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Abstract

The bonding of pyrrolyl ligands (pyr′) in group-4 metal complexes, [M(pyr′)Cl3], is studied by means of DFT/B3LYP cal-
culations with a VDZP basis set. Two metals (M = Ti, Hf) and two pyrrolyl ligands are addressed, pyr′ = pyrrolyl (pyr), and
2,5-dimethylpyrrolyl (dmp). The study allowed the characterization of the p-pyr′ complexes with a g5 coordination of this
ligand, the r complexes with the pyr′ bonding established by the nitrogen lone pair, and the transition states for the interconver-
sion between the two isomers. A comparative analysis of the pyr′ bonding to the metal in all the species is provided, as well as a
detailed study of the mechanism for the interconversion between the two pyr′ coordination modes. This is a slippage process
without significant folding of the pyr′ ring and the activation energies obtained (Ea < 9 kcal mol–1) suggest the possible fluxion-
ality between the two coordination modes, in solution. Calculated pyr′–M bond enthalpies show an increase in the bond strength
going down the group, allowing a rationalization of the differences in stability of the two coordination modes observed for the
various metals and, consequently, of the associated ring slippage process. To cite this article: A.R. Dias et al., C. R. Chimie 8
(2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les liaisons des ligands pyrrolyl dans les complexes métalliques du groupe 4, [M(pyr′)Cl3], ont été étudiées à l’aide de
calculs de fonctionnelle de densité DFT/B3LYP avec une base VDZP. Les deux métaux (M = Ti, Hf) et deux ligands pyrroles
pyr′ = pyrrolyl (pyr), et 2,5-dimethylpyrrolyl (dmp) ont été étudiés. L’étude a permis la caractérisation des complexes p-pyr′
avec une coordination g5 du ligand, des complexes r avec liaison pyr′ par la paire azote unique et de l’état de transition pour
l’interconversion entre ces deux isomères. Une analyse comparative de la liaison pyr′–métal dans toutes les espèces est donnée,
ainsi qu’une étude détaillée du mécanisme de l’interconversion entre les deux modes de coordinaiton des pyr′. Il s’agit d’un
processus de glissement sans effet sur le cycle pyr′ ; les énergies d’activation (Ea < 9 kcal mol–1) amènent à envisager une
possible fluxionalité entre les deux modes de coordination en solution. Les enthalpies des liaisons pyr′–M calculées montre une
augmentation de la force des liaisons à mesure que l’on descend dans la colonne, ce qui permet de rationaliser les différences de
stabilité entre les deux modes de coordination observés pour des métaux variés et, par conséquent, le processus de glissement de
cycles associé. Pour citer cet article : A.R. Dias et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The chemistry of transition metal complexes with
pyrrolyl (pyr = NC4H4

−), or substituted pyrrolyls (pyr′),
has been poorly developed, specially when compared
with the isoelectronic and geometrically related cyclo-
pentadienyl ligand (Cp = C5H5

−). In fact, cyclopenta-
dienyl has been present since the very beginning of
organo-transition metal chemistry, in ferrocene, and
from then on complexes with Cp or substituted deriva-
tives of this ligand (Cp′) have grown to form an impor-
tant part of organometallic chemistry [1], with applica-
tions ranging from catalysis [2] to cancer therapy [3,4].
Two reasons can be invoked to explain the differences
between the history of pyrrolyl and cyclopentadienyl
organometallic chemistry. On the one hand, there is the
mentioned historical relevance of the Cp ligand and,
on the other hand, the instability of the pyrrolyl metal
complexes [5–7].

Two alternative and extreme coordination modes are
known for pyrrolyl ligands (Fig. 1). A p coordination,
with the entire p system of the pyrrolyl ligand involved
in the bond (p-pyr), and a N-r mode, with the nitrogen
lone pair establishing the pyr−metal bond. A search on
the Cambridge Structural Database (CSD) [8] reveals
that p-pyr complexes with determined X-ray structure
are rare, and most pyrrolyl transition metal complexes
fully characterized, from the structural point of view,
correspond to r-pyr′ species. This is also true for group-
4 metal complexes. Only very recently has been re-
ported the first series of Zr complexes with
p-coordinated pyr′ ligands [9]. In the p-pyr′ species the
five atoms of the pyrrolyl ring bind the metal, corre-
sponding to a pentahapto coordination (g5) of that
ligand. However, the geometry of the pyrrolyl ligand
normally found in the p-pyr′ complexes corresponds to

a distorted g5 coordination, since the nitrogen atom
tends to be closer to the metal. This bonding geometry
of pyr′ is sometimes considered an intermediate coor-
dination between g5 and g3 [10].

In the course of a continued interest of our group in
pyrrolyl transition metal chemistry [10–13], recent
NMR results were obtained suggesting fluxonality
between p- and r-coordination of pyr′ ligands in group
4 metal complexes [14]. Similar processes have been
experimentally observed in a meso-octaethyl-
porphyrinogen Zr(IV) complex, based on 1H NMR data
[15], and suggested as the possible mechanism for the
rac/meso isomerization of group 4 metal complexes
with asymmetric phospholyl ligands (PC4PhMe2H−)
[16,17].

A DFT [18] study on zirconium pyrrolyl complexes
have been the subject of a previous publication [19]. In
this work we extend this study to the other group 4 met-
als (M = Ti, Hf) by using ab initio [20] and DFT calcu-
lations to investigate the coordination structure and
bonding of p-pyr′ and r-pyr′ in monopyrrolyl com-
plexes, [M(pyr′)Cl3], as well as the interconversion
mechanism between the two coordination modes. Two
pyrrolyl ligands are addressed (Fig. 2): pyrrolyl (pyr)
and 2,5-dimethylpyrrolyl (dmp).

2. Results and discussion

The relevant orbital interactions associated with the
two coordination modes (p and r) of pyr in a [M(py-
r)Cl3] model complex are depicted in Fig. 3 in a sche-
matic and simplified way, based on Extended Hückel
(EH) calculations [21,22]. A more detailed analysis
have been published before for tungsten bispyrrolyl
complexes, [W(pyr′)2(CH3)2] [13].Fig. 1. Coordination modes of the pyrrolyl ligand.

Fig. 2. Studied pyrrolyl ligands (pyr′).
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There are three relevant interactions in a
p-coordination of a pyr′ ligand, r, ps and pa. These are
represented on the left side of Fig. 3, and the labels ‘s’
and ‘a’ denote symmetric and antisymmetric character
with respect to Cs symmetry plane. Thus, in a p-pyr
complex the pyrrolyl bonding to the metal results from
the combination of the metal d orbitals and the pyr p
orbitals with the right symmetry. The overall bond can
be view as the sum of three two-electron donations from
the pyrrolyl to the metal, in close relation to what is
well known for a g5-Cp ligand [23]. For r-pyr the bond
is mostly based on a strong r interaction between the
nitrogen lone pair and the metal dz2 orbital. The sec-
ond interaction represented on the right side of Fig. 3,
denoted as p, corresponds to a pyr–M p donation, being
of comparatively small importance due to the poor over-
lap between the intervening fragment molecular orbit-
als. The overall (r-pyr)–M bond results formally from
two-electron donations from the pyrrolyl to the metal.
In a comparison between the two coordination modes,
an electronically richer metallic fragment should exist

in the p-pyr complex, but the overall pyr–M bond
strength is roughly the same for the two coordination
modes. Overall, similar pyr–metal bonds are obtained
when the pyr coordination is based on one strong and
one weak interaction (r-coordination), and when it is
based on three interactions of intermediate strength
(p-coordination).

The geometrical characteristics of a p-coordinated
pyr′ ligand are important to evaluate the bonding of this
ligand to the metal. Several geometrical parameters have
been proposed to characterize the distortion of a C5 ring
p-coordinated to a metal [24], and their use can be eas-
ily extended to a pyrrolyl ligand. Two such parameters
are the slip parameter, D, and the folding angle, X (see
Fig. 4). The slip parameter, D, can be defined as the
difference between the mean distance from the metal
to the b ring carbons, and the mean distance from the
metal to the nitrogen and the two a carbons. A perfect
g5 coordination corresponds to D = 0, and higher val-
ues indicate an increase of the M–Cb/b′ bond lengths
and a shortening of the M–N distance, that is, a slipped
g3 coordination. The second parameter, X, is the angle
between the mean plane of the four carbon atoms, and
the plane of the nitrogen and the two adjacent carbons
(a). This angle measures the degree of folding of the
ring, being 0° for a perfect g5 coordination while higher
values denote a tendency towards a folded g3 coordi-
nation. Finally, the tilt angle, d, defined as the N–X–M
angle (X is the ring centroid), has also been used to
characterize the slippage degree of a NC4 pyrrolyl ring
[10]. In the case of a slippage from a g5-pyr′ to an ideal
r-coordination of this ligand, d decreases from 90° to
0°.

The optimized geometries of the p and the r iso-
mers of the [M(pyr′)Cl3] complexes, as well as the cor-
responding transition states for the interconversion
between the two, are presented in Fig. 5 for Ti and Hf,
with pyrrolyl (pyr = NC4H4

–) and 2,5-dimethylpyrrolyl

Fig. 3. More relevant orbital interactions for the two pyr′ coordina-
tion modes.

Fig. 4. Parameters used to characterize the pyr′ coordination geo-
metry.
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(dmp = NC4Me2H2
–). The pyr′ coordination param-

eters are also shown. Although there are no available
X-ray structures to test the optimized geometries, the
performance of method and basis set used (see Section
4) is well established with tungsten [13] and zirconium
complexes [9,19].

Starting with the titanium complexes, represented
on the left side of Fig. 5, a first aspect deserving some
attention is the comparison between the geometries
obtained for the two pyr′ ligands under study. The
geometries calculated for the pyrrolyl species are very
similar to the ones obtained for the dmp complexes with
a maximum deviation of 0.07 Å and 5° for the bond
distances and angles around the metal coordination
sphere. The p complexes present a typical piano stool
geometry with X–Ti–Cl angles between 112° and 117°
(X being the NC4 ring centroid) and Ti–Cl distances of
2.20–2.21 Å. The pyr′ ligands coordinate in a p fashion
with the five ring atoms involved in the bond to the
metal, as shown by Ti–N/C distances, dTi–N = 2.23, 2.29

Å and dTi–C = 2.32–2.47 Å, well within the bonding
values. The result is a slightly slipped g5 coordination
of the pyr′ ligand with tilt angles (d) of 82° and 86° for
the pyr and the dmp complexes, respectively, and slip
parameters (D) of 0.18 and 0.07 Å, by the same order.
The increased slippage of the pyr′ ring in [Ti(p-
pyr)Cl3], when compared with its dmp analog, is prob-
ably due to the stereochemical effect of the methyl sub-
stituents in dmp, preventing further approach of the
nitrogen and the two a carbon atoms to the metal. In
fact, the mean distance from Ti to the five atoms is the
same (2.36 Å) in both [Ti(p-pyr)Cl3] and [Ti(p-
dmp)Cl3] showing that the overall pyr′ coordination is
similar in the two species, at least from a geometrical
point of view. Despite the slightly distorted g5 coordi-
nation found for pyr′ in the p complexes, a rather flat
ring is observed for all the species presented in Fig. 5
(not only the Ti ones), the maximum folding angle (X)
obtained being 5° for [Hf(p-dmp)Cl3]. This indicates
that the interconversion process between the p and the

Fig. 5. Optimized geometries (B3LYP) of the p and the r complexes, [M(pyr′)Cl3], and of the transition states for the interconversion between
the two, for M = Ti (left) and Hf (right) with pyr′ = pyr (top) and dmp (bottom). The relative energies (bold, kcal mol–1), the metal NPA charges
(CM) and the pyr′ coordination parameters are presented. The metal and N atoms are shaded.
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r isomers of these complexes occurs via ring slippage
without significant ring folding.

Interestingly, the coordination geometry calculated
for [Ti(dmp)Cl3] compares rather well with the X-ray
structure of [Ti{p-NC4(CH3)4}Cl3] [10] (d = 82°,
X = 4°, D = 0.17 Å, dTi–N = 2.18 Å, dTi–C = 2.28–2.43
Å), specially taking into account the differences be-
tween the species.

The titanium r complexes of Fig. 5 present slightly
distorted tetrahedral geometries with N–Ti–Cl angles
between 108° and 113° and distances around the metal
coordination sphere well within the bonding range (dTi–

N = 1.88, 1.89 Å, dTi–Cl = 2.17–2.19 Å). The pyrrolyl
ligands coordinate in a clearly r mode, as stated by the
large values of the slip parameter, D close to 1.5 Å, and
by tilt angles approaching zero, d = 8° and 3° for the
pyr and the dmp complexes, respectively.

One interesting aspect arising from the comparison
between the pyrrolyl coordination geometry in the p
and the r isomers is the shortening of the Ti–N dis-
tance from 2.23–2.29 Å in a p-pyr′ to 1.88–1.89 Å in a
r bonding. This is a direct consequence of the r inter-
action between the nitrogen lone pair and the metal
dz2 orbital, obtained in a r coordination, as previously
discussed while addressing the qualitative nature of the
pyr–M bond (see Fig. 3). The electronic base of this
effect is confirmed by the calculated Wiberg indices
(WI) [25] for the Ti–N bonds in the various species.
These bond strength indicators raise from 0.3 in the
p-pyr′ complexes to 0.9 in the r isomers, showing that
the shortening of the Ti–N bond length corresponds to
an intrinsic strengthening of the bond. As anticipated
by the EH calculations, the reinforcement of the Ti–N
is balanced by an electron poorer metal in the r com-
plex, as shown by the charges represented in Fig. 5,
obtained by means of a Natural Population Analysis
(NPA) [26–33].

The Ti–Cl coordination is also different in the two
isomers of Fig. 5. There is a slight shortening of the
Ti–Cl bonds, going from the p (2.20–2.21 Å) to the r
complexes (2.17–2.19 Å). However, this tendency is
not reflected in the WI obtained for those bonds in the
two types of complexes (1.18–1.21 for the p species,
and 1.16–1.24 for the r isomers), suggesting that this
geometrical change is of stereochemical rather than
electronic nature, resulting probably from a less
crowded metal coordination sphere in the r com-
plexes. This is further shown by the Cl–Ti–Cl mean

angles, rising from 103° in the p complexes to 109–
111° in the r species. The stereochemical relieve around
the metal when the pyr′ ligand adopts a r coordination
allows a relaxation of the three piano stool ‘feet’ cor-
responding to an opening of 6°–8° in the Cl–Ti–Cl
angles.

The transition states calculated for the slippage from
a p to a r coordination of the pyr′ ligands in the Ti
complexes present geometrical and electronic param-
eters that are intermediate between the ones obtained
for the two types of species. The geometry of the pyr′
ligands is flat (X = 2°), but considerably slipped, as
shown by the corresponding parameters, d = 61° and
47°, D = 0.72 and 1.01 Å, for pyr and dmp, respec-
tively. The distance from the metal to the b carbons of
the pyrrolyl ring is long (3.0–3.5 Å) indicating that the
M–Cb/b′ bond breaking is practically completed in the
transition state. The Ti–N bond is shorter (2.01 Å for
pyr, and 1.96 Å for dmp) and stronger (WI = 0.55 and
0.65 for pyr and dmp, respectively) than the ones exist-
ing in the p-pyr′ complexes (see above), and the M–Ca/a′
interaction can be classified as a weak bond, longer
(2.38–2.78 Å) and weaker (WI = 0.14–0.28) than the
ones existing in the p species (dTi–Ca/a′ = 2.32–2.35 Å,
and WITi–Ca/a′ = 0.25–0.34).

The optimized geometries for the Hf species (right
side of Fig. 5) are similar to the ones found for the Ti
complexes, reproducing all the geometrical and elec-
tronic features, discussed above for M = Ti. The main
difference corresponds to a systematic increase in the
metal–ligand distances. For the Hf p complexes the
mean distance from the metal to the five pyr′ atoms is
2.49–2.50 Å (compared with 2.36 Å in the Ti com-
plexes), while the Hf–Cl distances are 2.33–2.34 Å
(2.20–2.21 Å in the Ti species). The same happens in
the r complexes with longer M–N and M–Cl for
M = Hf (2.02–2.03 and 2.32–2.33 Å, respectively) than
for M = Ti (1.88–1.89 and 2.17–2.19 Å, by the same
order). On the other hand, the optimized geometries
obtained for the Hf complexes are very similar to the
ones calculated for the equivalent Zr complexes, using
the same method [19]. In this case, a mean deviation of
0.02–0.03 Å is observed, corresponding to the well
known lanthanide contraction, with metal–ligand dis-
tances systematically shorter for Hf than for Zr. Tak-
ing, for example, the r-pyr complex, [M(r-pyr)Cl3],
the Hf–N bond length is 2.02 Å, while the Zr–N dis-
tance is 2.04 Å, the same trend being found for the
M–Cl distances: 2.32 Å for Hf, and 2.34–2.35 Å for Zr.
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Comparing the energy profiles for the two pyrrolyl
ligands represented in Fig. 5, pyr and dmp, a system-
atic destabilization of the r complexes with respect to
the corresponding p isomers, is found for the dimeth-
ylpyrrolyl complexes, when compared to the pyr ana-
logs. This means that a r coordination of the pyr′
ligands is disfavored when substituents are present on
the pyrrolyl a carbons, confirming an empirically well
known fact [9,10]. This is reflected in the activation
energy for the slippage process, with higher values (by
≈ 5 kcal mol–1) for the dmp ligand. The nature of the
transition states is another consequence of this result,
being much closer to the r isomer in the case of dmp
than in that of pyr. This can be seen both in energetic
terms, as shown by the energy differences between the
transition state and the r complexes, as well as geo-
metrically, since the transition states for dmp have nar-
rower tilt angles (d) and higher slip parameters (D), than
the transition states for pyr.

The small values obtained for the activation energy
associated with the slippage process represented in
Fig. 5 (2.3–8.5 kcal mol–1) suggest that fluxionality
between the two isomers may occur in solution, spe-
cially for the pyr complexes. The existence of 13C NMR
data, in solution at room temperature, for the [Ti(d-
mp)Cl3] complex [14] allowed us to probe for the pos-
sibility of such fluxional process in the case of that com-
plex. This was done through the calculation of the C
chemical shifts by means of the gauge independent
atomic orbitals (GIAO) method [34–38], an approach
previously used for W [13] and Zr [19] pyrrolyl com-
plexes. Fluxionality between the two coordination
modes of dmp can be tested by the comparison between
the experimental 13C chemical shifts and the values cal-
culated for the two isomers, [Ti(p-dmp)Cl3] and [Ti(r-
dmp)Cl3]. The calculated chemical shifts for the p com-
plex are 162 ppm for the a carbons, and 130 ppm for
the b carbons of dmp. In the case of the r isomer the
mean values obtained were 146 (Ca) and 110 ppm (Cb).
Since the experimental values are 157 (Ca) and 127 ppm
(Cb), and a slight overestimation is expected in the cal-
culated values [19], these seem to correspond to the p
complex, [Ti(p-dmp)Cl3], giving no indication to the
occurrence of fluxionality between the to isomers in
solution for this system, at least at room temperature,
to which the experimental NMR data is referred. This
corroborates the activation energy of 7.3 kcal mol–1,
calculated for the slippage in this complex.

The shift from a p-pyr′ to a r-pyr′ corresponds, nor-
mally, to a destabilization of the complex since it brings
an electronic depletion on the metal, which is not fully
balanced by the reinforcement of the M–N bond that
follows the pyr′ slippage. Thus, this is an endothermic
process in most cases. On the other hand, given the
destabilization of the r coordination mode for a sub-
stituted pyrrolyl ligands, such as dmp, a larger energy
difference is obtained between the two isomers of the
complexes with these ligands, corresponding to higher
DE values for the slippage process. This was verified in
all the Zr pyrrolyl complexes [19], and is also the case
for most of the species in Fig. 5. The slippage process
is endothermic for the Ti and Hf dmp complexes, and
the two isomers are practically isoenergetic in the case
of [Hf(pyr)Cl3]. However, for the Ti pyr complex,
[Ti(pyr)Cl3], a clearly more stable r complex is found,
corresponding to an exothermic process for the slip-
page from the p to a r coordination mode. In fact, the
energy variation for this process has the highest abso-
lute value among all that are represented in Fig. 5. So,
our calculations predict that the most stable structure
for [Ti(pyr)Cl3] has a r coordination of pyrrolyl. In our
opinion, testing this conclusion can be an interesting
challenge to the experimental community.

The shifting of the energy balance between the two
isomers in the case of [Ti(pyr)Cl3] can be due to an
increased stabilization of the r isomer in this case, or
to a special destabilization of the p isomer. Or to a con-
jugation of both effects, of course. A stabilization of
the r complex should be directly related to the Ti–N
bond strength, while a destabilization of the p species
can derive from the stereochemical constraints existent
in this geometry, when compared to the r-pyr com-
plexes. Both effects are addressed above in the discus-
sion of the optimized geometries of the Ti complexes.
In order to investigate if the M–N bond in the r-pyr
complexes is significantly stronger for Ti than for the
other elements of group 4, explaining, thus, an enhanced
stability of [Ti(r-pyr)Cl3], we need estimates of the
M–pyr′ bond energies. In fact, since only relative energy
values are provided in Fig. 5, that is, the energy differ-
ence for the two isomers of each species, a comparison
for the three metals of group 4 is not possible, based on
those values alone. The thermochemical cycle of Fig. 6
can be used to estimate M–pyr′ bond dissociation
enthalpies for the different [M(pyr)Cl3] complexes,
requiring published experimental data and calculations
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on closed shell species only, which are easier to treat
from the computational point of view. The tetrachloro
complexes, MCl4, and the free ligands were optimized
using the same method applied to the pyr′ complexes
(see Section 4). The M–pyr′ bond dissociation enthalpy,
in each complex, can be estimated using equation (1)
in Fig. 6, with the experimental values for EA(Cl) [39],
EA(pyr′) [40] and D(M–Cl)1, and the calculated en-
thalpy variation, DHR, for the exchange ligand reaction
between [M(pyr)Cl3] and MCl4. The electron affinity
of dmp was assumed equal to the one published for
pyr.

The method used for the enthalpy calculations
proved well in the determination of Ir–halogen bond
enthalpies [42], but even if the absolute values of Table 1
may be affected of some systematic uncertainty, the
trends should be reliable. On the other hand, given the
value used for the electron affinity of dmp, assumed

equal to EA(pyr), any comparison between the M–pyr′
bond dissociation enthalpies for the two pyrrolyl
ligands, should be taken with caution. Not withstand-
ing, the data in Table 1 show that Ti–pyr′ bonds are
clearly weaker than the ones formed by the heavier ele-
ments, Zr and Hf, for both ligands, and in the two coor-
dination modes (by 24–31 kcal mol–1). Thus, a stron-
ger Ti–N bond in [Ti(r-pyr)Cl3] is certainly not the
reason for the reverse stability between the two iso-
mers, found in this system. In fact, the Ti–pyr bond in
the r complex is weaker than the Zr one by 24 kcal
mol–1, and than the Hf one by 27 kcal mol–1. The
obtained stability difference is probably related to an
increased destabilization of the Ti p complex, [Ti(p-
pyr)Cl3], when compared with its Zr and Hf analogs,
due to the interligand repulsion. In fact, a more crowded
metal coordination sphere exists in the p complexes and
the corresponding destabilization should be more effec-
tive in the Ti complex, since for this metal all the M–li-
gand bond distances are shorter. This may be seen, for
example, in the mean Cl–M–Cl angle for the three
[M(p-pyr)Cl3] complexes: 103° (Ti), 105° (Zr), and
104° (Hf). An increased repulsion between the
p-coordinated pyrrolyl and the three Cl ligands pushes
these further away from pyr, and closes the Cl–M–Cl
angles.

There is one aspect of Table 1 data that deserves fur-
ther discussion. While the Ti–pyr′ bonds are systemati-
cally weaker than the ones formed by Zr and Hf, much
smaller differences are found between the two heavier
elements. This corroborates the practically equal geo-
metrical parameters of [M(pyr′)Cl3], obtained for the
two metals (discussed above), and also the similar
energy profiles calculated for the slippage process. The
energy profiles for the Hf species are presented in Fig. 5
and, for the Zr complexes, an energy variation of
2.6 kcal mol–1, and an activation energy of 4.6 kcal
mol–1 were obtained for pyr′ = pyr, while for dmp the
corresponding values are DE = 6.8 kcal mol–1, and
Ea = 9.7 kcal mol–1 [19]. The data in Table 1 explain
not only the similarities between the Zr and the Hf sys-
tem, but also the subtle differences. The M–pyr′ bond
enthalpies are essentially the same (within 1 kcal mol–1)
for the p complexes, while in the r isomers the Hf–pyr′
bonds are slightly stronger than the Zr ones (by 2–3 kcal
mol–1). Thus, equally strong bonds are found for the p
coordination of pyr′ with both metals, but when it comes
to the r-pyr′ species, the M–pyr′ bonds are slightly but

1 The metal–chlorine bond dissociation enthalpies in MCl4 can be
derived from the enthalpies of formation of gaseous MCl4 and MCl3.
These data are available for M = Ti, Zr (M.W. Chase Jr., NIST–
JANAF Thermochemical Tables; fourth ed., American Chemical
Society and the American Institute of Physics for the National Insti-
tute of Standards and Technology; Washington, DC, and New York,
1998). The value for M = Hf was estimated from the trend observed
for the M–Cl mean bond dissociation enthalpies in MCl4 [41].

Fig. 6. Thermochemical cycle for the estimation of the M–pyr′ bond
dissociation enthalpies in the [M(pyr)Cl3] complexes.

Table 1
Bond dissociation enthalpies (in kcal mol–1), D(M–pyr′), for the
[M(pyr′)Cl3] complexesa

Ligand and coordination mode (pyr = NC4H4,
and dmp = NC4Me2H2)

Metal (M) p-pyr r-pyr p-dmp r-dmp
Ti 67 71 69 67
Zr 98 95 99 92
Hf 99 98 99 94

a Obtained by means of Eq. (1), in Fig. 6, using the calculated DHR

and the following experimental values (kcal mol–1): D(M–Cl) = 83
(Ti), 112 (Zr), 114 (Hf) [30], EA(Cl) = 83 [39], EA(pyr) = 55 [40],
and EA(dmp) ≈ EA(pyr).
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systematically stronger for Hf. In other words, the r
isomers are more stabilized, with respect to the p com-
plexes in the case of Hf, and the energy difference
between the two isomers should be smaller. This is
exactly what is observed by comparing the Zr values
referred above with the Hf ones, presented in Fig. 5.
The stability of the corresponding transition states fol-
lows the same trend, the same happening with the acti-
vation energies for the slippage process.

3. Conclusions

The geometry of the pyrrolyl ligand in the p-pyr′
complexes, corresponds to a slightly distorted g5 coor-
dination with the nitrogen closer to the metal, while in
a r-pyr′ the metal–pyr′ bond is essentially a M–N r
interaction based on the nitrogen lone pair. The slip-
page of a pyr′ from a p to a r coordination mode results
in an electronically poorer metal center and this pro-
cess is, normally, associated with a destabilization of
the complex. This destabilization is partially compen-
sated by a stronger M–N bond in the r-pyr′ complex.
Stereochemical effects play an important role in the bal-
ance for the relative stability of the two coordination
modes. For example, substituents in the pyr′ a carbons
disfavor the r coordination, and the stereochemical
repulsion between the ligands destabilize the p-pyr′ spe-
cies. The latter effect is specially relevant in
[Ti(pyr)Cl3], resulting in a more stable r complex in
this case.

The small values obtained for the activation energy
of the interconversion between the two coordination
modes of the pyrrolyl rings in all complexes (Ea < 9 kcal
mol–1) suggest that fluxionality may occur in solution.
The p–r isomerization process corresponds to a ring
slippage, with no significant folding of the NC4 ring.
In the corresponding transition state, the pyr′ ligand has
a coordination geometry intermediate between the p
and the r modes: a flat g3 coordination based on one
strong M–N bond and two weak interactions between
the metal and the two a carbon atoms of the ring.

Calculated M–pyr′ bond enthalpies show an increas-
ingly stronger bond going down group 4 from Ti, to Zr
and to Hf. A direct relationship was found between the
M–pyr′ bond strength and the relative stability of the
two isomers, for the different metals.

4. Computational details

All calculations were performed using the Gaussian
98 software package [43], and the B3LYP hybrid func-
tional. That functional includes a mixture of Hartree–
Fock [20] exchange with DFT [18] exchange-
correlation, given by Becke’s three parameter functional
[44] with the Lee, Yang and Parr correlation func-
tional, which includes both local and non-local terms
[45,46]. The LanL2DZ basis set [47–50] augmented
with a f-polarization function [51] was used for the met-
als, and a standard 6-31G(d,p) [52–56] for the remain-
ing elements. Transition state optimizations were per-
formed with the Synchronous Transit-Guided Quasi-
Newton Method (STQN) developed by Schlegel et al.
[57,58]. Frequency calculations were performed to con-
firm the nature of the stationary points, yielding one
imaginary frequency for the transition states and none
for the minima. Each transition state was further con-
firmed by following its vibrational mode downhill on
both sides, and obtaining the minima presented on the
energy profiles. All geometries were optimized with-
out symmetry constraints and the energies were zero-
point corrected. The enthalpies were obtained at
298.15 K, by conversion of the electronic energies with
the thermal energy corrections based on the calculated
structural and vibrational frequency data. A NPA
[26–33] and the resulting WI [25] were used for a
detailed study of the electronic structure and bonding
of the optimized species. NMR shielding tensors were
calculated using the GIAO method [34–38] at the Har-
tree–Fock level using the same basis set for the metals
and a 6-311+G(2d,p) [59–65] for the remaining ele-
ments.
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