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INTRODUCTION

The main features of the molecular structure of ferrocene have been firmly
established through a series of studies!. However, the position of the hvdrogen atoms
and the shape and height of the barrier to internal rotation of the ligand rings in the
free molecule remain unknowmn.

X-ray studies have demonstrated that the rings assumse a staggered position
in the cryvstal. But since other studies have shown that in crystalline biferrocenyl
the rings are rotated 157 from the eclipsed position® and that the closely analogous
com:pound ruthenocene is eclipsed?, it is possible that the barrier to internal rotation
in all these compounds, including ferrocene, is so low that the relative orientation of
the rings in the crystal is determined by intermolecular packing forces.

Indeed, an early electron difiraction study of gaseous ferrovene indicated that
at joo” all relative orientations of the rings are essentially equally probable?, i.¢., that
the height of the barrier is small compared to the thermal energy at this temperature.

There is additional evidence supporting this observation: no frejquency cor-
responding to a torsional vibration has been found® The proton nuclear magnetic
resonance spectrum of ferrocene in the solid exhibits one sharp line®, showing that the
rings must shift rapidly from one equilibrium position to the next.

The X-rav investigations of ferrocene and related compounds have given no
information on the position of the hydrogen atoms!, and in the absence of contra-
dictory evidence they have been assumed to be Iying in the plane of the carbon ring.
The symmetry of the izolated C H; ligand, or the local symmetry, is then D;p, and four
ring normal vibrations should be infrared active, while seven are actually observed?.
This may be explained through a breakdown of the selection rules due to the perturb-
ing presence of the metal atom, or through an actual deformation of the igand into
C,e svmmetry by bending the C-H bonds out of the plane of the carbon ring.

A recent electron diffraction study of dibenzene chromium, where the infrared
spectrum suggests a similar asymmetry, indicated that the hydrogen atoms are bent
about 3° out of the plane towards the metal atom?®. Another study of cyclopentadienyi-
indinm, showed that the hvdrogen atoms in this molecule may- be bent about 5° qway
from the metal atom®. No interpretation of the infrared spectrum of this compound
has been published.
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EXPERIMENTALY

Ferrocene (puriss.) was obtained from L. Light & Co., Ltd., England, and used
without further purification. The electron diffraction pattern from the gas was
recorded on the Oslo apparatus with a nozzle temperature of about 140°. Exposures
were made with two nozzle to plate distances, 48 and 19 cm, covering the scattering
ranges s = 1.5 A~ to 20 A-Tand s == 7 A~ to 45 A1, respectively. Four apparently
perfect plates covering each range were used in this study. The plates were photo-
metered and optical densities were converted into intensities in the usual way. The
Intensities were then corrected for plate flatness and the screening effect of the rotating
sector. The total intensity was multiplied with s*, and the background was subtracted.
The resulting melecular intensity was modified through multiplication with

sgis) = s (Zc—Fcls)i?
Z¢ denotes the atomic number and Fgfs), the atomic scattering factor of carbon.
The latter were taken from Berghuis et al.°.

STRUCTURE ANALYSIS

The moditied molecular intensity is shown in Fig. 1. Fourier inversion vielded
the radial distribution (RD} curve shown in Fig. 2. In this curve every interatomic
distance, Rj;, in the molecule is represented by a peak centered at » = R;;. The area
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Fig. 1. Modified molecnlar intensity curves for ferrocene: A, experimental; B, theoretical curve
for an eclipsed model.

under the peak is approximately prenortional to ZiZyngg/ Ry, where 115 is the number
of times the distance occurin the molecule. The width of each peak is determined main-
Ix- by the root mean square amplitude of vibration, ;.

® Fora discussion of the eiectron diffraction metheod for determination of molecular structure
sec O BasTiaNsEN axD P N. Sraxcke, ddvances tn Clem. Pivs., 3 {1991} 323.
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Using the results of earlier investigations the interpretation of the RD curve
was straightfoward: The peak at 1.1 A corresponds to the C-H bond length, the peak
at 1.43 to the C—C bond length, and the peak at 2.05 to the Fe-C distance. The peak
at 2.3 A is composite, it contains a C,...C; peak at 2.3 and a smaller C,...H, peak at

10 ] 26 30 Z0 56
Fig. 2. Radial distribution {RD) curves for ferrocene with damping constant & = o.co15 A®: A,
experimental; B, theorctical curve for an eciipsed model.

2.25 A. The peak at 2.8 A corresponds to the Fe...H distance, and the complex of
unresolved peaks at r > 3.3 A arises from the distances between atoms in different
ligand rings.

The analysis of the structure was carried out assuming the C; rings to be regular
pentagons parallel to each other. Except for the relative orientation of the rings, the
structure is then completely defined by four parameters, the C,~C,, C;-H,. Fe-C,
and Fe...H distances. (See Fig. 3.) These were refined through a least squares
calculation on the modified molecular intensiiyv curve using a program writien by

Fig. 3- Molecular structure of ferrocenc in the gas phase
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Seip!®. The theoretical molecular intensity was calculated from

Toncoris) = 33 mi;Agsis) sin (Rygs) exp (— ¥ w55 - 1/ R4
>4

The functions
A58y = g ) Z~F(s)ii [Z—F(s)ijcos n:{s;—n;{s)]

were assumed to be constants except for the Fe-C and Fe...H distances when theyv
were computed from the values for Fre(s) and #(s), the phaseshifts, given by Ibers
and Hoernill. The refinement converged to give the values listed in Table 1. They are
in agreement with most previously reported values to within the rather large (o0.01
to 0.0z A) error limits of the latter, and we believe them to be the most accurate
values now available. The parameters obtained through the least squares refinement,
74(1). can be converted into the center of gravity of the distance distribution curve,
r4(0), by adding «?/7 (ref. x2). If anharmonicity is disregarded r4(0) = r., the equilib-
rium distance. The Fe.. H equilibrium distance calculated under this assumption is
2.814 A with a standard deviation of 0.009 A. The same distance can be computed
from the other equilibrium parameters under the assumption that the hyvdrogen atoms
lie in the plane of the carbon ring: R’ = 2.868 4, st. dev. = 0.006 A. The observed
shortening is then 2. = 0.054 with a standard deviation of o.ox1 A. This corresponds
to a bending of the C-H bonds 4.6° = 0.9° out of the plane of the carbon ring towards
the metal atom. Since the present calculation has not considered anharmonicity or
shrinkage effects, the result should be taken as an indication rather than a demonstra-
tion that a deformation of the ligand has taken place®.

TABLE |
STRUCTURAL PARAMETERS FOR FERROCENE

Distascea ra{ri® {3) r;{c)t (A) 1P (A)

C,-C, 1.429 = 0.003 I.431 == 0.003 0.037 = 0.003
Fe-C 2.056 — 0.002  2.053 -= 0.005 ©0.002 - 0.003
C,-H, I.116 = o.0I2 0.084 — 0c.0I2
Fe...H 2.305 = 0.026 0.157 = o.027
7~ H-C-Cs-piane 1.6 = 27d

Cy...Cy 2.312 0.058 < 0.007
C,---Ha 2.270 0.063 = 0.010
C,.--Hy 3-388 0.121 = 0.039
Inter-ring distance 3.319 — 0.015

C,--.C4 3-316 0.097 = o.022
C,---C; 3.361 0.150 = 0.023%
Cy---Cq $-032 0.119 — 0.0I%
C,.-.Hg 3.412 0.133 £ 0.031¢
Cy---H; 3.943 ©.133 = 0.048
Cy---Hy 1677 ©0.133 = 0.041°¢

a J abels for the atoms are shown in Fig. 3. ®? The error limits are 3 times the standard
deviations resulting from the least squares analysis. € rz{0) = r,(1) + 1u3/r,(1). If anharmonicity
is neglected, r;{0} = r.. the equilibrium distance. The error limits include estimates of the propor-
tionality {see text). ¢The error limit does not take into account shrinkage or anharmonicity (see
text). € 1{C,...Hg) and «{C,...H,) were assumed to be equal.

* Note added in proof: A study of Mn(C;H;), where distortion of the C—} bonds is not to be
expected, indicate that these cfiects are negligible {(A. ArMENNINGEN. A. Haaraxp axp T. Morz-
FELDT, to bz publishedj.
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The distances between atoms in different rings were computed for a staggered
and an eclipsed model, and the corresponding amplitudes were refined through a least
squares calculation as before. The inter-ring distance distribution for a freely rotating
model was obtained by calculating the distances between a carbon atom in one ring
and carbon atoms distributed at 15 degree intervals in the other ring. An RD curve
calculated for a2 model with 5 degree intervals showed no significant difference from
that calculated with 15 degree intervals. The vibrational amplitudes were refined under
the assumption that C...C distances within each range 3.30 to 3.50, 3.5 to 4.00, and
4.0rI to 4.11 A have identical «-values. The weighting function used in the least squares
analysis was IV = exp{—o0.1(s — 4.0)2] in the range 1.5 < s < 4.0 A-, W=101in
the range 4.0 < s < 32.0 A1, and I} = exp[-—0.006(s — 32.0)*] in the range 32.0 <
s <. 44.75 A~L. The error sums resulting from the least squares refinement were

Eclipsed model: 3 Wilas(s}—Iea(s)1® = 4.46 X 103
Free rotation medel: 3} W ilcps(s)—Ials).* = 3.90 X 10®

Staggered model: 3 Wilops(s)—Teals).? = 6.10 X 103

Fig. 4 shows RD curves over the range 3.0 to 5.0 A. The shape of the curve in
this region is determined by the relative orientation of the two rings. The eclipsed
model gives an extremely good fit over the whole range (see Fig. 2). In particular, it
is the only model that reproduces the broad maximum due to inter-ring C...H
distances at 4.7 A. The freely rotating model gives a slightly less satisfactory fit and
does not yield a maximum at 47. A. The staggered model is clearly unsatisfactory and

can be ruled out.
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Fig. 4. Radial distribution curves for ferrocene in the region 3.0 < <{ 5.0 A with damping constant
& = c.0036 A2: A, experimental; B, eclipsed model; C, freely rotating model; and D, staggered
wodel.
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The eclipsed model, then, seems most probable, while a freely rotating one
cannot be excluded. However, the change of the interatomic distances of the eclipsed
molecule when the rings are rotated into the staggered position are comparable o the
corresponding root mean square variations, u-values. Hence a molecule may spend
a considerable fraction of the time in the staggered conformation. The difference
between the “eclipsed”” and the “freely rotating” models is therefore one of degree.
Both predict a distribtion of ligand rings over all rotation angles. They differ in the
fraction of molecules they assume to be momentarily staggered, that is in the height
of the barrier to internal rotation which for the “freelv rotating’’ model is zero.

An estimate of the barrier height can be obtained from the u-values of the
“eclipsed’” model: Keeping C, fixed, the relative motion of the atoms on the other ring
may be broken down into components tangential, radial, and perpendicular to the
ring. If each motion is assumed to be harmonic, the root mean square amplitude of
each may be computed from the three observed r-values:

Hpen = O.37 A
fUyqg = O.IX A

Uperp = 0.10 A

The ratio between the number of molecules in the staggered and in the eclipsed con-
formation can be computed from g5, and a barrier height of

AE ~ 1.1 kcal ‘'mole

is found by Boltzmann statistics.

The standard deviations obtained through a least squares refinement do not
include proportionality errors in the s-scale of the observed intensity!2 Such errors
fead to a scaling up or down of the entire molecule, without change of geometrv.
Analysis shews (Ref) that such errors lead to a standard deviation of 1-1073-Ry; in
the assumed bond lengths. Three times this amount has been included in the error
limits of the second column in Table 1.
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SUMMARY

Electron difiraction studies of ferrocene vapor at 140° show that the free
molecule has an eclipsed (D;) equilibrium configuration with a small bartier to internal
rotation. The barrier is estimated to be about 1.1 kealjmole. The principal molecular
parameters are: C-C, 1.431 -~ 0.005 A; Fe-C, 2.058 = 0.005 A, and C-H, 1.122 -~
0.020 A. The C-H bonds seem to be bent about 5° out of the plane of the C; ring towards
the iron atom.
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