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Abstract—Density functional theory with hybrid exchange-correlation functional B3P86 is used to calculate
the molecular structures of neutral Fe(II) complexes formed in the LFeCl,/AlMe; system (L = tridentate
bis(imine)pyridyl ligand). A simplified model of the LFeCl, complex is used in calculations, where L is
replaced by three NH; ligands. Parameters of geometric and electronic structures of the complexes
(NH;);FeMe(u-Me)AlMe; (I) and (NH;);FeMe(u-Me),AlMe, (ITA and IIB), which are the structures where
the Fe—Me and Fe—1-Me groups are in one or two perpendicular planes, respectively, were determined. Com-
plexes II, which were earlier identified using "H NMR spectroscopy, are more stable than complex I. Com-
plex IIB is strongly polarized (the distances r(Fe—1-Me) and #(Al-1-Me) are 3.70 and 2.08 A, respectively)
and coordinatively unsaturated due to the transfer of the methyl group from (NH3);FeMe, onto AlMe;s. It has
significant electron density deficit in the coordination sphere of the transition metal [(NH;);FeMe]? (Q =
+0.80e). The energetic profile of the reaction of ethylene addition to the Fe—Me bond for the complexes
(NH;);FeMe,, ITA and IIB, was calculated. It was shown that, compared to (NH;);FeMe,, a drastic decrease
in the activation energy of ethylene addition is observed in the case of IIB (from 135 to 66 kJ/mol). The reason
for the more efficient activation of the complexes LFeMe, by a weak Lewis acid (AlMes) and for the increased
reactivity of the metal-alkyl bond in complex IIB compared to the zirconocene complex Cp,ZrMe, is discussed.

INTRODUCTION

Data on the new highly active catalytic systems
based on Fe(Il) and Co(Il) bis(imino)pyridyl com-
plexes for ethylene oligomerization and polymerization
has been published recently [1, 2].

‘ A
=
Rl | N Cl | Rl M= Fe, Co
/ R! = Me, iso-Pr
| R? =H, Me, iso-Pr
R? Cl 2"

These complexes are activated by methylalumoxane
(MAO). It was assumed in [1-3] that in the process of
activation of bis(imino)pyryl complexes of Fe(Il) and
Co(II) by MAO, cationic structures [LM—CH;]* (L =
bis(imino)pyridyl) are formed as active sites analo-
gously to the activation by metallocene catalysts by
MADO and a borate activator.

Intermediates formed in the interaction of LFeCl,
with MAO and AlMe; were first characterized by NMR
in [4-6]. It was also shown that highly active catalysts

may be obtained in the activation of LFeCl, and LCoCl,
by trimethylaluminum and triisobutylaluminum
together with MAO. Based on NMR data and data on
the high activity of the LFeCl,/AIR; catalysts (R = CH;,
iso-Bu) in ethylene polymerization, a conclusion has
been drawn that the active center in this system is an
electroneutral complex rather than cationic intermedi-
ate. A precursor of active centers in these systems is the
complex LFeMe(u-Me),AlMe, as suggested in [4—6]. It
was identified by NMR in those papers.

Theoretical studies of catalysts based on
bis(imine)pyridyl complexes of Fe(Il) were carried out
in [7-9]. However, in these papers the active centers
were only considered to be cationic intermediates and
the reaction of polymer chain growth with the partici-
pation of the cationic active center (LFeMe)* was cal-
culated. Note that the purely cationic model of the
active center leads to strong distortion of the energy
profile of the reaction with ethylene in quantum chem-
ical calculations. Recently, researchers came to under-
stand that the active centers of metallocene catalysts
should be considered as a whole ionic pair, whose reac-
tivity substantially depends on the nature of the
counter-ion [10, 11]. Moreover, as mentioned above,
for the catalysts based on LFeCl, complexes, experi-
mental data were obtained that electroneutral com-
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Fig. 1. The calculated model of the LFeX, complexes (X = Cl, CH3) in which the tridentate bis(imine)pyridyl ligand is replaced by
three ligands of molecular NH;: (a) model complex (NH3);FeCl,, (b) model complex (NH3);FeMe,.

plexes LFeMe(u-Me),AlMe,, which were identified by
NMR spectroscopy, can be active center precursors.

Taking these data into account, we carried out den-
sity functional theory (DFT) quantum chemical calcu-
lation of the structure of a number of electroneutral
Fe(Il) complexes formed in the LFeCl,/AIMe; systems
and analyzed the interaction of these complexes with
ethylene.

METHOD AND THE CHOICE
OF THE INITIAL MODEL

In quantum chemical calculation, we used the DFT
method with hybrid exchange-correlation functional
B3P86 [12, 13]. Geometry optimization of the structure
of the ethylene mt-complex, the transition state (TS) in
the reaction of ethylene, and the reaction product was
carried out using the effective potential (LANL2) for
the inner shells of Fe and Zr atoms. In the calculation
we used extended double-§ basis(DZ) for valence nd,
(n + 1)s, and (n + 1)p orbitals of metals and atomic
1s, 2s, and 2p orbitals of H, C, and N [14]. The same
variant of calculation in the Gaussian 92 program pack-
age [15] 1is characterized by the abbreviation
B3P86/LANL2-DZ. The charges of atoms were cal-
culated using the analysis of Mulliken orbital popu-
lation. Open shells were calculated using unre-
stricted SCF (uB3P86/LANL2-DZ).

In the calculation, we used a simplified model of the
LFeX, complexes (X = Cl, CH;) where the tridentate
bis(imine)pyridyl ligand in the real complex is replaced
by three molecular NH; ligands laying in the same
plane (Fig. 1). Valence angles NFeN in such a model
complex are 90° and the Fe-N bonds are equivalent.
From the electronic standpoint, three unshared electron
pairs of NH; molecules model unshared electron pairs
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of the tridentate bis(imine)pyridyl ligand, which sub-
stantially simplifies quantum chemical calculations
while preserving the correct electronic state of Fe(Il)
with db-electron configuration.

RESULTS AND DISCUSSION

Calculation of the Molecular Structure of LFeX,
Complexes (X = Cl, CH;)

For the complex (NH;);FeCl,, three electron states
are possible (singlet, triplet, and quintet). For the Fe(Il)
complexes close-laying states with different spin multi-
plicity are experimentally observed [16]. We calculated
all the three spin states of the (NH;);FeCl, complex.
Table 1 shows the results of these calculations. It can be
seen that the high-spin state of the (NH;);FeCl, com-
plex (S =2) is energetically more stable. The calculated
value of the spin density [p,(Fe) = 3.74 e] points to the
fact that unpaired electrons are localized at the main
iron cation. This agrees with experimental data that the
real Fe(Il) complex with tridentate bis(imine)pyridyl
ligands are paramagnetic [5]. The calculated bond
lengths r(Fe—Cl) and r(Fe—IN) agree with XRD data [3].
All these facts justify the use of the model complex
(NH;);FeCl, instead of real Fe(Il) chloride complex
with tridentate bis(imine)pyridyl ligands in quantum
chemical calculations (Fig. 1a).

Under conditions of polymerization in the interac-
tion of the bis(imine)pyridyl chloride complex of Fe(II)
with AlMe;, the alkylation reaction with the formation
of the Fe(Il) methyl derivatives occurs [4—6]. There-
fore, we carried out quantum chemical calculations of
the (NH;);FeMe, complex (Fig. 1b) in various spin
states (S =0, 1, 2). The results of calculations are sum-
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Table 1. Parameters of the geometric and electron structures of the complexes (NH;);FeCl, and (NH;);FeMe, (Fig. 1) in
various spins states (S = 0, 1, 2) calculated by the DFT/LANL2-DZ method

§$=0 S=1 §=2
Geometric and electron
parameters of the complex
(NH);FeCl, |(NH3);FeMe,| (NH);FeCl, |(NH;);FeMe,| (NH);FeCl, |(NH;);FeMe,
T, A*
Fe—Cl 2.33 - 2.33 - 2.40 -
Fe—CH; - 1.99 - 2.08 - 2.12
Fe-N 2.00 2.09 2.09 2.14 2.19 2.34
N-H 1.02 1.02 1.02 1.02 1.02 1.02
Spin density at Fe, pg(e) 0.0 0.0 2.05 2.12 3.74 3.84
q(Fe) +0.10 +0.20 +0.22 +0.52 +0.41 +0.64
q(Cl) -0.44 - -0.43 - -0.48 -
q(CHy) - -0.32 - -0.49 - -0.52
q(NH3) +0.26 +0.15 +0.21 +0.15 +0.18 +0.13
&,(HOMO), eV** =5.7 -4.7 - - - -
Dipole momentum, u, D 4.06 8.11 3.95 3.20 4.98 4.85
Full energy, at. units —394.38980 | —374.09201 | -394.39691 | —374.12402 | -394.42617 | —374.15038

* Experimental values of the bond lengths r(Fe~Cl) = 2.30 A and r(Fe-N) = 2.11-2.27 A in bis(imine)pyridyl chloride complex of Fe(II) [3].
** For the complex Cp,ZrMe,, the calculated value of &(HOMO) =-7.1 eV.

marized in Table 1. Note that, for the methyl complex
(NH;);FeMe,, the high-spin state (S = 2) is the most
energetically stable as for the chloride complex
(NH;);FeCl,.

DFT Calculation of the Energy Profile of the Reaction
of Ethylene Addition for the Complexes (NH;);FeMe,
and Cp,ZrMe,

As shown in [17], the electronic mechanism of the
reaction of ethylene insertion into a metal—alkyl bond is
determined by the transfer of electron density from
bonding ¢ orbitals of the metal-alkyl (M—R) bond onto
the antibonding 7* orbital of ethylene coordinated to
the metal ion. The nature of the insertion reaction
depends on the nature of the catalyst through the labil-
ity (or the strength) of the M—R bond. The reactivity

index in the ethylene insertion into a metal-alkyl bond
can be the energy position of the highest occupied
molecular orbital (HOMO), the contribution to which is
greatest from the M—R bond. Table 1 shows the calcu-
lated value of &(HOMO) = 4.7 eV for the
(NH;);FeMe, complex. Note that the calculated value
of &(HOMO) for the zirconocene complex Cp,ZrMe, is
—7.1 eV. This value is much lower than &(HOMO) cal-
culated for the complex (NH;);FeMe,. Comparison of
the &(HOMO) values for the (NH;);FeMe, and
Cp,ZrMe, complexes and allows us to suggest that the
Fe—CH; bond has the highest reactivity in ethylene
addition compared to the Zr—CHj; bond.

To support the conclusion that the potential reactiv-
ity of the (NH;);FeMe, complex is higher than that of
the Cp,ZrMe, complex in ethylene addition, we carried
out DFT calculations of energy profiles for ethylene
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Fig. 2. Quantum chemical calculation (DFT/LANL2-DZ) of molecular structures of (a) the Cp,ZrMe, complex, (b) m-complex with
ethylene, (c) TS of ethylene cis-insertion, (d) insertion product with trans configuration, formed at stages b — ¢ —> d in the
interaction of ethylene with the Cp,ZrMe, complex (a). The calculated interatomic distances are given in angstroms (see Table 2).

interaction with (NH;);FeMe, and Cp,ZrMe, complexes
along the reaction coordinate:

Active center + ethylene = m-complex = transition
state = product of insertion.

Calculation of the energy profile of this reaction can
be reduced to the calculation of four stationary points
on the energy surface:

(a) The activation energy of the active center and
ethylene;

(b) The energy of the m-complex with ethylene;

(c) The energy of the transition state (TS) of ethyl-
ene cis-insertion; and

KINETICS AND CATALYSIS Vol. 45 No.4 2004

(d) The energy of the insertion product.

Figures 2 and 3 show the results of B3P86/LANL2-
DZ calculation of the molecular structures of these sta-
tionary points for the reaction of ethylene interaction
with the Cp,ZrMe, complex (the ground !A; singlet
state, S = 0) (Fig. 2) and with the (NH;);FeMe, complex
(the ground A’ quintet state, S = 2) (Fig. 3). The energy
profile of the reaction of ethylene addition is shown in
Fig. 4 and the results of calculations are summarized in
Table 2. When analyzing the results of calculation of
the reaction of ethylene addition to the M—CH; bond,
we should note for the complexes Cp,ZrMe, and
(NH;);FeMe, that the (NH;);FeMe, complex may
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Fig. 3. Quantum chemical calculation (DFT/LANL2-DZ) of molecular structures of (a) the (NH3)3FeMe, complex, (b) m-complex

with ethylene, (c) TS of ethylene cis-insertion, (d) insertion product with trans configuration formed at stages b — ¢ — d in
the interaction of ethylene with the (NH;3);FeMe, complex (a). Optimization of molecular structures corresponds to the high-spin
state of the Fe(II) ion (S = 2). The calculated interatomic distances are shown in angstroms (see Table 2).

potentially be a more efficient catalyst for ethylene
polymerization compared to Cp,ZrMe,. This is evident
from the following results:

E, kJ/mol

+201.1
200+ ~
\
/+135.1 \ (NH;);FeMe, + C,H,
Cp,ZrMe, + C,H,
100 g
or ~m oo T
-10.5 \“\ —67.4
Complex IIB + C,H, [o—
—100} -86.4
Active center + monomer —»T-complex —=TS —products

Reaction coordinate of chain growth

Fig. 4. Calculated (DFT/LANL2-DZ) profiles of the poten-
tial energy for the reactions of interaction with ethylene for
the complexes Cp,ZrMe, and (NH3);FeMe,, and for the

active center (NH;3);FeMe(u-Me),AlMe, (IIB).

(1) The calculated energy profile of the ethylene
addition reaction (Fig. 4) is characterized by the much
lower activation energy of ethylene insertion into the
Fe-Me bond (E, = +135 kJ/mol) than that of the bond
Zr-Me (E, = +201 kJ/mol). Note that for none of the
complexes is there a step of ethylene coordination on
the energy profile of the reaction (AH, = 0.0 kJ/mol)
and therefore the activation energies of the forward
reaction of ethylene addition are very high. To decrease
the activation energy of ethylene insertion, it is neces-
sary to form the coordinatively unsaturated active cen-
ter, which is capable of coordinating (activating) ethyl-
ene before the insertion step. Such centers may be
formed by transfer of the methyl group from the dime-
thyl complex onto the co-catalyst (e.g., MAO) as it hap-
pens in the case of zirconocene systems.

(2) The calculated electron characteristics of the
Zr—Me bond in the complex Cp,ZrMe, ((HOMO) =
=7.1 eV, g(Me) = —0.36e) and the Fe—Me bond in the
complex (NH;);FeMe, ((HOMO) =-4.7 eV, g(Me) =
—0.52e) (Table 2) point to the higher lability of the Fe—
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Fig. 5. Molecular structure of the complex (NHj3)3;(Me)Fe—u-Me—AlMe; (I).

Me bond and the possibility of a stronger acid—base
interaction of the methyl group (¢(Me) = —0.52¢) of the
(NH;);FeMe, complex with the Lewis acid center of
the cocatalyst.

This comparison of calculated electron characteris-
tics of the metal—-alkyl bond in dimethyl complexes of
iron and zirconium shows that the reason for such a dif-
ference is in the nature of the ligands: valence Cp
ligands in the Cp,ZrMe, complex lead to a decrease in
the electron density on the central metal atom and an
increase in the oxidation state of zirconium from Zr(II)
to Zr(IV), whereas electron-donor NH; ligands in the
dimethyl complex (NH;);FeMe, do not change the oxi-
dation state of Fe(I). Electron-donor ligands lead to an
increase in the electron density on the central atom of
the metal, which becomes more capable of providing its
electrons for the formation of a metal-alkyl bond. An
increased electron density on the central ion Fe(Il)
leads to the formation of more labile Fe-Me bonds and
excessive electron density on the methyl ligands. All of
this should result in more facile activation of the
(NH;);FeMe, catalyst compared to the Cp,ZrMe, cata-
lyst and makes it possible to explain recent experimen-
tal data on the possibility of activation of the
bis(imine)pyridyl LFeCl,-complex by a weak Lewis
acid, trialkylaluminum [4-6].

Correspondingly, the introduction of electron-donor
substituents in the cyclopentadienyl ligand of zir-
conocene complexes may also lead to the more efficient
activation of these complexes. This fact was experi-
mentally found in [18], where ethylene polymerization
was studied on the (CpR),ZrCl, catalyst with various
electron-donor substituents R = Me, Et, iso-Pr, tert-Bu,
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SiMe;, and CMe,Ph. Ethylalumoxane was used as an
activator/cocatalyst. These studies showed that the
activity of the catalytic system increases with an
increase in the electron-donor ability of R substitu-
ents [18].

Molecular Structure of Complexes Formed
in the Reaction of (NH;);FeMe,
with Trimethylaluminum

According to 'H and 2H NMR spectroscopic data, in
the interaction of LFeCl, with AlMe;, molecular elec-
troneutral complexes LFeMe(u-Me),AlMe, are formed
[4-6]. We used the B3P86/LANL2-DZ method to cal-
culate the parameters of the geometric and electron
structure of donor-acceptor complexes (NH;);FeMe(u-
Me)AlMe; (I) and (NH;);FeMe(u-Me),AlMe, (II)
formed as a result of AlMe; interaction with the
(NH;);FeMe, complex in the spin state S = 2 (Table 3,
Figs. 5, 6). The results of calculation show that the for-
mation of complexes II occurs with a higher enthalpy,
and structures IIA and IIB with two bridging pu-Me
groups (Fig. 6) are more stable than structure I with one
bridging u-Me group. According to NMR data, such
complexes  LFeMe(u-Me),AlMe, dI) (L =
bis(imine)pyridyl) are formed in the interaction of
LFeCl, with trimethylaluminum [4-6].

The calculated values of equilibrium distances in
complex ITA (r(Fe-u-Me) = 2.57 A and r(Al-u-Me) =
2.10 A) point to the fact that in these cases methyl group
transfers from (NH;);FeMe, to AlMe; with the forma-
tion of the polarized complex with two bridging methyl
groups (NH;);FeMe(u-Me),AlMe,. This polarization
reveals itself to a greater extent for complex IIB (Fig. 6,
Table 3) where the methyl group Fe-Me and the
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Table 2. Quantum chemical data of ethylene addition to the Zr-Me bond in the Cp,ZrMe, complex and to the Fe—-Me bond
in the complex (NH;);Fe(Me),

DFT/LANL2-DZ calculation of the growth reaction
Molecular system .
geometric characteristics, A electron characteristics energy characteristics
C,H, r(C=C)=1.34 uw=0.0D E a1 = —78.86571 at. units
+
Cp,ZrMe, r(Zr-Me) = 2.26 &HOMO) =-7.1eV E\ a1 =—515.33290 at. units
(Fig. 2a) r(Zr-C) = 2.57 q(Zr) = +0.96
U g(Me) =—0.36
q(Cp) =-0.12
m-Complex he.=6.0 Ap(C,Hy) =0.0 E a1 =—594.19861 at. units
(Fig. 2b) r(C=C)=1.34 AH; = 0.0 kJ/mol
U
TS r(Zr—Cy) =2.47 q(Zr) =+0.89 E\ a1 = —594.12202 at. units
(Fig. 2¢) r(Cy—Cp) = 1.39 q(Cp) =-0.12 E, =+201.1 kJ/mol
r(Zr-C)) = 2.85 q(C,)=-0.23
y
Insertion product r(Zr—Cy) =2.27 q(Zr) =+0.94 E a1 = —594.23150 at. units
(Fig. 2d) r(Cy—Cp) = 1.54 q(Cp) =-0.13 AH, =-86.4 kJ/mol
r(Cp-C,) =154 qg(Me) =-0.39
C,H, r(C=C)=1.34 uw=0.0D E\ a1 =—78.86571 at. units
+
(NH;3);FeMe, r(Fe-Me) =2.12 &(HOMO) =-4.7eV E\ a1 = —374.15038 at. units
(Fig. 3a) r(Fe-N) = 2.34 p(Fe)=3.84¢
q(Fe) =+0.64
U g(Me) =—0.52
g(NH3) =+0.13
O[(NH;3);FeMe] = +0.52
n-Complex h,.=6.0 Ap(C,Hy) =0.0 E\ a1 = —453.016009 at. units
(Fig. 3b) r(C=C)=1.34 AH . = 0.0 kJ/mol
U
TS r(Fe—C,) =2.16 p(Fe)y=3.73 ¢ E o1 = —452.96462 at. units
(Fig. 3c) r(Cy—Cp) = 1.43 q(Fe) = +0.55 E, =+135.1 kJ/mol
r(Fe-C)) =2.50 g(NH3) =+0.13
q(Cy) =-0.32
U
Insertion product r(Fe—C,) =2.15 p(Fe)=3.70¢ E o = —453.04176 at. units
(Fig. 3d) r(Cy—Cp) =1.54 q(Fe) =+0.61 AH, =—-67.4 kJ/mol
r(Cp—C,) = 1.54 g(NH3) =+0.13
qgMe) =-0.52
QO((NH;);FeMe) = +0.52

KINETICS AND CATALYSIS

Vol. 45 No. 4 2004



A QUANTUM CHEMICAL STUDY OF THE MOLECULAR STRUCTURE

515

Table 3. Parameters of geometric and electron structures of complexes (NH;);FeMe(u-Me)AlMe; (I) (Fig. 5) and
(NH;);FeMe(u-Me),AlMe, (ITA) and (IIB) (Fig. 6) calculated by the B3P86/LANL2-DZ method

Geometric and electron parameters Strueture of complexes
of the complex (5=2) type I (Fig. 5) type ITA (Fig. 6) type IIB (Fig. 6)

7, A
Fe-Me 2.10 2.13 2.08
Fe-u-Me 2.32 2.57 3.70
Al-u-Me 2.18 2.10 2.08
Al-Me 2.03 2.02 2.02
Fe-N 2.28 2.25 221
Spin density on Fe, p (Fe) 3.81 3.80 3.74
q(Fe) +0.60 +0.40 +0.73
q(Me) -0.42 -0.44 -0.35
q(u-Me) -0.46 -0.46 -0.58
q(NH3) +0.15 +0.16 +0.14
QO((NH;);FeMe) +0.63 +0.44 +0.80
Dipole momentum p, D 12.3 8.3 11.7
Full energy, at. units -496.46130 —496.47601 -496.46664
(NH;);FeMe, + AlMe;
AH, kJ/mol -274 -66.0 -41.4

* Energy of AlMes (ra_c = 1.98 A), E,, = —122.30050 at. units calculated by the B3P86/LANL2-DZ method.

w-methyl groups Fe—(l1-Me), are in the perpendicular
planes. In complex IIB, the distance r(Fe—i-Me) is
3.70 A, and r(Al-u-Me) = 2.08 A. This complex is
coordinatively unsaturated (AH, = -12.5 kJ/mol)
because of the deficiency of electron density (Q =
+0.80e) on the molecular fragment [(NH;);FeMe],
which contains the transition metal ion. At the same
time for complex IIA, the calculated value Q is as low
as +0.44e, and the complex is not coordinatively unsat-
urated (AH = 0.0 kJ/mol).

Note that the energetic stabilities of both molecular
structures IIA and IIB are about the same (the calculated
values of E,, are —496.47601 and —496.46664 at. units,

KINETICS AND CATALYSIS Vol. 45 No.4 2004

respectively), but their reactivities in ethylene addition
are much different.

Calculation of the Energy Profile of the Reaction
of Ethylene Addition to the Fe—CH; Bond
in the Complexes (NH;);FeMe(u-Me),AlMe,
(IIA and IIB)

We used the B3P86/LANL2-DZ method to calcu-
late the reaction of ethylene addition to the Fe—CHj;
bond for complexes ITA and IIB with a general compo-
sition (NH;);FeMe(u-Me),AlMe,. The results of calcu-
lation showed that complex ITA, by analogy with the
complex (NH;);FeMe,, cannot coordinate ethylene
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ITA

Fig. 6. Molecular structure of complexes ITA and IIB with the composition (NHj3);Fe,Me(l1-Me),AlMe,. Fe-Me and Fe—u-Me

groups are in one plane (ITA) or in the perpendicular planes (IIB).

and, correspondingly, the activation energy of ethylene
addition to the Fe—CH; bond in this complex is as high
as in the initial complex (NH;);F,Me,. At the same time
complex IIB, which has the same composition as IIA
but different geometric and electron structures, can
coordinate ethylene with its further insertion into the
Fe—Me bond with a lower activation energy. Figure 7
and Table 4 show the results of calculation of various
stages of the reaction of ethylene addition to the Fe—-Me
bond for complex IIB. The calculated activation energy
of ethylene addition (E,) to the Fe-Me bond is
+66.6 kJ/mol (Fig. 4), which is much lower than for the
nonactivated complex (NH;);FeMe, (E, = +135.1 kJ/mol).
This is primarily due to the formation of a coordination
vacancy on the active center, which is necessary for the
interaction with ethylene. Indeed, the results of calcula-
tions (Table 4, Figs. 4, 7) show that in the interaction of
ethylene with complex IIB, the w-complex is formed at
the first stage with a heat of AH,; = —-10.5 kJ/mol. The
coordination vacancy is formed due to the transfer of

the methyl group from (NH;);FeMe, onto AlMe;. As a
result, a strongly polarized molecular system is formed
with the deficiency of electron density on the molecular
part which contains the transition metal ion (Fe), and
with excess electron density on the molecular part
which contains the ion of the nontransition metal (Al).
The deficiency of electron density in the coordination
sphere of the transition metal increases from +0.44 to
+0.80e when one passes from complex IIA to IIB
(Table 3). It is reasonable that the ethylene molecule
characterized as a m-electron base would more effi-
ciently enter the coordination sphere of a transition
metal, which has the higher deficiency of electron den-
sity, leading to the formation of the m-complex and to a
decrease in the activation energy of ethylene addition to
the Fe—-Me bond in complex IIB.

Thus, in the catalytic system LFeCl,/AlMe;, com-
plexes like IIB with deficient electron density in the
coordination sphere of the transition metal can be con-
sidered as one of the types of electroneutral molecular
Vol. 45 No. 4
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Fig. 7. Quantum chemical calculation (DFT/LANL2-DZ) of the stages (b — ¢ — d) on the active complex IIB (a). Optimiza-
tion of molecular structures of (a) the active complex IIB, (b) m-complex with ethylene, (c) TS of cis-insertion of ethylene, (d) the
product of ethylene cis-insertion corresponding to the high-spin state of the iron (S = 2). The calculated interatomic distances are

shown in A (see Table 4).

Table 4. Quantum chemical data for ethylene addition to the Fe—-Me bond in complex IIB with the composition

(NH3)3FCM€(H-MC)2A1MC2

Molecular system

B3P86/LANL2-DZ calculation

. . . 2
geometric characteristics, A

electron characteristics energy characteristics

C,H,
+

Complex IIB
(Fig. 7a)

U
n-Complex (Fig. 7b)

U
TS
(Fig. 7c)

U

Insertion product
(Fig. 7d)

r(C=C)=1.34

r(Fe-Me) = 2.08
r(Fe-N) =2.21
r(Fe-u-Me) = 3.70
r(Al-u-Me) = 2.08
r(Al-Me) = 2.02

hee = 3.76
HC=C) = 1.34

H(Fe-C,) =2.21
H(Co~Cp) = 1.42
r(Fe-C,) = 2.31

H(Fe-Cy) = 2.11
H(Co~Cp) = 1.56
HCy-C,) = 1.54
r(Fe-C,) = 3.22
r(Fe—u-Me) = 3.74
r(Al-u-Me) = 2.08
r(Al-Me) = 2.02

u=0.0D E.=-78.86571 at. units

p(Fe)=3.74¢

q(Fe) =+0.73

g(Me) =-0.35

q(NH3) =+0.14
qg(u-Me) = -0.58
Q((NH;);FeMe) = +0.80
p=11.7D

E,, = —496.46664 at. units

Ap(C,Hy) =+0.03 E. =-575.33634 at. units

AH, =-10.5 kJ/mol

p(Fe)=3.66¢
q(Fe) =+0.54
g(NH3) = +0.15

Eo =-575.30700 at. units
E, =+66.6 kl/mol

p(Fe)y=3.74¢

q(Fe) =+0.64

q(NH3) = +0.15
q(C5H;) =-0.29
Q((NHj3);FeR) = +0.80
R= C3H7

u=122D

E. =-575.36488 at. units
AH,, = -85.4 kJ/mol
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structures which are the active centers of polymeriza-
tion. Note also that the calculated value of the activa-
tion energy of ethylene addition to complex IIB (E, =
+66 kJ/mol) is still rather high compared to usual
experimental values for the activation energy of chain
growth. Our preliminary analysis shows that in these
systems the formation of more active centers due to the
interaction of LFeCl, with several AlMe; molecules is
possible. The results of these calculations will be
reported in the next paper.
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