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Summary

'H NMR study of the molecular dynamics of bis(n3-allylnickel trifluoroace-
tate) has revealed not only the important role of the metal—anion bond break-
ing in intra- and inter-molecular rearrangements but also the stability of the
n3-allyl coordination on the NMR time-scale. Implications for the mechanism
of butadiene polymerization are discussed, and an interpretation of the control
of the cis—trans isomer ratio is tentatively proposed.

Introduction

Recent studies on stereospecific 1,4-polymerization of butadiene initiated by
bis(n3-allylnickel(II) trifluoroacetate), (ANiTFA),, have indicated the selective
formation of the so-called equibinary 1,4-polybutadiene (i.e. containing equai
amounts of cis and ¢trans 1,4-isomers) [1]. Moreover, it has been shown that the
isomer distribution along the chain is determined to a large extent by the
experimental conditions [2]. Unfortunately, while the structural characteristics
of these polymers are well defined, the important questions of the cis—trans
isomerism control mechanism and of the actual structure of the catalyst remain
to be settled. We describe below the results of a detailed study of the catalytic
system by 'H NMR spectroscopy, which allows observation of exchange reac-
tions too fast to be followed by conventional kinetic methods.

* Part I, see ref. 24,
** T> whom correspondance should be addressed.
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Results

A. Molecular dynamics of bis(q3-allylnickel trifluoroacetate) in chlorobenzene
solution

(1) At room temperature, as expected from similar studies on analogous
n3-allyl-transition metal complexes, the 'H NMR spectrum of (ANiTFA), in
chorobenzene appears as a AA'MM'X pattern characterized by two large cou-
pling constants: 3J,x = 3Jarx = 7.0 Hz and 3Jyx = *Ju'x = 13.0 Hz, Neverthe-
less, these values are lower than those expected for an n*-allylic coordination
(3J(H--H,_.,-s) = 910 Hz and 3J(H~H,qns} = 17 Hz), owing to a bond- order
decrease induced by the n°-coordination. The other coupling constants being
very smalt (0.5 Hz), the spectrum displays an apparent A,M,X pattern, with
8x 5.37 ppm, 8 5 2.69 ppm and &y 1.96 ppm (from TMS).

Like the syn-protons, the anti-nuclei are isochronous. This symmefry of the
aliyl group results from a mirror plane, orthogonal with it. Such a symmetry
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Fig. 1. 100 MHz spectra of b:s(n3-allylmckel tnﬂnoroanetate) (methylemc paxt) in ch!orohenzene solu-
tion, as a functicn of temperature: (a) —75° C; (b) —25°C: (c) —35° C: (d) 0°C.
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operation is also compatible with the proton noise-decoupled '*C spectrum in
benzene-d, i.e. a resonance at 112.5 ppm for the central carbon atom C(2) and
another one for beth the terminal carbon atoms C(1) and C(3) at 52.1 ppm
(from TMS). The sp?-hybridization of the allylic carbon nuclei is supported by
the coupling constant values: J(C(2)—H) 158 Hz, J(C(1, 3)—H) 160 Hz and
2J(H,yn—Hyne:) < 0.5 Hz.

(2) When the temperature is lowered, the 'H NMR spectrum is strongly
modified: two overlapping AA'MM'X patterns are observed at —45°C and three
spin systems are detected at —70°C (Fig. 1). Without sophisticated computer
studies, a quantitative analysis is impossible, mainly due fo the partial superpo-
sition of these coupled systems, whose populations are, moreover, temperature
dependent. Consequently, the measurement of the coalescence temperatures
(T.) are very difficult, the more so as the signals undergo a weak temperature
shift [ 3]1. However, the T, values for the anti-protcns were estimated as being
at —40 and —55°C for the two and three spins systems, respectively. It must be
stressed that warming the mixture above room temperature has never led to ob-
servation of coalescence of syn- and anfi-resonances (AX, pattern) (resulting
from the well-known 1 > ! - n3-allyl rearrangement [4]) before decomposi-
tion of the complex, in contrast to the behaviour of the corresponding Zr com-
plexes [5].

These observations are consistent with the existence of two kinds of binu-
clear sandwich complexes in equilibrium (Fig. 2) very similar to those observed
in the case of palladium [6—10]: (a) an asymmetric species (A) having a plane
of symmetry bissecting the Ni—Ni axis and orthogonal with the allyl ligands;
and (b) a symmetric species (8) having yet another plane of symmetry, perpen-
dicular to the Ni—Ni axis and bissecting the sandwich (the corresponding head-
to-head isomer is obviously sterically forbidden [71).

Fig. 2. Diastomeric species of bis(n3-allyinickel trifluoroacetate).
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Fig. 2. Interchange of enantiotopic allyl ligands without rupture of the trihgpto-coordination.

Both n3-allyl— or trifluoroacetate—metal bond cleavages could generate the
observed dynamic exchanges. However, the n?-allylic structure is too stable to
allow fast rearrangements (no AX, pattern), especially at low temperature, and
so only metal-anion exchanges can explain the temperature-dependent behav-
iour of (ANITFA),.

We now reconsider all the exchanges detected on our NMR spectra.

(a) when the temperature is raised from —80 to —55°C, the first collapse ob-
served involves one of the enantiotopic asymmetric isomers signals (A; = A,
exchange on Fig. 3). In fact, this first exchange has been observed only with
chlorobenzena solutions; in all the other solvents used it is still too fast even at
—80°C [8]. Thus a solvent-assisted dissociative process must be considered: a
mechanism involving dissociation via only one nicke! —oxygen bond cleavage
fits this requirement well. The (Ni—O—C—O), ring opening in complex A,, fol-
lowed first by a rotation of one moiety with respect to the other one and then
by formation of a new nickel—oxygen bond to close the bis-u structure again,
yields the other asymmetric species A,. Accordingly, the complex always
remains in a dimeric form. We do think that the inversion of the boat confor-
mation of the (Ni—OCO), ring, as previously proposad in analogous studies
[8,9], would not be so sensitive to the nature of the solvent as the mechanism
presented above.

(b) The second rate process appearing as the temperature is mcreased
involves exchange of the symmetric (S) and asymmetric (A) diastereomers:
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A, »= S (see Fig. 2). Such an interchange needs two Ni—O cleavages, either by
means of an (ANITFA), = 2 (ANiTFA) disscciative process or by intermolec-
ular rearrangment (an intramolecular process being impossible without a coor-
dination sphere rearrangement); both these mechanisms would be very sensi-
tive to the nature of the solvent [ 3] because they involve solvent-assisted dis-
sociations.

The A,, »= S exchange most probably does involve a associative interaction
of two binuclear entities (ANiTFA), (possibly through the coordination: vacan-
cies temporarily liberated in equilibrium A, = A,). Unfortunately, the bimolec-
ular character of this exchange could not be fully confirmed experimentally
owing to the limited complex solubility (ca. 3 X 10~! M) and the difficulties in
determining precisely the coalescence temperatures.

In principle, a completely dissociative mechanism via 2-bridges cleavage
could be invoked also. This seems highly unlikely for various reasons: viz., it
would imply an equally easy exchange of the three types of allyl groups with
consequent very close coalescence temperatures, would give rise to very
unlikely monomeric species (in terms of structure and statistical energy), and
would conflict with some of the characteristics of the catalytic butadiene poly-
merization.

Whatever the detailed mechanism, the most important result of the above
analysis is the evidence for the stability of the n3-allylic coordination, implying
that the equivalence process occurring on the NMR time-scale are due to intra-
or inter-molecular Ni—O bond cieavages to the exclusion of any n!-allylic path-
way.

B. Molecular dynamics of bis(n3-allyinickel trifluoroacetate) in butadiene
solution

Similar experiments were carried out in liquid butadiene-d¢ as solvent. Under
these conditions, an equilibrium between symmetric and asymmetric binuclear
species is also observed, which must again be ascribed to the ready dissociation
of the Ni—O bond. Consequently, the decrease of T, (syn-protons) from —45°C
in chlorobenzene to —65°C in butadiene (the line separation being virtually
identical: 7 Hz) may be considered as an indirect proof for the highly probable
interaction between butadiene and the nickel atom *. Indeed, competition
between butadiene and the trifluoroacetate anion for the same cq&rdin’ation
site must increase the probability of cleaving Ni—O bonds, and consequently
the rate of exchange between symmetric and asymmetric species. In such a sol-
vent, the two types of allyl groups in the asymmetric binuclear complex cannot
be observed even at temperatures as low as —80°C (close to the freezing point).

It should be emphasized that even at —40°C, butadiene monomer molecules
are inserted between the allyi ligand and the nickel atom. In non-deuterated
butadiene as solvent the increasing intensity of the polybutadiene methylene
proton signal (6 2.07 ppm from TMS) and the decreasing intensity of the ini-

* Butadiene—nickel coordination complexes have not been identified experimentally in the NMR
spectra. Populations and relaxation times of free and bounded butadiene molecules being very dif-
" ferent, the weighted average value of the shift under fast exchange conditions is very close to the
shift of the free butadiene molecule.



Ha
| SdMs c3H5-(CH2-cH=¢H=CH2,‘$H2_fﬁ_x?‘b
/Ns\ H:’( N
y TFA 5 \TFA

Fig. 4. Formation of growing chains (n3-polybutadienylnickel triffuorozcetate).

tial allyl group proton resonances indicate the progressive conversion of the
n>-allylnickel into n3-polybutadienylnickel complexes (Fig. 4).

We note that the usually good resolution of the spectra is decreased during
the polymerization process and restored when it is stopped by cooling [11].
This observation is probably to be associated to an exchange between diamag-
netic (C,) and paramagnetic species {e.g. C3B with one Ni atom in a tetrahedral
geometry). Due to the short lifetime and the low concentration of paramag-
netic species, only a linewidth increase (and not shift change) is observed. On
the other hand, a decrease of this linewidth upon lowering the temperature
must be connected with a fall in the probability of forming the paramagnetic
species.

Finally, even under these favorable experimental conditions, no i 3-allylic
anti—syn isomerization is observed. Moreover, as prevmusly reported [111],
only syn-n>-polybutadienyl complexes are observed, as demonstrated by the
value of the 3J,_q (13 Hz), although both cis and/or trans olefins can be formed
under these conditions; this is in apparent contradiction with the mechanisms
proposed by Otsuka [12] and by Dolgoplosk [18—15].

Discussion

(a) Importance of p-ligands exchange

This cleavage of nickel—yu ligand bonds, as detected by the NMR time-depen-
dent studies reported hereabove, is undoubtedly of significance for the overall
mechanism of butadiene 1,4-polymerization, and especially to its statistics of
propagatlon ‘As demonstrated previously, the nazure of the y-ligand does
closely cotitrol the rate of the polymerization [15], which is greatly enhanced
(more than 10° times) by increasing the electron-withdrawing character of the
counter-anion.

It is known that bidentate pu-carboxylates are more easily monocoordinated
to the nickel atoms as their basicity decreases (e.g. from acetate and chloroace-
tates to trifluoroacetate [171). The resulting vacant coordination positions can
then be occupied by other ligands, such as reactive butadiene molecules (see
Fig. 3). The greater reactivity of (ANiTFA), could be related to this fact, but
also and, perhaps more importantly, be due to the fact that electron-with-
drawing effect leads to easier conversion of the n-allyl into n'-allyl groups.

The solvent effect [2] which determines the resulting polydiene microstruc-
ture can also be correlated with the solvation of the carboxyl groups, which
create a solvent cage around the complex [3]. This could result in stabilization
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of the species C,L (Fig. 3), the formation of which precedes the equibinary
polymerization.

(b) n® = ! isomerization process and butadiene insertion

Within the frame of the cis-rearrangement scheme * proposed by Cossee
[18] and Arlman [1:], the insertion step in the growing chain propagation
involves a preliminary: i - ! isomerization process; this liberates a vacancy
which is immediately occupied by the two bonds of a monomer molecule. Prior
monomer coordination to the open form of the complex resulting from the
Ni—O bond cleavage (see above) is probably needed for this higher activation
energy step (n° = 1), in agreement with the kinetic equation for the whole
propagation process [20]. Following a coordination sphere electronic rear-
rangement the butadiene is than rapidly inserted between the growing chain
and the metal.

Unfortunately, the very low concentration of observable n'-allyl active spe-
cies associated with their short life-times in the NMR time scale prevents their
detection in the spectra. On the basis of the spectroscopic data and evidence
from the polymerization studies, we are now able to make a tentative explana-
tion of the cis—trans isomer control and of the overall propagation mechanism.

(c) The cis—trans isomer control meckanism and anti—syn n>-aliyinickel reac-
tivity

The slowness of butadiene polymerization initiated by (ANiTFA), as well as
the high stability of the n3-allylic coordination demonstrated by the NMR
experiments lead us to assume that after insertion the n'-polybutadienyinickel
complex retums quickly to the n>-species, the “sleeping” form of the catalyst.
In this step, an anti-configuration will arise from the insertion of a bidentate
s-cis-coordinated butadiene molecule while a syn-configuration will come from
a s-frans-monomer molecule [23].

Provided any anti—syn isomerization does not occur on the time scale of the
insertion, the two different coordination modes offer an interpretation of the
mechanism controlling the cis—trans isomerism, since for the next insertion
step the initial conversion of the growing chain into the n'-structure will liber-
ate a cis or a trans penultinate unit. The absence of anti—syn isomerization is
confirmed not only by the independence of the anti and syn protons in the
NMR spectra but also by the specific formation of the equibinary polybuta-
diene in a large range of initial monomer versus catalyst molar ratio. Con-
versely, a hypothetical variation of the microstructure versus this ratio would
have suggested a competition between the kinetically concentration and tem-
perature dependent 1® - 1! isomerization and an effective anti—syn isomeriza-
tion. Consequently, it is really a geometrical factor, viz. the conformation of
the coordinated butadiene molecule, which finally controls the cis—trans ratio.

Since only syn-n>-polybutadienylnickel growing chains are observed, anti spe-
cies must be assumed to be characterized by a much lower free activation

* This scheme remains the most probable in the presence of (ANiTFA), since, in the dissymmetric
bis(n3-ctoty1n.ickel trifluoroacetate), the less substituted allylic carbon atoms is the most strongly
o bonded to the metal, in conirast with the features needed te interpret the hutadiene polymeriza-
tion in terms of an allyli¢ transposition mechanism [21,22].



420

energy for * > 1! transition (AGJs,,1) than for the n° - 0! syn-process.
Accordingly, the anti isomers would display such a higher reactivity that its
very short lifetime (and consequently its concentration) would not permit its
detection in the NMR spectra. This also means that when a syr-isomer is ob-
tained it will remain for a longer time in this “hypersleepmg” configuration

than the anti-isomer.

These two different free activation energies determine the different initiation
rates by n3-allyl or n3-crotyl catalysts which are always in the syn configuration
[11]- The initiation step of butadiene polymerization by bls(‘n 3.crotylnickel tri-
fluornacetate) proceeds from the syn-configuration, the AG3a_, 1 of which
should be higher than AG,,a_,,,x of (ANiTFA),, and this explams its lower initia-

tion rate.
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Fig. 5. (2) Notations and structure: (b) Tentative energy diagram related *o insertion process.

(d) Tentative kinetic scheme for the overall process

While the isomerism of the inserted 1,4-units is determined by the coordina-
tion mode of the monomer, the polymerization rate depends on the 7° > n!
allylic iscmerization regarded as the rate-determining step of the overall pro-
cess. This is not in centradiction with the high stability of the n3-allyl coordina-
tion detected from the NMR studies since the polymerization time scale is
much longer (around 10 insertions per hour at room temperature! than the
NMR. time scale {20 exchanges per sec at —50°C).

The coordination of the monomer, promoting the cleavage of one Ni—O
bond, most probably stabilizes the resulting dissociated species of the binuclear
complex C3. If C,(,) stands for a bis(n*-polybutadienylnickel) complex ob-
tained after n inserted butadiene (B) units, the kinetic scheme (Scheme 1) illus-
trated in Fig. 5, may be tentatively proposed to interpret the overall propaga-
tion process (see also the appendix).

B
fast: 9*—Cy(n) ;_—‘11173—05(,,) without B;

. kl [713 C;(n)]
with K, = — = ———=-"= 1
"k [P—Caml )

k2 % .
fast: 1°—Cy(n) + B ;:——_—2‘173—02(,,)3 in the presence of B;

kz - [ﬂs—C;(n)B]
k_, [173—02(,, »] [B]

with K, = (2)
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- k3 -
slow: TZB—Cz(n)B E—:s‘ nl~C2(p)B (3)
1_* ks 4 |
N'—Co(n)B > 1 —Csn+1y (4)
ks
n _C2(n+1) ->n —C2(n+1) (5)

Equations 3 and 4 result in a stationary system; the values of both K, and K,
are very low.

This scheme may explain the following phenomena: (1) if a strong ligand (L))
competes with B for nickel, s-frans-coordinated butadiene molecules (on C,L or
CL species, depending on the amount and the basicity of L) will lead to a trans-
polybutadiene formation through only syn-n*-polybutadienylnickel intermedi-
ates.

(2) Upon lowering the temperature, the cis-content in the polymer is
enhanced. Owing to the difference between the respective values of AGj3_,1,
the reactivity of anti-n3-species must be increased relative to that of the syn-n>-
species, so that cis-polymerization is kinetically favoured under these condi-
tions.

All these features will be considered in detail in further publications in con-
nection with the experimental characteristics of butadiene equibinary 1,4-poly-
merization.

(e) Comparison with analogous palladium complexes

Probably because of their identical basic structural characteristics, n3-allyl-
nickel complexes exhibit dynamical behaviour quite similar to that described
for analogous palladium complexes. As for palladium complexes [8], two
equilibria between different binuclear isomers were detected; moreover in both
palladium and nicke: complexes no coalescence of the syn—anti protons reso-
nances is observed even at room temperature. However, in the presence of buta-
diene anti-syn isomerization is observed not only for the protons in the initial
species but also for the substituent in the addition product, in the case of
palladium complexes [21] but not of nickel complexes. This difference is to be
associated with: (1) the higher fendancy of n°-allylpalladium complexes to iso-
merize to nl-species compared with the homologous nickel complexes [25] and
(2) the higher probability of insertion of the coordinated butadiene molecule
into the n'-allylnickel complex than into the palladium species. Accordingly,
instead of promoting the syn—anti isomerization as a temporary ligand, the
butadiene coordinated to the nickel atom is quickly inserted between the metal
and the n!-allyl group, in contrast to the behaviour of analogous palladium
complexes.

In addition, because of steric and electronic differences there are marked dif-
ferences in mechanism: while the palladium-catalyzed 1,2-addition reaction is
well explained in terms of allylic transposition [21], such an outer-sphere peri-
cyclic rearrangement does not fit the characteristics of the 1,4-diene poly-
merization (see below); moreover it gives no interpretation of the very efficient
cis—trans isomeric control that we have achieved with nickel initiators. A more
detailed discussion of these mechanistic aspects will be published in the future.
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Conclusions

The conclusions reached in the present study can be expressed as a list of
experimental facts and then as a list 9f mechanistic deductions.

A. Experimental conclusions from the NMR siudy

The n3-allyl coordination is very stable on the time scale involved.

The dynamics of (ANiTFA), are due essentially to two types of exchange
between 3 different species (1 symmetrical and 2 asymmetrical}, both occur-
ring through nickel—oxygen bond cleavage.

The faster exchange involves an intramolecular process requiring only partial
opening of the complex, while the slower one is most probably a bimolecular
reaction, althcugh it is not possibie to exclude completely a total dissociation
into mononuclear entities. )

These bond openings are clearly solvent-assisted; the butadiene monomer is
particularly efficient in this respect.

B. Mechanistic implications of the results

The polymerization reaction initiated by this complex involves a monomer
cis-insertion propagation mechanism, which in turn implies as a prerequisite the
13-allyl ~ n'-allyl isomerization of the active end of the growing-chain; this
isomerization is the rate-determining step in the overall process, and after every
insertion the active complex reverts to the n3-allyl type of coordination.

Under the conditions used for the spectroscopic investigation and the poly-
merizations there is no anfi—syn isomerization.

The rate of monomer insertion depends on the configuration of the last unit
inserted: the AG™ of the enti-growing chains is markedly lower than that of the
syn-species. Thus detection of the anti-species has not been possible.

The microstructure of the resulting polymer is strongly determined by the
mode of coordination of butadiene (mono- or bi-dentate), i.e. by the numerous
structural kinetic and thermodynamic factors which control this coordination.

The equibinary 1,4-polymerization cannot be explained by the allylic trans-
position mechanism invoked in the case of allylpalladium initiators.

All these conclusions will be further applied to various aspects of butadiene
selective 1,4-polymerization, tG be reported elsewhere.

Experimental

The synthesis of bis(n7*-allylnickel trifluoroacetate) involved an improvement
of the method described by Dawans et al. [16]. Solid di-1,5-cyclooctadiene-
nickel(0) (carefully recrystallized) was dissolved in a benzene solution of allyl
trifluoroacetate for half an hour (molar ratio of reactants: 1/1.05) under argon
at room temperature. The complex was isolated by lyophilisation from the
reaction medium (102 mmHg at room temperature for 3 h).

The spectroscopic studies were performed under argon using 3 X 10™' M
solution containing tetramethylsilane as internal standard, in dried and oxygen-
free tubes. The measurements were carried out with a HA 100 VARIAN spec-
trometer for 'H NMR spectra and a HFX 90 BRUCKER spectrometer for 3C
NMR analysis.
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Appendix: Kinetic aspects

As shown above, the n'-allyl-growing chain probably reverts to the n3-state
after each insertion. Consequently, the polymerization rate, equai to the rate of
the n3-»>n! isomerization, i.e. the slowest step of the overall process, will be
related to the isomerism of the inserted monomeric units.

However, under the conditions of the 1,4-equibinary polymerization, each
nickel center promotes the formation of an equal amount of cis- and frans-iso-
mers and so will display the same average activity. Accordingly, in the follow-
ing development connected with the tentative mechanism and giving account of
the observed kinetic law (first order in both nickel and butadiene concentra-
tions [20]), each catalytic center will be represented by 7*-Cy(,yB, irrespective
of whether these is syn- or anti-isomerism of the allyl ligand.

d[fls-c‘ n)B] * : 2
o dt2( 2= = ks [n*—C5(yB] — k_3[n'—C3(n)B] ©

If we accept the approximation of a stationary state, we have:

d I_C* n B - - P - * -
_[ﬂ_dtz(_)_] = k3[n3—C2(n)B] - k'—alﬂl—bzcn)BJ - k4["21—C2(n)5] =0
= k3[n3—C;(n)B] — (k—3 + ks)[n'—C3¢,)B] =0
. k3[n°*—C3(n)Bl
1 —F3 2(n)
and [n'—Cj(n)B] = =2 — 2= (7
with eq. 7, eq. 6 becomes:
——d[na_—cé(n)B] .. 3 * _ [n3_C;(n)B]
dr k[’ —Con)Bl —k_3k; m—
— k3k4 3 *
TEL ik, [n sz(n)B] . (8)

From eq. 2: [7°—C3(n)B] = K.[71*—C3(ny1[B]

—d[ﬂB_C;(n)B] - kR,
d¢ k_3 + kR,

Eq. 8> - K[> —C3(ay1{B]

kik :
=374 . Kle[ﬂs_CZ(n)] [B] = kexp~[n3_cz(")] [B]
k_3+k,
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