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Reaction Mechanism and Structure — Reactivity Relationships in the
Stereospecific 1,4-Polymerization of Butadiene Catalyzed by Neutral Dimeric
Allylnickel() Halides [Ni(C;H5)X], (X~ =Cl7, Br,, I"'): A Comprehensive
Density Functional Theory Study

Sven Tobisch*!2! and Rudolf Taube!®!

Abstract: For the first time, a compre-
hensive and consistent picture of the
catalytic cycle of 1,4-polymerization of
butadiene with neutral dimeric allyl-
nickel(t) halides [Ni(C;H;5)X], (X~ =
Cl~ (I), Br~ (II), and I~ (III)) as single-
site catalysts has been derived by means
of quantum chemical calculations that
employ a gradient-corrected density-
functional method. All crucial reaction
steps of the entire catalytic course have
been scrutinized, taking into account
butadiene m complex formation, sym-
metrical and asymmetrical splitting of
dimeric m complexes, cis-butadiene in-
sertion, and anti —syn isomerization. The
present investigation examines, in terms
of located structures, energies and acti-
vation barriers, the participation of
postulated intermediates, in particular
it aimed to clarify whether monomeric
or dimeric species are the catalytically
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active species. Prior qualitative mecha-
nistic assumptions are substituted by the
presented theoretically well-founded
and detailed analysis of both the ther-
modynamic and the kinetic aspects, that
substantially improve the insight into
the reaction course and enlarge them
with novel mechanistic proposals. From
a mechanistic point of view, all three
catalysts exhibit common characteris-
tics. First, chain propagation occurs by
cis-butadiene insertion into the m-bute-
nylnickel(i1) bond with nearly identical
intrinsic free-energy activation barriers.
Second, the reactivity of syn-butenyl
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forms is distinctly higher than that of
anti forms. Third, the chain-propagation
step is rate-determining in the entire
polymerization process, and the pre-
established anti—syn equilibrium can
always be regarded as attained. Accord-
ingly, neutral dimeric allylnickel(11) hal-
ides catalyze the formation of a stereo-
regular trans-1,4-polymer under kinetic
control following the k;, channel with
butenyl(halide)(butadiene)Ni!  com-
plexes being the catalytically active
species. Production of a stereoregular
cis-1,4-polymer with allylnickel chloride
can only be explained by making the k,,
channel accessible by the formation of
polybutadienyl(butadiene) complexes,
which is accompanied by the coordina-
tion of the next double bond in the
growing chain to the Nif center.

The transition metal catalyzed polymerization of butadiene is
a scientifically as well as a technically important process.!:?
From a mechanistic point of view, the diene polymerization, as
a chemo-, regio-, and stereoselective C—C bond formation
reaction is of fundamental importance. Conjugated diene
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polymerization is an insertion polymerization,?! as is that of
the monoalkene. It is generally accepted that chain propaga-
tion proceeds in two steps: by coordination of free monomer
and subsequent insertion into the transition metal carbon
bond of the terminal group on the reactive growing chain.
There are two important differences between the polymer-
ization of 1-alkenes of 1,3-dienes.

First, the transition metal carbon bond is of the o-type for
1-alkenes and of the allylic m-type for 1,3-dienes. The allyl-
insertion mechanism has been proven by 'H and *C NMR
spectroscopy for both trans-regulating (e.g. [Ni(C,H,)I],1)
and cis-regulating (e.g. [Ni(C;H5)O,CCF;],]) butadiene-pol-
ymerization catalysts. The transition metal butenyl 7w bond has
peculiar features which are responsible for the particular
characteristics of diene polymerization. The bond between
the 7-butenyl group and the transition metal can exist in two
isomeric forms, namely anti and syn, which are in equilibrium.
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According to the generally accepted anti—cis and syn—trans
correlation, butadiene insertion gives rise to a cis or a trans
double bond in the newly formed C, unit of the growing
polymer chain, when starting from an anti- or syn-butenyl
group. Another characteristic of the transition metal butenyl
bond is that it has two reactive sites, C! and C3, which for
example, may give rise to 1,4- and 1,2-polymers.

Second, 1,3-dienes have a greater diversity than 1-alkenes
in their coordination to a transition metal. 1,3-Diene coordi-
nation can occur in two different modes: monodentate (%) or
bidentate (n*), either from the s-trans or the s-cis configu-
ration. An anti- or syn-butenyl terminal group is formed under
kinetic control by diene insertion to occur from the s-cis or
s-trans configuration, respectively. The mechanism of stereo-
regulation of 1,3-diene polymerization, which to date has not
been completely understood!! is, therefore, much more
complicated than the polymerization of 1-alkenes.

For a basic understanding of the cis—trans regulation of
diene polymerization, two different processes must be inter-
related, namely the anti—syn isomerization and the monomer-
insertion processes. For the chain-propagation step, two
commonly accepted mechanisms were proposed which differ
with regard to the suggested insertion mode of the butenyl
group. On the one hand, the o-allyl insertion mechanism,
suggested by Cossee and Arlman,® in which the butenyl
group in #'-0 coordination should react like an alkyl group. In
contrast, Taube et al.! suggested that the C—C bond forma-
tion can also proceed through a nucleophilic attack of the #3-
nt-butenyl group on the diene.

In a series of papers,®] we have applied density functional
theory to shed light on the mechanistic aspects of the
stereospecific polymerization of butadiene. We have focused
on the m-allyl-insertion mechanism, which is explored with
experimentally well-characterized catalysts for the Ni!l-cata-
lyzed stereospecific butadiene polymerization, as an example.
In the first step, we demonstrated that butadiene insertion
into the butenylnickel(i) bond is energetically feasible within
the m-coordination of both reacting moieties.®2) We were able
to deduce structure — activity relationships, which are respon-
sible for opening that reaction channel which yields trans-1,4
and cis-1,4 polymer units, respectively, by a theoretical
examination of the entire polymer-generation cycle for typical
trans-regulating catalysts, that is, cationic and neutral bute-
nyl(monoligand)(butadiene)nickel(i) complexes,®™! and cis-
regulating catalysts, that is, cationic polybutadienyl(butadie-
ne)nickel(i) complexes.®]

In the present study, the stereoregulation mechanism is
theoretically explored for the 1,4-polymerization of butadiene
mediated by neutral dimeric allylnickel(i) halides
[Ni(C;H;5)X], where X~ =Cl~ (I), Br~ (I), and I~ (III). The
dimeric allylnickel(11) halides have been discovered as the first
one-component butadiene polymerization catalysts.[* > All
of them catalyze the C'—C' bond formation, which yields
almost exclusively 1,4-polymers. Compound III gives a
polymer of predominantly trans-1,4 structure, I gives a
polymer of predominantly cis-1,4 structure, whilst II gives a
statistical cis/trans equibinary polybutadiene that consists of
approximately 50 % cis and 50 % trans polymer units.’® 10 10d]
Under comparable conditions, experiments verified the
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catalytic activity of III as moderate, of II as low, and I as
only very weak.['%d- 112l The dimeric allylnickel(ir) halides, at
least the iodide, are probably the most extensive experimen-
tally investigated diene-polymerization catalyst systems.
While much understanding of the catalytic cycle has been
achieved, mechanistic details still remain unclarified. For
example, which factors determine the different catalytic
activity and stereoselectivity observed for the three catalysts?
How does the equilibrium between dimeric and monomeric
catalyst complexes influence the entire polymerization reac-
tion? Computational chemistry might give an answer to these
and related intriguing questions by providing a detailed
picture of the catalytic cycle including both kinetic and
thermodynamic aspects. To the best of our knowledge, a
theoretical mechanistic study on the title reaction has not yet
been reported. Herein, we present a comprehensive and well-
founded view of the entire polymer-generating cycle with the
aim to make a contribution to enlighten the mechanism of
stereoregulation.

The known mechanistic details for the butadiene polymer-
ization mediated by allylnickel(11) halides can be summarized
as follows: 1) NMR investigation conclusively established for
the iodide, that chain propagation occurs by means of cis-
butadiene insertion.'"’s-1 An anti-butenyl group is regenerated
as the end of the reactive growing chain in the kinetic
insertion products, which subsequently undergoes anti—syn
isomerization to give the thermodynamically more stable syn-
butenyl form. 2) Experiment showed, for iodide, that buta-
diene insertion is a relatively slow process. Isomerization
could not be observed by NMR spectroscopy under polymer-
ization conditions, presumably because this process is too fast.
In the reaction solution with butadiene, only the syn-butenyl
form could be detected.l®t 1%l As a result of the anti insertion,
one must conclude that isomerization is much more rapid than
insertion. The thermodynamically more stable syn-butenyl
form must also be more reactive than the anti-butenyl
counterpart, since a polymer of predominantly trans-1,4
structure is generated with the iodide. In the case of the
iodide-catalyzed 2-alkylbutadiene polymerization, the rate of
isomerization was found to be two orders of magnitude
greater than the insertion rate.l'”] The isomerization rate,
however, was determined at the end of the polymerization
reaction after all the diene had been consumed. An accel-
eration of the isomerization can be expected in the presence
of monomers. Overall, for iodide, experiment clearly indicates
that isomerization is much more rapid than insertion and
therefore cis-butadiene insertion should be the rate-deter-
mining step. 3) Kinetic studies showed, for the iodidel’> 2Pl ag
well as for the bromide and the chloride,['!2?! that the overall
rate of the polymerization process is first-order in monomer
and half-order in catalyst concentration according to the rate
law 7, =k,[Ni,]**[C,H,] .= 12?1 A dissociative equilibrium
between dimeric and monomeric butadiene m complexes
must be assumed according to Equations (1), (2), and (3),
where C,X, = catalyst dimer and M = monomer.

CX, + M=GCX,(M) €]
CXo(M) + M=GCX,(M), 2)
C,X,(M),==2CX(M) 3
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From the half-order dependence on the catalyst concen-
tration it was concluded that the dimeric forms are inactive
and chain propagation occurs via monomeric complexes.>< 112l
For iodine, a different dependence of the overall rate on the
monomer and catalyst concentrations was observed when an
expanded concentration range was investigated. At high
monomer concentrations, the rate was found to be half-order
in monomer.’ At very lowl''l or very highl'® catalyst
concentrations, a first-order dependence on the catalyst
concentration was observed. Kormer et al.['%l concluded that
dimeric @ complexes are also active species capable of
achieving insertion: this is verified for iodide-catalyzed
polymerization of 2-alkylbutadienes. 4) Whether isomeriza-
tion does indeed occur via the dimeric or monomeric species
is not known.

Computational Model and Method

Models: Geometries and relative energies of the reactants, intermediates,
transition states, and products of competitive chain-propagation cycles as
well as of anti —syn isomerization reactions were calculated with a gradient-
corrected density-functional method, which has been shown to be quite
reliable both in geometry and in energy. To keep the computational effort
moderate, the butenyl group, which includes the noncoordinating growing
polymer chain was mimicked by a crotyl group; R = CH; was adopted for
the butadiene t complexes that formed under polymerization conditions
[RC;H,Ni(C,H¢)X] with X~ =Cl-, Br-, I for monomeric and X =
[RC;H,NIY,]-, Y =CI-, Br-, I for dimeric complexes. Dimeric bis-
butadiene  complexes of the general formula C,X,(M), (cf. Equations (2)
and (3)) were not explicitly considered since they represent highly unstable
intermediates whose thermodynamic population must be regarded as very
small (see below). The optimized geometries of key structures of the
polymerization cycle, given below, were restricted to the case of the
chloride.

Our investigations focus on the polymerization cycle and the initialization
step; the formation of the dimeric butenylnickel(l) halides from the
allylnickel(11) halide starting material, will not be considered. We restricted
our examination to the cis-butadiene insertion, and did not take into
consideration the alternative insertion of butadiene from its s-trans
configuration. A justification for neglecting this reaction pathway has
been given in the case of nickel, both by experimental’ %12 and
theoreticall®! evidence, which convincingly establish the anti-insertion
process. The effect of the solvent on the catalytic cycle was neglected since
there is no experimental evidence that the catalytic activity or cis—trans
selectivity is significantly influenced for polymerization to occur in
noncoordinating solvents.

Parts of the catalytic cycle have already been investigated in our previous
study.®! This research, however, was restricted to the iodide catalyst. The
equilibrium between dimeric and monomeric butadiene & complexes have
been not taken into account in this study and only precursors of the real
isomerization transition states have been reported.

The intrinsic energy of inserting s-cis-butadiene into a C—C bond (the
energy gain from breaking one C—C double bond and forming a C—C single
bond during the insertion) without a catalytically active Ni"' center was
estimated as the average value of the exothermicities which were obtained
for the general reaction given in Equation (4).

C4H7_(C4H6)n_C4H7 + C4H6 - C4H7_(C4H6)H+I_C4H7 (n' :0_2) (4)

This amounts to 20.3 (AE) and 174 kcalmol™! (AH). A value of
18.7 kcalmol~! was obtained experimentally for polymerization occurring
in the gas phase.["’]

Method: All reported calculations were performed with the DGauss
program within the UniChem software environment!' and the program
package TURBOMOLE,!"! developed by Ahlrichs et al. at the University
of Karlsruhe (Germany). The calculations were carried out by the use of
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LDA with Slater’s exchange functional’®®! and Vosko-Wilk — Nusair
parameterization on the homogeneous electron gas for correlation, 6!
augmented by gradient corrections to the exchange-correlation potential.
Gradient corrections for exchange based on the functional of Becke!'*!l and
for correlation based on Perdew!'®! were added variationally within the
SCF procedure (BP86).

All-electron Gaussian-orbital basis sets were used for all atoms except for
the halides. The geometry optimization, the saddle-point search, and the
frequency calculations were performed with a standard DZVP basis set
which consists of a 15s/9p/5d set contracted to (63321/531/41) for nickel,l'7]
a 9s/5p/1d set contracted to (621/41/1) for carbon,!'” and a 5s set contracted
to (41) for hydrogen.'™ The energy was evaluated for the optimized
structures with the Wachters 14s/9p/5d set!'’ supplemented by two diffuse
pl'” and one diffuse d function!'’¥ contracted to (62111111/5111111/3111)
for nickel, and a TZVP basis for carbon!'! (a 10s/6p/1d set contracted to
(7111/411/1)) and for hydrogen!'™ (a 5s/1p set contracted to (311/1)). For
the halides, the Stuttgart ECP’sl'’l that replaces all core electrons except
for the valence ns’np® electrons and the corresponding 4s/5p/1d set
contracted to (31/311/1) were adopted. The corresponding auxiliary basis
sets were used to fit the charge density.'’>! This is the standard computa-
tional methodology utilized throughout this paper.

The geometry optimization and the saddle-point search were carried out at
the BP86 level of approximation by the use of analytical gradients/Hessians
according to standard algorithms. No symmetry constraints were imposed
in any case. The stationary points were identified exactly by the curvature
of the potential-energy surface at these points corresponding to the
eigenvalues of the analytically calculated Hessian.

The reaction and activation enthalpies (AH and AH* at 298 K and 1 atm)
were calculated for the most stable isomers of each of the key species of the
entire catalytic reaction. The complete potential-energy profiles (AE) are
summarized in four Tables which are included in the Supporting
Information. For competitive pathways of monomer insertion and anti—
syn isomerization, the free activation energies (AG* at 298 K and 1 atm)
were calculated.

Labeling of the molecules: For each of the dimeric and monomeric
butadiene © complexes as well as the corresponding insertion transition
states, a number of isomers are possible, which have been carefully
explored. They originate from the anti and syn configuration of the butenyl
group and are labeled with an a and s, respectively. Additionally, four
different mutual arrangements of the reacting butenyl and butadiene
moieties have been taken into account; they originate from the prone and
the opposite supinel'®l orientation of both parts (thus giving rise to supine/
supine (SS), supine/prone (SP), prone/supine (PS), and prone/prone (PP)
arrangements). The structurally different modes of cis-butadiene coordi-
nation at the metal M in the 7 complexes are illustrated in Figure 1. For 16-

////, ",

_cis n*-cis
supine z prone
X y
/4 ///,,, ‘ ‘\\\\\\\

7P-cis 1-cis
'supine’ 'prone’
Figure 1. Structurally different modes of cis-butadiene coordination at the
metal M in butadiene ; complexes.
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electron square-planar complexes (i.e. monomeric monodentate-coordi-
nated butadiene complexes 3 and insertion products 6), the SS and PP and
the SP and PS orientations are identical with respect to the coordination
pattern. To label the different complexes in a consistent manner, the
following convention has been adopted throughout this paper. The butenyl
and butadiene moieties reside in the square-planar coordination plane (xy).
Depending on the mode of butadiene coordination, the halides occupy an
axial position (+ z direction), or a position within the xy plane (monomeric
complexes), or both of these (dimeric complexes). The orientations of the
butenyl and butadiene moieties with the terminal atoms pointing toward or
away from the axial ligand have been denoted as supine (S) and prone (P),
respectively (cf. Figure 1).

Monomeric complexes will be referred to by a single numeral (3, 4, 5, 6, 7)
attached to a lower-case a or s and two upper-case letters (e.g. 4s-SS, cf.
Scheme 1). The numeric-alphabetic labels have a 2xy prefix for the
corresponding dimeric complexes, where x and y are related to the anti- and
syn-butenyl forms of both fragments. For dimeric species that contain
butadiene, the first letter concerns the fragment in which the butadiene
resides (e.g. 2ss-4SS, cf. Scheme 1).

Results and Discussion

As a result of our calculations, we propose the catalytic cycle
given in Scheme 1 for the allylnickel(11) halide catalyzed 1,4-
polymerization of butadiene. Dimeric and monomeric bute-
nyl(halide)(butadiene)nickel(i) complexes [RC;H,Ni(C,Hq)X]
are supposed to be the catalytically active species. Although
they were examined, dimeric insertion transition states are
not included for sake of clarity. The thermochemical profile of
the entire catalytic cycle is shown in Scheme 1 where the
labeling of each species is also given (for the labeling
conventions adopted see the Computational Model and
Method Section). In Scheme 1, enthalpies for the most stable
isomers of each species are given for I, II, IIl, separated by
slashes, with the most stable dimeric bis(butenylnickel
halide)(butadiene) complex; namely, 2ss-3SP, chosen as
reference. The intrinsic energy to extend the polymer chain
by an additional C, unit in subsequent propagation cycles (see
the Computational Model and Method Section) is excluded
from the energetic profile.

We shall first give an general overview, followed by a
discussion of the catalytic cycle step-by-step.

Commencing with the catalyst starting material
[Ni(C;H;)X],, dimeric butenylnickel(tr) halides C,X,, that is
[Ni(RC;H,)X], (2), are formed after a short initialization
period.”] Subsequently, with butadiene dimeric bis(butenyl-
nickel halide)(butadiene) complexes C,X,(M) are formed
(cf. Equation (1)) which differ with regard to the mode of
butadiene coordination, namely, monodentate (or #?) 2-3, and
bidentate (or #*) 2-4. After uptake of a second butadiene and
subsequent dissociation, monomeric butenyl(halide)(buta-
diene)Ni™ complexes are formed (cf. reactions in Equa-
tions (2) and (3)), in which the coordination of butadiene is
either monodentate (3) or bidentate (4). A rapid dissociative
equilibrium can be reasonably supposed between the differ-
ent 7t complexes (in accordance with the common experience
in Ni'' coordination chemistry, with Ni" in a spin-paired d®
configuration).! cis-Butadiene insertion can take place in
dimeric or monomeric complexes through transition states 2-5
(not included in Scheme 1) or 5, respectively, which leads to
anti-butenyl kinetic insertion products in every case. After
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insertion takes place successfully in monomeric complexes,
the polymer chain is elongated by a new C, unit that contains
one new cis (6a-cis) or trans (6a-trans) double bond, depend-
ing on whether the insertion proceeds by k. or k,, respec-
tively. The chain propagation continues by replacing the
growing chain with uptake of a new butadiene. This results in
monomeric 5t complexes, which may undergo dimerization
with the remaining monomeric butadiene complex not
involved in the insertion process, thus completing the catalytic
cycle. On account of anti insertion, the anti —syn isomerization
is a prerequisite step in the polymerization cycle in order to
open the route that generates the 1,4-trans polymer by k.
Isomerization can occur in the starting material (indicated by
K, but not examined in this study) and under polymer-
ization conditions (indicated by K,,?), either in dimeric (2-7)
or in monomeric (7) butadiene complexes.

Bis(rt-butenylnickel halide) complexes: The optimized geo-
metries of 2 are given in Figure 2 together with relevant
structural data. They are calculated to be minima with a
square-planar structure that adopt C, symmetry for identical
butenyl configurations (i.e. 2ss, 2aa) and C; symmetry for 2sa.
X-ray structures of analogous complexes show that the Ni—
halide bond lengths are in the range of 2.24—2.25 A for bis(u*
chloro)(1,2,3-5'-{(trimethylsilyl)oxy-2-butenyl)nickel(ir)} 2]
and of 2.33-238A for bis(u>bromo)(2-carboxymethyl)-
(mt-allyl)nickel(11).?®! The calculated geometries compare well
with the experimental results (see Figure 2 and the Supporting
Information).

The syn-butenyl forms are calculated to be thermodynami-
cally more stable than their anti counterparts. The energetic
gap between the isomers is very similar for I, II, and IIIL. 2ss is
the most stable isomer, while 2sa and 2aa are separated from
it by approximately 1.4 and 2.8 kcalmol~! (AH), respectively.
The application of Maxwell - Boltzmann statistics (298 K)
yields a ratio of 1:11 for 2sa and 1:110 for 2aa, with 2ss in
favor. This indicates that the anti—syn equilibrium in the
starting material and in 2 lies in the direction of 2ss in the
absence of butadiene. This agrees with experimental results
which indicated that all s-crotylnickel(if) halides are exclu-
sively in the syn form.s 10l

Chain propagation

Formation of butadiene complexes: Monomer m-complex
formation is envisioned to proceed in a practically barrierless
fashion commencing with 2 by uptake of a single monomer
according to Equation (1). Four- and five-coordinate
complexes are expected to be formed in which butadiene
preferentially resides in the square-planar (xy) coordination
plane. Therefore, depending on the mode of butadiene
coordination, at least one halide ligand is displaced out of
this plane during the process of butadiene uptake.

For butadiene coordination to occur in a monodentate
fashion in dimeric complexes, either both halide bridges
are retained or one of them is broken. This gives a formal
18-electron five-coordinate square-pyramidal fragment
that contains the butadiene in the former case, 2-3, and a
formal 16-electron four-coordinate square-planar fragment in
the latter (not shown in Scheme 1). The five-coordinate
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2ss " ) 2sa
0.0/0.0/0.0 1.5/1.4/1.2

2aa
3.1/29/24

Figure 2. Selected geometric parameters of the optimized structures [A] of 2 (for I as an example) together with
relative enthalpies (AH in kcalmol ') for I/II/IIL

There are some similarities
between dimeric and monomer-
ic T complexes: the syn-butenyl
forms are always thermody-
namically more stable than
their anti counterparts. The an-
ti—syn gap is of the same order
of magnitude for different =
complexes and is essentially
unaffected by the different hal-
ide. Changing the mutual ori-
entation of the reacting butenyl
and butadiene moieties has a
minor effect on the stability of
7?-com-
plexes, 2-3 and 3; however, its
influence is much more pro-
nounced for n*-complexes, 2-4
and 4. For bidentate coordina-
tion, the SS orientation is found
to give the most stable com-
plexes.

In general, cis-butadiene pre-
fers to coordinate in a mono-

complexes are calculated to be distinctly more stable than dentate fashion in dimeric and monomeric complexes. In the
the four-coordinate complexes.?!! For butadiene to coordi- case of dimeric complexes, a large energetic gap is calculated
nate in a bidentate fashion, one halide bridge must be between monodentate, 2-3, and bidentate, 2-4, T complexes, in
cleaved to give a five-coordinate square-pyramidal frag- favor of the #? species. The gap (AH) decreases from 7.0 (I) to

ment that contains the butadiene,
2-4.

The monomeric butadiene
complexes show very similar
bonding situations to those of
the corresponding dimeric com-
plexes in which one Ni-halide
bridge is cleaved. The sole differ-
ence concerns the anionic ligand
in [RGH,Ni(C;Hg)X], where
X~ =CI", Br, I for the mono-
meric complexes and X =
[RC;H,NIY,]™, Y =CI, Br, I"
for the dimeric complexes.

Several isomers of monoden-
tate- and bidentate-coordinated
dimeric and monomeric m com-
plexes were optimized. The most
stable dimeric and monomeric
syn-butenyl species are displayed
in Figure 3, and the complete
energetics (AE) are given in the
Supporting  Information (Ta-
ble 1). Since we are interested in
thermodynamic aspects in this
section, we shall focus the discus-
sion on the most stable anti- and
syn-butenyl isomers of the differ-
ent m complexes, for which the
enthalpies are summarized in Ta- 3s-SS

4s-SS

ble 1. Figure 3. Most stable dimeric and monomeric butadiene m complexes (for I as an example).
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Table 1. Formation of butadiene 7 complexes [AH in kcalmol~'] and
calculated thermodynamic stability [AH in kcalmol~'] of the most stable
species of different kinds of dimeric [Ni(C,H;)(CHX] (X =
[NiC,H,NiY,], Y-=CI- (I), Br~ (), I~ (III)) and monomeric
[Ni(C,H,)(C,Hg)X] (X-=Cl- (I), Br~ (II), I~ (III)) butadiene m com-
plexes.[a-d]

4[b]

dimeric-> dimeric-y* monomeric-7*"’ monomeric-
n n n Ui

anti-butenyl 2as-3SP  2as-4SS 3a-SS 4a-SS
3.7/3.3/28 10.1/9.2/7.4 7.1/5.5/3.9 9.3/7.0/4.7
syn-butenyl 2ss-3SP 2ss-4SS 3s-SS 4s-SS

0.0/0.0/0.0 7.0/6.0/4.7  4.6/3.3/2.1 6.7/4.4/1.9

[a] Numbers are given for I/IVII, with labeling of the species as in
Scheme 1. [b] Formation of monomeric complexes according to Equa-
tion (5): 2ss-3SS + BD — 3s-SS (+ 3s-SS). [c] 25s-3SP was chosen as the
reference point. [d] 2ss + butadiene — 2ss-3SP is —3.3/ — 2.5/ —2.1.

6.0 (IT) to 4.7 kcalmol~! (III). Thus, our calculations suggests a
decreasing stability of the doubly bridged complexes in the
order Cl > Br > I. For monomeric complexes, the difference of
the thermodynamic driving force to form #* and #*-com-
plexes, (3 and 4, respectively), is less pronounced.

The general order of stability calculated for dimeric m
complexes is 2ss-3/4>2sa-3/4>2as-3/4 >2aa-3/4 (cf.
Scheme 1). The syn-butenyl isomers, 2ss-3/4 and 2sa-3/4, are
well separated from the anti-butenyl isomers, 2 as-3/4 and 2 aa-
3/4. The configuration of the fragment’s butenyl group, where
butadiene does not reside, has a lesser influence on the complex
7 stability with syn in favor. Thus, the most stable dimeric #?/5*
syn- and anti-butenyl butadiene complexes capable of achiev-
ing chain propagation are 2ss-3/4 and 2as-3/4, respectively.

The dimeric-7? species 2-3, with 2ss-3 SP as the most stable
isomer, are found to be the most stable & complexes occurring
under polymerization conditions. 2ss-3SP is formed in an
exothermic process from 2ss [cf. Eq. (1)] with a reaction
enthalpy of ~2-3 kcalmol~!, which is very similar for all
three catalysts. A second butadiene is very weakly coordi-
nated to 2ss-3SP in an endothermic process that requires
~1 kcalmol~! (AH for I, II, III according to Equation (2)).
Thus, we think it unlikely that intermediate bis(butenylnick-
el halide butadiene) species C,X,(M), are involved in the
polymerization reaction to go along the minimum energy
pathway under normal conditions. Therefore, only dimeric
monomer complexes of the general formula C,X,(M) (2-3, 2-
4, 2-5, 2-6) will be considered throughout this paper. The
dissociative equilibrium between dimeric and monomeric
butadiene  complexes is analyzed according to the overall
reaction given in Equation (5).

CXo(M) + M=2CX(M) 5

From the enthalpies given in Table 1, we conclude that the
dissociative equilibrium between different m complexes is
largely in direction of the dimeric-5? complexes 2-3. They
constitute a thermodynamic sink. For butadiene insertion to
occur, bidentate ; complexes must be formed (i.e. either 2ss/
as-4 or 4s/a), since they represent the precursors of the
insertion transition states (see next paragraph). The energetic
gap, relative to 2ss-3SP, decreases in the order Cl > Br > I. For
the n*-butadiene m complexes, the calculations indicate that
both dimeric and monomeric species exist in similar propor-
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tions for I, whereas for II and III the monomeric species is
more highly populated.

If it is assumed that the chain-propagation step takes place
via the monomeric species, the gap (AH) between 2ss-3SP
and 4s-SS is calculated to be 6.7 (I), 4.4 (IT) and 1.9 kcalmol~!
(Im). Application of the Maxwell-Boltzmann statistics
(298 K) to the enthalpy differences (AAH) (4.8 (I) and
2.5 kcalmol~! (IT) higher than for III) yields a ratio of ~1:3300
for chloride and ~1:70 for bromide, with 1 assumed for iodine
4s-SS. The calculations clearly show that the thermodynamic
population of the catalytically active complexes, which overall
is small for the three catalysts, is highest for iodide and
decreases in the order I > Br>> Cl (of ~1 order for bromide
and of ~3orders for chloride, relative to iodide). The
moderate activity of III as well as the diminishing activity
according to Il > II > 1, verified by experiment, is confirmed
by our calculations, provided that insertion is facile and
accompanied by barriers which are very similar for all three
catalysts.

cis-Butadiene insertion: The chain-propagation step, that is,
cis-butadiene insertion into the m-allylic Ni—butenyl bond,
which occurs in dimeric or monomeric complexes, exhibits a
very similar characteristic. The insertion proceeds through
two different transition-state configurations, which are dis-
tinguished by the cis-butadiene orientation. It gives rise to
square-pyramidal supine-butadiene and trigonal-bipyramidal
prone-butadiene transition states.?? With regard to the
butadiene moiety’s distortion the former (i.e. the SS and PS
isomers of 2-5 and 5) are quite late and appear product-like,
whereas the latter (i.e. the SP and PP isomers of 2-5 and 5) are
quite early and can be characterized as educt-like. In the
transition states of the C!(butenyl)-C!(butadiene) bond
formation that occurs at distances of ~2.00-2.30 A, both
reacting parts essentially remain in s coordination (cf. Fig-
ure 4). Optimizations going downhill from slightly relaxed
transition state structures show that the #*-butadiene =
complexes are the direct precursors of the insertion transition
states. The thermodynamically more stable syn forms are also
more reactive than the corresponding anti counterparts. The
insertion via square-pyramidal supine-butadiene transition
states is disabled by rather large barriers. The chain-prop-
agation step preferably proceeds through trigonal-bipyrami-
dal prone-butadiene transition states.

For insertion to occur along the minimum energy pathway,
the butadiene moiety must change its orientation from supine
to prone. The energy required for this conversion is almost
identical for all three catalysts: it amounts to approximately
6.2 kcalmol~! and 5.7 kcalmol~! for 4s and 4a, respectively,
(AE, cf. Table 2 in the Supporting Information) provided that
the barrier associated with this process is low. Figure 4 shows
the geometries of the optimized prone-butadiene isomers of
2-5 and 5 together with the relevant structural data. The
energetics of the insertion process (AH* and AG¥) are
summarized in Table 2; however, we will focus the discussion
on the Gibbs free energies.

The intrinsic free-activation energy,?® across the most
stable of the two energetically close-lying prone-butadiene
transition states (SP and PP isomers), is nearly identical for
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Table 2. Calculated activation barriers!®®l (enthalpies AH and Gibbs
free energies AG* in kcal mol~!) for the cis-butadiene insertion into the
dimeric [Ni(C,H,)(CHg)X] (X~ =[NiC,H;NiY,]", Y-=CI- (I), Br-
(II), I~ (III)) and monomeric [Ni(C,H,)(C,Hs)X](X-=Cl- (I), Br-
(II), I~ (I)) complexes. The alternative k,. pathway is added for
comparison.

Intrinsic barrier?® Absolute barrier?3]

dimeric species
1,4-cis cycle (k'y.) 2as-4SS — 2as-5SP/PP  2ss-3SP — 2 as-5SP/PP

17.2/17.3/16.6 27.3/26.524.0
18.4/18.4/17.7 30.4/128.7126.2
1,4-trans cycle (k';;) 2ss-4SS — 2ss-5SP/PP  2ss-3SP — 2ss-5SP/PP
15.9/16.1/15.6 22.9/22.1/19.7
16.6/16.5/15.9 25.6/23.9/21.6
monomeric species
1,4-cis cycle (ky.) 4a-SS — 5a-SP/PP 2ss-3SP — 5a-SP/PP
17.7/17.6/16.9 27.0/24.6/21.6
19.4/19.0/18.1 29.7126.7/123.4
1,4-trans cycle (k) 4s-SS — 5s-SP/PP 2ss-3SP — 5s-SP/PP
15.9/16.0/15.6 22.6/20.4/17.5
17.1/116.8/16.3 25.2/22.2/119.1

2ss-3SP — 5'a-SP
27.1/26.9/25.0

1,4-cis cycle (k)

[a] Numbers are given for I/IIIII, with labeling of the species as in
Schemes 1 and 2, respectively. [b] Numbers in italics are the Gibbs free-
activation energies AG*.

insertion to occur in monomeric or in dimeric complexes.
We note that the intrinsic free-energy insertion barrier is
apparently in the same order of magnitude for all three
catalysts. It is calculated to be ~16.5 kcalmol~! (AG*) for
syn-butenyl forms and ~18.5 kcalmol~' (AG*) for the anti
forms; this indicates a higher intrinsic reactivity of the syn
species. Therefore, we think it unlikely that kinetic reasons
are decisive in the decrease of the catalyst’s activity (i.e.
I>Br>»>Cl) observed by experiment. In contrast, the
calculations clearly show that the different activity of the
three catalysts is mainly thermodynamically determined by
the concentration of the catalytically active ;T complexes.

Though for very similar free-activation energies for
insertion to take place in monomeric and in dimeric
complexes, the dissociative equilibrium between the
complexes must be taken into account (compare absolute
barriers in Table 2) in order to settle the question as to
where the insertion is likely to proceed. In accordance with
experimental results, we find for iodide and bromide that
chain propagation is likely to occur via monomeric
complexes. The calculations suggest for chloride a similar
probability for insertion to take place in dimeric and
monomeric complexes. Therefore, our calculations seem to
contradict those observed for I with the half-order depen-
dence of the polymerization rate on the catalyst concen-
tration.% 12l Ag it will be discussed in below, we think it
unlikely for chloride that butenyl(halide)(butadiene)Ni®
complexes are the catalytically active species. In contrast,

Figure 4. Selected geometric parameters of the optimized structures
[A] of transition states for cis-butadiene insertion to occur along the
minimum energy pathway for the cis-1,4 (k',, k,.) and the trans-1,4 (k'y,,
k) generating cycle in dimeric and monomeric butadiene complexes
(for I as an example).
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for chloride we would suggest that chain propagation takes
place via highly reactive cationic polybutadienyl(butadiene)-
Ni! complexes. They are formed by an unsymmetrical bond
rupture of the dimeric butadiene m complexes, thus giving
ionic products according to Equation (6).

CX,(M),=C(M)"+CX,"+M (6)

Propagation along this alternative reaction pathway, which
should also be passed through with a certain probability for
bromide, is consistent with the observed half-order depen-
dence of the overall polymerization rate on the catalyst
concentration.s 1abl

Passage via §s and 5a following the k;, and k,. channels
leads to the kinetic insertion products 6a-trans and 6a-cis,
respectively, with an anti-butenyl chain elongated by a new
trans (k) or cis (k,,) double bond. The thermodynamic
driving force (AH) of butadiene insertion relative to 4s-SS
and 4a-SS is very similar for all three catalysts. It is
approximately 9.7 kcalmol~! and 12.0 kcalmol~! along the
trans-1,4 and the cis-1,4 generating cycle (please note that the
intrinsic energy to extent the polymer chain by an additional
C, unit in subsequent propagation cycles (see Computational
Model and Methods) is excluded in Scheme 1). Together with
the monomeric & species, which
is not involved in the insertion
process, 6a-trans and 6a-cis di-
merize back to 2sa-3SP as the
most stable species after anti
insertion, with either a new
trans or cis C, unit of the
polymer chain.

Our calculations show the
dimeric #n?*-butadiene m-com-
plex 2ss-3SP to be the most

stable species under poly-
merization  conditions  (cf.
Scheme 1), which therefore

must be regarded as the resting
state of the catalyst.

anti—syn Isomerization: The
isomerization of the m-butenyl
group in cationic and neutral
Ni complexes most likely takes
place by means of a n’-t — n'-
0-C? butenyl group conversion,
followed by internal rotation of
the vinyl group around the
C*>—C3 single bond.?" The occu-
pation of the single vacant co-
ordination site occurring in this
process, thus keeping the coor-
dination number of the nickel
center as five, is a prerequisite
of a facile isomerization proc-
ess. It is reasonable to assume 2-7s
that isomerization occurs when
starting from butadiene 5t com-

Chem. Eur. J. 2001, 7, No. 17
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plexes. The isomerization step preferably proceeds via
trigonal-bipyramidal transition states, regardless of whether
they are dimeric or monomeric species.?!

Several isomers of dimeric and monomeric 0-C3-butenyl
complexes were located and the most stable are displayed in
Figure 5. They represent the rotational transition structures
for the conversion of anti-butenyl forms (arising from the
kinetic insertion products) into syn-butenyl forms that were
passed through along the minimum energy pathway in
dimeric, 2-7, or in monomeric, 7, complexes (for the sequence
of complexes involved in isomerization, see Table 3). The
dimeric species 2-7a and 2-7s differ in the anti and syn
structure of the fragment’s butenyl group which is not
involved in the isomerization process. 2-7 and 7 are confirmed
to have only one imaginary frequency. The corresponding
normal mode represents a rotational displacement around the
C>—C? single bond. In the trigonal-bipyramidal transition
states, the 0-C3-butenyl group occupies an axial position. For
monomeric species, we have assumed the coordination of the
growing polymer chain in order to make the nickel center
coordinatively saturated.?*"! Qur calculations give no indi-
cation for a participation of the polymer chain for isomer-
ization to occur in dimeric complexes. In contrast to 7, the
dimeric o-butenyl species 2-7 are stabilized by a change in

Vimag = 151i cm™!

2-7a

Vimag = 105i cm™

7

Figure 5. Selected geometric parameters of the optimized structures [A] of transition states for anti—syn
isomerization to occur in dimeric and monomeric butadiene complexes (for I as an example).
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Table 3. Calculated activation barriers®®! (enthalpies AH* and Gibbs free
energies AG* in kcalmol™) for anti—syn isomerization to occur in dimeric
[Ni(C,H;)(C,H)X] (X~ =[NiC,H;NiY,]~, Y =CI~ (I), Br~ (II), I (II)) and

monomeric [Ni(C,H,)(C,Hy)X] (X~ =Cl~ (I), Br~ (II), I~ (III)) complexes.

Intrinsic barrier!?*! Absolute barrier!23

dimeric species
17.5/17.4/17.4 21.1/20.8/20.1
18.2/18.1/118.5 22.3/122.0121.5
2as-3SP — 2-7s —2ss-3SP  2sa-3SP — 2as-3SP —
2-7s — 2ss-3SP

17.6/17.6/17.5 19.4/19.2/18.9
18.3/18.5/18.7 20.6/120.5/120.7
monomeric species 3a-SP — 7 — 3s-SS 25a-3SP — 7 — 3s-SS
20.4/20.6/21.1 25.6/24.4/23.6
22.3/122.3/122.8 26.9/25.8/25.1

2aa-3SP — 2-7a— 2sa-3SP 2sa-3SP — 2-7a — 2aa-3SP

[a] Numbers are given for I/I/III, with labeling of the species as in Scheme 1.

[b] Numbers in italics are the Gibbs free-activation energies AG*.

butadiene’s mode from #? to almost #*, while both nickel -
halide bridges are retained (cf. Figure 5).

The conversion between dimeric 7 complexes 2sa-3/4 and
2as-3/4 (cf. Scheme 1) most likely takes place by dissociative
displacement of butadiene from one fragment and subsequent
reassociation with the other fragment. This process is
expected to take place without a significant kinetic barrier.
Therefore, the population of anti and syn complexes is
kinetically determined by the isomerization barriers via 2-7
and 7.

The energetics of the isomerization process (AH* and AG*)
are summarized in Table 3. The intrinsic free-energy bar-
rier!?l is nearly identical for all three catalysts, similar to the
situation found for chain propagation. It is calculated to be
approximately 18.3 (almost identical via 2-7a and 2-7s) and
22.5 kcalmol~! (AG*) for isomerization to occur in dimeric
and monomeric complexes, respectively. When taking the
dissociative equilibrium between different kinds of butadiene
complexes into account, the gap between 2-7s and 7 increases
to more than 4.5 kcalmol™' (AGY), in favor of the dimeric
species. Therefore, the calculations predict that anti—syn
isomerization most likely takes place in dimeric complexes
through 2-7s as the preferred route.

Comparison of free-activation energies for cis-butadiene
insertion and for anti-syn isomerization: The absolute free-
energy activation barrierl for competitive insertion path-
ways and for isomerization are compared to find out which of
both crucial processes must be regarded as rate-determining.

For polymerization to occur along the minimum energy
pathway, the free-energy insertion barrier is calculated to be
25.2/29.7 (I), 22.2/26.7 (II), and 19.1/23.4 kcalmol~" (III) (cf.
Table 2) according to ky/k,,, and the free-activation energy
for isomerization is 20.6 (I), 20.5 (II), and 20.7 kcal mol~! (III)
(cf. Table 3). Thus, the calculations suggest the isomerization
to be more facile than insertion for chloride and bromide. For
iodide, our calculations seem to disagree with experimental
findings which concluded that isomerization is much more
rapid than insertion. However it must be emphasized that a
correlation between calculated barriers and relative rates is
not strictly possible because of the different rate laws of both
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processes. Since the difference in the free-activation barrier
for insertion and isomerization is predicted to be only
1.6 kcalmol~!, we think the calculations are not in conflict
with experiment, so that isomerization is more rapid than
insertion for ITI. We conclude that, for all three catalysts, cis-
butadiene insertion is rate-determining, because the free-
activation energy for isomerization for I and II is distinctly
below that of monomer insertion.

Since k> k., k, is valid, on account of the Curtin—
Hammett principle,! the stereoselectivity is solely controlled
by the difference in free energies of the transition-state
species that were passed through along the minimum pathway
of both competing cis-1,4 (following the k,. pathway) and
trans-1,4 (following the k;, pathway) generating cycles (com-
pare absolute barriers in Table 2). The calculations clearly
show that the trams-1,4 generating cycle is most probably
passed through for all three catalysts, because of a higher syn
reactivity, but with an activity that decreases in the order III >
II>>1. The anti-insertion transition states (5a-SP/PP) are
energetically well-separated from the syn forms (5s-SP/PP) by
~4.5 kcalmol~! (AAG%), in favor of the syn forms, for all
three catalysts. Therefore, we consider the generation of a cis-
1,4 polymer following the k. pathway as highly unlikely in all
cases, since the anti forms should be distinctly less reactive.
The kinetically determined polymer of predominantly trans-
1,4 structure should not possess any stereoregularity within
the methylene groups on account of to a very similar reactivity
of SP and PP transition state isomers (see the Supporting
Information).

Our calculations show some characteristics common for all
three catalysts, which are important for the elucidation of the
mechanism of stereoregulation. First, butadiene insertion into
the m-butenylnickel(ir) bond is very likely to proceed com-
mencing from s-cis butadiene (st-allyl insertion mechanism,
anti insertion). Second, the syn forms are distinctly more
reactive than the anti forms. Third, isomerization is much
more rapid than butadiene insertion, thus the insertion is rate-
determining.

The formation of a stereoregular trans-1,4 polymer by III
can be readily explained. The high cis-1,4 selectivity exper-
imentally verified for I, however, cannot be understood from
the insertion that occurred through the k; channel in
butenyl(halide)(butadiene)nickel(i) complexes. In our opin-
ion, the extremely low catalytic activity of I suggests an
essentially thermodynamic control of the activity and cis—
trans selectivity by making the k, channel accessible
(Scheme 2). The dissociation of dimeric butadiene complexes
2-3, 2-4 with participation of the monomer can take place in
two different ways. First, in a symmetrical fashion to give two
neutral monomeric butenyl(halide)(butadiene)nickel (i) com-
plexes 3 and 4 (cf. Equation (5)); thus opening the k; channel.
Second, the halide bridges can be broken unsymmetrically to
yield ionic species (cf. Equation (6)); namely, cationic poly-
butadienyl(butadiene) complexes 4’ by coordination of the
next double bond in the growing chain and the corresponding
counteranions X~ =[RC;H,NiY,]-, Y- =Cl-, Br~, I". The k,
channel would be opened by 4'a and 4's, which catalyze the
generation of cis-1,4 polymer units according to the k.
pathway.l*l
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Scheme 2. Two possible reactions channels for the 1.4-polymerization of butadiene mediated by neutral dimeric allylnickel(l]) halides either via
butenyl(halide)(butadiene)nickel(11) complexes 4a/4s (k,) or via polybutadienyl(butadiene)nickel(i1) complexes 4'a/4’s (k,) where X~ =[RC;H/\NiY,]", Y =

Cl,Br, I

The dissociative equilibrium between 2-4 and 4' (K5, K's in
Scheme 2) is largely dependent on the electronegativity of the
halide, which allows the coordinating polymer chain to
compete coordinatively with the anion ligand more or less.
Since the electronegativity of the halides and, therefore, the

acceptor strength of the Ni" center
decreases from chlorine to iodine,
the complex formation tendency of
4’ should be at its highest for I. For
all three catalysts, the k; channel is
calculated to be energetically pre-
ferred with respect to the k, chan-
nel. The energetic gap between
alternative pathways (AH* k, ver-
sus k,.), however, decreases in the
order III (7.5 kcalmol!) <1I
(6.5 kcalmol™!) <I (4.5 kcalmol™!)
(cf. Table 2, Figure 6).277 Although
the cis-1,4 cycle is still energetically
more expensive than the trans-1,4
cycle, the calculations suggest that
the k,. pathway is most feasible for I
and almost unlikely for IIL
Therefore, the production of a
stereoregular cis-1,4 polymer by the
chloride catalyst can be explained

Chem. Eur. J. 2001, 7, No. 17
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if, under thermodynamic control, the cis-1,4 cycle (k,. path-
way) is passed through. Although 4’ are only sparsely
populated, their higher reactivity (compared with that of 4)
may give rise to the extremely low catalytic activity observed
for L[4 113l The preestablished anti—syn equilibrium can be

2ss-5PP (R = C4H7)
trans-1,4 cycle via k'1¢

5'a-SP
cis-1,4 cycle via ky¢
Figure 6. Selected geometric parameters of the optimized structure [A] of the transition state for cis-

butadiene insertion to occur along the k. and k,. pathways for production of trans-1,4 and cis-1,4 polymer
units, respectively (for I as an example).
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regarded as being attained (via 2-7s) and the cis-1,4 selectivity
could arise from the higher reactivity of 4a relative to that of
4’s, which is amplified under the influence of a weakly
coordinating anion [RC;H,NiY,]~, with Y-=CI-, Br—,I-. The
k,. channel is disabled for III because of the negligible
population of catalytically active m complexes 4'. Thus, a
polymer with a predominantly trans-1,4 structure is generated
according to ki, for the moderately active iodide catalyst.
Butadiene insertion to occur with a similar probability via k;;
and k,. can be assumed to explain the statistical cis/trans
equibinary polymer given by the bromide catalyst.

Conclusion

We have studied the mechanism of stereoregulation of 1,4-
polymerization of butadiene with the neutral dimeric allyl-
nickel(t) halides [Ni(C;Hs)X], as the catalyst. We have
investigated monomer & complex formation, symmetrical
and asymmetrical splitting of dimeric & complexes, anti—syn
isomerization, and also competitive routes for chain propa-
gation occurring in dimeric and monomeric butenyl(halide)-
(butadiene)nickel(ir) complexes [RC;H,Ni(C,Hg)X].

From the present research, the following conclusions could
be drawn: in the starting material, in the absence of butadiene,
the syn configuration of the butenyl group is thermodynami-
cally more stable than the anti configuration for all three
catalysts, thus 2ss is predominant.

Commencing with the neutral dimeric allylnickel(11) halides,
the corresponding dimeric butenylnickel(i1) complexes 2 are
formed after a short initialization period.”! Subsequently,
dimeric and monomeric butadiene wt complexes, with either
monodentate or bidentate coordination of butadiene, are
formed with butadiene. All of them are in equilibrium. The
dissociative equilibrium between dimeric and monomeric
species involving butadiene is assumed to be very mobile and
can therefore be regarded as always being attained. The
conversion of anti- into syn-butenyl forms, however, is
accompanied by a significant kinetic barrier. The syn forms
are always thermodynamically more stable than the anti
counterparts under polymerization conditions. Butadiene
uptake preferentially takes place through monodentate
coordination in dimeric complexes.

The dimeric 7*-rt complexes, 2-3, are the most stable species
occurring under polymerization conditions and constitute a
thermodynamic sink. The stability of 2-3 decreases in the
order Cl>Br>1, with the most electrophilic chloro com-
plexes being the most stable. The calculations clearly show
that the thermodynamic population of the catalytically active
n*-butadiene complexes, which overall is small for the three
catalysts, is highest for iodide and decreases in the order I >
Br> Cl. Thus, the moderate activity of III as well as the
diminishing activity according to III >II>1, verified by
experiment, is confirmed by our calculations, provided that
insertion is facile and accompanied by barriers which are very
similar for all three catalysts.

Chain propagation occurs by cis-butadiene insertion into
the syn-butenylnickel(t) bond. The insertion proceeds in
monomeric complexes through trigonal-bipyramidal prone-
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butadiene transition states which always yield anti-butenyl
products under kinetic control. The thermodynamically more
stable syn forms are also more reactive than the correspond-
ing anti counterparts. The intrinsic free-energy insertion
barriers of approximately 16.5 and 18.5 kcalmol~! for syn
and anti forms, respectively, are very similar for all three
catalysts. Also, the thermodynamic driving force (AH) of the
propagation step is in the same order of magnitude for the
three catalysts. It is approximately 9.7 and 12.0 kcalmol~!
along the trans-1,4 and cis-1,4 production cycle.

Isomerization most likely takes place in dimeric complexes
through trigonal-bipyramidal o-C3-butenyl transition states,
with 2-7s energetically preferred, which constitute the inter-
nal rotation of the vinyl group around the C>—C? single bond.
The intrinsic free-energy activation barrier associated with
this process is ~18.5 kcalmol~!, which is almost identical for
all three catalysts.

The following steps are passed through along the energeti-
cally most favorable reaction pathway for generating trans-1,4
polymer units (cf. Figure 7): commencing with the most stable
cis-butadiene m complex 2ss-3, 2ss-4 is formed. After uptake
of an additional monomer and subsequent dissociation 3s
(+ 3s) and 4s (+ 3s) are formed. Complex 4s undergoes the
required conversions to pass over a moderate barrier to give
5s (following k) and decays into the kinetic anti product 6 a-
trans (see Scheme 1). With the 3s species, not involved in the
insertion process, 6 a-trans dimerizes back via 2as-3 to 2sa-3.
2sa-3 are formed as the most stable species after anti
insertion, as long as isomerization does not occur. Since
2sa-3 is readily converted into 2as-3, isomerization can take
place via 2-7s and the catalytic cycle is closed. For production
of a cis-1,4 polymer, the following sequence of species is
involved: 2as-3— 2as-4—3a (+ 3s)—4a (+3s)—5a (+
3s) — 6a-cis (+ 3s) —2as-3.

From the condensed free-energy profile for III (Figure 7), it
is evident that the cis-1,4 pathway following k. is disabled for
energetic reasons as long as the chain-propagation step is rate-
determining. Experiment determined a chain-propagation
barrier of AG*=21 kcalmol~! for the iodide catalyst.’™ In
good agreement with this experimental value, we calculated
the free-activation barrier along the k; pathway to be
19.1 kcal mol .

There are some common features for all three catalysts
which are important for elucidating the mechanism of stereo-
regulation. First, chain propagation occurs by cis-butadiene
insertion into the m-butenylnickel(tl) bond. Second, the syn
forms are distinctly more reactive than the anti forms. Third,
the chain-propagation step is rate-determining for the entire
polymerization process, and the preestablished anti—syn
equilibrium can always be regarded as attained. The isomer-
ization, therefore, is not decisive in the generation of a cis-1,4
or trans-1,4 polymer. The ratio of cis and trans units in the
polymer chain is determined by the difference in the absolute
reactivity of the syn- and anti-butenyl @ complexes.

Accordingly, under kinetic control, neutral dimeric allyl-
nickel(t) halides catalyze the formation of trans-1,4 polymer
units following the k;, pathway with a strongly decreasing
activity in the order III>II>I This agrees with the
experimental verification of the allylnickel iodide as a
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moderately active catalyst that yields almost exclusively a
stereoregular trans-1,4-polymer. Experiment determined no
stereoregularity within the methylene groups of the trans-1,4-
polymer.®l This is confirmed by our calculations.

The production of a stereoregular cis-1,4-polybutadiene
with allylnickel chloride can only be explained by making the
k,. channel accessible as a result of the formation of
polybutadienyl(butadiene) complexes which is accompanied
by coordination of the next double bond in the polymer chain
to the Ni'l center. A similar probability for butadiene insertion
to occur by routes k;, and k,. can be assumed to help
understand the formation of the statistical cis/trans equibinary
polymer afforded by the bromide catalyst.

The differences in the catalytic activity and the cis—trans
selectivity of the allylnickel(i1) halides are entirely thermody-
namically determined by the different ability to form reactive
butenyl(halide)(butadiene)nickel(i) complexes (4) or poly-
butadienyl(butadiene)nickel(i) = complexes (4'), depending
on the electronegativity of the halide.
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