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Abstract Tris-chelated complexes of aluminum with
α-isopropenyltropolonate and α-isopropyltropolonate liga-
nds can be considered prototypical complexes for the study
of internal rearrangements through prismatic transient
structures. Such isomerization paths, known as Bailar and
Ray-Dutt twists, have been suggested for these compounds
on the basis of dynamic NMR study, but modern computa-
tional methodologies have never been applied to corroborate
this finding. In this paper, we report a computational inves-
tigation about the internal isomerization processes of the
mentioned complexes. Both the Bailar and Ray-Dutt twists
have been found as possible reaction paths. The prismatic
structures along each reaction path have been described
as transition structures rather than intermediate and have
been computationally characterized. A comparison between
experimental and computational kinetic data has been
performed.

Keywords Bailar twist · Ray-Dutt twist · Isomerizations ·
DFT · ONIOM · Tris-chelated complexes

1 Introduction

The discovery of the first tris-chelated metal complex with a
prismatic geometry in 1965 [1] catalysed a lot of research
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works on this type of metal complexes. Till then, all the
6-coordinated metal complexes in their stable forms were
assumed to be octahedral structures after the historical work
of Werner [2]. Once the new structure was reported, many
new tris-chelated complexes were produced and their crystal-
lographic structures were determined with the aim to under-
stand the chelant characteristics able to induce the prismatic
geometry (Ref. [3] and references therein).

Indeed, the achievement of prismatic geometries was sug-
gested as intermediate or transient structures along isomer-
ization paths known as Bailar [4] and Ray-Dutt [5] twists.
Figure 1 shows the characteristics of such twist processes in
tris-chelated complexes. They consist in the rotation of one
of the triangular faces of the octahedron respective to the
opposite triangular face. During such a motion, an eclipsed
configuration is reached which corresponds to a perfectly tri-
gonal prismatic geometry of the coordination sphere. If the
motion of the front face goes on, a new octahedral geom-
etry is produced which is the mirror image of the starting
one. Thus, a � − � inversion has occurred. The difference
between the Bailar and Ray-Dutt twists is the relative position
of the chelants in the prismatic geometry (Figs. 1a, b). In
the case of the Bailar twist, the rotation takes place around
the C3 symmetry axis of the idealised D3 point symmetry
octahedral structure. As a consequence, the transient pris-
matic structure shows three parallel chelants and is referred
to as trigonal prismatic structure. Besides, in the case of the
Ray-Dutt twist, the rotation is pivoted by one of the perpen-
dicular C2 axis of the initial structure and the transient pris-
matic structure presents only two parallel chelants (rhombic
prismatic structure).

A possible choice of the reaction coordinate for a twist
rearrangement is the twist angle (Fig. 1c). It amounts to 60◦
for a perfectly octahedral geometry and 0◦ for a perfectly
prismatic one. It is reasonable to predict that a 6-coordinated
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Fig. 1 a The Bailar twist process in the case of a tris-chelated metal
complex of a symmetric chelant; b the Ray-Dutt twist process; c the
definition of the twist angle, the rotation angle of one triangular face
with respect to the opposite triangular face

compound whose structure is substantially distorted from the
perfectly-octahedral geometry toward a prismatic geometry
(that is with a twist angle significantly lower than 60◦) is
more suitable to invert its chirality by twist processes. In this
light, particular importance assumes the work of Kepert [3],
who rationalized many reported crystallographic structures
of tris-chelated complexes. Interestingly, Kepert found that
the twist angle of the ground state geometry in this class
of complexes can be directly associated to the normalized
bite of the chelant, that is the ratio of the distance between
the two donor atoms in the same chelant and the metal-to-
donor bond distance. The shorter is the normalized bite, the
smaller is the twist angle. Furthermore, a simple model was
introduced which was surprisingly capable of predicting the
complex twist angle from the value of the normalized bite.
On this basis, fast twist processes were postulated for tris-
chelated complexes of short normalized bite. Additionally,

the Bailar twist was predicted faster than the Ray-Dutt twist
when the normalized bite is lower than 1.3.

The likelihood of twist processes and the preference for
Bailar or Ray-Dutt twists was studied by Rodger and Johnson
about 10 years later [6]. As in the Kepert’s approach [3], great
importance was assigned to the chelant structure. Also in this
case, the authors concluded that short bite distances (and thus
short normalized bites) should favour the Bailar twist.

The correspondence between small bite distances, small
ground state twist angle and fast twist rate met many experi-
mental confirmations. Pignolet et al. [7] pointed out a correla-
tion between the Bailar twist rate and the high spin character
in tris-chelated transition metal complexes. High spin com-
plexes normally show longer bond distances and, conse-
quently, smaller normalized bites. Such observations were
corroborated by Healy and White [8], who reported smaller
twist angles for high spin transition metal complexes. The
Co(Et, Et-dtc)3

1 [9,10] and Co(acac)3 [11] present normal-
ized bites of 1.23 and 1.50, respectively, and twist angles of
43.6◦ and 60◦. It was found that the second compound proba-
bly undertakes isomerization processes through bond-break-
ing paths, as observed in other tris-chelated complexes of
long bite distances [12,13]. The fact that Co(acac)3 gives rise
to isomerization processes through bond-breaking paths has
been recently corroborated by ab initio computations [14].

However, some authors suggested that, in some transition
metal complexes, the role of the central metal might be rel-
evant. Fe(phen)2+

3 is a low-spin complex in a singlet ground
state and shows an activation enthalpy of about 29 kcal/mol
for the Bailar twist [15]. On the other hand, the high-spin
quintet Fe(dtc)2(phen) presents an activation enthalpy for
the same process lower than 7.5 kcal/mol [7]. Such a notice-
able difference was interpreted by the ligand field approach
[16]. Low-spin d6 complexes are particularly hindered in
their twist motion in comparison to high-spin analogues by
virtue of the higher destabilization of the ligand field. A con-
firmation of this point comes from the observed photoinduced
� − � chirality inversion of Cr(S-trp)3 [17]. This process is
consistent with a Bailar twist which takes place after popu-
lation of a d–d excited state. It confirms the importance of
populating high energy d∗ orbitals for faster twist mecha-
nisms in transition metal complexes.

The group 13 Al(III), Ga(III) and In(III) complexes obvi-
ously do not present the electronic contribution induced by
the ligand field destabilisation. In this case, the assumed
Bailar twist rate follows the order Al(III)<Ga(III)<In(III)
[18,19] in complexes with low bite distance chelants. Such

1 Abbreviations for ligands used throughout: dtc = dithiocarbamato;
Et,Et-dtc = N,N-diethyldithiocarbammate; phen = 1, 10-phenantrol-
ine; acac = acetylacetonate; S-trp = (s)-tryptophanato; T = tropolonate;
α-C3H5-T =α-isopropenyltropolonate; α-C3H7-T = α-isopropyltro-
polonate.
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Fig. 2 a aluminum tris(α-isopropyltropolonate) and aluminum tris(α-
isopropenyltropolonate) (Al(α-C3H7-T)3 and Al(α-C3H5-T)3); b the
four isomers of tris-chelated complexes with an asymmetric ligand

a trend is compatible with the longer metal–donor bond
distance and lower normalised bite. On the other hand, the
same metal complexes do not clearly show twist processes
when the ligands are β-diketonates [20], which presents a
higher bite and possible dissociative isomerizations.

A particularly important evidence of twist processes was
obtained by Holm et al. in studying tris(α-isopropyl-tropol-
onate) and tris(α-isopropenyl-tropolonate) metal complexes
[21] (Fig. 2). They will be called Al(α-C3H5-T)3 and
Al(α-C3H7-T)3 in the following. The presence of the hydro-
carbon substituents on the tropolonate skeleton was a neces-
sary request for the NMR study of the isomerization
kinetics. The substituents make the chelant asymmetric. As
a consequence, the number of minimum structures of the
complex is doubled in comparison to the case of the symmet-
ric chelant in aluminum tris(tropolonate) (AlT3) (Fig. 1 for
a graphical description of the �- and �-tris-chelated com-
plexes with a symmetric chelant). From the two specular
�- and �–AlT3 isomers we pass to four isomers which
consists in two couples of enanthiomeric structures, each
couple is called trans and cis (Fig. 2). The trans isomers
present two identical donor atoms in trans relative position
(for example, in our complexes, the two oxygen atoms clo-
ser to the hydrocarbonic substituent). The cis isomers present
all the identical donor atoms on the same triangular face of
the octahedron. Nevertheless, the presence of four minima
points connected by the isomerization minimum energy paths
(MEPs) results into an increased complexity in the interpre-
tation of the experimental data. Figure 3 shows the effects of
the Bailar and Ray-Dutt twists in terms of chirality inversion
and/or cis-trans isomerization.

Fig. 3 The effects of the Bailar and Ray-Dutt twists on the stereoiso-
mers of tris-chelated complexes with asymmetric chelants; the Bailar
twist only inverts the structure chirality (�−� inversion), the Ray-Dutt
twist from a cis structure additionally induces cis–trans isomerization
(� − � inversion plus cis–trans isomerization). Three Ray-Dutt twists
can take place from a trans structure: one of them leads to the cis struc-
ture (�−� inversion plus cis–trans isomerization), the other two ones
only induce � − � inversion

In the work in object [21], the authors recognized
low-temperature-induced (low activation) paths and high-
temperature-induced (high activation) paths. The first ones
consist in � − � chirality inversion without cis–trans
isomerization. They were assigned to the Bailar twist of the
trans isomer in Al(α-C3H5-T)3. On the other hand, in
Al(α-C3H7-T)3, the � − � inversion was observed for both
cis and trans isomers. The high temperature processes lead
to cis–trans isomerization and were not assigned to any reac-
tion path by the authors. The presence of a negative activation
entropy was considered a distinctive character of the twist
reaction paths. In fact, bond-breaking processes are supposed
to be associated with positive and larger activation entropies.

The clear assignment of the collected NMR data on
Al(α-C3H5-T)3 and Al(α-C3H7-T)3 to twist processes and
the reported experimental activation parameters make this
complexes good candidates for the application of modern
computational techniques to the description of the twist pro-
cesses. In this light, a recent computational approach based
on the density functional theory [14] produced a good agree-
ment with various experimental evidences of twist processes
in M(acac)3 complexes.

In this paper we report a computational investigation based
on ab–initio techniques about the quickest isomerization pro-
cesses of AlT3, Al(α-C3H5-T)3 and Al(α-C3H7-T)3.

2 Methods

All the calculations were performed using the Gaussian03
program, revision B.05 [22]. Figures 5 and 6 have been pro-
duced by using the Molden program [23].

Molecular structures were optimized using the Kohn–
Sham density functional theory (DFT) [24] with the Becke’s
three-parameters hybrid exchange-correlation functional
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known as B3LYP [25] and the PBE functional of Pedew,
Burke and Ernzerhof [26,27]. Several basis sets have been
applied, as reported in the text, the most used ones were the
3-21G(d), the 6-31G(d) and the 6-311G(d,p). In all the cases,
the standard basis sets of the Gaussian03 program have been
applied. All the optimized geometries have been obtained
using the standard threshold for SCF and geometry optimi-
zation. Analytical evaluation of the energy second derivative
matrix w.r.t. Cartesian coordinates (Hessian matrix) at the
same level of approximation confirmed the nature of minima
and transition structures of the energy surface points asso-
ciated to the optimized structures. The harmonic vibrations
allowed the evaluation of zero-point corrections and the ther-
modynamic properties: enthalpy, Gibbs energies and entropy.
All the computations have been performed using the Gauss-
ian03 standard approach2 which considers the molecule in a
vacuum.

Two-layer ONIOM computations [28] have been perfor-
med by treating the C3H5 and C3H7 substituents on the
tropolonate ligands at the semiempirical PM3 [29,30] level of
approximation, and the rest of the molecule at the B3LYP/6-
31G(d) level of approximation. Hydrogen atoms have been
chosen as link-atoms between the two layers.

Solvation effects have been included by by the IEF-PCM
method (integral equation formalism polarizable continuum
model) [31]. Single point energy computations have been
performed at the B3LYP/6-311G(d,p) level of approximation
on the B3LYP/6-31G(d) optimized structures (no solvation
effects for the optimized geometries). CH2Cl2 solvent has
been chosen, and treated as parameterized in the Gaussian03
program.

All the reported computations have been performed in the
closed-shell approximation, thus, all the computed electronic
states are totally symmetric singlet states. The T1 (lowest-in-
energy triplet state) potential energy surface (PES) has been
computed in each of the stationary points of the S1 (ground
state) PES. The lowest found energy difference between S1

and T1 has been 62 kcal/mol. Such a value rules out crossings
between the two surfaces in all the studied reaction paths.

Fragment analysis of AlT3 (metal–ligand covalent inter-
action) has been performed with the ADF2000 [32] program
using the BLYP xc functional (Becke’s 1988 exchange [33]
and correlation of Lee, Yang and Parr [34]) and double-zeta
STO basis set plus one polarisation function on each atom
(ADF set III).3

3 Results

The PES of AlT3 has been computed with the aim to char-
acterize its stationary points of interest. The primary interest

2 http://www.gaussian.com/g_whitepap/thermo.htm.
3 Available at http://www.scm.com/Doc/Doc2000/atomicdata/.

Fig. 4 AlT3 donor atoms labels to be used in Table 1

has been addressed to the lowest-in-energy saddle points of
order one (transition structures) which connect the minima
points of interest.

Our report starts with the results obtained for AlT3. The
reason of this choice has been the presence of an experi-
mentally obtained structure for this compound and the fact
that only a low perturbation could be induced by the tro-
polonate substituents in Al(α-C3H5-T)3 and Al(α-C3H7-T)3

with consequent low influences on the PES. Additionally, the
higher symmetry of AlT3 allowed the application of symme-
try rules [35–38] for the prediction of the symmetry point
group of the transition structures.

3.1 Minima points of AlT3

The minimum energy structure has been searched without
symmetry constrains. The found structure belongs to the D3

point group symmetry. Table 1 lists some geometrical param-
eter of the structure in comparison to the experimental ones
[39] (Fig. 4 for the chosen labels of the donor atoms). In the
analysed crystal, the molecule symmetry is lower (C2v), pos-
sibly due to crystal packing forces. Thus, averaged param-
eters have been included in Table 1 that are referred to an
idealised D3 point group.

From Table 1, even though all the distances of the coor-
dination sphere around the aluminium atom have been over-
estimated by the computations at the B3LYP/3-21G(d) and
B3LYP/6-31G(d) levels of approximation, the normalised
bite (ratio of the O–O distance on the same chelant and the
Al–O bond distance) is well predicted by the computations
and the coordination sphere twist angles are well reproduced.

The structure of the chelant (not reported in Table 1) is
described with higher accuracy by both the used basis sets.

For the purposes of this manuscript, the prediction of the
coordination sphere structure is particularly important. In this
sense, the choice of the basis set should be addressed to a
correct modelling of this part of the molecule. However, a
mere comparison between the solid state experimental and
computed geometrical parameters could not be a proper way
to test the computational accuracy. In fact, packing effects
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Table 1 Some computed
geometrical parameters of AlT3
in comparison to the
experimental structure [35].
Fig. 4 for the atomic labels used

Parameter B3LYP/3-21G(d) B3LYP/6-31G(d) Experimental [35]
( Å and degrees) ( Å and degrees) ( Å and degrees)

Al–O 1.899 1.914 1.888 (2)

O1–O1’ (Bite) 2.504 2.512 2.490 (6)

Normalised Bite 1.319 1.312 1.319 (3)

O1–O2 2.738 2.754 2.698 (26)

O1–O2’ 2.766 2.814 2.797 (18)

C–O 1.311 1.286 1.291 (1)

O1–Al-O3’ 172.4 171.2 170.9 (16)

O1–Al-O1’ 82.5 82.0 82.6 (4)

O1–Al-O2 92.2 92.0 91.2 (11)

O1–Al-O2’ 93.5 94.6 95.60 (9)

Twist angle 50.8 49.5 48.1 (13)

Table 2 A test of the
performances of different basis
sets in predicting important
geometrical parameters of AlT3

Basis set Al–O distance ( Å) C–O distance ( Å)
(experimental [35] = 1.888 Å) (experimental [35] = 1.291 Å)

3-21G 1.904 1.309

3-21G(d) 1.899 1.311

6-31G 1.939 1.313

6-311G 1.937 1.312

6-31G(d) 1.914 1.286

6-311G(d,p) 1.915 1.281

could be able to change the Al–O distance of a significant
amount because of the relatively low force constant of such
bonds. It seems reasonable that packing effects shorten the
chelant–metal distance in comparison to gas phase and solu-
tion phases as well.

Table 2 collects some results from full geometry optimiza-
tions performed with several basis sets. From a comparison
between the 6-311G and 6-31G basis sets, it appears that the
triple-zeta basis set does not lead to any improvement in com-
parison to the experimental measure. This fact is confirmed
by the comparison between the 6-311G(d,p) basis set and
the 6-31G(d). Comparing the 6-31G(d) and 6-31G basis sets
allows to conclude that (not surprisingly) the polarization
functions are more important than the use of triple-zeta basis
sets. The fact that the 3-21G(d) basis set gives better results
than the 6-31G(d) and larger basis sets is probably associated
to basis set superimposition errors and lower angular flexibil-
ity of the basis set on the carbon and oxygen atoms (where the
polarization functions are not present) that cause the shorten-
ing of the Al–O bond distance. From above, the determination
of the transition structure has been limited to the 6-31G(d)
basis set, which is the best compromise between computa-
tional effort and basis set superimposition error. Single point
energy computations on the 6-31G(d) structures have been

performed at the 6-311G(d,p) level for a correction of the
electronic energy.

Figure 5 gives information about the Kohn–Sham orbi-
tals of the isolated chelant fragment that are mostly invol-
ved in charge-transfer processes between the chelants and
the central metal. Such computations have been performed
using the ADF2000 program (see the Sect. 2 details). Only
the four orbitals which are the highest-in-energy occupied
orbitals in the isolated chelant and the two lowest-in-energy
virtual fragment orbitals show deviations from the not-
interacting electronic populations of 2.00 and 0.00 (respec-
tively for occupied and virtual orbitals).

3.2 Transition structures of AlT3

According to predictive approaches which postulate the exis-
tence of maximum symmetry reaction paths [40], two chiral
PES minima points of D3 symmetry, related by the appli-
cation of a point reflection, should be connected by a MEP
which passes through a transition structure of D3h point sym-
metry. Such a structure has been effectively found and shown
in Fig. 6a. The transition structure has been labelled as “TS-
Bailar”. The existence of this structure does not rule out the
presence of lower symmetry transition structures that can be
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Fig. 5 The tropolonate-localized fragment orbitals mostly involved in
the metal–ligand covalent interaction. In the isolated fragment, the 16b
and 18a orbitals are virtual orbitals, 15b is the highest in energy occu-
pied molecular orbitals (HOMO). The percentage composition in terms
of valence atomic orbitals is reported for each orbital

still considered associated to a Bailar twist. Such a possibility
has been investigated by a study of the PES around the TS-
Bailar structure. Starting from lower symmetry structure and
moving toward a transition structure point we have always
found the same transition structure belonging to the D3h point
group symmetry.

Table 3 collects some computed geometrical parameters
of the TS-Bailar structure, and its variation in comparison to
the minimum-energy structure. It is interesting to note that
both the 3-21G(d) and the 6-31G(d) describe the same elon-
gation of the Al–O bond distance. The agreement between the
two basis sets is substantially kept for the other geometrical
parameters. Not surprisingly, the tropolonate chelant struc-
tures appear mostly unaffected by the twist, with a maximum
deviation from the minimum point of only 0.004 Å for the
C–O bond distance described by the 3-21G(d) basis set (still
lower for the 6-31G(d) basis set).

The transition vector of the TS-Bailar structure belongs to
the A1” irreducible representation, thus a displacement along
such a vector leads to a lowering of the point symmetry group
from D3h to D3. Thus, the MEP is associated to the D3 point
symmetry, as expected from an ideal Bailar twist process.

Fig. 6 The Bailar a and Ray-Dutt b twists transition structures. In the
Ray-Dutt transition structures, we can distinguish a chelant along the
C2 rotation. For both the structures, the donor atoms have been labelled
for reference in Table 3

According to proposed symmetry rules [40], additional
maximum-symmetry reaction paths which invert the AlT3

chirality can exist which are consistent with a Ray-Dutt twist
process. The symmetry point group of a such a structure is
C2v . Thus, even in this case, we deal with an achiral transition
structure which connects chiral minimum structures. In this
case, a displacement along the transition vector should lead
to a C2 point symmetry structure and this is the symmetry of
the molecule along the MEP.

All these predictions have been confirmed by our compu-
tations. Figure 6 shows the transition structure clearly consis-
tent with a Ray-Dutt twist. Such a structure will be referred
to as “TS-Ray-Dutt” in the following and belongs to the C2v

symmetry point group, thus it is an achiral structure. The
transition vector is of A2 symmetry, a displacement from the
TS-Ray-Dutt structure along the transition vector leads to
the predicted C2 structure on the MEP. From the geometri-
cal parameters listed in Table 3, it can be observed that the
Al–O distances of the chelant along the C2 axis (Al–O1) are
longer than the ones of the other chelants. In comparison
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Table 3 Some computed geometrical parameters of the AlT3 TS-Bailar
and TS-Ray-Dutt transition structures in comparison to the minimum
structure. Fig. 6 for the labels of the chelant donor atoms

Parameter B3LYP/3-21G(d) B3LYP/6-31G(d)
( Å and degrees) ( Å and degrees)

TS-Bailar

Al–O 1.932 (+0.033) 1.947 (+0.033)

O1–O1’ (Bite) 2.447 (−0.057) 2.467 (−0.045)

O1–O2 2.589 (−0.149) 2.609 (−0.145)

O1–O2’ 3.562 (+0.796) 3.591 (+0.777)

O1–Al–O1’ 78.6 (−3.9) 78.6 (−3.4)

O1–Al–O2’ 134.5 (+41.0) 134.5 (+39.9)

O1–Al–O2 84.2 (−8.0) 84.1 (+7.9)

TS–Ray-Dutt

Al–O1 1.944 (+0.045) 1.969 (+0.055)

Al–O2 1.917 (+0.018) 1.934 (+0.020)

O1–O1’ (Bite) 2.444 (−0.060) 2.459 (−0.053)

O2–O2’ (Bite) 2.493 (−0.011) 2.507 (−0.005)

O1–O2 2.582 (−0.156) 2.620 (−0.134)

O1–Al–O1’ 77.9 (−4.6) 77.3 (−4.7)

O2–Al–O2’ 81.1 (−1.4) 80.8 (−1.2)

to the minimum structure, the Al-O1 distance is 0.055 Å
longer (B3LYP/6-31G(d)), whereas the other Al-O distances
are 0.020 Å longer (B3LYP/6-31G(d)). As a consequence,
the bite distance of the axial chelant is shorter in comparison
to the non-axial chelant. As in the TS-Bailar structure, the
chelant structure is only marginally changed in comparison
to the minimum structure. The largest computed difference
is 0.003 Å for one of the C–O distances in both the used
basis sets.

3.3 The likelihood of bond-breaking MEPs in AlT3

Among the postulated reaction paths, bond-breaking paths
can take place that compete with twist paths. Such isomeriza-
tion processes involve the breaking of one metal–donor bond
with consequent formation of 5-coordinated complexes [40].
Gordon and Holm [12] have classified these paths accord-
ing to the geometry of the transient 5-coordinated structure.
Accordingly, we can have paths going through trigonal bipy-
ramidal transient structures (TBP paths) and through square
pyramidal transient structures (SP paths). The interested rea-
der is addressed to the suggested bibliography [2,12] for a
deeper discussion. In Fig. 7, we report two possible TBP
paths which can be named according to the position of the
dangling chelant, that is equatorial (TBPeq) or axial (TBPax),
plus one of the postulated transient structure among the sev-
eral SP paths.

We have not been able to find out any of these reac-
tion paths. According to our investigations about the AlT3

Fig. 7 Possible bond-breaking paths and their effect on the complex
isomery in case of tris-chelated complexes with symmetric chelants

PES, the only reasonable bond-breaking path should be a
TBPeq transition structure lying above 39 kcal/mol relative
to the minimum structure. As evident in the following,
such energies are well higher than the twist paths that have
been found. In this sense, according to our findings, the
experimentally observed reaction paths should be assigned
to the two twist rearrangements whose transition structures
have been previously discussed.

3.4 The aluminum complexes with α-C3H5-tropolonate
and α-C3H7-tropolonate chelants

As said above, the reference experimental study for our
computations has been performed on Al(α-C3H5–T)3 and
Al(α-C3H7-T)3 [21] (Fig. 2a). The authors have possibly
chosen the two hydrocarbon substituents on the tropolonate
chelants with the goal of a good balance between the need
of asymmetric chelants (for the dynamic NMR study) and
the necessity of low perturbation of the coordination sphere
(metal–ligand interactions) and isomerization kinetics.
A possible way to test the effect of perturbation induced
by the substituents is the comparison between the trans and
cis structure energy. Similar energies mean a low perturba-
tion of the AlT3 coordination sphere.
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Table 4 Experimental and
computational (ONIOM) results
about the cis→trans
equilibrium of Al(α-C3H5-T)3
and Al(α-C3H7-T)3

Source �H◦ �S◦ �G◦
(kcal/mol) (cal k−1mol−1) (kcal/mol)

Al(α-C3H5-T)3

Experimental [21] (C2H2Cl4 solution) −1.7 ± 0.2 −2.7 ± 0.3 −0.9 ± 0.1

Experimental [21] (CH2Cl2 solution) −0.20 ± 0.02 +2.2 ± 0.2 −0.8 ± 0.1

Computational B3LYP/6-31G(d) (vacuum) 0.0 +0.1 −0.1

Computational ONIOM (vacuum) +0.1 +0.1 +0.1

Al(α-C3H7-T)3

Experimental [21] (C2H2Cl4 solution) 0.0 ± 0.5 +2.9 ± 0.5 −0.9 ± 0.5

Computational B3LYP/6-31G(d) (vacuum) 0.0 +0.1 −0.1

Computational ONIOM (vacuum) 0.0 0.0 −0.1

In our computational study, the effects of the substituents
on the tropolonate ligands have been included by using the
ONIOM approach as detailed in the Sect. 2. This method has
been tested by comparison with fully optimised structures
at the B3LYP/6-31G(d) level of approximation, and succes-
sively it has been applied to the determination of the transition
structures.

Table 4 collects some experimental and computational
thermodynamic parameters for the cis → trans equilibrium
of the studied complexes. Both the B3LYP/6-31G(d) and
the ONIOM results are listed. The two computational meth-
ods show a substantial stability equivalence in cis and trans
isomers of Al(α-C3H5-T)3 and Al(α-C3H7-T)3, confirming
the low perturbation of the hydrocarbon substituents on the
complex coordination sphere. This result is in very good
agreement with the experimental data for Al(α-C3H7-T)3.
The reported experimental larger stability of the trans iso-
mer in terms of Gibbs standard energy seems to be asso-
ciated to entropic effects. These might be due to solvation
effects which are not considered in our computations, and
give a possible explanation of the computational error on
�G◦. In the case of Al(α-C3H5-T)3, the computations are in
relatively worse agreement with experimental data, although
they substantially confirm the high similarity between cis and
trans thermodynamic parameters. The fact that �H0 passes
from –1.7 ± 0.2 kcal/mol in C2H2Cl4 solution to –0.20 ±
0.02 kcal/mol in CH2Cl2 solution suggests the relevance of
solvation effects in determining the equilibrium position in
the case of two isomers of very similar stability. Further-
more, we can underline the good agreement between the full
ab initio approach and the ONIOM approach in predicting
thermodynamic properties. In this sense, ONIOM computa-
tions have been directly applied to the determination of ther-
modynamic activation parameters of the Bailar and Ray-Dutt
processes.

A point to be discussed is the orientation of the substitu-
ents on the tropolonate ligands. Figure 8 is a qualitative view
of the position of the C3H5 and C3H7 groups in the complex.

Fig. 8 The computed orientation of the substituents of the tropolonate
ligands: a C3H5 substituent at the B3LYP/6-31G(d) level of approxi-
mation; b C3H5 substituent at the ONIOM level; c C3H7 substituent at
the B3LYP/6-31G(d) level of approximation; d C3H7 substituent at the
ONIOM level

Both ab-initio and ONIOM computations substantially agree
in locating the C3H5 group in a tilted position in compari-
son to the tropolonate plane. The dihedral angle between the
two plains is about 88 and 62◦ in ONIOM and B3LYP/6-
31G(d) computations, respectively. These values have been
observed in all the chelants, both in cis and trans structures.
A closer agreement is found in the description of the C3H7

group between the two computational methods (Figs. 8c, 8d).
The fact that the C3H5 group is not coplanar with the tro-

polonate ring was not considered in the experimental work
[21]. The authors assumed that such a group is in the plane of
the tropolonate chelant. This fact was deduced by the pres-
ence of an apparently single methyl NMR signal in the recor-
ded spectra. On the other hand, C3H7 groups produce two
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Table 5 Experimental results
[21] about isomerization
kinetics of Al(α-C3H5 − T)3
and Al(α-C3H7-T)3

a Measure in C2H2Cl4 solution
b Measure in CH2Cl2 solution

Process Ea (kcal/mol) �H �= (kcal/mol) �G �= (kcal/mol) �S �= (cal k−1mol−1)

Al(α-C3H5T)3

T� → T� (Bailar)a 13.2 ± 1.4 12.6 ± 1.4 14.9 ± 1.2 −7.4 ± 4.8

C → Tb 16.9 ± 1.1 16.2 ± 1.0 17.5 ± 1.4 −4.3 ± 3.2

Al(α-C3H7T)3

C � → C�(Bailar)a 10.5 ± 3.6 10.0 ± 3.6 14.6 ± 5.0 −16 ± 12

T� → T�(Bailar)a 12.3 ± 2.0 11.7 ± 2.0 14.9 ± 2.8 −11 ± 7

C → Ta 25.8 ± 4.0 25.1 ± 4.0 18.7 ± 5.3 +21 ± 12

visible methyl signals at low temperatures due to different
magnetic environments probed by the two methyl groups in
the complex (the two methyl groups are diastereotropic in
the complex). The methyl signals in C3H5 are clearly broa-
der in comparison to the C3H7 ones. All these facts suggest
the existence of a fast rotation of the C3H5 group that aver-
ages the two magnetic environments above and below the
tropolonate plane.

Interestingly, according to our computations, the lack of
planarity between the C3H5 group and the tropolonate ring
is already present in the isolated ligand, thus, it is not uni-
quely induced by steric interactions between the chelants
in the complex. We have performed a relaxes PES scan by
rotating the C3H5 respect to the tropolonate ring in an iso-
late tropolonate molecule and found an energy barrier of
about 3.4 kcal/mol between the two positions of the methyl
group across the two sides of the tropolonate plane. In the
case of α-C3H7-tropolonate ligand, a similar study led to
a higher rotational barrier of about 7.9 kcal/mol. This fact
could explain the possibility of a clear observation of the two
magnetic environments in the case of Al(α-C3H7-T)3.

To further describe the influence of the hydrocarbon sub-
stituents on the complex coordination sphere, the computed
Al–O distances span the 1.905–1.919 Å range in the case of
Al(α-C3H7-T)3 and the 1.907–1.915 Å range in the case of
Al(α-C3H5-T)3 at the B3LYP/6-31G(d) level of approxima-
tion (1.914 Å in AlT3). The ONIOM computations led to
1.904–1.918 Å and 1.906–1.920 Å ranges, respectively.

3.5 Comparison with the experimental isomerization
kinetics

The reported kinetic study about Al(α-C3H5-T)3 and
Al(α-C3H7-T)3 [20] distinguished low-temperature-induced
(low activation) isomerization paths and high-temperature-
induced (high activation) isomerization paths. The first ones
consist in � − � chirality inversion without cis–trans
isomerization. They were assigned to the Bailar twist of
the trans isomer in Al(α-C3H5-T)3. On the other hand, in
Al(α-C3H7-T)3, the � − � inversion was observed for both

the cis and trans isomers. The high-temperature processes
lead tocis-trans isomerization and were not clearly assigned
to any reaction path by the authors. Table 5 collects the repor-
ted activation parameters. It is interesting to note the presence
of a negative activation entropy for the processes assigned to
the Bailar twist. This point has been considered a property of
twist processes; bond-breaking processes are supposed to be
associated to positive and larger activation entropies. Such
a result has been found in the case of Al(α-C3H5-T)3 and
Al(α-C3H7-T)3. On the other hand, cis–trans isomerizations
(C → T entry in Table 5) still presents a negative activation
entropy in the case of Al(α-C3H5-T)3, whereas the activation
entropy is reported positive in the case of Al(α-C3H7-T)3.

Table 6 lists some computed activation parameters. Both
the ab-initio computations performed on AlT3 and the
ONIOM computations performed on Al(α-C3H7-T)3 agree
in assigning the faster isomerization processes to the
Bailar twist. The second found isomerization process, the
Ray-Dutt twist, is slower. In fact, the computed activation
energy (Born–Oppeneimer PES) is 2.2 and 1.7 kcal/mol
higher in the case of AlT3 Ray-Dutt process at the B3LYP/6-
31G(d) and B3LYP/6-311G(d,p) levels of approximation,
respectively. The activation entropy is more negative in the
case of the Bailar twist, with consequent lower (Bailar)–
(Ray-Dutt) energy difference in terms of Gibbs energy (1.8
and 1.3 kcal/mol respectively, for the B3LYP/6-31G(d) and
B3LYP/6-311G (d,p) computations).

Table 6 also reports the results from computations per-
formed with solvation effects (the PCM model as descri-
bed in Sect. 2). Solvation does not significantly change the
trend in energy stability and activation entropy between the
TS-Bailar and TS-Ray-Dutt structures. Also the PBE-based
computations (Sect. 2) do not change the trend. This fact sug-
gests the lack of significant functional-induced biases in our
computations.

In the case of Al(α-C3H7-T)3, the computed activation
parameters are in good agreement with AlT3 at the B3LYP/6-
31G(d) level of approximation, as expected from the already
observed low influence of the tropolonate substituents on the
complex PES.
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Table 6 Computational results about isomerization kinetics of Al(α-C3H5-T)3 and Al(α-C3H7-T)3

TS-structure and method �Eel �E0 �H �= �G �= �S �=
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (cal k−1 mol−1)

AlT3

TS-Bailar B3LYP/6-31G(d) 15.9 15.6 14.4 16.2 −6.0

TS-Ray-Dutt B3LYP/6-31G(d) 18.1 17.8 17.4 18.0 −2.0

TS-Bailar B3LYP/6-311G(d,p) 13.2a 12.9b 11.7b 13.5b −6.0b

TS-Ray-Dutt B3LYP/6-311G(d,p) 14.9a 14.6b 14.2b 14.8b −2.0b

TS-Bailar PCM B3LYP/6-311G(d,p) 14.4a 14.1c 12.9c 14.7c −6.0c

TS-Ray-Dutt PCM B3LYP/6-311G(d,p) 18.2a 17.9c 17.5c 18.1c −2.0c

TS-Bailar PBE/6-311G(d,p) 12.9a 14.6b 14.3b 15.3b −9.5b

TS-Ray-Dutt PBE/6-311G(d,p) 14.8a 16.6b 16.2b 17.3b −3.7b

Al(α-C3H7-T)3

C � → C�(Bailar) ONIOM 15.0 14.6 14.3 15.4 −3.4

T� → T�(Bailar) ONIOM 15.0 14.6 14.3 15.5 −3.9

C� → T�(Ray-Dutt) ONIOM 17.7 17.3 16.9 18.1 −3.9

T� → T�(Ray-Dutt) ONIOM 17.6 17.3 16.9 18.2 −4.4

a Single point computations with the 6-311G(d,p) basis set on the geometry optimised with the 6-31G(d) basis set
b Zero-point energies and thermodynamic corrections are computed with the 6-31G(d) basis set and added to the electronic energies by the
6-311G(d,p) basis set
c Zero-point energies and thermodynamic corrections are computed at the B3LYP/6-31G(d) level of approximation without using the PCM solvation
models

Hence, we can conclude that the experimentally observed
fast processes can be effectively assigned to the Bailar twist.
According to the computations, the slow processes have to be
assigned to Ray-Dutt twists. In fact, as reported in Fig. 3, the
Ray-Dutt twist is capable to induce a cis–trans isomerization.
Furthermore, as said above, our results suggest a much higher
value of the activation energies in bond-breaking paths. Thus,
it appears unlikely that bond-breaking processes could be
responsible of the observed isomerization processes.

A comparison of Tables 5 and 6 allows to easily verify
the experimental–computational agreement in the case of
Al(α-C3H5-T)3. On the other hand, in the case of Al(α-C3

H7-T)3,�−� inversions, the agreement with the computa-
tions can be considered equally good. However, for the cis–
trans isomerizations, the experimental entropic and enthalpic
activation parameters do not show a similarly good match.
Neither a good agreement can be observed between the exper-
imental data about Al(α-C3H7-T)3 and Al(α-C3H5 − T)3

cis–trans isomerizations. On the other hand, the activation
Gibbs energy is in line both with the computations and with
the Al(α-C3H5 − T)3 experimental data. In this light, this
suggests the possibility that an error in the evaluation of the
two contribution to the Gibbs activation energy have been
performed in the case of Al(α-C3H7-T)3 cis-trans isomer-
izations.

The computed negative activation entropy of twist
processes is originated by vibrational contributions to the
entropy. The computed vibrational spectra of the Bailar and

Ray-Dutt transition structures show that the low-frequency
vibrational modes are stiffer in the transition structures than
the minimum structure (that is, higher force constants are
computed). This is induced by the higher steric hindrance
probed by the chelants in the prismatic structure and leads to
the reduction of the vibrational “amplitude” in the inner coor-
dination-sphere low-frequency deformation modes. Hence,
the vibrational quanta of such vibrations increase with con-
sequent lowering of the vibrational entropy of the prismatic
structure.

4 Conclusions

Tris-chelated complexes of aluminum with tropolonate and
the studied α-substituted-tropolonate undergo isomerization
processes through twist paths. The Bailar twist is the fastest
process, shortly followed by the Ray-Dutt twist. Bond break-
ing paths are excluded as competitive processes. These facts
allowed the experimental observation of the Bailar twist at
lower temperatures in comparison to cis–trans isomerization
processes that we associate to the Ray-Dutt twist.

Interestingly, the fact that the Bailar and Ray-Dutt twists
show close kinetic constants is in good agreement with the
prediction of the Kepert’s model. According to this approach,
the tropolonate normalised bite of 1.3 would mean competi-
tion between Bailar and Ray-Dutt twists.
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Both experimental and computational works agree in
assigning a negative activation entropy to the twist processes.
Such an evidence has been considered a possible way to
distinguish twist processes from bond-breaking processes.
According to our computations, the cause of this feature is
an increase of the low-frequency vibrational quanta in the
prismatic transition structures of the twist processes due to
the higher steric hindrance between the chelants in such a
conformation.

Acknowledgments This work has been supported by the Italian
Ministero dell’Istruzione, dell’Università e della Ricerca (MiUR)
through PRIN 2005 200503527 grant.

References

1. Eisenberg R, Ibers JA (1966) Inorg Chem 5:411
2. Purcell FP, Kotz JC (1977) Inorganic chemistry, Holt-Saunders

International Editions, Philadelphia, Chaps 10 and 14
3. Kepert DL (1977) Prog Inorg Chem 23:1
4. Bailar JC (1958) J Inorg Nucl Chem 5:411
5. Ray P, Dutt TS (1943) J Indian Chem Soc 20:81
6. Rodger A, Johnson BFG (1988) Inorg Chem 27:3061
7. Palazzotto MC, Duffy DJ, Edgar BL, Que L, Pignolet LM (1973)

J Am Chem Soc 95:4537
8. Healy PC, Whyte AH (1972) J Chem Soc, Dalton Trans 1163:1163
9. Merlino S (1968) Acta Crystallogr Sec B 24:1441

10. Brennan T, Bernal I (1969) J Phys Chem 73:443
11. Lingafelter EC, Braun RL (1966) J Am Chem Soc 88: 2951–2956
12. Gordon JG, Holm RH (1970) J Am Chem Soc 92:5319
13. Girgis AY, Fay RC (1970) J Am Chem Soc 92:7061
14. Rzepa HS, Cass ME (2006) Inorg Chem 46:8024
15. Dowley P, Garbett K, Gillard RD (1967) Inorg Chim Acta 1:278
16. Gillum WO, Wentworth RF, Childers RF (1970) Inorg Chem

9:1825
17. Kane-Maguire NAP, Hanks TW, Jurs DG, Tollison RM, Heathe-

rington AL, Ritzenthaler LM, McNulty LM, Wilson HM (1995)
Inorg Chem 34:1121

18. Fay RC, Piper TS (1964) Inorg Chem 3:348
19. Eaton SS, Eaton GR, Holm RH, Muetterties EL (1973) J Am Chem

Soc 95:1116

20. Hutchinson JR, Gordon JG, Holm RH (1971) Inorg Chem 10:1004
21. Eaton SS, Hutchinson JR, Holm RH, Muetterties EL (1972) J Am

Chem Soc 94:6411
22. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin KN, Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H,
Hada M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,
Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox
JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski
J, Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I,
Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng CY,
Nanayakkara A, Challacombe M, Gill PMW, Johnson B, Chen W,
Wong MW, Gonzalez C, Pople JA (2003) Gaussian 03, Revision
B.05, Gaussian, Pittsburgh

23. Schaftenaar G, Noordik JHJ (2000) Comput.-Aided Mol. Design
14: 123–134 (http://www.cmbi.ru.nl/molden/molden.html)

24. Parr RG, Yang W (1989) Density functional theory of atoms
and molecules. Oxford University Press, Clarendon Press, New
York/Oxford

25. Becke AD (1993) J Chem Phys 98:5648–5652
26. Perdew JP, Burke K, Ernzerhof M (1996) Phys Rev Lett 77:3865
27. Perdew JP, Burke K, Ernzerhof M (1997) Phys Rev Lett 78:1396
28. Dapprich S, Komáromi I, Byun KS, Morokuma K, Frisch

MJ (1999) J Mol Struct (Theochem) 462:1
29. Stewart JJP (1989) J Comp Chem 10:209
30. Stewart JJP (1989) J Comp Chem 10:221
31. Tomasi J, Mennucci B, Cammi R (2005) Chem Rev 105:2999
32. te Velde G, Bickelhaupt FM, Baerends EJ, Fonseca Guerra C, Van

Gisbergen SJA, Snijders JG, Ziegler T (2001) J Comput Chem
22:931; http://www.scm.com/Doc/Doc2000/Welcome.html

33. Becke AD (1988) Phys Rev A 38:3098
34. Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785
35. Rodger A, Schipper PE (1986) Chem Phys 107:329
36. Rodger A, Schipper PE (1987) J Phys Chem 91:189
37. Rodger A, Schipper PE (1988) Inorg Chem 27:458
38. Schipper PE (1988) J Phys Chem 92:122
39. Muetterties EL, Guggenberger LJ (1972) J Am Chem Soc 94:8046
40. Amati M, Lelj F (2002) Chem Phys Lett 363:451

123

http://www.cmbi.ru.nl/molden/molden.html
http://www.scm.com/Doc/Doc2000/Welcome.html

	Competition between Bailar and Ray-Dutt paths in conformational interconversion of tris-chelated complexes: a DFT study
	Abstract
	Introduction
	Methods
	Results
	Minima points of AlT3
	Transition structures of AlT3
	The likelihood of bond-breaking MEPs in AlT3
	The aluminum complexes with -C3H5-tropolonateand -C3H7-tropolonate chelants
	Comparison with the experimental isomerization kinetics
	Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


