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Thecis-trans isomerization of [(η5-C5H5)Fe(µ-CO)(CO)]2, well known in solution, has been studied
also in the solid state. The solid-state process has been investigated on polycrystalline samples by13C
CPMAS NMR spectroscopy and variable-temperature powder diffraction (VTXPD). It has been shown
that an irreversible isomerization takes place at 80°C. The reaction was also monitored by heating the
sample at four different temperatures for periods of time and by determining the conversions by a13C
CPMAS spectrum. The transformation has been shown to obey a first-order Avrami-Erofe’ev rate law
typical of a nucleation and growth mechanism. By the Sharp-Hancock plot of the isotherms it has been
demonstrated that the process is not isokinetic, and the Avrami exponentials indicate that it passes from
a one- to a three-dimensional growth. An activation energy of 164( 7 kJ/mol for the isomerization
process has been found.

Introduction

Intermolecular interactions play a central role in many
chemical transformations.1 It has been demonstrated, for
example, that the effect of different solvents on the transition-
state energy can heavily modify rates and reaction mechanisms.2

Reactions that take place within a crystal,3 where solvent-
molecule interactions are absent, represent a special case. Indeed
the constrained environment of the crystal packing controls the
reaction paths4 and limits the number of accessible transition-
state structures, which are otherwise available in solution. Such
selection often leads to the formation of products that differ
from those obtained in solution, affording new synthetic
opportunities.

Even though the topochemical principle has been met with
some scepticism,5 the possibility of controlling solid-state
reactions by controlling the crystal packing is one of the most
fascinating fields of supramolecular chemistry.6

The understanding of a solid-state transformation requires also
an appreciation of the kinetics of the reaction. However, a solid-
state kinetic study is a challenging task because the loss of the
3-D order during reaction makes the appreciation of the reaction
mechanism very difficult. There are examples7 of reactions that
occur without loss of the 3-D order such as the single-crystal
to single-crystal reactions. In these cases it is possible to obtain
information on the structure of the transition state by means of
techniques such as X-ray and neutron crystallography.8

Several other solid-state techniques can be of great help in
the evaluation of the kinetics of transformations taking place
in the solid state. Among them, high-resolution solid-state NMR
(SS NMR) and powder diffraction techniques appear to be
particularly well suited to investigate solid systems lacking
extensive order or homogeneity for the breakdown of the
original 3-D order.

A large number of studies dealing with kinetics of solid-state
processes are available in the literature. These are mainly
dedicated to the polymorphic transformations of crystalline
solids, a central topic in the pharmaceutical industry.9 The
problem is not simple at all if one considers that within the
lattice molecules do not have an equal probability of undergoing
a chemical reaction.10-14 Thus, the reaction may occur with
different activation energies depending on the spatial location
of reactants.
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In this work we combine spectroscopic (SS NMR) and
diffraction (variable-temperature XPD) experiments to inves-
tigate the solid-state isomerization process ofcis/trans-[(η5-
C5H5)Fe(µ-CO)(CO)]2, a classical textbook case of structurally
nonrigid organometallic complexes in solution.

[(η5-C5H5)Fe(µ-CO)(CO)]2 is known to exist in two iso-
mers: in thecis form the two cyclopentadienyl rings are on
the same side of the plane defined by the iron atoms and the
two bridging carbonyls, while in thetrans one they are on
opposite sides (Scheme 1).

In solution the interconversion between the two isomers is
very fast and brings to an equilibrium mixture of the two species.
Because bridging-terminal carbonyl exchange is rapid for the
trans isomer at all accessible temperatures, at ambient temper-
ature a single averaged carbonyl resonance is observed. The
variable-temperature study of carbonyl fluxionality in [(η5-
C5H5)Fe(µ-CO)(CO)]2 is one of the best known examples of
ligand exchange processes involving complexes containing
metal-metal bonds in solution.15-18 Adams and Cotton pro-
posed an interconversion mechanism involving an intermediate
“all-terminal” species containing only terminal carbonyls:
whether thecis or trans isomer is obtained depends upon the
FeCp(CO)2 unit rotation around the Fe-Fe axis in this
intermediate. The same type of rotation leads to a bridging-
terminal carbonyl exchange. Farrugia and Mustoo19 observed
that this exchange process is fast in thetrans isomer (the kinetic
constants of the exchange and isomerization processes are
comparable), but not in thecis one.

Bothcisandtrans isomers of [(η5-C5H5)Fe(µ-CO)(CO)]2 can
be separately crystallized, and solid-state13C NMR studies show

that the carbonyl ligands are not dynamic at any accessible
temperature.20 The single-crystal structures were determined by
Bryan and Greene in 1970. The reader is referred to these
seminal studies for the comparison of the single-crystal struc-
tures of the two compounds.21

The reorientational motion of the cyclopentadienyl ligands
in the crystal structures of the two complexes has also been
investigated by packing potential energy calculations.22 Recently,
some of us reported an investigation of the dynamics of [(η5-
C5H5)Fe(µ-CO)(CO)]2 included inγ-cyclodextrin in the solid
state.23 The study showed that the microenvironment provided
by the inclusion cavity allows much more extensive dynamic
rearrangements of the guest molecules, in comparison to pure
cis-or trans-[(η5-C5H5)Fe(µ-CO)(CO)]2. Inside the cyclodextrin
the trans isomer undergoes rapid bridge-terminal carbonyl
exchange even at 100 K. The dynamics in the solid state
inclusion environment shows modified rates of the exchange
processes compared to those detected in solution. For example,
the rate of bridge-terminal carbonyl exchange in thecis isomer
is greater than the rate ofcis-trans isomerization.

Now we are interested in investigating the kinetics of the
cis-transtransformation in the solid state by the combined use
of high-resolution13C CPMAS NMR spectroscopy and X-ray
powder diffraction (XRPD) techniques.

Our aim is to address the following questions:
What is the composition of thecis-transmixture at the end

of the transformation process?
What is the mechanism of the isomerization in the solid state?
What is the value of the activation energy of thecis-trans

interconversion in the solid state?
Is the solid-state isomerization process different from that in

solution?

Results and Discussion

We will first describe the results of the cross-polarization
magic-angle spinning13C CPMAS NMR experiments and then
proceed with a description of the variable-temperature X-ray
diffraction experiments.
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Scheme 1.Cis-Trans Isomerization of [(η5-C5H5)Fe(µ-CO)(CO)]2
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In Figure 1 the variable-temperature13C CPMAS NMR
spectra ofcis-[(η5-C5H5)Fe(µ-CO)(CO)]2, in the region of the
cyclopentadienyl rings’ chemical shifts, are reported. At 23°C,
as expected, the two rings in thecis isomer are not equivalent
and give rise to two different peaks at 88.5 and 90.5 ppm.
Indeed, it is known that they are crystallographically different,21

and moreover they have different activation energies (Ea) for
the rotation.22 By raising the temperature to 80°C, the
progressive formation of thetrans isomer, having the two rings
symmetrically equivalent, is confirmed by the presence of a
single resonance at 92.0 ppm.

It is interesting to observe that, unlike in the solution case,
in the solid state thecis-transconversion is complete and not
reversible: the more stabletrans isomer is the only species
observed at the end of the process even after cooling the sample
to 25 °C. As expected, no formation of thecis isomer can be
detected by heating a sample of puretrans isomer to 80°C .
Then we must conclude that in the solid state the two isomers
are separated by a larger free energy of formation than in
solution, and this phenomenon must be associated with the
presence of intermolecular forces in the crystalline environment
that are able to stabilize thetrans isomer. Likely thecis isomer
is destabilized in the solid state for the higher dipole moment
compared to thetrans isomer.

The same process can be monitored by recording13C CPMAS
spectra of thecis isomer heated for increasing times. The
decrease of thecis isomer concentration with time (obtained
by integration of the spectra) was used to measure the extent
of reactionR (defined asR ) trans/(cis + trans)), whereR )
0 corresponds to purecis isomer (reactant) andR ) 1
corresponds to puretrans isomer (product).

In our case we followed the isomerization at four different
temperatures (65, 70, 75, and 80°C). In Figure 2 the bridging

carbonyl region of the spectra with different heating times for
the isotherm at 65°C is reported.

In order to evaluate which mechanism for this transition is
operative over the temperature range examined, the fractional
completion,R, is plotted as a function of time for the four
isotherms. As an example in Figure 3 the results obtained at 65
°C are reported. The resulting conversion-time curves have
the typical sigmoid shape characteristic for most solid-state
conversions that are not diffusion-controlled.

A simple and general method for the analysis of this type of
isotherms has been introduced by Avrami Erofe’ev24 with the
so-called Avrami-Erofe’ev rate law:

The model proposed by Avrami-Erofe’ev assumes that
“germ nuclei” of the reaction product are distributed randomly

Figure 1. Cyclopentadienyl rings region of the13C CPMAS NMR
spectra of cis-[(η5-C5H5)Fe(µ-CO)(CO)]2 recorded at variable
temperature.

Figure 2. Bridging carbonyl region of the13C CPMAS spectra of
[(η5-C5H5)Fe(µ-CO)(CO)]2 at different heating times.

Figure 3. Isomerization kinetics ofcis-[(η5-C5H5)Fe(µ-CO)(CO)]2
at 65°C.

[-ln(1 - R)]1/n ) kt (1)
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within the solid; following the nucleation event, the grains grow
until the transformation is complete. In this case, the shape of
the kinetic plots is analyzed into four regions: (i) an induction
period (0.1< R < 0.15); (ii) an acceleratory region (0.15< R
< 0.5); (iii) a deceleratory region (0.5< R < 1); and (iv) the
completion (R ) 1). The nucleation prevails in the induction
period, and the acceleratory region tends to be dominated by
growth. The termination of growth results in the deceleratory
region.

Following eq 1 the experimental data recorded at 65°C
(Figure 3) can be fit withn ) 1.3, typical of a nucleation and
a one-dimensional growth mechanism.24

A similar approach exploits Sharp and Hancock’s
equation:25

where the exponent termn is equivalent to the gradientn of
the Avrami-Erofe’ev plot.

Sharp and Hancock’s plot, when linear over the interval 0.15
< R < 0.5, is diagnostic of the reaction mechanisms.26 Briefly,
n ≈ 0.5 is associated with a diffusion-controlled reaction, forn
) 1 a phase-boundary control is appropriate, whilen ) 1-2,
n ) 2-3, andn ) 3-4 are consistent with nucleation and
growth via a one-dimensional, two-dimensional, and three-
dimensional growth, respectively.

In an isokinetic process the exponentialn term in Avrami-
Erofe’ev equation (eq 1) does not change, and thus Sharp and
Hancock’s lines are identical in slope at different temperatures.
When the reaction mechanism changes with temperature, the
analysis will indicate either a progressive change in mechanism
(then exponential term changes gradually as well as the slope
of the lines) or an instantaneous change (then value and the
slope of the lines change dramatically).

In our case, Avrami-Erofe’ev fitting provides differentn
values for the different temperatures. In particular we have found
n ) 1.3 for the isotherm at 65°C, n ) 1.3 for the isotherm at
70 °C, n ) 1.7 for the isotherm at 75°C, andn ) 4 for the
highest temperature isotherm (80°C). Indeed we can argue that
the solid-statecis-trans isomerization is not isokinetic. Similar

results have been obtained with Sharp and Hancock’s plots
(Figure 4) of ln[-ln(1 - R)] vs ln(t), whose slope changes with
the temperature.

The isotherms at 65, 70, and 75°C are associated with slope
values of 1.2, 1.2, and 1.9, respectively. Unfortunately we cannot
report the plot for the last isotherm because the fast rate of
reaction prevented the collection of a sufficient number of points
in the range 0.15< R < 0.5. Since all the data are in agreement
with Avrami-Erofe’ev analysis, we assumed for this isotherm
n ) 4.

These results are in agreement with a reaction mechanism
that passes from nucleation and growth via a one-dimensional
growth, to nucleation and growth via a three-dimensional growth
by increasing the reaction temperature.

Other known algebraic expressions, listed by Gotor et al.,27

usually used for describing the most common mechanisms in
solid-state processes were found less suitable for the analysis
of this isomerization reaction.

The kinetic constant value was calculated for the four
isotherms, and by using the resulting Arrhenius plot (Figure
5), a value of 164( 7 kJ/mol for the activation energy (Ea) of
the isomerization process in the solid state has been obtained.
This value is in agreement with reportedEa calculated for
transformations occurring in the solid state.28

The isomerization prevented us from studying the terminal-
bridge carbonyl exchange process in thecis isomer. The same
behavior has been observed for the solution state where thecis
isomer undergoes preferentially the isomerization process than
the terminal-bridge carbonyl exchange.19 Indeed the latter
mechanism would require a rotation about the Fe-Fe bond of
one of the Fe(η5-C5H5)(CO)2 units by 2π/3 or -4π/3 (thus
effecting the enantiomerization 1cc S 1cc*; see Scheme 1).
Nevertheless, such exchange can be well observed in the stable
transform by variable-temperature13C CPMAS NMR. In Figure
6 selected carbon SS NMR spectra are reported for a temperature
range varying from 25 to 85°C.

The spectral features described above are clearly consistent
with dynamic behavior of thetrans isomer involving bridge-
terminal exchange.
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Figure 4. Sharp and Hancock’s plot of ln- ln(1 - R) vs ln(t) of
the isomerization according to eq 2.

ln[-ln(1 - R)] ) n ln(t) + b (2)

Figure 5. Arrhenius plot used for obtaining the activation energy
of the isomerization process.
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By simulation of the spectra the kinetic constant values for
the exchange process have been determined at different tem-
peratures, yielding the Arrhenius plot shown in Figure 7.

The calculated activation energy for the carbonyl exchange
process in thetrans isomer in the solid state is 76( 3 kJ/mol.

We can assert that in both the solid and solution state the
isomerization mechanism requires a higherEa with respect to
the carbonyl exchange mechanism in thetrans form (164 and
76 kJ/mol in the solid state compared to 46.8 and 29.7 kJ/mol
in solution19). Moreover, in both cases the bridge-terminal
carbonyl exchange process for thecis isomer has a higherEa

value; that is, the carbonyl exchange takes place only through
the cis-trans isomerization process. Therefore, since theEa

trend is in accordance with that obtained for the liquid state by
Farrugia et al.,19 we surmise that the same mechanism may be
responsible for the isomerization in solution as well as in the
solid state. Thus, in both phases the formation of an all-terminal
carbonyl intermediate can occur, and then the isomerization
takes place via the rotation of the Fe(η5-C5H5)(CO)2 unit,
followed by the reorganization of the ligands to re-form carbonyl
bridges. No rotation is necessary for the bridging-terminal
carbonyl exchange process in thetransisomer. The intermediate
is not observed in the spectra, due to its very short lifetime.
The rigid constraint caused by the crystal packing is the reason
for the higher activation energy found for the solid-state process.

Variable-Temperature X-ray Diffraction Experiments. A
sample of thecis isomer obtained as indicated above was
subjected to variable-temperature X-ray diffraction measure-
ments. The sample was unambiguously identified as purecis
isomer by comparing the X-ray powder diffraction pattern
measured at room temperature with that calculated on the basis
of the single-crystal structure (see Figure 8).

Figure 9 shows the diffraction pattern measured in the range
rt to 95 °C on a pure sample ofcis isomer at steps of 10 deg.
It can be easily appreciated how the pattern is constant up to
ca. 75°C, showing persistence of thecis-form.

Above 75°C the diffraction peaks suddenly change to those
of the trans isomer. The sample was also left standing at 95°C
for 10 min before remeasuring the diffraction pattern, showing
that no further change took place. Cooling the sample to room
temperature retains thetrans isomer pattern, confirming the
nonreversible nature of thecis-transsolid-state isomerization.

Conclusions

With this study we have gained further insights in one of the
most studied dynamical process of organometallic chemistry.
The fluxional behavior of [(η5-C5H5)Fe(µ-CO)(CO)]2 has
constituted a matter of investigation and debate for a long time.
We have provided evidence by solid-state methods that thecis-
trans isomerization process known to take place in solution
occurs, though irreversibly, in the solid state. A polycrystalline

Figure 6. Selected variable-temperature13C CPMAS NMR spectra
of trans-[(η5-C5H5)Fe(µ-CO)(CO)]2. Bridging and terminal carbonyl
region only.

Figure 7. Arrhenius plot for the activation energy of the carbonyl
exchange process in thetrans isomer in the solid state.

Figure 8. Comparison between the X-ray diffraction powder
pattern measured at room temperature on a sample of thecis isomer
(a) and that calculated on the basis of the single-crystal structure
(b).

Figure 9. Variable-temperature X-ray diffraction patterns measured
on a polycrystalline sample of the ofcis isomer measured between
rt and 95°C.
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sample of thecis isomer transforms rapidly and quantitatively
into that of atrans isomer upon heating. The activation energy
barrier estimated for the isomerization is 164( 7 kJ/mol. The
process, followed by13C CPMAS, can be described with a
nucleation and growth mechanism. The kinetic data fit well with
a first-order Avrami-Erofe’ev equation, and the comparison
with the Sharp-Hancock analysis confirms that the process is
nonisokinetic, passing from a one-dimensional to a three-
dimensional growth.

The bridge-terminal carbonyl exchange mechanism studied
by means of VT13C CPMAS experiments provides an activation
energy of 76( 3 kJ/mol. Thus, as in the solution state, the
carbonyl exchange mechanism in thetransform having a lower
Ea is independent of the isomerization process. On the contrary,
in the cis isomer it occurs only through thecis-trans isomer-
ization because it requires a enantiomerization 1cc S 1cc*, i.e.,
a rotation about the Fe-Fe bond by 2π/3 or-4π/3, with a high
Ea.

It has been observed that in the solid state, as in solution,
the trend of theEa of the studied processes is the following:Ea

bridging-terminal (CO)trans exchange< Ea cis-trans isomer-
ization< Ea bridging-terminal (CO)cis exchange. On this basis
one can surmise that the mechanism described by Farrugia et
al.19 and reported in Scheme 1 occurs also in the solid state.

Experimental Section

All reagents were purchased from Aldrich and used without
further purification.

13C-Enrichment. 13CO-enriched [(η5-C5H5)Fe(µ-CO)(CO)]2, with
about 20%13C enrichment, was prepared by direct exchange of
13CO with the appropriate metal carbonyl in heptane (purified by

standard techniques29) solution at 80°C for 3 days.30 13CO (99%
enriched) was purchased from Isotec, Miamisburg, OH.

To obtain thecis form, the 13CO-enriched compound was
dissolved in a small quantity of CH2Cl2. The solution was cooled
at approximately-50 °C in a acetone bath, and the solvent stripped
out with a strong nitrogen flow.

The isomerization process was followed by heating the sample
in an oven set at the isotherm temperature. The sample was heated
progressively, and the extent of the reaction checked by collecting
the NMR spectra.

Solid-State NMR Spectroscopy.13C CPMAS NMR spectra
were acquired on a JEOL GSX 270 WB operating at 67.8 MHz
for 13C. A standard cross-polarization pulse sequence has been used
with a contact time of 5 ms and a 90° pulse of 4.5µs. Typically,
32 transients were collected for each spectrum with a pulse delay
of 10 s. Samples were packed in 5 mm zirconia rotors with a typical
sample volume of 120µL. MAS rates varied from 5 to 6 kHz. The
sample temperature in the variable-temperature experiments was
verified from the chemical shift of207Pb(NO3)2, as described by
Bielecki and Burum.31

The exchange process involving bridging and terminal carbonyls
in the trans-[(η5-C5H5)Fe(µ-CO)(CO)]2 derivative was simulated
with the gNMR V4.1 program.32 The intensity of the bridging
carbonyls is approximately 3 times the terminal signal due to the
large difference in their anisotropies.20 For the simulation we
assumed that this ratio was not substantially modified since in the
temperature range under investigation only a negligible change in
the CSA was detected by spinning sideband analysis.

X-ray Diffraction. X-ray powder diffractograms were collected
on a Pananlytical X’Pert PRO automated diffractometer with Cu
KR radiation and an X’Celerator detector equipped with an Anton
Paar TTK 450 low-temperature camera.
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