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Summary

Dipole moments have been measured in n-decane at 5—130°C for the com-
pounds monochloro-, 1,1'-dichloro-, monobromo-, 1,1’-dibromo-, monoiodo-,
and 1,1'-diiodo-ferrocene. The energy barriers (AE, = Ese —E s and AE, =
E, e — E 55 ) to rotation of the two cyclopentadiene rings about the bond to
iron have been calculated. Conclusions are reached about the principal energy
contributions giving rise to the barrier.

Introductidn

The electronic structure of sandwich molecules such as ferrocene (Fecp,),
nickelocene (Nicp,), ruthenocene (Rucp,) and others [1] has long been of
interest theoretically. An important question in this field regards the type of
bond between the metal and the organic moiety; on this depends the possibil-
ity that the two cyclopentadiene rings may (or may not) rotate about the five-
fold axis. There is hence some similarity between the 1,1'-dihalo derivatives of
these sandwich molecules and the 1,2-dihaloethane derivatives. Although much
information is available on the latter [ 2], there is very little on the organomet-
allic compounds.

This note is a contribution to the study of such molecules, and aims to com-
plete the series of the halo derivatives of ferrocene. The molecules investigated
are: monochloroferrocene (I), 1,1'-dichloroferrocene (II), monobromoferro-
cene (III), 1,1"-dibromoferrocene (IV), monoiodoferrocene (V), 1,1’-diiodofer-
rocene (VI). '

Compounds (I) to (IV) have previously been studied at various temperatures
[3] with the aim of determining the energy barrier to rotation. However, they
have been re-investigated so as to allow a better comparison within the series
because there is some uncertainty in the earlier experimental values.
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Experimental

Materials
All the compounds were prepared by published methods [4].

Physical measurements

Electric dipole moments were determined in n-decane. The dielectric con-
stants were measured at 1.8 MHz with a heterodyne beat apparatus (WTW
dipolmeter). Refractive indices were measured with a Bausch and Lomb refrac-
tometer with a reproducibility of 0.00005. The total molar polarization and
molar refraction at infinite diiution of the molecules were calculated by the
method of Halverstadt and Kumler [5].

Results and discussion

Table 1 lists the dipole moments, together with the parameters used to cal-
culate them. Figure 1 shows the variation of the observed moments with tem-
perature. .

Figure 1 shows that the moments increase in a regular fashion for all the
disubstituted compounds, indicating that they show restricted internal rotation

-about five-fold axis. For this o be possible energetically, the interaction forces
between the C—X moiety (X = Cl, Br and I) of a ring and the C—H?’s of the
other ring must be similar to the thermal energy at the temperatures investi-
gated. Obviously, if this is the situation in these derivatives, it is reasonable to
expect that virtually free rotation exists in the parent molecule, ferrocene, in

(Contlinued on p. 210)
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Fig. 1. The temperature dependence of the observed electrie dipole moment.
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eclipsed staggered
or prismatic or antiprismatic
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Fig. 2. Rotamers suggested in the case of a fixed strueture of the ferrocene.

which the electrostatic effects are reduced even further.

These conclusions agree with those found from electron diffraction [6], but
are in conflict with results which suggest a fixed primatic-type structure [7]
(Fig. 2). They have a bearing on the type of bond between the iron and the
organic part of the molecule, on which point various theoretical treatments are
in agreement [1].

As concerns the potential energy barrier to the rotation, the following alter-
native situations can be envisaged; (i) the only interaction of importance
between the two of rings occurs through the two substituents X (halogen), and
(ii) the barrier also includes interaction between the substituent X of cne ring
and the hydrogen of the other. Given the distance between the two rings and
the van der Waals radii involved, there is no way of choosing between these pos-
sibilities. Both will be considered.

/i) Only C—X interaction is present

In this case, the energy function V = V(1 — cos ¢), (2V, is the difference in
energy between the hypothetical cis and trans structures and ¢ the angle of
rotation about the five-fold axis) has only one minimum (at ¢ = 180%). The
. height of the barrier may be calculated from:

)
lJl ,l l(’.T

1+ J - 1)

: -5)

where f1,,.4 1s the observed moment for the disubstituted compound, u, is that
for the mono-substituted analogue, —V,/kT = iz, and j, and j, are the Bessel
functions [8] of order 1 and 0, respectively, with complex argument. The val-
“ues of 2V, so obtained are reported in Table 2.
- Before discussing these results, a few comments are necessary on their reli-
ability. An uncertainty of 80—90 cal mol ™' (depending on the temperature) is
estimated based on a pessimistic assessment of the uncertainty in observed

Y —- 2 in2
Hobsa = 21—‘0 sm-a




TABLE 2

ENERGY VALUES (2V,) CALCULATED ASSUMING THE SIMPLE POTENTIAL FUNCTION V =
Vo(l —cosp) @

Compound tCC) Energy (cal mol™1)
This work Lit. &
1.1’-Dichloroferrocene 10.0 . 480 ¢
100.0 490
25.0 200
1.1’-Dibromoferrocene 10.0 850
100.0 890
250 700
1,1 -Diiodoferrocene 10.0 950
100.0 1040
25.0 850

@ Here 2V, indicates the energy difference between the hypothetic cis and trans forms. b From ref. 3b, in
benzene. € The uacertainty in the energy calculation (+80—90 cal mol™! at 10.0 and 100.0 °C) derives
from the uncertainty of £0.02 in the measured dipole moment. For the meaning see the text,

moment of 0.02 D (see footnote to Table 2). This uncertainty would be reason-
able if the moment of the disubstituted compound had been determined at
only one temperature. However, since measurements were carried out at vari-
ous temperatures and the values used lay on the straight line u = (), we feel
secure that the uncertainty in 2V, is much lower than that indicated in Table 2.

From the same Table, it is seen that the values found here are higher than
those in the previous work (a different solvent was used, however). The discrep-
ancy decreases as the atomic number of X decreases. Nevertheless, in both sol-
vents the behaviour is as expected for an increasing steric effect of the substitu-
ent.

It is also seen that, whilst in dichloroferrocene (in which steric hlndrance is
negligible) the energies at two temperatures are virtually the same, for the other
di-substituted derivatives this is not the case. In addition, this difference
increases as the steric effect of X increases.

The uncertainty inherent in the measurements does not allow any further
conclusions to be drawn, which is unfortunate given the good regulanty found
in the calculated values.

Given that the 2V, values are not constant with change in ternperature the
(not remote) possibility exists that eq. 1 may not be entirely valid. This would
mean that the function V = V(1 — cos ¢) is not completely valid. The calcula-

tions were further developed taking into account possibility (ii).

(ii) Other interactions between the rings

In this case, the potential energy function for internal rotation should show
several minima (in theory at ¢ = 36, 108, 180 (absolute minimum), 252, and
324, with ¢ = 0° corresponding to the hypothetical conformation in which the
two C—X groups are at the minimum distance and in the same orientation) and
several maxima (0 (absolute), 72, 144, 216 and 288°). The distribution of the
molecules in these minima depending on the temperature would account for
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the change in moment with change in temperature.
To calculate the energy difference between these minima, we use eq. 2 at
two temperatures. :

2 o 2 2(cos 36° +1) e AEU/ED + 2(cos 108° + 1) e AE2/ED
Honsa = 2M5 o 9 e BEIIRTY { g o= 3EI(RTY (7§ (2)

in which AE, = E ;¢ —E 3 and AE, = E e — E 5¢°.

Obviously, good values of AE may be obtained only if a wide temperature
interval is explored and many measurements need to be carried out to reduce
statistical errors to a minimum. Table 3 reports the calculated values.

There is again good regularity in the energies as a function of the dimension
of the substituent X. In addition, there is close similarity between the values of
Table 2 and those of Table 3. As expected, in each case the 2V, valués (which
represent the energy difference Ep — Eg¢°) are greater than the AE, values
(which represent the energy difference E;¢ — E,5¢ ). In the same way, AE, val-
ues (i.e. E,op¢ — Eg¢° ) are always much smaller than AE, values.

The close similarity found between the two values obtained by treatments (i)
and (ii), as well as their regularity, makes a choice batween the two rotational
- situations difficult. If we follow through the evidence presented for the deriva-
tives examined here, the effective situation is more or less intermediate
between (i) and (ii).

Steric effects between the substituent X of one ring and the hydrogens of the
other ring should make themselves felt on the AE, values, whilst AE, values
reflect those between the X of the two rings. Now, given the similarity in AE,
values, it is probable that these effects are very small. This conclusion would
agree with the structural data for ferrocene and the Van der Waals atomic radii.

In conclusion, we find it of interest to compare our own results with the
most recent in the literature. Not long ago, theoretical calculations using the
extended Hiickel method, including s, p and d orbitals, were carried out on fer-
rocene, monochloro- and 1,1’-dichloro-ferrocene molecules [9]. For the ferro-
cene the calculated total energy is —22946.955 kecal mol™!, for the prismatic
form, and —22941.466 kcal mol™! for the antiprismatic (Fig. 2) indicating that
the preferrred form is the prismatic. In the case of monochloroferrocene the

TABLE 3

ENERGY DIFFERENCE (AE (cal mol~1)) BETWEEN THE DIFFERENT MINIMA OF
1,1-DIHALOFERROCENES -

Compocund AFEy AF>
1,1’-Dichloroferrocene 410 80
280 oa
4] —670¢
1.1’-Dibromoferrocene’ 800 140
600 —150@
1,1'-Diiodoferrocene 950 150

¢ From ref. 3a.
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barrier for the total energy is of the order of 4.8 kcal mol~!, the prismatic form
having lower energy. In the case of the 1,1'-dichloroferrocene, it was found
that the function of the potential rotation energy shows minima at angles ¢ of
0, 70 and 140°. The calculated relative statistical weights are 1.5% for ¢ = 0°,
35% for ¢ = 70° and 63.5% for ¢ = 140°, while the relative energies satisfy this
difference: E;p» — E ;4 = 0.36 kcal mol™' and Ep —E, ;> = 1.82 kcal mol™'.

Apart from the problem of the preferred structures, the most important
aspect which emerges from a comparison of these results and our own is the
consideration of energy values. In our case these are lower and lead to the
assumption, as seen above, of free rotation for the ferrocene molecule, while
for the dichloro derivative there would be rapid interconversion among several
rotamers. In our opinion the principal reason should be sought in the effect of
the solvent, of which the theoretical calculations take no account. Such an
effect has been quantified by Onsager [2] according to whom when a molecule
of electric dipole moment u is transferred from a solvent of dielectric constant
1 to another of dielectric constant € its rotational energy diminishes in propor-
tion to the square of the moment. There is, however, a good agreement
between the theoretical moments calculated by the Hiickel method and those
observed by us for mono- and dichloroferrocene.
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