCW) l-496(5) 
l-427(5) C<4)--c(S) l-494(6) 
1.437<5) average 1.496<6> 
1.428(4) 
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2.50 

73 

93 

Fig. 3. Projection of molecule I on the plane of the Cp ring: (a) general view; (b) one Cp ring with short 
H- * -H distances. 

(2.058(Z)), C(Cp)-C(Cp) l-428(4) (l-431(3)), C(Cp)-C(Me) l-496(6) 
(1.505(5)) A. The average lengths in II have close values of Z-08(5), l-48(4) and 
1.55(9) A, respectively_ Bond angles in I (Table 6) have ideal values: CCC in Cp 
rings 108.0(3)“, exocyclic 126-O(3)“. 

The equation of the m&an-square plane passing through atoms of the Cp ring 
OfIis 

-0.2240~ + 0-7926~ - 0.56722 + 1.6568 = 0 



Fig. 4. Projection ofmolecule II ontheplane ofthe CP ring. 

Deviations from the plane are as follows (A): C(l), O.OOO(3); C(Z), O.OOO(3); 
C(3) O.OOO(3); C(4), O.OOO(3); C(5), O.OOO(3); Fe, l-6568(8), C(6), -0.059(5); 
C(7), -0.043(5); C(8), -0.049(5); C(9), -0.090(5). 

Thus, the Cp ring is strictly planar with methyl carbons 0.043-0.090 A out 
of plane, inclined away from the Fe atom. The angles between the C(Cp)-C(Me) 
bonds and the Cp plane are C(l)-C(6) 3.4, C(2)-C(7) 2.4, C(3)-C(8) 2.7, and 
C(4)-c(9) 5.1”. 

TABLE6 

C<l)C<2)C<3) 108.7<2) 

C(2)C<3)C<4) 108.2<2) 

C~3)c(4)C<5) 107.5<3) 

C(4vx5K(l) 108.3(3) 

c<5)cwc~2) 107.3<3) 
.%wzage 108.0<3) 

C<6YXl)C<5) 
C<6X<lXX2) 
C~7Px2wxl) 
C~7)CraC(3) 
C<8)C<3X<2) 
C<8)C<3VX4) 
C(SKx4)C<5) 
c@)c(4x<3) 
Average 

124.4<3) 
128.2<3) 
125.6(3) 
125.7(3) 
126.6<3) 
125.1<3) 
127.0(3) 
125.4<0) 
126-O(3) 



221 

TABLE 7 

SOME INTRAMOLECULAR C- - -C. C - - -H AND H- - -H DISTANCES. d (A), IN MOLECULE I 

Dlstallce d DiSt.WlIX d Distance d 

C(6). - -C(7) 3.22 
C(7)- - -C(S) 3.19 
C(8)- . -C(9) 3.16 
C(6)- - -C(8) 3.79 
C(6)- - -C(9) 3.85 
C(7) - - -C(9) 3.85 
C(6)- - -H(5) 2.93 

C(9) ---H(5) 2.98 

C(6) - - -H(73) 2.86 

C(7)- - -H<82) 2.90 
C(8)- . sH(72) 2.85 
C(8)- - -H(91) 2.87 
C(9)- f -H<81) 2.88 
H(5)- - -H<62) 2.60 
H(5)- 4 -H(93) 2.76 
H(61)- - -H(73) 2.44 

H(63) - - -H(73) 3.18 

H(71)- * .H<82) 3.38 

~(72) - - -H(82) 2.23 
H(72)- - *H(83) 3.18 
H(81)- - -H(91) 2.26 
H(81)- - -H<92) 3.27 
H(61)- - -H(91) 2.41 
H<61)- - -H(93) 3.25 

H(73) ; - -H(93) 2.50 

H(73) - - -H<91) 3.17 

In the molecule of CS(CH3)5Fe(C0)2S02CHz-CH=CHC~H~ [ll], which also 
has a pentamethylcyclopentadienyl ligand, similar deviations of methyls from 
the Cp ring, away from the Fe atom are observed (deviations range from 0.025 
to 0.191 a). Among ferrocenes with a smaller number of substituents 
(C,&CH,),FeI, (with one substituent in each ring) [12] and [C,H,(t-C,H,),]Fe 
(with two substituents in each ring in the 1,3 positions) 1133 should be men- 
tioned. In both molecules the atoms of substituents bonded to the Cp rings are 
in the Cp plane, but the presence of substituents distorts the parallelity of the 
rings (dihedral angles of 6.6 and 7”, respectively). 

In the cation of bis(l,3-dimethylindenyl)iron (III) [14], which may also be 
considered as an octasubstituted ferrocene, the mutual orientation of the five- 
membered rings is closer to a staggered conformation (9 = 21.7”) and three of 
the four Me groups are also out of plane, inclined away from the Fe atom. How- 
ever, a more detailed comparison of the geometry of I and III would not be 
correct, since indenyl ligands lm III are nonplanar and deviations of C atoms of 
the bicyclic ligand from its mean plane are comparable with deviations of Me 
groups. 

The short distances between nonbonded atoms of I are given in Table 7 (see 
also Figs. 1 and 3). As can be seen, the above-mentioned deviations of Me 
groups from Cp planes naturally do not affect the C- - C distances between Me 
groups of the same ring, which are close (3.16-3.22 A) to the idealvalue of 3.19 
A. The latter value approachs the boundary of 3.17 A between “normally 
shortened” and “strongly shortened” van der Waals C- - C contacts [15]. On the 
contrary, C- - -C distances between methyls of different Cp rings are increased to 
3.79-3.85 A against the ideal value of 3.71 A. 

Mutual rotations of methyls about C(Cp)-C(Me) bonds are such that the 
shortest C- - C distances between adjacent Me groups of the same Cp ring are 
2.85-2.90 A, i.e. even greater than the normal van der Waals distance of 2.82 A 
[15]. The shortest H- - -H distances between adjacent methyls are 2.23-2.44 R, 
whereas the “normal” value is 2.31 A and the “normally shortened” distance 
2.01 II [15] *. At the same time for the most unfavourable orientation of adja- 

+ The shortest H- - -H distance between Me ~LO”PS of Zifferent CP rings is slightly greater (2.41 and 

250 A). 
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kent methyls (two H atoms maximally &se to each other’the H- - -H distance 
would have be&n.reduced td l-97 JL_- H&&e, Me gkups areindeed ixka C‘gean. 
mesh”, thedistance between. a “tooth” of one gear wh&l and two “*tb” of 
another differing considerably; for instance, H(72 j- - -H(82)-2;23 and H(72)- .- - 
H(83) 3_18..A; H(81)- - -H(91) 2.26 and H(81)- - -H(92) 3.27 A (see Table7 and 
Fig. 3). Therefore, there are only two slightly shortened H- - ;H distances between 
adjacent Me groups in each Cp ring. The H(5) and H(5’) atoms of Cp rhigs.do 
not have short intramolecular contacts. 

Intermolecular contacts in crystals of I and ll are usual_ 
As can _be seen from Fig_ 3, thermal vibrations of the Fe atom are isotropic, 

the Cp ring undergoes-in-plane tilting vibrations with a small amplitude, while 
the amplitude of tangential vibrations of the Me groups is nearly twice as large. 

Conclusion 

The present X-ray study established that optimization of the geometry of 
polymethylferrocenes I and II is realized through minimal distortions of the 
ideal model. The planar parallel five-membered rings of the ferrocene system 
retain the possibility of unhindered free rotation in solution. All deviations 
from the ideal structure are associated witln methyl groups within a ring. These 
facts once again emphasize the energetical favourability of the ferrocene system. 

As for methyl groups, free rotation, independent of adjacent methyls in the 
same ring is inzbited. This undoubtedly enhances conformational barriers and 
is reflected in the redistribution of charge density about the C(Me) nucleus. On 
the other hand, the rate of rotation of the “system of methyl gear wheels” is 
sufficiently high to ensure that H(Me) signals of each Cl!& group are represented 
by singl&S in the ‘H NMR spectrum. A priori one would expect deviations of 
C(7) and C(8) from the Cp plane to be the highest since they are the most steric- 
ally hindered; However, %(6) and C(9) exhibit maximal deviation and the unequal 
distances between ‘%eeth” of adjacent methyl “gear wheels” ensure a minimal 
number of short H- - -H contacts in the molecule (there are only two, 2.23 and 
2-26 A long, the normal distance being-2-31 A). 

Although not one of these rearrangements can remove the short C(Me)- - - 
C(Me) contacts, which are revealed in the strong upfield shifts of 13C NMR sig- 
nals, the general reduction of steric overcrowding is reflected in the possibility 
of the free rotation of rings and in the almost complete absence of H- - -H con- 
tacts_ The latter may presumably be associated with the observed trend of effec- 
tive shortening of C(Mej-H bonds. In tems of NMR analysis such shortening 
means reduction of withdrawal of a C(Me)--H electron density towards an H 
nucleus and an increase of the G(C(Me)) shielding constant not only as a result 
of redistribution of charge density about the C(Me) nucleus, but also due to its 
general increase. 

It would be interesting to determine the variation of Fe-C(Cp), C( Cp j-C(Cp) 
and C(Cp)-C(Me) bond lengths in the (Me,C5H5-,&M series with n * 5 and 
for different M. We are planning to extend research in this direction to include 
compounds with M = Fe3* and Co3+ and also to repeat the X-ray study of II at 
lower temperatures. 



References 

223 

1 

2 
3 

4 
5 
6 
7 
8 
9 

10 

11 

12 
13 
14 
15 

RR ping and I&B. Bimette. J. Organometal. Chem.. 8 (1967) 287. 
A.N. Nesmeyanov. R.R h+&erikova et aL. in press. 
RB. Mater&ova. V.N. Babin. 1-R. Lyatifov. T.W. Kurbanov. E.I. Fedin. P.V. Petrovskii and A-1. 
Lutsenko, J. OrganometaL Chem., 142 (l977) 81. 

D.M. Grant and B.V. Cheney. J. Amer. Chem. Sot., 89 (1967) 5315. 
B.V. Cheney and D.M. Grant. J. Amer. Chem. Sot.. 89 (1967) 5319. 
K SeIdman and G.E. Mac&I. J. Amer. Chem. Sot.. 99 (1977) 659. 
N.G. Bokii. G.N. Zakharova and Yu.T. Strucbkov, Zh. Strukt. KhIm& 8 (1967) 501. 
A. Bondi. J. Phys Chem.. 68 (1964) 441. 
RK. Bobn and A_ Haalar& J_ OrganometaL Chem.. 5 (1966) 470. 
LB_ Sutton <Ed_). Tables of interatomic distances and configuration in molecules and ions. SuPpIe- 
‘ment 1956-1959. Chemical Society. London. 1965. 

M.R. ChurchiII and J. WormaId. Inorg. Chem.. 10 (1971) 572. 
J.W. Bats. J.J. de Boer and D. Bright. Inorg. CbIm. Acta. 5 (1971) 605. 
ZL. KaIuski, A_L Gusev. kE. Ralinin. Yu.T_ Stnxhkov. Zh. Strukt. Kbimii. 13 (1972) 950. 
P.M. TreicheI. J.W. Johnson and J-C. CaIabrese, J. OrganometaL Chem.. 88 (1975) 215. 
YuV. Zefirov and P.M. Zorkii. Zh. Strukt. Khimii. 17 (1976) 994. 


