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We report a theoretical analysis based on density functional theory devoted to the study of the activated
iron bis(imino)pyridine catalysts {[2,6-(2-C6H4(CH3))2-C5H3N]FenRx]n-x} (n ) 2, 3; x ) 1, 2; R ) Me,
Cl). The aim of this work is to obtain detailed information on the nature (oxidation state and spin
multiplicity) of the iron active species, by studying the coordination and insertion of the first ethylene
molecule with the 10 most reasonable activated species that can be formed out of {[2,6-(2-C6H4(CH3))2-
C5H3N]FeCl2} after reaction with MAO. The relatively small exothermicity of the coordination reaction
of ethylene, calculated for disubstituted species, allowed us to exclude them from further examination.
The coordination and insertion reaction pathway for the two most reactive activated catalysts, i.e.,
monomethylated Fe(III) and Fe(II) species, were then evaluated on the B3LYP/Lacvp** potential energy
surface (PES), taking into account all possible spin states and several coordination modes of the ethylene
molecule. These reactions take place at the quintet PES for the Fe(II) and quartet PES for the Fe(III)
species. For the latter, more favorable reaction and activation enthalpies for the insertion reaction were
calculated: Fe(II), ∆H(298 K) ) –14.1 kcal/mol and ∆Hq(298 K) ) +21.6 kcal/mol; Fe(III), ∆H(298
K) ) -22.8 kcal/mol and ∆Hq(298 K) ) +10.0 kcal/mol. Assuming similar insertion barriers for the
second insertion reaction, the �-hydrogen transfer termination reaction (∆Hq ) +11.9 kcal/mol) is favored
over further chain growth for [FeIIMe]+, whereas for [FeIIIMe]2+ catalyst chain growth and termination
reaction are clearly in competition (∆Hq ) +10.0 and +12.1 kcal/mol, respectively). On the basis of
these results, we conclude that the most activated species has oxidation state III and is likely expected
to produce oligomers in agreement with results from experimental studies.

1. Introduction

Understanding and developing efficient catalysts for olefin
oligo- and polymerization have been very important topics in
chemistry during the last 50 years. In 1955 and 1956, Ziegler
and Natta launched the first generation of group 4 metal based
(Ti, Zr, V) catalysts active in heterogeneous olefin polymeri-
zation,1 and Natta and Breslow showed independently in 1957
that TiCl2(Cp)2 could be activated by Et3Al or Et2AlCl to yield
a homogeneous olefin polymerization catalyst.2 In the late 1970s
Sinn and Kaminsky reported that methylaluminoxane (MAO)
is extremely efficient at activating group 4 metallocenes3 and
improved activities for R-olefin polymerizations have been
reported.4 In 1998, Brookhart and Gibson independently dis-
covered that MAO-activated iron bis(imino)pyridine (see Scheme

1: R1, R2, R3, R4 ) H, alkyls; X1 ) X2 ) Cl)5 yielded
activities (in particular for the conversion of ethylene into high-
density polyethylene) that were as high as those of group 4
metallocenes, also activated by MAO.

Since 2002, different research groups have shown that the
oligomerization of olefins could be obtained to the detriment
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Scheme 1. Labeling of the Activated Iron Bis(imino)pyridine
Catalysts
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of polymerization by fine-tuning the nature and the size of the
substituents on the aryl groups: the presence of two substituents
at the two ortho positions (i.e., R2, R3 * H in Scheme 1) of
the two aryl groups preferentially yields long-chain polymers,
whereas with the occupation of only one ortho position (i.e.,
R2 * H and R3 ) H) selective oligomers can be produced.6

Today, it remains a challenging task to fully rationalize these
experimental outcomes. Even more fundamentally, several
studies diverge upon the exact oxidation degree of the iron ion.
Gibson and co-workers accounted for Fe(III), on the basis of
Mössbauer and EPR spectroscopy,7 while the NMR and EPR
studies of Talsi et al. concluded that the activation of the
precatalyst by MAO results in Fe(II) species.8 This latter
conclusion was further supported by a communication of Chirik
and co-workers, in which it was reported that iron dichloride
precursors, after treatment with alkyllithiums and borate, yield
polymers that are similar to those obtained after activation with
MAO.9 On the basis of experimental and theoretical results
additional support for Fe(II) species was provided by Scott et
al., who put forward that Fe(II) is coordinated to a bis(imi-
no)pyridine ligand, which in turn is thought to possess a diradical
dianion character, although the overall complex has a formal
zerovalent state.10 The diradical dianion of the ligand character
was then further investigated by a computational study by Neese
et al., in which it was found that electron transfer originates
from a reorganization within the conjugated ligand and that there
is no electron transfer from the metal center toward the ligand.11

Apart from the oxidation state, uncertainty also exists about
the precise electronic structure of the iron species. In a
theoretical study Ziegler and co-workers reported that the
singlet electronic state of Fe(II) is the most favorable state
for the propagation and the termination reaction.12 Con-
versely, Morokuma et al.,13 Zakharov et al.,8 and Budzelaar

and co-workers14 found, using a different density functional
theory (DFT) method, that the electronic configuration of
Fe(II) in the propagation reaction corresponds to a high (i.e.,
quintet or triplet) spin state.

Actually, these two important characteristics of the iron
center, oxidation state and electronic configuration, in the iron
bis(imino)pyridine complexes have still not been fully rational-
ized. It is thus of great importance to have a better understanding
of the precise nature of the iron reaction center, before one can
address and propose reaction mechanisms that intend to explain
the selective formation of certain olefins or polymers.

We present here a theoretical study in which the nature of
the iron species is characterized by carefully exploring the
potential energy surface for the coordination and insertion
reactions of an ethylene molecule for the 10 most reasonable
activated species of {[2,6-(2-C6H4(CH3))2-C5H3N]FeCl2} after
reaction with MAO, whose structure cannot be precisely
assessed.15 These species differ in oxidation state, electronic
configuration, and ligand (X ) Me, Cl). Naturally, the two main
termination reactions, i.e., �-hydrogen transfer and �-hydrogen
elimination (BHE), will also be taken into account. On the basis
of the energetics of these reactions, the nature of the most active
species is then proposed.

2. Computational Methods

All of the DFT calculations have been performed with the
functional B3LYP,16 using its unrestricted formalism in com-
bination with the pseudopotential LanL2DZ17 on the iron atom
and the double-� basis set 6-31G(d,p) on the other atoms. All
geometry optimizations and frequency analysis were realized
with the Jaguar18 program using the implemented pseudospectral
method.19 Frequency analyses have been performed on all
intermediates of the two most reactive species to confirm the
desired character of the stationary point and to evaluate
thermodynamic contributions. For these species the energy is
expressed in enthalpies calculated at T ) 298 K, whereas
otherwise the electronic energy (Escf) is reported. Net atomic
charges are calculated using natural population analysis.20 Self-
consistent field energies for bimolecular species have been
corrected for the basis set superposition error using the
Counterpoise correction method.21 Atoms-in-molecules (AIM)22
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In this paper we adopt the following nomenclature: the first
Arabic number (0, 1, 2) designates respectively the bare catalysts,
the π-complexes, and the product in which the ethylene molecule
is inserted into the Fe-Me bond. The label 1-2 designates the
transition state for the insertion. The Roman number II or III refers
to the oxidation state of the iron ion. Next, the substituents on the
iron atom are marked: Me and/or Cl eventually extended with the
subscript ax to indicate whether it occupies the axial position in
the coordination sphere of Fe with respect to the N-N(pyridine)-N
plane (no indication means that the substituent is in an equatorial
position). The approach of the ethylene molecule is indicated by
the terms anti (opposite side of methyl groups on phenyl substit-
uents) or syn (the same side of methyl groups on phenyl subsitu-
ents), along with the signs ⊥ and |, which indicate the orientation
of the ethylene molecule (perpendicular or parallel) with respect
to the direction of the N(pyridine)-Fe bond. Finally, the atom
numbering is given in Scheme 1.

3. Results and Discussion

With the iron bis(imino)pyridine dichloride precatalyst as the
starting material (Scheme 1: R1 ) R3 ) R4 ) H; R2 ) Me;
X1 ) X2 ) Cl), which reacts with the cocatalyst MAO, several
structures have been proposed for the activated catalyst: the
iron(III) species [0(III)R]2+ and [0(III)RCl]+ by Britovsek et
al.,7 the iron(II) systems [0(II)Me]+ and [0(II)Cl]+ by Castro
et al.,24 and [0(II)Me]- by Scott et al.10,14 In this theoretical
study we have investigated all of these potential activated
species, together with six additional ones that can be formed
from the same precursor. In all, 10 species were distinguished:
four activated catalysts with oxidation state II, [0(II)Me]+,
[0(II)Cl]+, [0(II)Me]-, and [0(II)Cl]-, and six with oxida-
tion state III, [0(III)Me]2+, [0(III)Cl]2+, [0(III)MeMe]+,

[0(III)ClCl]+, [0(III)Me(syn)Cl]+, and [0(III)ClMe(anti)]+. Each
catalyst has been optimized with the ligand Me and/or Cl in
either the equatorial or axial position.

Although, to the best of our knowledge, no olefin insertion
has been observed into a metal-halogen bond, thus suggesting
that a priori the species with only one chlorine atom (Fe(II)
case) or two chlorine atoms (Fe(III) case) are probably not good
candidates for ethene oligomerization, we have also considered
these species to systematically study all possible activated
catalysts. As an example, Figure 1 depicts the optimized
structures for each step (0, 1, 1-2, 2) on the reaction path
obtained starting from the [0(II)Me]+ species.

A. Structure and Stability of Possible Activated
Catalysts. a. The [0(II)] Species. i. The [0(II)R]+ Species.
Inspection of the geometrical data of the cationic [0(II)R]+

species (Table S1; Supporting Information) shows a general
increase of the bond lengths involving the Fe atom, upon
increase of its spin multiplicity. The trend that these distances
are more elongated in the quintet state than in the singlet might
be explained by the partial occupation of all d orbitals in the
first state, which in turn could imply a smaller donation of the
n electrons of the nitrogen atoms into these d orbitals.

ii. The [0(II)R]- Species. For the anionic [0(II)Me]- and
[0(II)Cl]- species, important differences are observed with
respect to their cationic equivalents. The triplet states are the
most stable configurations for the anions, whereas the quintet
configurations are more stable for the cations. Furthermore, the
energy differences between the different spin states significantly
decrease in [0(II)Cl]-. In contrast with the [0(II)Cl]+ species,
where the chloride ligand with its low-field properties attenuated
the energy differences, thereby favoring high spins, this trend
is not observed for the corresponding anion species. Since the
Fe-Cl distance is significantly longer in the anion than in the
cation, the ligand field due to the presence of the chloride ligand
is even more reduced, and thus the low-spin configuration
becomes relatively more stable.

iii. The [0(III)R]2+ Species. The bond lengths in which the
iron cation takes part do not vary significantly upon an increase
of the multiplicity for the [0(III)Me]2+ species (largest deviation
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Figure 1. Optimized structures on the reaction path (initial structure: [0(II)Me]+).
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0.24 Å; see Table 1). The quartet state is more stable than the
sextet, while the lowest spin state (doublet) has the highest
energy. In contrast with the case for its Fe(II) homologue, the
presence of a chloride ligand in [0(III)Cl]2+ diminishes the
energy difference between the spin states and the quartet and
sextet states are virtually degenerate. When the spin state is
changed, important geometrical rearrangements with respect to
the Fe(III) species with the methyl group substituent are
observed: a decrease to about 60° for the dihedral angles
(Cimino

1-N1-C1
aryl

1-C2
aryl

1 and Cimino
2-N2-C3

aryl-C4
aryl) with

a sextet configuration and one axial conformer in the doublet
state (Table S2; Supporting Information) and an increase of the
bond lengths around the iron center for all the electronic states,
except for the equatorial conformer of the doublet state. The
energetically most stable structure remains the sextet state with
the “most opened” structure around to iron, in which the two
methyl groups on the aryl groups are bent away from each other.

iv. The [0(III)R2]+ Species. In comparison with the mono-
substituted species, the dimethyl-substituted [0(III)MeMe]+ iron
cation complex undergoes an orbital reorganization, since the
geometrical structure around the iron center has now become a
“square-base pyramid” type (Figure 2). As the quartet spin state
is the most stable state (Table 1), it can thus be said that further
spin pairing to obtain a doublet configuration out of the quartet
becomes less favorable. However, promoting an additional
electron from the doubly occupied dyz orbital (quartet) to occupy
the dz2 orbital (which is the least populated), resulting in a sextet
configuration, yields the least stable state.

In the case of the Fe(III) complex with two chloride ligands,
[0(III)ClCl]+, the sextet state is the most stable configuration
(Table 1), since the weaker chloride ligands destabilize to a
lesser extent the dz2 and dx2–y2 orbitals, and thus the electrons
prefer to stay unpaired. In comparison with the dimethyl
homologue, the bond lengths are more contracted around the
iron center.

These two mixed species [0(III)MeCl]+ and [0(III)ClMe]+

adopt a “square-base pyramid” structure, and the quartet state
is the most stable configuration (Table 1). If the chloride ligand
occupies the syn position, i.e. on the same side as the methyl
groups on the phenyl substituents ([0(III)ClMe]+), we note a
flattening of the energy levels of the different spin states (Table
S3; Supporting Information). It can also be noted that the
repulsive interactions between the hydrogen atoms of the methyl
groups on the phenyl substituents and those on the methyl group

Table 1. Geometrical Data and Relative Electronic Energies for the Most Stable Bare Complexes

Fe(II) and Fe(III) species M Fe-Npyr (Å) Fe-N1 (Å) Fe-N2 (Å) Fe-X (Å) rel energy (kcal/mol)

[0(II)Me-ax]+ 1 1.829 1.997 1.992 1.925 +16.2
[0(II)Me]+ 3 1.974 2.053 2.065 1.951 +2.1
[0(II)Me]+ 5 2.144 2.228 2.231 2.004 0.0

[0(II)Cl]+ 1 1.855 2.025 1.958 2.263 +49.8
[0(II)Cl]+ 3 1.917 2.038 2.041 2.192 +10.6
[0(II)Cl]+ 5 2.113 2.236 2.222 2.193 0.0

[0(II)Me]- 1 1.820 1.932 1.931 2.010 +26.6
[0(II)Me]- 3 2.057 2.203 2.201 2.063 0.0
[0(II)Me]- 5 1.954 2.023 2.023 2.009 +9.0

[0(II)Cl]- 1 1.883 1.976 1.976 2.298 +2.6
[0(II)Cl]- 3 2.046 2.150 2.151 2.312 0.0
[0(II)Cl]- 5 2.013 2.320 2.193 2.170 +2.9

[0(III)Me-ax]2+ 2 1.851 1.994 1.974 1.961 +5.5
[0(III)Me]2+ 4 2.008 2.070 2.075 1.962 0.0
[0(III)Me]2+ 6 2.080 2.090 2.091 2.056 +12.3

[0(III)Cl]2+ 2 1.903 2.231 2.007 2.027 +7.5
[0(III)Cl]2+ 4 2.108 2.238 2.245 2.187 +0.2
[0(III)Cl]2+ 6 2.098 2.221 2.230 2.196 0.0

Fe(III) species M Fe-Npyr (Å) Fe-N1 (Å) Fe-N2 (Å) Fe-X1/X2 (Å) rel energy (kcal/mol)

[0(III)MeMe]+ 2 1.990 2.077 2.081 1.942/1.942 +9.5
[0(III)MeMe]+ 4 2.149 2.292 2.295 1.978/1.984 0.0
[0(III)MeMe]+ 6 2.142 2.256 2.256 2.047/2.051 +10.3

[0(III)ClCl]+ 2 1.926 2.032 2.033 2.169/2.232 +22.6
[0(III)ClCl]+ 4 1.970 2.067 2.065 2.231/2.248 +12.4
[0(III)ClCl]+ 6 2.120 2.206 2.204 2.200/2.209 0.0

[0(III)MeCl]+ 2 1.921 2.061 2.062 1.971/2.186 +12.2
[0(III)MeCl]+ 4 2.082 2.177 2.186 2.014/2.221 0.0
[0(III)MeCl]+ 6 2.139 2.235 2.235 2.070/2.234 +4.7

[0(III)ClMe]+ 2 1.911 2.056 2.028 2.190/1.981 +9.0
[0(III)ClMe]+ 4 2.092 2.204 2.205 2.223/2.025 0.0
[0(III)ClMe]+ 6 2.142 2.239 2.237 2.221/2.073 +3.3

Figure 2. “Square-base pyramid” structure of Fe(III) bis(imino)py-
ridine with two methyl groups on iron.
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on the iron cation are minimized in this configuration, while
attractive H-Cl interactions of the hydrogen atoms of the methyl
substituents on the aryl groups stabilize the energy of the
structure with Cl in the syn position.

b. The π-Complexes. i. The [1(II)Me]+ Species. The
geometrical data and the relative energies for the coordination
step of an ethylene molecule to the iron center are reported in
Tables S4 and S5 (Supporting Information). Different ap-
proaches (anti and syn) of the ethylene molecule have been
considered, but not all of them led to a minimum on the potential
energy surface (PES). Generally, it is seen that the bond lengths
involving the iron center are longer for each of the electronic
states with respect to those in the bare catalyst structures (Table
1).

For the anti approach, it appears that the coordination of an
ethylene molecule is energetically more favorable for the low-
spin states (singlet) than for the high-spin states (triplet or
quintet). The singlet configuration becomes relatively more
stable, which could be interpreted as a form of spin quenching
(Table 2). The elevated coordination energy calculated for the
singlet state (-23.1 kcal/mol) is consistent with the observed
elongation of the C-C bond of the ethylene molecule (from
1.331 to 1.394 Å) in the singlet state, resulting from the electron
back-donation from the metal and the relatively short bond
lengths between Fe and carbon atoms of the ethylene molecule
(Fe-C1/C2 ) 2.087 and 2.097 Å). The quintet state, however,
remains the most stable configuration, followed by the triplet
state. The ethylene molecule weakly coordinates to the iron
center in the quintet and triplet states: the Fe-C1/C2 bond
lengths are relatively long (between 2.484 and 2.721 Å) and
the back-donation is weak (the CdC bond length varies between
1.344 and 1.349 Å; see Table S4).

Clearly the parallel approach of the ethylene molecule with
the methyl group in equatorial position seems to be the
privileged from the point view of the back-donation: 2.087 Å
is the smallest value for the Fe-C1 bond lengths and 1.394 Å
is the largest value for the CdC bond lengths (Table S4).

It appears that there are several (local) minima on the PES
in the case of a syn approach of the ethylene molecule. The
singlet state exhibits again a strong coordination energy (-20.7
kcal/mol in Table S5) and also an important back-donation is
seen: the Fe-C1 bond length is about 2.082 Å, and the CdC
bond length is about 1.395 Å. Yet the quintet state
[1(II)Me]+...syn| is the most stable state (Table 2). The observed

spin quenching is consistent with the destabilization of the dz2

orbital in the transition from a “square-planar” structure
(complex type 0) to a “square-base pyramid” structure (complex
type 1), which favors low spin states.

Energetically, it is difficult to clearly distinguish the preferred
approach. Indeed, the two most stable quintet states (anti
approach and syn approach) are close in energy (Table 2 and
Scheme 2). Thus, for the Fe(II)Me+ species it seems that no
preferential coordination mode exists for the ethylene molecule.

ii. The [1(III)Me]2+ Species. Tables S6 and S7 (Supporting
Information) report the geometrical data and the relative energies
for the coordination of ethylene for the [1(III)Me]2+ species.
Independent of how, syn or anti, the ethylene molecule
approaches, the most favorable reaction energy is observed for
the sextet configuration (-13.7 kcal/mol, Table 2), yet the
quartet spin states remain the most stable ones.

The syn approach reveals the shortest bond lengths for the
Fe-C1/C2 bonds for the doublet configuration
[1(III)Me]2+...syn| (2.138/2.174 Å), although interestingly, the
quartet electronic configuration [1(III)Me]2+...syn⊥ presents the
strongest elongation of the CdC bond (1.427 Å), in spite of
the longer Fe-C1/C2 bond lengths (2.609/2.573 Å).

In comparison with the case for the Fe(II) homologues, the
coordination energies are slightly more exothermic (-8.6 kcal/
mol versus -6.6 kcal/mol). This corroborates the recent
theoretical work in which the Fe(III) was calculated to be the
stronger electrophilic center on the basis of (DFT) Fukui
functions.25 However, this preliminary result is not sufficient
to conclude the full reactivity of the metallic center.

iii. The [1(II)Cl]+ and [1(III)Cl]2+ Species. The geometrical
data and the relative energies for the coordination step of
ethylene for the [1(II)Cl]+ species are reported in Tables S8,
S9, S11, and S12 (Supporting Information). The reaction is more
exothermic for the low spin states, but the high spin states
remain the most stable species. Energy differences between the
electronic states are smaller as a result of the weaker electric
field of the chloride ligand as compared to the methyl group.

A particular structure has been localized for the singlet
conformer [1(II)Cl-ax]+...anti⊥ . Indeed, we observe an important
rotation of one phenyl substituent which allows the formation
of a weak H-agostic bond between the iron ion and one

(25) Martinez, J.; Cruz, V.; Ramos, J.; Gutierrez-Oliva, S.; Martinez-
Salazar, J.; Toro-Labbe, A. J. Phys. Chem. C 2008, 112, 5023.

Table 2. Geometrical Data and Coordination Energies of Fe(II) and Fe(III) π-Complexes

Fe(II) and Fe(III) species M Fe-Npyr (Å) Fe-N1 (Å) Fe-N2 (Å) Fe-C1/C2 (Å) C1dC2 (Å) coord energy (kcal/mol)

[1(II)Me]+...anti| 1 1.930 2.072 2.072 2.087/2.097 1.394 -23.2
[1(II)Me]+...anti| 3 1.982 2.090 2.086 2.626/2.484 1.348 -4.0
[1(II)Me]+...anti| 5 2.163 2.286 2.289 2.721/2.607 1.344 -6.1
[1(II)Me]+...syn| 5 2.163 2.316 2.304 2.551/2.571 1.347 -6.6

[1(III)Me-ax]2+...anti| 2 1.893 2.044 2.034 2.389/2.448 1.351 -13.1
[1(III)Me]2+...anti| 4 2.047 2.113 2.109 2.613/2.579 1.350 -8.6
[1(III)Me]2+...anti| 6 2.104 2.187 2.188 2.607/2.484 1.352 -13.7

[1(II)Cl]+...anti| 1 1.899 2.210 2.053 2.231/2.188 1.369 -35.3
[1(II)Cl]+...anti| 3 1.923 2.059 2.060 2.845/2.716 1.343 -7.9
[1(II)Cl]+...anti⊥ 5 2.158 2.287 2.289 2.518/2.518 1.348 -10.7

[1(III)Cl]2+...anti| 2 1.903 2.033 2.032 2.828/2.701 1.344 -8.8
[1(III)Cl]2+...anti⊥ 4 2.086 2.278 2.283 2.535/2.533 1.349 -16.7
[1(III)Cl]2+...syn| 6 2.102 2.170 2.172 2.465/2.653 1.353 -14.4

[1(II)Me]-...anti| 1 1.929 2.007 2.009 2.193/2.213 1.381 -21.3
[1(II)Me]-...anti⊥ 1 1.916 1.999 1.999 2.059/2.073 1.395 -6.3
[1(II)Me]-...syn⊥ 1 1.920 2.016 2.010 2.072/2.073 1.392 -0.2
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hydrogen atom of the methyl group (Figure 3).26 Consequently,
the iron cation has an octahedral environment which favors low
spin states due to a destabilization of the dz2 orbital and a
stabilization of the dxy orbital. Nevertheless, this octahedral
conformation is not favorable for the ethylene molecule inser-
tion, because the chloride ligand and the ethylene molecule are
not on the same side of the plane defined by the bis(imino)py-
ridine ligand.

The quintet configuration is the most stable with a syn
approach as compared to the anti approach and other spin states
(Tables S8 and S9). For the [1(III)Cl]2+ species the Fe-C1/C2

distances are important (between 2.344 and 2.893 Å) and also
the back-donation is relatively weak: the C-C ethylene bond
lengths vary from 1.340 Å to 1.358 Å (Tables S11 and S12).

iv. The [1(II)Me]- and [1(II)Cl]- Species. For the
[1(II)Me]- and [1(II)Cl]-species, the triplet state is the most
stable state and the quintet state is the intermediate state, but
not all theoretical coordinated forms could be localized for these
electronic states. Inversely, the singlet state was calculated to
have the highest energy and the only electronic state for which
ethylene coordination was observed (Table S10, Supporting
Information). After coordination the ethylene C-C bond lengths
vary between 1.381 and 1.395 Å and the Fe-C1/C2 distances
between 2.072 and 2.213 Å according to the coordination mode
of the molecule. These atomic rearrangements, together with
the contraction of the Fe-N bond lengths, indicate a firm
coordination of the ethylene molecule. This assumption is
furthermore supported by significant coordination energies for
the two parallel approaches (-21.3 and -17.7 kcal/mol),
although for the Fe(II)Me+ and Fe(III)Me+ singlet states even
more exothermic coordination energies were calculated. In spite
of numerous attempts, no ethylene coordination was observed
for the [1(II)Cl]- species.

v. The [1(III)R2]+ Species. The coordination energies
for the [1(III)MeMe]+, [1(III)ClCl]+, [1(III)MeCl]+, and
[1(III)ClMe]+ species are shown in Tables S13 and S14
(Supporting Information). Whatever the ethylene molecule

(26) On the basis of the results of the AIM calculations (see Table S25
with corresponding graph S25 in the Supporting Information) and the criteria
for the definition of agostic bonds according to Popelier and Logothetis
(Popelier, P. L. A.; Logothetis, G. J. Organomet. Chem. 1998, 555, 101. )
it can be concluded that the interaction between the iron ion and hydrogen
atom indeed corresponds to an agostic bond.

Scheme 2. Enthalpy Variations for the Different Steps of the First Insertion Process for the [0(II)Me]+ Speciesa

a Legend: S, singlet; T, triplet; Q, quintet.

Figure 3. Octahedral structure of the singlet conformer [1(II)Cl-
ax]+...anti⊥
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approach (parallel, perpendicular, anti, syn), only an apparent
coordination is observed for [1(III)MeCl]+...anti| with a quartet
state with a coordination energy of -12.3 kcal/mol (Table S13).
Nevertheless, a particular ethylene molecule approach exists for
those species in which the ethylene molecule can coordinate to
the iron ion between the two iron substituents: i.e., a “front-
side” approach type (Figure 4). This approach shows the
strongest coordination energies: -12.4 and -9.5 kcal/mol,
respectively, for the quartet and doublet spin configurations of
[1(III)MeCl]+ (Table S13) and -8.3 and -7 kcal/mol for the
doublet spin configurations of [1(III)ClCl]+ and [1(III)MeCl]+,
respectively (Table S14).

On the basis of the results presented so far, either weak or
no ethylene coordination was observed for the mono- and/or
dichlorinated iron bis(imino)pyridine complexes. Since, to the

best of our knowledge, no experimental data are available in
which ethylene insertion into the Fe-Cl bond was described,
these species will no longer be considered.

Since a comparison on its own of the calculated coordination
energies does not allow us to arbitrate between the reactivities
of the monomethylated Fe(II) or Fe(III) species, we will present
in the following section the full reaction path for ethylene
insertion and the feasible termination reactions.

B. Reaction Path for the [0(II)Me]+ and [0(III)Me]2+

Catalysts. a. Transition States for the Insertion Step. Since,
either the transition could not be found, or the transition state
was characterized by an imaginary frequency that did not
correspond to the carbon-carbon bond formation, the anionic
[0(II)Me]– species and the disubstituted Fe(III) species pos-
sessing one or two methyl substituents, were no longer
considered.

Schemes 2 and 3 present the relative enthalpies of different
process steps (0, 1, 1-2, 2) for the catalysts two monomethylated
iron cations with respect to their bare catalysts: [0(II)Me]+ and
[0(III)Me]2+.

The geometrical data, the relative energies, and the activation
energies for the transition states of the [1-2(II)Me]+ species for
the anti and syn approaches are reported in Table 3, and
additional details can be found in Tables S15 and S16
(Supporting Information).

In the case of an anti approach, the quintet, triplet, and singlet
transition-state structures have practically the same enthalpy.
In the case of the syn approach, the quintet remains the most

Figure 4. “Front-side” approach type for a disubstituted species.

Scheme 3. Enthalpy Variations for the Different Steps of the First Insertion Process for the [0(III)Me]2+ Speciesa

a Legend: D, doublet; Q4, quartet, S6, sextet.
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favorable electronic state and the energy difference with the
two other configurations is more important (3.0 kcal/mol). The
activation enthalpies for both quintet states in the anti and syn
approaches are very comparable, +21.4 and +21.6 kcal/mol,
respectively. In the same way, the geometrical characteristics
are quite similar (Fe-Npyr bond lengths for the singlet state,
1.870 Å for the anti approach versus 1.873 Å for the syn
approach; the Npyr-Fe-X angle 162.87° for the anti approach
versus 161.05° for the syn approach). The much smaller enthalpy
barriers for the singlet states for the anti and syn approach of
+4.0 and +10.3 kcal/mol, respectively, suggest an earlier
transition state for these electronic configurations than for the
higher spin states. This is indeed found upon analysis of the
change in the C-C ethylene bond, which increases about 0.046
Å for syn and anti in the singlet state and 0.055 (syn) and 0.068
Å (anti) for the quintet state. Likewise, the Fe-Cethylene bond
changes for the singlet are 0.103 Å (syn) and 0.109 Å (anti),
whereas for the quintet state the changes are more important,
0.365 Å (syn) and 0.468 Å (anti).

As for the π-complexes, the Fe-N bond lengths are longer
for the higher spin states. Interestingly, an agostic bond is formed
between the iron and a hydrogen atom of the methyl substituent.
This kind of interaction is found to be more important for the
singlet states and decreases when the multiplicity increases. The
(partial) empty dz2 orbital in the low-spin configurations is thus
available to accept electrons from the hydrogen atom and to
form this H-agostic bond, deforming the “square-base pyramid”
toward an octahedral type structure. This favorable interaction
additionally explains the lower energetic barriers of the singlet
transition of +4.0 (anti) and +10.3 kcal/mol for the syn
approach reported in Table 3.

These results illustrate that (a) the two approaches, syn and
anti, of the ethene molecule are equally likely to occur on the
ground-state quintet PES, (b) excitation to the singlet or triplet
spin state cannot be excluded, since the energy levels of the
three spin states are nearly degenerate in the transition state,
and (c) three principal geometrical structures are in dynamic
evolution in this process: the square-planar structure, the square-
based-pyramidal structure, and the octahedral structure.

The geometrical data, the relative energies, and the activation
energies for the transition states of the syn and anti approaches
for the [1-2(III)Me]2+ species are reported in Table 3, and
additional details are provided in Tables S17 and S18 (Sup-
porting Information). In contrast to the case for their Fe(II)
homologues, spin quenching seems to play a smaller role for
the [1-2(III)Me]2+ complexes, since in the anti approach, the
quartet is clearly the most favorable transition state. Furthermore,
for the Fe(III) species the anti approach is obviously preferred

over the syn, since the “syn” transition state with a quartet state
is 4.2 kcal/mol less stable. In comparison to the Fe(II) species,
the reaction barrier is now considerably smaller, i.e., +10.0 kcal/
mol, from which it can be concluded that the [Fe(III)Me]2+

species is more active.
From a geometrical point of view, the bond lengths in the

coordination sphere of iron are again longer when the multiplic-
ity increases (except for the Fe-Nimino bond lengths). The
shortest Fe-C1/C2 bond lengths are observed for the doublet
states (2.121/2.281 Å (anti) and 2.126/2.291 Å (syn)), and the
most opened dihedral angles are observed for the quartet states
(-110.22/114.38 and -76.90/77.16°). Thus, on one hand the
empty d orbitals in the doublet state allow a tighter binding of
the ethylene molecule with the iron center, but on the other
hand the more open structure in the quartet states facilitates
the ethylene approach.

The observed HR-agostic bond formation is most present in
the doublet states, particularly for the anti approach (see Figure
5; Fe-HR ) 2.036 Å) and is weakest for the quartet states
(2.257 Å for the anti approach and 2.370 Å for the syn
approach). The low spin states thus induce the generated
octahedral type structure.

b. Intermediates of the First Insertion Step. The geo-
metrical data and the relative energies of the [2(II)propyl]+

species in which the ethylene is now completely inserted are
reported in Tables S19 and S20 (Supporting Information) and
for the [2(III)propyl]+ in Tables S21 and S22 (Supporting
Information). Whatever the approach of the ethylene molecule
(anti or syn), the quintet state is calculated to be the most stable
state for the [2(II)propyl]+ and the quartet state for the
[2(III)propyl]2+ catalyst. For both the [2(II)propyl]+ and
[2(III)propyl]2+ species the difference in energy between the
most stable spin configuration and the singlet and doublet states

Table 3. Geometrical Data, Relative Electronic Energies, and Activation Energies of Fe(II) and Fe(III) Transition States

Fe(II) and Fe(III) species M Fe-Npyr (Å) Fe-N1/N2 (Å) Fe-C1/C2 (Å) C1dC2 (Å) C2-Me (Å) Fe-HR (Å) ∆E (kcal/mol) rel energy (kcal/mol)

[1-2(II)Me]+...anti| 1 1.870 2.042/2.042 1.978/2.134 1.440 2.059 1.942 3.9 0.0
[1-2(II)Me]+...anti| 3 1.907 2.165/2.164 2.057/2.286 1.425 2.059 2.100 17.5 +0.8
[1-2(II)Me]+...anti| 5 2.130 2.251/2.264 2.139/2.393 1.412 2.182 2.171 22.2 +1.3

[1-2(II)Me]+...syn| 1 1.873 2.060/2.059 1.979/2.129 1.441 2.060 1.941 10.5 +2.8
[1-2(II)Me]+...syn| 3 1.904 2.161/2.167 2.057/2.278 1.426 2.056 2.090 18.5 +2.5
[1-2(II)Me]+...syn| 5 2.132 2.247/2.241 2.186/2.379 1.402 2.175 2.201 22.4 0.0

[1-2(III)Me]+...anti| 2 1.941 2.025/2.056 2.121/2.281 1.398 2.352 2.036 13.6 +7.8
[1-2(III)Me]2+...anti| 4 2.064 2.203/2.171 2.433/2.166 1.399 2.222 2.257 12.3 0.0
[1-2(III)Me]2+...anti| 6 2.109 2.175/2.164 2.503/2.244 1.401 2.229 2.202 14.3 +9.2

[1-2(III)Me]2+...syn| 2 1.936 2.074/2.057 2.126/2.291 1.389 2.390 2.117 7.9 0.0
[1-2(III)Me]2+...syn| 4 2.089 2.198/2.200 2.160/2.409 1.403 2.204 2.370 12.9 +1.1
[1-2(III)Me]2+...syn| 6 2.106 2.174/2.165 2.256/2.503 1.404 2.197 2.223 14.4 +7.4

Figure 5. HR-agostic bond for the doublet state in the anti approach
(close view).
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(Dax), respectively, diminishes. Part of the origin of this
increased stability of the low-spin states can be found in agostic
interactions that are more prominently present in the complexes
with the propyl radical and are partly lacking with the methyl
substituent.

Upon analysis of the geometries of the [2(II)propyl]+ species,
slightly greater bond lengths in the direct coordination sphere
of the iron ion are observed with respect to the [0(II)Me]+

complexes, except for the equatorial singlet conformer (anti
approach). It is worth mentioning that in general the (dihedral)
angles do not undergo important changes, except for the singlet
equatorial conformer (anti approach), where a closing of the
Npyr-Fe-R angle is seen (from 172.2° for the bare catalyst to
124.4° for the product) and a closing of the dihedral angles
Cimino

1-N1-C1
aryl-C2

aryl (from -108.8 to -68.7°) and
Cimino

2-N2-C3
aryl-C4

aryl (from 110.0 to 62.8°). Furthermore,
for the axial singlet conformers (anti and syn) the same dihedral
angles change respectively from -67.8 to -104.6° and from
68.5 to 131.8° for the anti product and for the syn product from
-123.2 to 71.4 and from 111.2 to 73.8°.

c. Termination Steps. The activation enthalpies and reaction
enthalpies that have been calculated for the bimolecular
�-hydrogen termination (BHT) reaction and �-hydrogen elimi-
nation (BHE) reaction for the Fe(II)-Me and Fe(III)-Me activated
species are reported in Table 4, together with some geometrical
features (note that only the most stable conformers are reported
for each case). The activation barriers for BHE have been
calculated with respect to the products [2(II)propyl]+ and
[2(III)propyl]2+, while for the BHT reaction the barrier has been
calculated with respect to the π-complex formed between
ethylene and [2(II)propyl]+ or [2(III)propyl]2+. Upon compari-
son of the enthalpy barriers of both reaction types, independent
of the spin configuration, the BHT is 8.3 kcal/mol more
favorable for the Fe(II)-Me species. These termination reactions
preferentially take place at low spin surfaces, where the empty
d orbitals facilitate the hydride transfer. The lowest enthalpy
barrier is calculated for the BHT (+11.9 kcal/mol), which is
significantly lower than the barrier for ethylene insertion. If the
second and other ethylene insertion reactions possess similar
energy barriers, only short oligomers can be achieved on the
basis of these theoretical results, which are in agreement with
the results of Morokuma et al.,13 who investigated analogous
bis(imino)pyridine complexes using a QM/MM approach with
the B3LYP functional.

The enthalpy barrier for the iron(III) species are comparable
to those of the iron(II) species. The former species will likely
produce, given the nearly equivalent barriers for insertion and
termination reactions, small oligomers.

d. Energy Profile for the Reaction Path. Schemes 2 and 3
summarize the principal results concerning the energetic profile
(in terms of ∆H) for the [0(II)Me]+ and [0(III)Me]2+ species.27

For both species, the enthalpy of ethylene coordination varies
between -4 and -5 kcal/mol, independent of whether the
ethylene arrives from the syn or the anti side. The energy barrier
(+21.6 kcal/mol) computed for ethylene insertion for [0(II)Me]+

is higher than that for the competing BHT termination reaction
(+11.9 kcal/mol), thus suggesting that this species is likely not
to be responsible for the experimentally observed oligomers.28

In the case of [0(III)Me]2+, a lower energy barrier for ethylene
insertion is found (+10.0 kcal/mol), slightly lower than the
concurrent BHT reaction (+12.1 kcal/mol). The complete
insertion reaction is thermodynamically driven, given the
exothermicity of -22.8 kcal/mol, along with the enthalpy change
of +11.1 kcal/mol to decoordinate the formed olefin from the
iron(III) center. On the basis of these overall results, oligomers
are to be expected as the major product. These theoretical results
calculated for the [Fe(III)Me]2+ activated species are thus in
agreement with the experimental results.

4. Conclusions

We have presented a theoretical DFT study, with the objective
of better understanding the nature of the activated species that
is responsible for the oligo-/polymerization of ethylene using
an iron bis(imino)pyridine dichloride precursor. Accordingly,
the oxidation states II and III in combination with all theoretical
possible spin states of the iron ions have been considered, and
the nature and number of substituents (Cl or Me) have been
systematically varied as well.

It is found that the disubstituted Fe(III) actiVated catalysts
are not likely to be present as actiVe species, since for all the
investigated species [0(III)MeMe]+, [0(III)MeCl]+, [0(II-
I)MeCl]+, and [0(III)ClCl]+ low coordination energies have

(27) The corresponding Gibbs free energy variations (4G) have also
been calculated: the BHT remains favorable with respect to the second
monomer insertion in the case of Fe(II) species, while in the case of Fe(III)
the second monomer insertion becomes even more favorable with respect
to BHT.

(28) Babik, S. T.; Fink, G. J. Organomet. Chem. 2003, 683, 209.

Table 4. Geometrical Data and Enthalpic and Electronic Energy Barriers of Transition States for the Termination Step (BHT versus BHE) of
Fe(II) and Fe(III) Species

Fe(II) and Fe(III) species M Fe-H� (Å) C�-H� (Å) Cd-H� (Å) CdC (Å) 4Hq (kcal/mol) 4ESCF
q(kcal/mol)

BHT
[2(II)propyl]+...anti| 1 1.552 1.599 1.596 1.414 +11.9 +13.0
[2(II)propyl]+...syn| 3 1.547 1.651 1.641 1.408 +17.4 +20.3
[2(II)propyl]+...syn| 5 2.678 1.321 1.349 1.435 +23.7 +25.4

[2(III)propyl]2+...syn| 2 1.667 1.480 1.561 1.395 +12.1 +13.4
[2(III)propyl]2+...syn| 4 a
[2(III)propyl]2+...syn| 6 a

BHE
[2(II)propyl]+...H� 1 1.50 1.551 +21.2 +23.3
[2(II)propyl]+...H� 3 1.544 1.871 +19.4 +21.3
[2(II)propyl]+...H� 5 1.653 1.757 +23.3 +25.3

[2(III)propyl]2+...H� 2 1.473 1.677 +17.9 +20.6
[2(III)propyl]2+...H� 4 1.539 1.945 +19.4 +22.6
[2(III)propyl]2+...H� 6 1.737 1.767 +31.3 +35.6

a No structures were localized on the corresponding PES.
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been calculated. Only some significant favorable coordination
interactions have been calculated. However, the corresponding
transition states for insertion could not be located on the
calculated PES.

The two most reactive activated species are the monomethyl-
substituted [0(II)Me]+ and [0(III)Me]2+. Several modes of
ethylene coordination have been studied, and on the basis of
the coordination energy, the syn and anti approaches were found
to be equivalent. These two catalysts show nearly equivalent
enthalpies for ethylene coordination: -4.6 kcal/mol on the
quintet PES and -4.7 kcal/mol on the quartet PES, respectively.
The two dominant spin configurations remain the most stable
spin states along the reaction pathway for ethylene insertion,
although for the Fe(II)Me species the energy levels of the triplet
and singlet state become nearly degenerate with the quintuplet
state for the transition-state structure for ethylene insertion. The
most favorable BHT termination reactions, on the other hand,
occur on the singlet and doublet PES, respectively.

The ethylene insertion reaction is thermodynamically driven:
∆H ) -14.1 kcal/mol for [Fe(II)Me]+ and ∆H ) -22.8 kcal/
mol for [Fe(III)Me]2+.

Since for the [Fe(II)Me]+ species the activation enthalpy of
the BHT termination reaction is much lower (∆Hq ) +11.9
kcal/mol) than that for ethylene insertion (∆Hq ) +21.6 kcal/
mol), no oligomerization or polymerization activity of this

species can be expected. However, for the [Fe(III)Me]2+

activated species the ethylene insertion barrier of ∆Hq ) +10.0
kcal/mol, clearly suggesting higher activity with respect to its
iron(II) homologue, is lower than its competing BHT termination
reaction with a barrier of ∆Hq ) +12.1 kcal/mol. Since both
barriers are of nearly equal magnitude, oligomers are to be
expected, in good agreement with the experimental results.

Work is in progress to better understand why higher order
olefins, such as propylene or butene, undergo specific insertion
reactions (of the type (1,2) and/or (2,1)) to yield predominantly
linear olefins.28
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