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Abstract

All-electron DFT (B3LYP) calculations with a split-valence basis set of double- and triple-¢ quality have been used to
study the reaction paths of the first and second step insertion as well as of the o-bond metathesis for the reaction of
acetylene with (CgH),ZrCHY. Geometry optimizations of the reactants, intermediates, transition states and products were
carried out without symmetry constraints. The nature of the particular points on the potential energy surfaces was verified by
the analytical calculation of the Hessian matrices. The relative electronic energies are corrected for ZPVE, entropic and
thermal contributions, and correspond to the Gibbs free energies (AAG?®). It is shown that the propagation step of
acetylene polymerization is a facile process from kinetic and thermodynamic point of view, and that the investigated
insertion reactions are kinetically and thermodynamically favoured over the o-bond metathesis reaction. The calculated
energetics and structures of either reaction are compared with available theoretical and experimental data of relevant
complexes of group Il and 1V transition metals. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction tions comes from the ability of the d° and d°f "
metals to mediate the breaking and formation of

The reactions of hydrocarbons with electron- ~ H—H and C—H bonds. To the wide range of
deficient d° transition metal complexes and d°f " these reactivities belong the industrialy impor-
lanthanide complexes are of considerable practi- ~ tant Ziegler—Natta catalysis of olefin poly-
cal importance [1]. The usefulness of thesereac- ~ Merization [2-5] as well as o-bond metathesis

with both, saturated and unsaturated, hydrocar-
bons [6,7]. The reaction of unsaturated hydro-
carbons are of special interest, because alterna-
tive pathways were observed. Thus, alkenes and
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metathesis reaction [6,14—21]. Severa experi-
mental [8—25] and theoretical [26—33] studies
have been undertaken in order to understand the
mechanism of these reactions. However, thereis
no experimental information about what hap-
pens on the molecular level when unsaturated
hydrocarbons approach the active catalyst. It
has been postulated that both reactions begin
with the precoordination of the hydrocarbon to
the vacant coordination site of the metal and
proceed via a four-membered transition state. In
the case of the insertion reactions, m-complexes
(A) (Scheme 1) are commonly accepted as in-
termediates in the beginning of the reaction
[33]. There is no agreement about the intermedi-
ates of the early stage of the o-bond metathesis
reaction.

On the basis of DFT calculations on the
activation of the alkenylic and akynylic C—H
bonds by (CcHg),Sc—-R (R=H, CH,), Ziegler
et a. [28] postulated that o-bond metathesis
begins with the formation of the tight adducts
(B) (Scheme 1) in which the C—H bond under-
goes an agostic interaction with scandium.
However, our previous MP2/ /HF (single-point
Mgaller—Plesset perturbation calculations for
structures optimized at the Hartree—Fock level)
on the reaction of acetylene with the model
compounds Cl,Zr-R* (R=H, CH,) pointed
out, that o-bond metathesis begins with the
same intermediate as the insertion reaction, i.e.
with the m-complex (A) [29]. Our results
demonstrated, that C—H adducts, such as struc-
tures (B) do not correspond to local minima on
the potential energy surface. Since in our previ-
ous study [29,32,34] correlation effects were not
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Scheme 1.

taken into account for geometry optimizations
as well as due to the simplified nature of the
model catalyst Cl,Zr—R™, in the present paper
we will report the results of DFT investigations
with the B3LYP method on the reaction of
acetylene with (C,H.),ZrCH} (Egs. (1) and
(2)).

(CgH;),ZrCH3 + HC=CH

— (C4Hs),ZrCH=CHCH? (1)
(CgH),ZrCH3 + HC=CH
— (C4Hg),ZrC=CH" + CH, (2)

It has been repeatedly shown that the B3LYP
approach is the most reliable one in modern
DFT, especidly for the investigations of transi-
tion metal compounds [35,36]. Furthermore, we
will aso discuss the calculated energetics and
structures of the second step of acetylene inser-
tion (Eqg. (3)), which should give some insight
on the propagation step of Ziegler—Natta acety-
lene polymerization.

(CH),ZrCH=CHCH} + HC=CH
— (C4Hg),ZICH=CH—CH=CHCH}  (3)

2. Calculation details

All calculations were carried out with the
hybrid Hartree—Fock /density functional theory
method, known in the literarure by its acronym
B3LYP [37-39]. We have chosen this method
since, in addition to some benchmark jobs, a
number of recent studies have convincingly
demonstrated that the B3LY P functional is quite
reliable in both geometry and energy, and in the
case of transition metal compounds, affords cor-
rect results at moderate computational costs
[35,36,40—-43]. A single al-electron basis set
was used throughout the present studies. The Zr
atom was described by a (14s,9p,7d) basis set
obtained by adding a p-type exponent (0.12) to
the optimized (14s,8p,7d) set by Hyla—Kryspin
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et al. [44]. The choice of the additional p-expo-
nent guarantees a comparable distribution of the
radial density functions of 5p and 5s orbitals.
The contraction is [6s,4p,4d] and corresponds to
a single-¢ description for the inner and the 5p
shell, double-£ for 5s and triple-¢ for 4d. Car-
bon and hydrogen were described by Dunning’s
standard split-valence D95 basis set [45]. All
geometries were optimized using analytical gra-
dient procedures. The presented structures cor-
respond to fully converged geometries with gra-
dients and displacements below the standard
thresholds implemented in Gaussian 98. The
analytically calculated force constant matrices
were used for characterization of the stationary
points (minima or transition states) and for de-
termination of zero point vibrational energy
(ZPVE) and thermal corrections. For the loca-
tion of the transition states we have used the
QST3 transition state searcher procedure. All
geometry optimizations were carried out with-
out symmetry constraints, since unexpected
negative eigenvalues appeared for minimain the
case of symmetric structures. The relative ener-
gies are corrected for ZPVE, entropic and ther-
mal contributions and correspond to Gibbs free
energies at 298 K, (AAG?®). Thus, the calcu-
lated results provide informations directly com-
parable to the experimental observations. The
calculations were carried out with the Gaussian
98 program [46] installed on the IBM RS,/6000
workstations of our laboratory and of the Uni-
versitatsrechenzentrum Heidelberg.

3. Results and discussion

The optimized stationary structures of the
investigated reaction paths are shown in (Figs.
1, 3 and 4) and the most important bond dis-
tances are collected in Tables 1 and 3. The
calculated electronic and thermochemical data
are presented in Tables 2 and 4. The theoretical
AAG?® values for the reaction paths from Egs.
(1) and (2) are compared in Fig. 2.

3.1. Early stage of the insertion and o-bond
metathesis reactions of acetylene-2 with

In reactant 1 the optimized Zr—C2—H3 bond
angle of 93.3° deviates from the normal sp*
value and the C2—H3 bond distance is elon-
gated to 1.123 A. Both features are indicative
for an a-agostic interaction between the C2—H3
o-bond of the methyl group and the zirconium
center [47]. The agostic C2—H3 bond lies in the
plane of Zr(do)—-LUMO [32,48], as required for
a three-center two-€lectron (3c-2e) interaction.
To our knowledge cationic complex 1 has never
been directly observed in experimental investi-
gations, but its THF analogue (C.H),Zr-
(CH)(THF) *—1a has been isolated and studied
by Jordan et al. [25]. Thus, we can compare the
optimized structure of 1 with the X-ray data
measured for la [25]. The average Zr—C(Cp)
(Cp=CgHy) distance of la (2.487 A) is_in
exellent agreement with our finding (2.491 A),
but the Zr—C2 distance of 1 is by 0.043 A
shorter. This small discrepancy we ascribe to
the THF ligand which, though labile, influences
the coordination of the methyl group in 1la. The
methyl hydrogen atoms were not located in la
[25]. If we approach acetylene to complex 1, the
resulting structure converges to the w-complex
3. During acetylene coordination, the methyl
group rotates around the Zr—C2 bond and the
“in-plane” «-agostic interaction o(C2-H3) —
Zr vanishes. The rotation of the methyl group
alows an electron density transfer from acety-
lene mr-orbital to the low lying Zr(do)-LUMO
[32,48], which in complex 1 was involved in the
interaction with the C3—H3 o-bond. Neverthe-
less, the C2—H3 bond of 3 receives a weak
interaction with the empty high lying “out-of-
plane” Zr(dw)-orbital, as it can be seen from
the dlightly elongated C2-H3 distance (1.101
A) with respect to the ‘“out-of-plane”
C2—H4 /H5 bonds of complex 1. For complex
3 we observe an elongation of the Zr-C2 dis-
tance from 2213 A in 1t0 2243 Ain 3 and a
small elongation of acetylene C6=C7 triple
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Fig. 1. Optimized stationary structures and number of imaginary frequencies (NIMAG) for the first step insertion and o-bond metathesis
reactions.

bond, from 1.222 Ain2to 1230 A in 3. The symmetric. The distance Zr—C7 is by 0.147 A
coordination of acetylene in complex 3 is not shorter than Zr—-C6. The Zr, C2, C6, and C7
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Fig. 2. Theoretical thermochemical data for the first step insertion
and o-bond metathesis reactions.

atoms of 3 do not lie in the same plane, as it is
normaly the case when m-complexes A are

Reactants

12a NIMAG=0

optimized under the C_symmetry constraints
[26—33]. The optimized dihedral angle C7—C6—
Zr—C2 is 64.3°. The “out-of-plane” geometry of
the acetylene ligand in complex 3 leads to a
greater bending of the Zr(C5Hs),-unit, which in
turn lowers the energy of the Zr(dw) orbitals
[48] and allows the zirconium center to utilize
more efficiently all its empty d-orbitals for
bonding interactions in a non-planar conforma-
tion. The computed Gibbs free energy (A AG?®)
for the bonding of acetylene in complex 3
amounts to —39.1 kJ/mol, and the calculated
AEye: AEy, and AAH range from —88.7 to
—82.3 kJ/mol (Table 2). These values as well
as those presented later clearly demonstrate that
accounting for theoretical entropy differences is
important for a reliable discussion of the calcu-
lated data. Similar as in the case of the model
catalysts Cl,ZrR™ (R=H, CH,) [29] we were
not able to locate the CH-adduct, such as B
from Scheme 1, as a loca minimum on the

n - Complex

04_{%’@
\.,

11 NIMAG = 1 (i4.7 cm")

Fig. 3. Optimized stationary structures and number of imaginary frequencies (NIMAG) for the propagation step of Ziegler—Natta acetylene

polymerization.
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12b NIMAG =0
Fig. 4. Optimized structure of the isomers 12b and 12c.

potential energy surface. Thus, we assume that
both insertion and o-bond metathesis reactions
continue from the m-complex 3.

3.2. Transition states, intermediates and prod-
ucts of the first step insertion and o-bond
metathesis reactions

The transition states (TS) 4 and 6 for the
processes from Egs. (1) and (2) are planar,
four-membered cycles (Fig. 1). It is seen that
different distortions in acetylene coordination
are necessary to bring the reaction from the
w-complex 3 in the two competitive reaction
chanels. The insertion reaction proceeds via TS
4 to the y-CH product 5a, which corresponds to
a loca minimum on the potential energy sur-
face. Complex 5a rearranges to the B-CH struc-

12c NIMAG=0

ture 5b, which represents the global minimum
for the product from Eqg. (1). With respect to 5a,
the B-CH agostic structure 5b is by 12 kJ/moal
more stable. The o-bond metathesis proceeds
via TS 6 to the local minimum of the CH ,-ad-
duct 7, which in the late stage of the reaction
rearranges to the acetylide product 8 and
methane 9 (Fig. 1). The TS 4 and 6 are stabi-
lized by an «-agostic interaction, as suggested
by the Zr—C2—H4 bond angles of 85.1° (TS 4)
and 95.6° (TS 6) and the elongated C2—H4
bond distance of 1.124 A (TS 4) and 1.107 A
(TS 6) (Table 1). It is interesting to note, that
a-CH agostic interactions have been proposed
to assist the mechanism of olefin insertion reac-
tion on the basis of either experimental [49-51]
or theoretical [29—33,52] studies. To our knowl-
edge «-CH agostic interactions were sofar not
discussed to be operative in the transition states

Table 1
Optimized bond distances (A) of complexes 1-9. Bold numbers refer to “agostic bonds”
1 2 3 TS4 5a 5b TS6 7 8 9
Zr1-C(Cp) o 2491 2518 2,517 2.505 2.505 2.508 2.509 2.489
Zr1-C2 2.213 2.243 2.242 2.734 2.293 2.692
C2-H3 1.123 1.101 1.093 1.096 1.095 1.097 1.096 1.095
C2-H4 1.092 1.098 1.124 1.118 1.098 1.107 1.110 1.095
C2-H5 1.092 1.099 1.093 1.096 1.098 1.097 1.095 1.095
Zr1-C6 2.787 2475 2.157 2171
Zr1-C7 2.640 2.798 2.662 2.566 2.384 2171 2.163
C6-C7 1.222 1.230 1.240 1.361 1.345 1.233 1.242 1.244
C6-H8 1.068 1.070 1.075 1.089 1.088 1.072 1.070 1.070
C7-H9 1.068 1.071 1.072 1.092 1.136 1.147 3.068
Cc2-C7 3413 2.665 1.548 1511 3.476
C2-H9 3.486 2.626 2181 2.180 1.800 1.096 1.095
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Table 2

Caculated electronic and thermodynamical data (kJ/mol) for the first step insertion and o-bond metathesis reactions (T = 298.15 K,

pressure = 1 atm)

Compounds AEge MP2/ /HF? AEge AEp AAH AAG
Insertion 142 +124.6 +88.7 +823 +836 +39.1
3 0.0 0.0 0.0 0.0 0.0
TS4 +155 +10.2 +6.2 +4.4 +5.7
5a —67.3 -121.2 —108.6 —-119.9 —108.6
5b -130.5 —119.0 —1219 —1207
Metathesis 142 +124.6 +887 +823 +836 +39.1
3 0.0 0.0 0.0 0.0 0.0
TS6 +756 +337 +29.3 +27.1 +286
7 —-548 -84.1 —784 -77.7 —-810
8+9 +132 —-338 —345 -327 —75.7

#Model catalyst Cl,ZrCH}; Ref. [29].
PE) = Eye. + ZPVE.

of the o-bond metathesis reactions. It should be
mentioned, however, that the a-CH agostic in-
teraction of the TS 6 is weaker than of the TS 4.
Both TS are asynchronous with regard on the
formation of the new bonds. The formation of
the Zr—C6 (2475 A: TS 4) and Zr—C7 (2.384
A: TS 6) is more advanced than for the C2—C7
(2.665 A: TS 4) and C2—H9 (1.800 A: TS 6)
bonds. The alkynylic CH activation in the TS 6
is more advanced than the transformation of the
acetylic triple bond to the vinylic double bond
in the TS 4 (Table 1). Cationic 14 valence
electrons (VE) Zr—acetylide complexes are un-

Table 3

Optimized bond distances (A) of the stationary structures for the
propagation step of acetylene polymerization. Bold numbers refer
to “agostic bonds”

10 TS11 12a 12b 12c

Zr1-C(Cp),, 2516 2522 2509 2507 2508
Zr1-C6 2197 2173

C6-C7 1372 1345 1357 1359 1.360
Ccr-C2 1508 1514 1503 1504 1507
C6-H8 1105 1.159 1116 1.088 1.090
C7-H9 1.093 1.096 1.092 1095 1.091
C2-H3 1100 1.096 1.097 1099 1.098
C2-H4 1.095 1.099 1.099 1095 1.098
C2-H5 1100 1.098 1.099 1099 1108
Zr1-C10 2650 2479 2150 2155 2135
Zr1-Cl11 2884 2791

C10-C11 1229 1241 1371 1356 1.355
C6-Cl11 3088 2719 1495 1461 1478
C10-H12 1073 1074 1090 1089 1130
C11-H13 1.071  1.069 1.091 1133 1.093

known. Nevertheless, the optimized Zr—C7 and
C7-C6 bond lengths as well as the average
Zr—C(Cp) distance in complex 8 reproduce al-
most exactly the X-ray data reported for 16 VE
Cp,Zr(—-C=CR), species [53-55]. Cationic
14VE Zr—vinyl complexes are known, and the
optimized bond distances of the insertion prog-
uct 5b, Zr—C6 ( 2171 A), C6—C7 (1.345 A)
and Zr—C(Cp),, (2505 A) agree very well
with the respective values of 2.180, 1.334 and
2.513 A, from the X-ray data of rac-C,H ,(inde-
nyl),ZrC(SiMe;)=CMe, [10]. The computed
AAG?® values of both reactions are displayed
in Fig. 2. The calculated energy barrier of the
o-bond metathesis (28.6 kJ/moal) is about five
times greater than in the case of the insertion
reaction (5.7 kJ/mol). In the TS 6, the loss of
energy from CH activation is not recompensated
for by the energy of new bond formations.

Table 4
Theoretical thermochemical data (kJ/mol) for the propagation
step of acetylene polymerization (T = 298.15 K, pressure =1 atm)

Compounds ~ AEge. AES AAH AAG

5b+2 +721 +65.8 +66.0 +32.8
10 0.0 0.0 0.0 0.0
TS11 +154 +10.9 +7.8 +16.5
12a —1325 —121.4 —125.7 —118.9
12b —1335 —122.9 —126.7 —1223
12¢ —119.4 —107.7 —1125 —105.9

®Ey = Ege +ZPVE.
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Furthermore, with respect to TS 4, the TS 6
loses m-complexation energy, which in addition
to the strong agostic interaction keeps the en-
ergy barrier of the insertion reaction at a small
value. The calculated overall exothermicity of
the insertion reaction (—159.8 kJ/mol) is
greater than in the case of o-bond metathesis
reaction (—114.8 kJ/mol). From our estimates
it follows that insertion reaction from Eq. (1)
should be kinetically and thermodynamically
favoured over the o-bond metathesis reaction
from Eqg. (2). Note that zirconium does, in fact,
favour insertion [56]; both reactions are feasible
with lutetium [57], while for scandium only
CH-activation was observed [16]. The reaction
of acetylene with (C;H.),ScCH ; was theoreti-
caly investigated by Ziegler et a. [28]. In con-
trast to the experimental observations [16], the
authors found that insertion should be favoured
over the o-bond metathesis. Similar conclusions
were presented by Rappe [27] for the model
complex Cl,ScH. Note, however, that experi-
ments for scandium were carried out with meth-
ylated derivatives of the pentadienyl ligands and
theoretical investigations with C;H; or Cl
should be only viewed as a model picture for
the redlly existing systems. The calculated by
Ziegler et a. [28] akylic CH-activation at Sc
proceeds with low energy barrier of 14 kJ/mol
and is by —128 kJ/mol exothermic, while the
exothermicity of the insertion reaction is greater
(—193 kJ/mol). These values can only be com-
pared with our AE,., since ZPVE, thermal
corrections and entropy differences were not
considered for the (C;H),ScCH,—C,H, sys
tem [28]. From the comparison, it follows that
CH-activation at Sc has a lower energy barrier
and greater exothermicity than at Zr, which
approximatively agrees with the experimentally
observed trends [16,56,57].

3.3. Propagation step of Ziegler—Natta acety-
lene polymerization

We proceed with the second step of acetylene
insertion from the global minimum of the first

step insertion, i.e. from the B-CH agostic prod-
uct 5b. The corresponding stationary structures
are shown in Fig. 3 and the calculated energet-
ics are presented in Table 4. At the start of
propagation, we encounter again the w-com-
plex, structure 10, whose geometry differs
slightly from those of complex 3 (Figs. 1 and
3). In complex 10 the incoming acetylene adopts
an “in-plane” conformation and it is seen that
the vinyl ligand is rotated around the Zr—C6
bond. As in the case of 3, complex 10 is
stabilized by an “out-of-plane” ¢(C6—-H8) — Zr
agostic interaction (Table 3). The Zr—C10 dis-
tance in complex 10 (2.650 A) is virtually the
same as the Zr—C7 distance (2.640 A) in the
precursor 3, but the Zr—Cll distance is by
0.097 A longer. The bonding energy of acety-
lene in 10 (—32.8 kJ/mol) is dlightly lower
than in 3 (—39.1 kJ/mol) (Tables 2 and 4). TS
11 is stabilized by a strong «-CH agostic inter-
action, as manifested by the acute Zr—C6—HS8
bond angle of 73.7° and a short Zr—H8 distance
of 2.158 A. We notice that “agostic hydrogens”
in cationic zirconocene complexes have been
located _experimentally at Zr—H, distance of
2.160 A [12]. In spite of the strong agostic
interaction in TS 11, the activation barrier is
higher (+16.5 kJ/mol) than in the case of the
first step insertion (+5.7 kJ/moal). This is due
to the distortion of the vinyl ligand, which is
necessary for the development of the C6—C11
bond (Fig. 3, Table 3). However, in TS 11, the
C6—C11 distance is still long (2.719 A) and the
distortion energy of the vinyl ligand cannot be
recompensated for by the energy from C-C
coupling. The direct insertion product, 12a, is
stabilized by a y-CH agostic interaction. The
overal exothermicity of the second step inser-
tion (—151.7 kJ/mol) does not differ much
from the first step insertion (—147.7 kJ/mol).
The 1,3-dienyl ligand of 12a may be regarded
as a building block for polyacetylene with pre-
dominantly cis conformation. In Fig. 4, we
present the optimized structures of two isomers
12b and 12c, which may be regarded as starting
materials for polyacetylene in trans (12b) and
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cis (12¢) conformations. Both structures are sta-
bilized by an agostic interaction (3-CH (12b),
a-CH (12¢)) (Table 3). The most stable struc-
ture corresponds to trans-12b, which islower in
energy than the cis conformers 12a (+3.4
kJ/mol) and 12c (+16.4 kJ/moal) (Table 4). It
is interesting to note, that acetylene polymeriza-
tion in the presence of Ti(O-n-C,H),/
Al(C,H.), as catayst system, known as the
Shirikawa route for polyacetylene [58—64], leads
at lower temperature to a material containing a
high percentage of cis double bonds, which
upon heating isomerizes to the predominantly
trans isomer [61,62]. Furthermore, it has been
found experimentally that the cis/trans poly-
acetylene isomerization is an exothermic reac-
tion [61,62]. Our results concerning the mecha-
nism of the propagation step in Ziegler—Natta
(CgHg),ZrCH3 acetylene polymerization as
well as the relative stability of trans 12b over
cis 12a/12c agree well with the experimental
findings.

4. Conclusions

In the present paper we investigated the com-
petiting reactions of (C;H.),ZrCH}, 1, with
acetylene, 2, concerning the insertion of 2 into
Zr—C bond of 1 and the activation of akynylic
C—H bond in a o-bond metathesis reaction.
Both reactions start with the formation of the
w-complex, 3, and proceed through a four-mem-
bered transition state (TS 4 (Eq. (1)) or TS 6
(Eg. (2))) to the vinyl product, 5a, (Eq. (1)) or
acetylide complex, 8, and methane, 9 (Eg. (2)).
Characteristic for both transition states are o-CH
agostic interactions. The direct insertion prod-
uct, 5a, is stabilized by y-CH agostic interac-
tion and rearranges to the more stable B-CH
agostic isomer, 5b. Our calculations indicate
that insertion of acetylene into the Zr—C bond
(Eq. (1)) is preferred kinetically (AAGHTS 4)
= 457 kJ/mol, AAGHTS 6) = +286 k/
mol) and thermodynamicaly (AAG(5b) =
—159.8 kJ/mol, AAG(8 + 9) = —114.8

kJ/mol) over the akynylic CH activation (Eq.
(2)). Although the investigations with a model
catalyst Cl,ZrCHj led to similar conclusions,
the calculated energetics differ significantly
from those of the more readlistic systems (Table
2). The second part of our studies was con-
cerned with the propagation step in Ziegler—
Natta acetylene polymerization (Eq. (3)). The
mechanism of the second step of acetylene in-
sertion does not differ much from those of the
first step insertion. The reaction proceeds from
5b to the m-complex 10 (AAG(10) = —32.8
kJ/mol) and continues through TS 11 (AAG*(
TS 11) = +16.5 kJ/mol) to the y-CH agostic
product 12a (AAG(12a) = —151.7 kJ/moal).
The activation barrier of the second step inser-
tion reaction is higher and the overal exother-
micity dightly lower than in the case of the first
step insertion. The 1,3-dienyl ligand of 12a and
12c may be regarded as a building unit for
polyacetylene in predominantly cis-conforma-
tion. The trans isomer 12b is lower in energy
and should be regarded as the thermodynami-
caly favoured product in the propagation step
of Ziegler—Natta acetylene polymerization. Our
computed data are in al aspects in agreement
with the available experimental observations
concerning the investigated reaction mecha
nisms.
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