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T INTRODUCTION
1.1 Scope of the Chapter

A great deal has been achieved since the early discovery by Ziegler of the
“Autbau” reaction (1) and its striking modification in the presence of
transition metal derivatives. The tremendous amount of research work in
polymer chemistry stimulated by these discoveries provided a very strong
support for the rapid development of coordination catalysis and coordina-
tion chemistry. In turn, the advances realized from the study of definite
complexes in simple organic reactions provided powerful tools for a
better understanding of coordination polymerizations. In particular the
determinant role of the transition metal complexes is now well
documented. The first part of this chapter is devoted to surveying the
most important recent advances using monometallic catalysts.

This sitnation has also allowed a fruitful attack on the unsolved and
complex problems regarding the oxidation state of the transition metal;
the mono- versus bimetallic mechanism; and the heterogeneous versus
homogeneous control of the stereospecificity.

A much better insight into the detailed mechanism of stereospecific
coordination polymerization has been obtained. Rather direct and clear
correlations have been established between the structure of the active
species and its catalytic properties, i.e., activity and stereospecificity (2).
In addition, it has been realized that the reaction schemes used to
describe w-olefin polymerization by Ziegler type catalysts MX, +
AlR,. X5 ,+L are very general and applicable to many reactions,
and to very different types of subsirates and bonding (e.g., to epoxide
polymerization; see Section 3).

Other fields of specific polymerization contain one or another aspect of
the basic features of coordination complex control; stereocontrol by
organolithium derivatives (3, 4) and the alternating copolymerization ot
hydrocarbon and. polar monomers in the presence of metal salts (5) are
particularly interesting examples.

.”. . The Determinant Role' of Transition ,Smﬁm_...no:._v._mxmm. C S e
._ .2 Importance of Coordination Catalysis in Polymerization

. The breadth of the field may be indicated by a few examples (6).

. Both the efficiency and the versatility of the coordination catalysts can
-'be controlled closely by systematic modification of the catalytic structure,
- with monometallic and with bimetallic complexes. Very high activities
“have been obtained, allowing use of minute amounts of catalyst even on
~‘an industrial scale, in the parts per million range. Steric, structural, and
' geometric isomerism have been controlled in practice in most hydrocar-
“bon polymers, leading, for instance, to the preparation of high perfor-
‘mance isotactic polyolefins and synthetic equivalents of natural rubber.
- -:§till more refined types of stereoregulation (which could be considered as
- ““second-order control) have also been realized, for instance by preparing
“ ditactic polymers (erythro- and threotactic polyolefins) or equibinary
" polydienes, and by performing stereoelective polymerizations where a
~particular optical isomer of a racemic monomer is preferentially incorpo-
“‘rated. Polymerization of different tyvpes of monomers has also been
‘achieved, for example by ring opening of cycloolefins or heterocyclic
‘compounds (see Chapter 6). Finally, sirong indications have been ob-
‘tained that direct methods to prepare block copolymers, involving coordi-
nation catalysis at least for one type of sequence, could be designed with
-a sufficient degree of specificity to prepare interesting new products in
‘one operation.

-Considering both the quality and the volume of the products resulting
‘from processes based on coordination catalysis, mainly of the Ziegler-
+Natta type, one must admire the tremendous development that has taken
place in less than 25 vears.

2 THE DETERMINANT ROLE OF TRANSITION METAL
- GOMPLEXES N STEREQSPECIFIC POLYMERIZATION
:OF UNSATURATED HYDROCARBONS

Nd Present Conceptions

‘Numerous papers have been concerned with the nature of the active sites
-and the origin of stereospecific control in the Ziegler-Natta catalysts.
:Various and sometimes contradictory schemes have been offered to
“explain the principles underlying their action.

- These multicomponent active systems (involving a transition metal
derivative M+X,, a metal alkyl, e.g., AIR,, X5, and perhaps a ligand L)
“might be grouped into catalysts acting in a homogeneous phase and those
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acting ‘in .4 “heterogeneous phase, the solubility ‘or insolubility *being
determined, of course, by the structure and the ratio of the different
componenis which make up the catalyst. In the case of homogeneous
catalysis, it is clear that the factors controlling the stereospecificity must
be linked to the specific interaction of the monomer and/or the growing
chain with the active complex (including metal, counterion, ligands, and
solvent). In the case of catalysts acting in a heterogeneous phase, it was
speculated that the determinant factor might be the structure of the
catalytic surface. Comparison of homogeneous and analogous
heterogeneous systems allows one to forecast that there should be no
essential difference in their basic mechanism of action. This point is
discussed in more detail in Section 3.4,

Although the exact mechanism by which stereospecific catalysts operate
is still a maiter of controversy, two conclusions have been reached which
have adequate experimental foundation and are widely accepted at the
present time:

1. Interaction of the components of the bimetallic catalytic systems
results in the formation of alkyl derivatives of transition metals which are
capable of coordinating unsaturated hydrocarbon molecules.

2. Growth of the polymer chain takes place by repeated insertion of
the monomer into a bond between transition metal and one carbon atom
belonging to the alkyl group or later to the growing polymer chain.

It is now clear that these polymerization catalysts, in mechanism,
represent a particular although very important example of a broad class
of complex catalysts for organic reactions, including hydrogenation, car-
bonylation, oligomerization, isomerization, etc., of unsaturated com-
pounds.

The exact role of the organometallic compound is still debated. Some
scientists propose that its function is limited to alkylating the transition
metal, the propagation involving two or more ccordination sites on this
central transition metal (Fig. 1). Others believe the organometallic com-
pound not only alkylates the transition metal but also participates in the
formation of the active center (Fig. 2). There are still some who propose
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that the growing chain is attached to the aluminum atom (8). It seems
more accurate to admit that there may well be internal or external
transfer reactions to the aluminum allkyl during polymerization, thus
leading at some stage to the eventual formation of different metal-
poiymer bonds. However, the dependence or reactivity ratios in a-olefin
" copolymerization on the structure of the transition metal derivative and
-~ not of the organometallic cocatalyst, has now been accepted for several
- years to indicate growth on the transition metal atom. This hypothesis,
~according to which a transition metal-carbon is involved in the propaga-
tion step, is further supported by a number of reported experiments, such
--as the electrodialytic investigation of the soluble catalyst (CHs), AICl+
(CsHs),TiCl; (9-12), the dependence of the propagation rate constants on
‘the transition metal component and not on the metal alkyl structure (13),
“and the kinetic study of ethylene polymerization combined with ESR and
- magnetic susceptibility measurements on soluble catalysts (14-17).
- If the role of the alkyl derivative of a metal of the first three groups is
“limited to alkylating the transition metal compound, proportionality
- should be expected between the alkylating power of the organometallic
“compound used for the catalyst preparation and the activity of the
~“catalyst itself. Different studies (18, 19) have shown that this is not the
“case. Hence in addition to the alkylating power of the organometallic
~compound, its stronger or weaker tendency to form complexes with the
“fransition metal compound is also important and might even influence the
~stereospecificity of the entire catalytic system. Thus even admitting that
:the growth of the polymer chain takes place through repeated insertion of
:'the monomer into a transition metal-carbon bond, it is now evident that
“active centers are formed whose activity and eventual stereospecificity
-depend on the nature of other groups bound to this metal, as is the case
‘of many other reactions. In other words, in the presence of metal alkyl
“compounds and particularly of aluminum alkyls with a high ability to
form complexes with transition metal compounds, active centers also
“containing aluminum may be formed. This observation is further corrobo-
-tated by the fact that the value of the propagation rate constants for
¢thylene polymerization by catalysts obtained by the interaction of




tetrakis--allyl zirconium with an oxide support, changes markedly as the
nature of the support is changed (7). This seems to be related to the
difference in the composition of the active centers of these nmﬁmqﬂ.m, and
is further evidence that an alkylating organometallic ooomﬁ_wmﬁ is not
absolutely required for the formation of highly active omwm:\ﬁn species.
Notwithstanding the large amount of work momoBm.:m:@a in recent
years and reported in a number of excellent reviews (6, w.oJmEu ﬁ.:m
interesting problem has not vet been completely mo.?ma. This is owing
mostly to its compiexity but above all to the various natures of the
numerous combinations which belong to the vast &mmm of Ziegler-Natta
catalysts, which are stil difficult to represent by a unitary model. Even
where studies have been carried out on homogeneous systems, at _wmmﬁ
two organometallic compounds are involved, making accurate aﬁmﬁdim-
tion of the structure of very small amounts of the propagating species
difficult. - . .
These probiems are discussed in more detail in the following sections.
However, the ability to polymerize, stereospecifically, Eamwzt,mﬁa hy-
drocarbons in the presence of monometallic complexes is now well
documented; it has been definitely proved that a second .Eﬂm_. 1s not
essential for catalyst formation. Accordingly, the present discussion will
center on simple catalytic transition metal nOEEowmm having well-defined
structures and on the factors, reported mostly m:dmm the last 10 years,
controlling both the activity and the stereospecificity of Eo.boE@ﬁ.m:E
catalysis. The ability to modify the catalyst structure mwmﬁoamﬂom:w is to
be considered as particularly important, since an understanding of the
mechanism of action might reveal more of the important features of the
chemistry of the active site involved. o
These active monometallic catalysts reported for the polymerization of
unsaturated monomers (principally butadiene and ethylene) are essen-
tially transition metal salts and complexes (e.g., hydride, alkyl, carbene,
cyclopentadienyl, carbonyl, benzyl, and allyl complexes), used as such or
mote often in the presence of some added n_mnqo..m.mo:g or acceptor.
Many catalytic derivatives used appear to be onmEm_E mmmoﬂmﬁoa.mm
binuclear complexes, involving, in some cases, two different Qm:mE.oa
metals; but even in these cases the catalytic site may U@. Hommﬂmaa as being
formally monometallic, the other metal derivative functioning as a ligand.

2.2 Types of Catalytic Complexes
2.21 Transition Metal Salts

MNoble Metal Salts. Considerable interest was aroused w..% m..& discovery
that rhodium salts catalyze the stereospecific @oqamﬁmmﬁom n.um 1,3-
butadiene to a high trans-1,4 polymer in protonic media (24); indeed,

; wrm .Umu@..qa.m:m_.; Role of Transition Metal Complexas 85

noble metal salts were the first example of stable and formally simple
catalysts inducing a highly stereospecific polymerization. Although this
polymerization can be carried out in an aqueous emulsion system, it has
been convincingly demonstrated that these systems do not operate by
means of a conventional free radical mechanism (25}, but they do imply
the coordination of the monomer on the metal atom. Consequently, these
catalysts enjoy a high versatility and many factors influence the course of
the reaction; in particular, the nature of the metal used appears to be the
determinant of the stereospecificity. For example, the microstructure of
the polybutadiene obtained in the presence of salts and complexes of
palladium is predominantly 1,2, whereas high trans-1,4 contents are
observed in the polymers produced with rhodium derivatives and, in spite
of some controversy, the polybutadiene produced by means of complex
cobalt fluorides is reported to be essentially cis-1,4 (220).

Various coordinating compounds such as those containing nitrogen
atoms can markedly affect the activity of the rhodium in the polymeriza-
tion systems, confirming that its 4d orbitals are involved in the catalytic
process (28). Addition of certain additional diolefins was shown to give
superior catalysts (29). The so-called emulsifiers play an important role as
ligands that take an active part in polymerization. Only anionic emul-
sifiers give active catalysts, and at emulsifier/rhodium molar ratios greater
than 2 (30). The emulsifier is consumed- duting the reaction, the polymer
produced containing approximately 1 mole of sulfur per chain (31).
Studies conducted in homogencous solution have confirmed that the
effective surfactants are of the sulfate or sulfonate types (sodium lauryl
sulfate and sodium alkylbenzene sulfonates having alkyl chains greater

_.”___ than Cs) (32).

It has thus become obvious that the rhodium based catalytic systems
involve the formation of a complex between the metal, butadiene, and
various ligands, including the emulsifier itself, In fact, the close analogies

“-between these reactions and Ziegler-Natta catalysis—the only major
. -difference being the stability of the noble metal catalysts toward protonic
~media—suggest some similarity in the mechanism of both types of
-~ polymerization, most probably implying the formation of an allyi type
* species, indicative of a coordination propagation proceeding by cis re-
arrangement. One of the possible paths is shown in Fig. 3, although
“initiation by a m-crotyl complex arising from an intermediary hydrido-

Rh({I) species {33) might also be considered, as well as the incorporation

~.-of some chlorine at chain ends.

The observations made during a study of butadiene polymerization in

_”onomm:ooﬁ solution, in the presence of dichloro-2,6,10-dodecatriene-
:1,12-di-yl-ruthenium, RuCl,(C-H,z), and a tertiary phosphine, also sug-
~gest a close similarity between the propagation mechanism in this
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Figure 3 Proposed mechanism for rhodium catalyst coordination propagation pro-
ceeding by cis rearrangement. (rh designates a rhodium atom in an octahedral
environment but whose ligands are not all determined. RS0; may be replaced by CI™
or H™.)

homogeneous solution polymerization and that in the heterogeneous
emulsion polymerization with a ruthenium trichloride-triphenylphosphine
catalyst. The NMR spectrum of the homogeneous system indicates the
coexistence of both - and o-allylic structures, considered to be active
intermediates for the polymerization of butadiene (34).

Additional strong evidence in favor of coordinated mechanisms is the
selective behavior of metal derivatives toward specific monomers; for
example, rhodium salts do not catalyze ting opening polymerization of
norbornene but they yield addition polymers from cyclobutene (35). On
the other hand, ruthenium salts which as such are not good catalysts for
the polymerization of butadiene promote the ring opening polymerization
of both cyclobutene and norbornene (36-38). A comparative structural
study of polynorbornadienes produced by complexes of three different
metals (e.g., thodium, iridium, and palladium) emphasizes the depen-
dence of the polymer structure upon the nature of the metal. Indeed the
polymer produced exhibits a unique structure depending on the specific
nature of the metal used as catalyst (39). In Fig. 4 rhodium gives a
saturated polymer with a noriricyclene repeating unit from a 1,5 polyad-
dition (scheme A); with palladium, a 1,2 addition leads to a polymer
containing one unsaturation per repeating unit (scheme B), while with
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iridium oxygenated polymers containing one oxXygen atom per repeating
unit are obtained on performing the reaction in an oxygenated solvent
(scheme C). Some noble metal complexes are thus specific for addition
polymerization whereas others are effective only for ring opening
polymerization.

Another significant example indicating close interaction between the
monomer and the noble metal atom during the propagation reaction is
the polymerization of propylene in the presence of palladium cyanide,

 yielding a copolymer containing 93% 1,3 units and 7% 1,2 units (40).

Indeed, since palladium cyanide is completely insoluble in the medium,

o m._m. reaction probably takes place at the crystal surface involving two
- adjacent palladium atoms. The peculiar structure of the polymer pro-

duced might be due to the intermediary formation of a w-allyl type

.~ complex (Fig. 5).

i Mwmm Row Transition Metal Salis. A propagation reaction mechanism
. involving coordination of the monomer at the crystal surface may be

compared with the catalytic activity promoted through y-irradiation [see,

~e.g., Pino (41) and Allegra et al. (42)] or through mechanical activation
- (ball-milling) (43, 44) of crystalline titanium halides which are, in the
~absence of organometallic cocatalysts, otherwise very poor catalysts for
. the polymerization of ethylene. Indeed, when v-irradiated or ball-milled,

CH
CHa Crig [ 3 mxu
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Figure 5
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they are converted into active catalysts (e.g., for ethylene) in the absence
of organometallic cocatalysts or of metals and their derivatives (such as
Al or AlCl;s). The polymerization rate was shown to be proportional to
surface area, and a direct function of Ti*" content of the catalyst. The
proposed reaction scheme postulates an active catalytic alkyl complex,
where both initiation and propagation could take place at a single metal
atom or alternatively on two adjacent Ti** ions.

:

~ CH
0 =0 | ?
- _,,//A/ CH
P :

poor s \

Ti Ti

77 777

Termination probably proceeds through the formation of hydride species,
as suggested by the presence of one terminal double bond per
polyethylene chain.

Just as titanium subchlorides were shown to be catalysts for the
polymerization of monoolefins, 1,3-butadiene was reported to be
polymerized to cis-1,4 polymer on irregularly stacked, halogen deficient
crystals of cobalt(II) or nickel(II) halides (45, 46). In this case, halogen is
removed from the halides by heating the salts under high vacvum or by
photolyzing them in the presence of butadiene, transferring halogen to
butadiene. The species responsible for the initiation of butadiene
polymerization are probably nickel or cobalt monohalide complexes.

Catalytic subhalides of nickel inducing cis-1,4 polymerization of
butadiene may also be obtained by reacting nickel hydride (46, 47) or
reduced nickel (48-50) with some Lewis acids and various organic
halides. Gnce again, the results suggest that the cis-1,4 polymerization
proceeds by a coordinated mechanism, involving the formation of -

crotyl complexes with the monomer:

YNIXp + CHg s | HCTT Ni— X where ¥ = H R X ...

More recently, halide derivatives of transition metal haloacetates were
found to be efficient catalysts for the stereospecific polymerization of

‘The Determinant Role n.;.._._.m:mmmo: Metal Complexes
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unsaturated monomers; for example, CF.COONiC] yields a high cis-1,4-

o wow_wvmwwm&ou@ in hydrocarbon solutions (51, 52). In this case, the transj
tory formation of a m-chlorobutenyl complex was oosm::ma :E.:Mmﬂ

**Cl-labeled nickel salt {208).
Finally stereospecific merizati
Y, polymerization reacti
N : 1011s can also b
meMMMEWO: metal mccmm:.amm complexed with strong anqwsﬁmwmwmw&
o v Enﬂ _ qumEEo, H_QW.TZ (C,Hs): or P(n-C,H,); ag well Mm
Eam : M wr sNiX or (CL3P),Ni complexes, when reacted with Lewis acid y
pacce ¢ coordinated polymerization of various monomers such mmm M_ wm“
o ?.mmwu Mwowmmﬂm nghocﬁ allene, or iscbutyl vinyl ether (53-56) vrw
sP)aNi+WCl,, the rin i ization

cyclopentene to a linear ﬁo:\::wnmm also _ummﬁo%mmﬁm%o_%Enszsom !

2.2.2  Alkyt Complexes of Transition Metals

Ass i i

o _MM_”M_:,NMQ in ﬁmEm. 1, numerous catalytic systems containing transi-
alkyl derivatives are known which polymerize a-olefins, cy

cloolefins conjugated diolefin i
. 8, and vinyl or acet lenic m i
absence of any alkyl derivatives of metals of maoﬂﬁm IA Mvzwm%? e

; . .
nactive [e.g., AOMELNHAOME&Q.ZONE&NKEOE or at least poorly active

?OQEMOE&»H_.+AOQEMOINK>:V the fact that some of the titanium cata-

1 " ;
Ysts containing no aluminum [such as RTiCl, (CsHsCH,);TiCT or
] 273 2

(CH i ; . .
Mo:mww_wwu%wwwww HM%;ES .M_QL give crystalline polypropylene may be
s N ¢ 1dea that the origj LT,
-solely in the structure of the transition B%M :o%%mwwwﬂnnoogm&mzon "

nowumrma _ﬁnﬂoamm.m.sm observation concerns the ability of some alkvi
Eozwawwm 0 ?wu.maou metals to induce the polymerization of viny! mo:M
5, avoiding the marked tendency of polar groups to Hnmoﬁ@iﬁm
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Table 1 Catalysts from Alkyl Complexes of Transition Metals

Monomers Alkyl Complexes  Cocatalysts Ref.
-Olefins® RTiCl Cr,V, Ti
e ’ halides 58-64
C,HTiCl, 3-25 Megarads 66
R, TiCl, 58-65
R,Ti(CHs)s TiCl,, TiCl, 64, 67-71
{CH,),Ti(OR), TiCl,, TiCl,
vCl, 72,73
{CHCH,),., TiC, 74
(C.H;CH.,), . ZrClL, 75
(C;H: ), Zr Si0, 7, 209-211
(C;H,), Ti ALO, 7, 209-211
Vinyl ethers RTiCl; . WM
Vinyl compounds AOMELMHWQN. Fatty acids ’
Diaryivinylamine {CH,CO,),TiCl, 7
Alkoxystyrenes (CH,CO,), TiCl, 79
Styrene Oaimﬂﬁ.-ﬂu.mqovm 80
Acrylonitrile (C;H:)LNi di-
pyridyl 81
Alkyl isocyanates -~ (C,Hs),Ni di- .
pyridyl or (PPh;),Ni 205
Allene AOWEEVNZW MM“ 83
1,2-Butadiene {CsH,5),Ni .
1,3-Butadiene {CgH,5),Ni Metal :m:aﬂ 85, 86
(CgH 53, Ni Protonic acids 87, 88
CsH ,NiX 89
(CsHs)sCNiCl 90
(CsHs),Ni Metal halides 47, 91-93
(CsH5),Ni F.CCOOH 94
(CsH5),Ni p-Chloranil 47

“ Most of the reported catalytic systems were applied to ethylene voqaonmmﬁom.
Consequently, valuable data on the stereoregularity control by Bo:oﬂaﬁ:ﬁ
species are difficult to sort out. However, in the case of propylene ﬁo_wamﬁmmsomu
partially crystalline polymers are obtained only in the presence of VCl,, TiCls, or
TiCl, as cocatalysts.

Finally, it may be interesting to point out that some omac@_.uo ooﬁm_mxmm
of tungsten were recently shown to enjoy a very ?mw catalytic activity ?..H.
the ring opening polymerization of cyclopentene in the presence of Lewis
acids as cocatalysts (212) (see also Chapter 6).

In butadiene polymerization performed in the presence of hydrocarbon
complexes of nickel, the insertion of monomer molecules occurs between

- The Determinant Role of Transition Metal O.Q,..:me..mw . - g1
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the nickel atom and a w-allylic unit formed by direct interaction of
1,3-butadiene with the nickel complex as shown by Wilke and co-workers
(95) (Fig. 7). This r-allyl group might also be formed by the reaction of a
cocatalyst with the nickel complex, followed by interaction with the
monomer (Fig. 8), as proposed by Dolgoplosk and co-workers (47).

223 Carbonyl Complexes of Transition Metals

. ”.._ ?Hm:mmmnmm carbonyl, Mn,(CO),q, induces the ring opening polymeriza-

tion of propylene oxide to yield a tactic polymer (107, 108). In addition

“-.to this reaction, an important series of catalysts involving carbonyl
- complexes of transition metals was discovered by Otsuka and Kawakami
+(96) for the stereospecific polymerization of 1,3-butadiene. They found
. that the reaction product of Co2(CO)s with MoCl, polymerizes butadiene
~'in benzene to an amorphous 1,2 polymer, while the system Ni(CO),+
“MoCl; gives a high (more than 85%) cis-1,4-polybutadiene. Since that

time, other nickel and cobalt carbonyl complexes, which as such do not

-+ exhibit any catalytic activity in butadiene polymerization, have been

tested further together with numerous Lewis acids as cocatalysts (see

~Table 2}. The interaction between carbonyls and Lewis acids results in
. carbon monoxide evolution and precipitation of products insoluble in
“hydrocarbons. The rate and stoichiometry of the reaction are influenced by
~the nature of the Lewis acid used, vanadium and tungsten derivatives

e e +3 CaHg
N —_—
T //Mm -2 Cghhg

Figure 7
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being the most active. The polymers produced all exhibit high cis-1,4
contents (around 90%). Cyclopentadienylnickel carbonyl Uorm<.om as
Ni(CO). but substitution of one carbonyl group by triphenylphosphine in
Ni(CO), results in a complete loss of activity of the products ﬁoHBo.m by
reaction with Lewis acids (47). Catalysts produced by reaction of nickel
carbonyl with Lewis acids in aromatic solvents were shown to be arene-
nickel complexes:

Ni{CO)4+MeX,, + AtH—> Ni{ArT); - MeX,)m

The activity of these catalysts is considered to be mmmoawﬁa with their a
complex nature, and therefore dependent on the m*.a.wa\ of aromatic
ligands to be substituted by butadiene, i.e., on the lability of the arene-
metal bond; in fact, butadiene polymerization is completely suppressed in
the presence of mesitylene or hexamethylbenzene.

Table 2 Catalysts from Carbony! Complexes of Transition Metals for
1.3-Butadiene Polymerization

Polybutadiene Structure (%)

Carbonyl Complex Cocatalyst Cis-1,4 Trans-1,4 1,2 Ref.
i i — 3-20 1-6 47,
Ni(CO) Various metal 75-95
) halides 96-105
Ni(CO). AlCL; + KCN 59 37 4 103
Ni{CO), AlClL +K1 3 95 2 103
(CsHNIiCO), TiCl,, VOCl, 91-94 4-6 wmm Mwu NM
MoCl,, MoCl 2 3 )
ﬁﬁoAOOvLN 4 5 97 102
106
[Co(CO),]2 WClg 56 35 9 142
[Co(CONL: AlICh; +thiophene 96 2 2 105
[RW(CO),Brl:
[RhNH;(CO),C1] 78-84 46

[Rh{CO)Br,], - [N(C.Hg)uk
[Rh{CO),C15] - (N(CyHo)s]
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- On the other hand, halide derivatives of rhodium carbonyl are catalysts
for the stereospecific polymerization of butadiene in hydrocarbon media,
to yield 1,4-trans polymers (46},

Butadiene polymerizations induced by carbonyl complexes on the one
hand, and by other transition metal = complexes, especially alkyl, arene,
and cyclopentadienyl complexes, on the other, present striking similarities.
This similar behavior can be ascribed to the intermediate formation in all
cases, of w-allylic complexes resulting from the interaction of the
monomer with the transition metal compound and its cocatalyst. Reac-
- tions of this type are well documented in organometallic chemistry. In
- other words, the catalytic activity does not necessarily depend on the
- existence of a preformed transition metal-carbon bond. This bond may be
- generated by the action of the monomer on the complex, as is also
- .suggested in the case of the metal salts.

224 w-Allylic Complexss of Transition Metals

It has been shown experimentally that dienes react with a number of
~group VIII metal derivatives to give complexes having a w-allyl type of
s structure. NMR spectroscopy indicates that the metal-ligand bond in-
-volves three carbon atoms with delocalized w electrons; the w-allylic
-group is thus considered to be a bidentate ligand that can be converted,
“under the influence of another suitable ligand, to a g-allyl group able to
i ‘behave like an alkylated initiating center.

¢ _
Nttt + L I - +
c’ D ey S L A ML
N RN -
/Zh u

» Since many recent results indicate the formation of intermediate ar-
allylic types of structures, the polymerization of conjugated diolefins by
wsimple ar-allyl derivatives of transition metals is of great interest. This
-subject has been recently reviewed (109). Such w-allyl groups represent
- good models of the active site structure. Since the first examples of
‘stereospecific polymerization of 1,3-butadiene by w-allylic complexes of
nickel and cobalt were reported independently by Natta and Wilke,
~numerous studies have been concerned with polymerizations in the pres-
ence of #-allyl derivatives of transition metals, as summarized in Tables 3
‘and 4.
- Without a cocatalyst, only very few m-allyl type catalysts achieve the
-activity of the bimetallic Ziegler-Natta types, nor do they produce the
“same quality polymers (discussed in Section 4). As is evident from part A
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" _Table 3 (Continued)

-C. {m-allyl), M+ +HX or X,

Ammmmvwzm

a-Allyl Complex

Cocatalysts

cis-1,4 trans-1,4 1,2 Ref.

A, {m-AllYD) My
AOummuMZMu HOhmﬂvMZH

(C3Hs)3Co, {C.1H5):Co
(C3Hs)sCr, (CH5)5Cr

{C4H;)2Nb

(C4H,)sTi
AO»mquwWF

B.

(m-Allyl), My +MeX,,

(C3H;s)Ni

(C4H)oNi

{(CsH;)5Cr

(C4Hy)sCo
(C4H7)sFe
{CH),Mo),

(CoFL7)sTi
(CiHs)Zr
{(C:H7):Rh

SnCl,

Snly

SnCl,

AlCl;, MoCls, TiCl,
NiCl,, SnCl,, SnCl,

- AgClOy, Mg(CIO,),

NiF,

NiBr,

Nil,

NiCl, +10THF
NiCl, + 1P{CsHs)5
NiCl, +100H,O
NiCl,+1Bu,S
CrCl,

NiCl,

NiBr,

Tily

TiCl,
Cr(AcAc),
Zn{O0CCCls},
Mn(OOCCCl,),
CoCl,

NiCl,

MoCls

TiCl,

NiCh,, Til,
TiCl,

AlCl,, $nCl,

1,5,9-Cyclododecatriene 95

Linear oligomers
19-10

30

52
81-95

28
14

71

87
10
92

90
45
35
82
64
40
92
15
61
85-88
45

17

63

95

44
3-18

66
82
95
24

95
11
15

2
95

6
50

0

3
11
13

6

4
15

5-8
45
90-98

46,935,110
81-90 46,47,110-
112
upto 46,113
97
83 46

6 46

91,92
47,91

91
46,47, 90

[SS IRV

T
(73]

a7
47
47
47

th tn o v

5 47
2 47
75 47
6 46,47
5 47
4 46,47,114
5 114
65 114
13 46
25 46
47 46
2 46
81 47
24 47
4-10 46
10 114
2-10 46

: ..AOAI&uWT

(NI H)

O_thme

i .mOam&uOﬁ

(C4H;)3Co
mOwImUwOO
[(CsH5):Mo],

{C4H)3Nb

{#r-Allyt, methallyl,
o crotyl),Ni
AOumwvaOQM

B (m-Allyl M;X),

sHs— or C,H,NiC]

iHs~ or C,H,NiBr

: .AOumLuOo, {C4H,);Co

D, (m-Allyl), M, + quinones
— T /xVT T quinenes

—_— o VA

1CF;CO0OH
2CF,CcOo0H
C;H,S0;H
CH;_,,Cl,COOH
OaﬁuAZOmVNOE
Cellz(NO,),0H
HCl

HBr

HI

Cl,
I
CH,.,,C1,CO0H

1CF,CO0OH

Up to 3CF,CO0H
or CE,CICO0OH
CeHo(NO,),0H

1HCI
2HC
CCLCOOH
1HCI

JHCI
CCLCOOH
I

L

HCI or HT
HCI

HCI

p-Chloranil or

p-bromanii

p-Chioranil or
benzoquinone

71-77  22-28
48-53  46-50
48-50 48
92-95 4-6
93 5
90 8
84 13
72 25
4] 100
74 23
12 86
89-u1 4-6
92 4
50 50
93 4
14 19
80 5
93 4
36 14
88 2
78 8
45 12
90 2
0-4 6-7
10 88
91 5
88-94 3-9
0 1-5
92 6
25-53

j==]

LI&JNL.».)
th

4

67

L%

50
10
14
43

90-93

95-99

2-3

115
115
115
47

46
116
87, 88,117,
87,88, 117
118
87,88, 117,
118
117,118
117,118
87,88, 117,
118
87, 88, 117,
118
121,122

87,88,117,
118

46

46,113,114

46,47,113

46

46,113

47

46,111, 112

110

47

46

46,113

119,120

47,116

46,47, 125~
127

46,47, 125-

127




“Table 3 (Continued)

© o CsHsor

96

Polybutadiene
Structure (%)
w-Allyl Complex Cocatalysts cis-1,4 trans-1,4 1,2 Ref,
a-C,H,Nil 4 93 3 46,47, 125~
127
C;H;NiOOCCH,_,Cl,, 92-67 2-6 1 113,123,124
-Allyl, methallyl, or 91-98 1-8 1 52,113,123,
crotyl NiOQOCCF, 124,170
C3HsNIOCH, (NO, )5 97 3 0 52
C3HNIOCH,;Br; 0 96 4 47,113
C3HsNIiO,SCHLCH; 48 48 4 47,52,113
C1-H,; sNIiOOCCF, 98 2 0 94, 128
F. (w-Allyl M X), +MeX,,
C3H; or C,H-NiX © 1, ¥V, Mo, W, Sn, Mg, 80-95 4-20) 1-6 46,47,91,
X=Cl,Br,1 Co, Ni, Zn, B, Al 113,115,
halides 116,126,
127
Mg, K sulfates,
KCNS, K,CO4, AgNO;
Mg(ClO, ),
Ni, Co, Mn, Mg, Zn
trichloro- or
triflucroacetates
C,H,NiCl SnCl, 43 36 1 91
C,H,NIiCNS TiCl, 79 19 2 129
C,H,NiDOCCH; TiCl, 91 6 3 i29
C,H,Nil Snl, 85 13 2 46
G. (w-Allyl MX), +Halogen or Organic Electron Acceptors
C;H,NiCl L 94 4 2 47
C,H,Nil I, 84 135 1 46
CH,NiX CHCI,COOH,
X=Ctorl CCI;CO0OH,
CeHL(NO,),0OH, 87-65 1-7 2-12  46,47,113
CF,CO0OH 115,116
CCL,COH,
(CCl3),CO
CCL,COCl
C,H;00CCC L,
CzH,NiCl C;H;COOH 82 13 3 127
C,H,NIiOOCCl, CF,COOH 94 3 3 115
C4H,NiQOOCCF; CCl,COOH G0 7 3 115

Table 3 (Continued) ~ -

C:H;NiOOCCF,
C,H,NiCl

Okqumwu..

- C4HLNil or —-CNS

C4H;NiOOCCH;, or
OO0CCF,

nhmanM

w-Methaliyl CoCl

C¥F,COOH
p-Benzoquinone,
dichloro- or
bromoquinones
p-chloranil,
p-icdanil,
p-Huoranil
p-Chloranil

p-Chloranil
p-Chloranil

p-Chloranil
p-Chloranil

H. _ (w-Allyl Mz X), +Electron Donors

C,H;NiCl

C;iH:NiBr

U CH,NiBr

CH,Nil

C3HsNIQOCCT,

- CpoH s NIOOCCF,

0, benzoyl or
t-butyl peroxides,
acetylacetone,
thiophene,
(C:H),0

ZWNOM

AIBN

Tetrahydrofuran

C:H;0H

H,0+KI

O;, benzoyl per-
oxide

(C:H:3,0

C,H;OH

H>O or H,O+KI

Benzoy! peroxide

p-Nitrobenzoyl
peroxide

O,

(C;H,),0, C,H,0H,
H,O

H,O+KI, HCOOH,
CH;COOH

Aromatic deriva-
tives

C,H;OH,

{CeH;0)5P

50 49 1

95-98 1-3 1-2

92 6 2
49-51 4648 3
83-94 3-14 3

96 3 1
70 7 23

71-90 7-24 3-5

52 44 4
45 43 12
54 41 5
30 70 0
14 82 4
84-88 7-11 5
60 36 4
32 66 2

4-6  92-94 2

0 96 4
84 11 5
57 38 5

4-18 80-94 2-3

49 49 2

115,130

47,113, 116
119,120

47,116,119,
120

116,119,
120

115,116,
129

116

119

47,127,131

127
127
47

130
130
131

131
131
131
132
132

132
131

130

133

87



-Polymerization of Ménomers Other Than 1,3-Butadiene

S Tabte 4 _.”.o.w.nm.”_(mu.m..._. w.q.c_q.:...&..bzm_. Transition Metal Complexes for" the

Monomers a-Allyl Complex Cocatalysts . Polymer Structure Ref.
Isoprene (CH7):Cr 35% 1,4;28% 1,2;37% 3,4 46
C.H;NICl TiCl, 50% cis-1,4; 38% trans-1,4; 46
12% 3,4
ZnCly, 23-30% cis-1,4; 52— 46
Ni{QOCCCL): 59% trans-1,4; 10-20%
ClL,CCOOH 3.4;0-2% 1.2
p-Chloraril 46% cis-1,4; 38% trans-1,4; 46
15% 3,4
Cy:H,eNIOOCCF; 68-79% cis-1,4; 15— 135
26% trans-1,4; 6% 3,4
CHNIOOCCF, 0-Cl,CsH, 51-55% cis-1,4; 45~ 135
49% {rans-1,4
Ethylene (C3Hs)aCr, 110,114
{CsHs)Crl Linear, high density 134,137
[{CaHs)Crl; TiCk, Linear, high density
(C3H:).Zr Linear, high density 136
(C4yH) T, Linear, high density 136,137
(C5H R TIHOCHs):
(CsHs)eTi,
{CH )N TiCl, Linear, high density 139
Propylene (CaHg)sCr,
{C3Hs}Cr t TiCls, TiCl, Partially crystalline 114
(C3Hs)sMa,
{CaHs) TiCls, TiCly Partially crystalline 114
[(CsHs)oCrly TiClg 85% crystalline 139
Chloroprene (Ally! or 138
methallyl)sCr
Acetylene C:H;NiCl Phosphine,
isonitrile 140
Allene CsHsNiBr 1,2 pelymer 82, 83,84
1,2-Batadiene
Styrene CaHNiCl Low molecular weight HMM. 141,
14/
CyH:NiOOCCF, atactic polymers 52
C-H . NiOOCCE, 1358
(C3H)Cr TiCl, 114
Methyl meth-  (C;H5);Cr,
acrylate (C4H;).Cr About 20% isotactic, 138, 143
(CaHs).CrAcAc 35% heterotactic, 138
(CsHs)sRh, and 43% syndiotactic 138, 143
(CaH53Ti
(CsHsuMo 138
Merhacrylo- (CsHg)sCr, 138,143
nitrile {(C4H;}:Cr
(CaHs, 71 138, 143
Butyl vinyl C,H;NiCl Benzoyl Atactic 127
ether peroxide
Cyclobutene (C.H),Ni, C,HNiX AlBra, TiCl, Polycyclobutene 144
F(C4H7):Mols, AlBrs, TiCl,, BO-90% cis-1,4-, 10— 144
{C H, W MoCls, WCl, 20% trans-1,4-poly-
butadiene
Cyclopentene  (C H7),Ni, CJHNiX  AlBrs, TiCl, Polycyclopentene 144
MoCls :
HC.H7)-Mo]. AlBrs, WClg 35-40% cis-1,4-, 60— 144

65% trans-1,4-poly-
pentenamer

g8

" Evolution of ideas on the Mechanisim of Olefin Coordination -  rgg

-of Table 3, only a few w-allylic complexes of transition metals are able to

- promote polymerization; most of them first induce oligomerization reac-

tions and become active polymerization catalysts only when halides or
other anions are bound in the coordination sphere, most often through
addition of various cocatalysts to the reaction medium (as in parts B, C,
and D of Table 3).

This influence of the counterion in the catalytic r-allyl complexes is a
determinant not only of the overall activity but also of the stereospecific-
ity (see part B, Table 3). The addition of various metallic or organic
electron acceptors to m-allyl MyX complexes, resulting in some cases in
the formation of charge transfer complexes, results in enhanced catalytic
activity and, for most polybutadienes, a further increase in the cis-1,4
content (parts F and G, Table 3). The addition of electron donating

- ligands usually results in decreased catalytic activities with a simultaneous

modification of the stereospecificity (part H, Table 3). The significance of
these effects is considered in more detail in Section 4, when discussing the

- factors influencing the stereoregulation process in diolefin polymerization.

As shown in Table 4, w-allylic complexes of transition metals are able

-'to initiate the polymerization not only of other conjugated diolefins such
~as isoprene and chloroprene, but also of monoolefinic, acetylenic, and
" polar vinyl monomers. Partially crystalline polypropylene was also oh-
- tained by means of these complexes, with titanium tetrachloride or
“trichloride as cocatalysts. It is possible that, in the latter case, polymeriza-

tion actually takes place on titanium catalytic species formed by reaction
of the cocatalysts with the w-allylic complexes. Polymerization of cy-

clobutene and cyclopentene in the presence of m-crotyl complexes of
~.molybdenum, tungsten, or nickel (eventually combined with Lewis acids)
“~has also been reported (198). For example, catalytic systems based on
~bis(m-crotyl)nickel and w-crotylnickel halides polymerize cyclobutene
c;and cyclopentene exclusively through the double bond, whereas ring
~opening is observed in the presence of catalysts containing a-crotyl
~complexes of molybdenum or tungsten.

'3 THE EVOLUTION OF IDEAS ON THE MECHANISM OF OLEFIN
‘COCRDINATION POLYMERIZATION

- The evolution of ideas on reaction mechanism has undoubtedly been
.dominated by the mechanism proposed by Cossee a few years ago. By
. then a general consensus had been reached on several essential points,
and these key points were included in the Cossee hypotheses. These were
determinant role of the transition metal; formation of an alkyl derivative
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of this metal foreshadowing the polymeric chain on the catalyst; accessi-
bility of at least one free coordination position on the complex to allow a
proper positioning of the monomer; and existence in this complex of
steric factors responsible for the stereospecificity of the propagation
reaction. Cossee’s proposal left several questions unanswered. In particu-
lar, it did not detail the role of the alkyl metal derivative of groups I-1I1
(especially aluminum) in controlling the stereospecificity and activity of
the catalyst, nor the exact importance of the heterogeneous or homogene-
ous state of this catalyst. With our current knowledge, these questions are
no longer as crucially important as they once were, but these aspects will
be discussed later.

3.1 The Cossee-Arlman Mechanism: Cis Rearrangement

In the Ziegler-Natta bimetallic catalysts, a dominant role is played by the
transition metal derivative in controlling the stereospecific polymerization
reaction. The influence of the aluminum compound is much less essential
than had been frequently proposed for historical reasons [Aufbau reac-
tion (1) of ethylene to low molecular weight polymers by aluminum
alkyls]. The assumptions as to the greater importance of the transition
metal have now been experimentally proved by performing the polymeri-
zation of a-olefins in the presence of monometallic catalysts (containing
only one type of metal, although sometimes binuclear) displaying good
activities and stereospecificity.

Emphasizing the prominent role of the transition metal, and more
specifically of its d orbitals, in 1964 Cossee and Arlman presented in a
very lucid series of papers a mechanism for the stereospecific polymeriza-
tion of unsaturated hydrocarbons on a previously alkylated monometallic
complex, for instance, of titanium (145-148) as shown in Fig. 9. Their
reaction scheme specifically involves the following important considera-
tions.

3.1.1 Formation of the Active Center (Steps 1 and 2 of Fig. 9)

The essential role of the alkylaluminum compound is to alkylate the
titanium by substituting one of the chloride ions of a pentacoordinated
‘metal atom exposed at the surface and displaying a chloride vacancy. Of
these five chloride ions, three are completely embedded in the interior of
the crystal; of the two remaining, the first is still attached to two metal
ions, and only the other is considered to be loose enough to undergo the
alkyl exchange easily. The alkyl group introduced -by this reaction
foreshadows the growing polymer chain. From crystallographic models

most probably the edge of a crystal growth spiral.

This reaction implies the preliminar
‘the free coordination iti

R ; position of the alkylated octahed
plex, TiCLLR 1. Step 3 occurs through

A : the knowledge gained from studies of

~zation catalysts. The heats of formation of

..Emo“ small complex formation
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, but are located along a spiral

The alkylation reaction (steps 1 and 2) itself has been put in evidence

~first on a model system devoid of side reactions, ScCla-Zn(Et),, where

.~ both zinc and ethyl groups could be labeled (150); a further detailed

stud iCly-
_ .....m% m\mﬂw .Em TiCis-Al(CH;), system was also performed

by Rodriguez et

3.1.2 Reaction of Monomer at the Active Center | Steps 3-5)

y bonding of the olefinic monomer to
. ral titanium com-
7 bonding (152), a type of bonding
different olefin-transition metal complexes is readily applied to polymeri-
5@.85222 are usuaily
olution (see, €.g., ref. 157);
constants have been indicated by several

small and almost the Same as their heats of g
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-thermodynamic and kinetic studies. Molecular models Teveal that there is
no special steric hindrance to a very close approach of the monomer to
this sixth coordination position on the TiCl; crystal.

The greatest merit of this scheme is most certainly the avoidance of any
important nuclear displacement during the reaction of the coordinated
monomer with the alkyl group; only the first CH, group of the growing
chain attached to the transition metal has to undergo a limited translation
of about 1.9 A. This displacement starts with the angular vibration of the
Ti-CH, bond. In transition metal complexes, owing to an additional
overlap of the CH; group with the metal 4,. orbital, the amplitude of this
vibration in the nonequilibrium position may be larger than in a nontran-
sition metal complex. This situation also allows a much greater overlap of
the two potential wells corresponding to the equilibrium positions of the
R groups and the coordinated olefin’s orbitals. The energy of activation
for the rearrangement (step 5} is consequently lowered, and the migrat-
ing group finds simultancously a combination of overlapping orbitals
all along its reaction path (Fig. 10).

In this reaction sequence, it is claimed that the overall measured
activation energy is essentially representative of the energy involved in
the rearrangement, since the heats (AH) of complex formation are usually
small.

The cis migration mechanism presented here explains very well many
essential features of the olefin’s specific polymerization by transition metal
complexes. An elegant illustration of its versatility came from observa-
tions made in the course of vinylcyclopropane polymerization (158);
indeed, the simultaneous occurrence of 1,2 and 1,5 additions implies a
mechanism involving both normal and abnormal alkylation of the coordi-
nated monomer during cis migration (Fig. 11). In fact, it is of much

Figure 10
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. broader scope than for polymerization only, and has been applied to a
. number of reactions catalyzed by transition metal complexes, for example
‘in the dimerization of ethylene in the presence of rhodium salts, which
‘has beenr shown to involve a [C,Hs—RhCl(C,H,)(solvent)]™ complex.
Some catalytic hydrogenations are claimed to proceed by a similar
~migration of the metal bonded hydrogen to the coordinated olefinic

_substrate. Several carbonylation reactions (e.g., hydroformylation} have
.. .also been explained by this type of rearrangement.

The general nature of this reaction, corroborated by new examples
discovered every year, was also demonstrated by the specific activation

~and reaction of other interesting substrates including, e.g., molecular
JOXygen or nitrogen.

3.1.3 Quantitative Aspects of the Rearrangements

. In an attempt to get a more precise picture of the reaction (148), it has
. been proposed that in the nonequilibrium position the important factor is
+ the mixing of ¢ with ¢, orbitals; orbital d,, (originally in the common 3d
- level) is the one that connects 7% and ox (or performs the mixing). This
‘will occur to an appreciable extent only when the energy spacings {w*,
.. or and d,;) are not too large; ie., the best catalytic activity will be
. attained when the metal 3d level is somewhere between * and or (Fig.

12). It is also clear that these levels, and consequently the relative

- activity, will be influenced not only by the nature of the metal but also by

that of the more or less electron attracting surrounding ligands.
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Quantum mechanical calculations allowed a more guantitative evalua-
tion of this cis rearrangement (in a complex carrying a methyl group to
simplify the problems) through an “iterative extended Hiickel” approach
(153). Results were obtained for several situations along the reaction
coordinate; the energy diagrams of a number of relevant orbitals, their
composition, and the evelution of charges and bond orders give a fairly
detailed picture of this catalytic reaction. The calculations confirm the
gualitative picture that the d level is between & and 7™ of C,H,, and the
C-Ti bond is located 16,000 cm™" below that of the nonbonding d., and
d,. of the metal; they also show, in the initial titanium alkyl, the small
electronegativity difference in the Ti-C bond, and the reason for the low
kinetic stability of this bond (short distance between the M—C bond
orbital and the empty d orbitals). Moreover, the total splitting of the d
levels is of a very reasonable order of magnitude (28,700 cm ™), and the
chloride ions also show some # bonding to the metal.

In the complex with ethylene, d,, is depressed by the olefin antibond-
ing orbital and the distance ¢-CHj3 <> d,, is thereby reduced from 14,900
to 11,100 cm ™", If this is indeed a measure of the M —C bond lability, we

. “Evelution of ldeas on” the ‘Mechanism of Olefin Coordination 105

“have a quantitative indication of the path of action of the transition metal
ion in catalysis. Simultancously the 7-#* distance in ethylene increases
from 48,500 to 53,200 cm™ 1. An interesting conclusion is the unsymmet-
rical bonding of the two carbon atoms of the olefin, the one closer to the
methyl group being somewhat more weakly bonded.

- During the reaction (moving the CH, group), which is accompanied by

" delocalization, the charge on the Ti atom (as well as on the four Cl jions)
 remains practically constant despite the temporary storage of some nega-

tive charge. The important conclusion is that the alkyl group does not
move as an anion, as was often suggested in the early studies on the
Ziegler-Natta catalysts.

A comparison has been made among Ti, V, and Cr indicating that the
lability of the methyl group increases in this series {from Ti to Cr), while
there is a corresponding decrease in the Mr—ethylene interaction. This

- lability could be a favorable factor in the propagation, which fits Pasquon
".and Zambelli’s determination of the absolute activity of active sites in Ti

~and V catalysts; however, it also becomes a limiting factor for the

. formation of a sufficient number of M;—R bonds, which may explain the

very poor performance of Cr in Ziegler-Natta catalysts as well as the

-improved performances in better ligand environment as in oxide type

- catalysts.

‘314 Stereospecificity

. The isotacticity of many polyolefins obtained with the Ziegler-Natta
 TiCl-AIR, catalyst has also been explained by Cossee and Arlman on
“the basis of a monometallic complex.

.. Considering the octahedral [(RTiCl, 01 in the surface of the crystalline
lattice, they came to two important conclusions: {a) This octahedron is
Pplaced unsymmetrically, and does not contain a plane of symmetry; and
:(b) the positions of the alkyl group and the coordination vacancy in the
~lattice are not equivalent, either sterically or ionically.

- This situation might completely predetermine the configuration of the
‘new asymmetric carbon being formed (i.e., only one orientation of the
coordinated olefin is allowed), explaining the tacticity of the chain (ref.
148, pp. 154 and 162).

-~ There are still two possible paths for the reaction:

1. After the rearrangement, the alkyl group stays on its new position,
he monomer is coordinated on the newly formed vacancy, and the same
‘process is repeated, giving an alternating type propagation and a syn-
(diotactic polymer. This eventuality will be favored by a substantial
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lowering of the temperature -(decreasing the rate of both -alkyl back-
shift and alkyl migration, but increasing complex formation on the new
vacancy).

2. In most cases, however, the extended alkyl group moves back to its
original position before a second monomer is incorporated. This ensures
that the insertion of every monomer unit in the chain is repeated in a
stercospecifically identical manner and an isotactic polyolefin is produced.
This scheme fits in with the nonequivalence of the two positions involved,
and also with the kinetic analysis of the reaction. This back-shift will
proceed by the same mechanism as the migration in the insertion step,
with the help of metal f,, orbitals. Consequently, the preference for an
isotactic or syndiotactic placement will be governed essentially by the
ratio of the rates of the alkyl back-shift and the insertion in the growing
chain.

When using a monomer with two potentially asymmetric carbon atoms,
e.g., a l-deuterated «-olefin, a ditactic polymer is obtained whose forma-
tion can be exactly explained by the spatial control of the monomer
coordination.

Finally, the formation of stereoblocks, i.c., isotactic homopolymers
containing sequences of, say, d configurations followed by other se-
quences of the mirror image ! configuration, can also be easily visualized.
The growing chain may exchange with a metal alkyl molecule in the
solution and exchange again with another active titanium site from which
position growth resumes but possibly with the opposite configuration. It
would be interesting to see if these stereoblock structures are absent
when using a monometallic catalyst that was prepared using no metal
alkyl.

3.2 The Modified Model for Titanium Trichloride

Despite its outstanding merits, the Cossee-Arlman scheme still leaves a
series of questions unanswered. For instance, (a) why does the aluminum
atkyl, in some cases, influence the activity and even the stereospecificity
of the catalyst (e.g., AIR.I); (b) why do the organozinc derivatives, which
are good alkylating agents, yield less active and stereospecific catalysts;
(c) why do electron donor ligands (e.g., amines) significantly improve the
stereospecificity of a given catalyst; (d) why do only a small proportion of
the alkylated transition metal sites give rise to polymer chains, as shown
by a comparison of the degree of alkylation with the dispersion of
growing chains along crystal growth spirals or faults, as indicated by
electron microscopic observations; and (e) why does B-TiCl; still promote
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- ”.\mrm..onBmﬁon of m.mwmimoma proportion of isotactic polypropylene,

despite its great number of symmetrical active sites with two vacancies?
These points were considered in a modified scheme presented by
Rodriguez and Van Looy (149). Keeping the basic features of Cossee’s
proposal (in particular the cis rearrangement reaction), these authors
suggest that the active site is a tetracoordinated alkylated titanium atom
carrying two coordination vacancies. One vacancy is occupied by the
halogenated aluminum alkyl (or eventually another ligand) and forms a
bridged bimetallic complex with the titanium atom; the other is filled by
the monomer. The resulting catalytic sequence is schematized in Fipg. 13.
After the rearrangement (breaking the initial bimetallic bridge), the

.- formation of a new bridge under the influence of the aluminum atom is the

driving force that will restore the active site to its initial configuration. This

- will give rise to an isotactic polymerization. Such a mechanism may furnish
. asatisfactory answer to the questions raised above (at least for 8-TiCly). Tt
" explains in particular the influence of external ligands (amines) acting in
- place of the aluminum alkyl; the inhibitory effect of strongly coordinating
o entities such as ZnCl,; the stereospecificity of TiCl,~Al(CHa)s; and the
~'influence of atuminum alkyls. For the « form of TiCls, one has to admit
“‘that although the pentacoordinated form is predominant, there are still a
‘few tetracoordinated sites arising from lack of stoichiometry in the crystal
~and from a double chlorine vacancy permitted by the relatively small
~differences of retention energies within the edges of this crystal. The
- latter observation would explain the small number of active sites indicated
. by electron micrographs.
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H:a proposal does not imply that Cossee’s pentacoordinated center
must be inactive, since the aluminum alkyl coordination is reversible, but
its stereospecificity is not guaranteed. It reconciles the antagonistic views
of the supporters of the mono- or bimetallic mechanisms (see the follow-
ing section), since the aluminum alkyl is playing the role of a ligand to the
determinant transition metal complex. It must be admitted that the
essential role of the titanium-carbon-aluminum bridge is questionable in
view of the relative instability of such structures {154) compared to the
corresponding chloride bridges. It represents a very good working
hypothesis to use to compare the results described below for the
homogeneous polymerization of ethylene and propylene.

2.3 Soluble Bimetallic Catalysts

The polymerization of clefins by two families of soluble Ziegler-Naita
catalysts has been investigated in detail. These give a better insight into
the polymerization mechanism and support the main ideas arising from
studies of heterogencous catalysts. These investigations include the
polymerization of ethylene by biscyclopentadienyl titanium dichloride
catalysts, and the syndiotactic polymerization of propylene by vanadium
catalysts in the presence of an electron donor molecule.

3.3.1 Cp,TiCl—EtAICL for Ethylene Polymerization

This interesting system, very suitable for a systematic investigation be-
cause of its solubility and its rather well-defined chemistry, has been
extensively studied by Henrici-Olivé and Olivé (14). Combining EPR m.sa
kinetic measurements, they came to the conclusion that the active specics
was again an alkylated octahedral titanium complex on which polymeriza-
tion took place through a scheme very similar to the one proposed by

Cossee:
) AlR _Cl X
Cp,Tici, n"3-n,_ CpyTiCIR

CpyTICIR + AIRCly « CpH; —

R \Q, _\m NN
ALT W\a CH,y — T e,
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- The studies also emphasized a number of interesting features:

1. Oxidation state and geometry. The active center contained Ti(IV)
exclusively in an octahedral arrangement, which is especially interesting
in view of the time-honored discussions on the importance of the oxida-
tion state of the transition metal, and particularly since most heterogene-
ous catalysts involve Ti(IiI),

Hence it becomes clear that the key factor is the geometry of the
complex. For seluble species, only the Ti(IV) oxidation state ensures the
octahedral geometry with a vacancy for the monomer coordination in the
suitable cis position relative to the R group (growing chain), while the
corresponding  Ti(IIl) gives an inactive tetrahedral complex. In
heterogeneous catalysts, the crystalline TiCl; lattice itself ensures this
same octahedral structure.

2. Stability of the Ti-R bond and reactivity of the complex. Taking
as a criterion either the rate of reduction from Ti(IV) to Ti(IlI) or the rate
of ethylene polymerization, it was also proved experimentally that the
Ti-R bond was destabilized both by the alkyl groups of the aluminum
ligand (acting presumably through its bridge in the position trans with
respect to the R group) and by the coordinated monomer. This particular
point, detailed by simplified molecular orbital calculations, was also

- confirmed by experiments involving nonpolymerizable olefins and
‘strongly supports the predictions of Cossee.

The stability of this Ti~R bond, which is directly related to the catalytic

* activity of the complex, can accordingly be “tailored” to a certain extent
by modifying the donor-acceptor properties of the surrounding ligands,
. e.g., the aluminum compound. In similar fashion the w-allylnickel com-

plexes exhibit tremendous changes in the butadiene polymerization rate

~when the electronegativity of the counteranion is modified (123). This
- explains how the alkyl metal part of the catalyst can influence the

. polymerization course, and closely fits the ideas of Rodriguez and Van
~-Looy summarized above.

~-In summary, catalysis results from three cooperative influences: destabili-
- zation of the Ti-R bond by coordination of the monomer and by the
- bridged aluminum alkyl, enhancement of the olefin double bond reactiv-
“ity by m coordination to titanium, and a suitable spatial arrangement in
. the complex for the “cis migration™ of the alkyl group (or growing chain)
- by only a small “in plane” vibrational displacement as stressed by Cossee.

All these features are related to an octahedral geometry of the complex.
© Chain termination is also satisfactorily accounted for as owing to the

- bimolecular mutual deactivation of two catalyst molecules with loss of the
.W group ﬁmwogcm chain).
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3.32 VCI—AlCHs).Cl for Syndiotactic Propylene Polymerization

Boor and Youngman (155) as well as Zambelli and Natta (156) and their
co-workers have studied these systems, and although suggesting slightly
different active centers, both groups came to the conclusion that again,
polymerization took place on an octahedral complex, on two vicinal
positions occupied, respectively, by the chain and the monomer.

Zambelli used a Lewis base L (particularly anisole} as an additional
ligand replacing one of the organometallic molecules, and obtained a
complex to which the following structure was ascribed:

€t
~

Al

o]

This species is more stable than in the absence of anisole since poly-
propylene yield and molecular weight both increase, indicating a consider-
able decrease in the termination process.

The stereospecificity of the syndiotactic polymerization of this
monomer is favored both by low reaction temperatures (—78°C) and the
presence of the Lewis base. In the proposed catalyst structure, the
vanadium atom is asymmetrical, and the syndiotactic type of stereo-
specificity is explained by an inversion of configuration every time a
previously coordinated monomer molecule enters the vanadium-alkyl
bond. From a steric point of view this asymmetry does not seem impor-
tant enough to justify a preferential presentation of the monomer. The
explanation can probably be found in Boor’s proposal that the free
rotation of the last added unit is sterically hindered. The addition of a
new monomer molecule would then be faster if it approaches the growing
chain end from a direction imposed by the presence of the counterions in
the most favorable position, i.e., presenting the side of the molecule
having a configuration opposite to that of the last unit to minimize the
interaction of the methyl groups. A rise of the reaction temperature will
obviously lower this rotation barrier and consequently reduce the stereo-
specificity of the process.

It was also shown that the exchange of ligands (when favored by the
reaction conditions), or their dissociation leading to two coordination
vacancies (in particular when using a metal alkyl having a lower tendency
to coordinate than the aluminum compound), introduces steric ir-
regularities in the growing chain, e.g., isotactic diads or even sterically
disordered sequences.
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3.4 Homogeneous and Heterogeneous Coordination Catalysis

The importance of the insolubility or solubility of the catalyst in the
polymerization medium has been a disputed point for years.

The fact that until recently, it has been impossible to prepare isotactic
unhindered polyolefins with a soluble catalytic system has been consi-
dered an indication that = bonding of the monomer in itself is not
sufficient to ensure this type of stereoregulation even on a sterically
crowded complex. Moreover, this is in agreement with what we know
about the chemistry and mechanism of such reactions. It corroborates the
hypotheses of Cossee and Rodriguez that an additional factor, such as the
severe steric requirements of the crystalline matrix or the control exerted
by the bridged aluminum alkyl, is essential to ensure at every step the
insertion of the olefin in an identical stereoconfiguration.

One apparent exception to this is the report by Mazzanti (44} of a
soluble catalyst able to perform the polymerization of 4-methylpentene
into an isotactic high polymer. It is not yet certain, however, that the
catalytic species is a truly isolated complex in solution, or an aggregate
that reproduces locally, under apparently homogeneous conditions, on a
microscopic scale, the same steric requirements as the matrix of the
insoluble systems. In another apparent exception Ballard (211) has re-
cently reported that soluble Zr(allyl), and Zr(allyl}sCl can produce solu-
ble isotactic polypropylene. It is reasonable to assume that this is a
homogeneous process. Thus, a single transition metal atom appears to be
able to form isotactic polymers and does not require the environment of a
solid surface. Even in this case, the environmental changes of the metal
atom afforded by adding insoluble cocatalysts lead to increased rates of
polymerization.

The beneficial effects of a second factor for steric control in the
orientation of the monomer, besides coordination of the double bond to
produce isotactic polymers, have also been demonstrated in anionic
coordination polymerization. It is worthwhile to remember that lithium
alkyls polymerize styrene to atactic macromolecules unless the lithivm
compound is incorporated in a crystalline [attice such as LiBr, yielding
then a highly isotactic polystyrene (159). When the monomer itself con-
tains a second suitably located group, its orientation may be predeter-
mined enough to vield isotactic products even in completely homogene-
ous solution; this is the case for the polymerization of o-methoxystyrene
by butyllithium (160}, and of methyl methacrylate by 9-fluorenyllithium
in toluene (161).

In summary, one can consider the influence of the homogeneous or
heterogeneous state of the catalyst as purely incidental; it does not at all
affect the basic coordination polymerization mechanism, as confirmed by
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the fact that individual transition ‘metal atoms can generate isotactic
placements. However, if not essential, it is important in controlling the
steric environment of the active center (and sometimes the electronic
environment too, when the matrix acts as a delocalized ligand}; in this
respect, the presence of a crystalline lattice or any kind of rigid hindered
environment contributes to ensure the isotacticity of a chain composed of
monomeric units that do not have more than one binding point to the
catalyst.

Interesting new developments (162, 164) indicate that the solid cataly-
tic phase can govern the morphology of the polymer formed; in such
cases, we have a direct and specific action of the solid surface. Some
systematic control of this effect could represent a new and valuable
procedure for modifying polymer properties.

3.8 Conclusion

The cis rearrangement reaction in an alkylated octahedral transition
metal complex offering a coordination vacancy to the monomer, affords a
clear and useful picture of the actual active center in both heterogeneous
and homogeneous stereospecific polymerization of a-olefins. Taking into
account recent additional considerations, one obtains a better idea of the
relative importance of factors such as the oxidation state of the metal
atom, the solubility of the catalyst, and principally the role of the
alkylaluminum derivative. This last problem has been the subject of many
controversies, but can be rationalized by considering that, besides its
alkylating role, the aluminum alkyl can also act as a ligand in the
coordination sphere. In this manmer it exerts a control over the electronic
distribution responsible for the reaction rate, and sometimes to a lesser
extent steric influence over the course of the polymerization,

These descriptions have been of great help in tailoring the catalyst
structure for an ever more precise and elaborate control of both activity
and structure, at the molecular and hopefully supermolecular level,
Elastomer synthesis represents a special aspect of monoolefin coordina-
tion polymerization, since one usually tries to avoid too much crystallinity
and starts with different monomers, usually dienes. With dienes
stereoregularity involves not only isotactic and syndiotactic placements
but aiso cis, trans, vinyl, and related isomerism. In the preparation of
elastomeric polyenamers from cycloolefins some new data recently
gathered about the control of olefin metathesis suggest, once again, a
process involving a cis rearrangement through the intermediate formation
of carbene species (165). Although recently these species were success-
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fully isolated (221), the results can also be explained by hypothesizing
transient metallocyclopentanes instead of metallocyclobutanes.

4 ADVANCES IN DIOLEFIN COORDINATION POLYMERIZATION

The ability to initiate stereospecific polymerizations by means of well-
defined monometallic catalysts that can be modified systematically (par-
ticularly the =-allyl complexes; see Table 3) and to characterize the
microstructure of the corresponding polymers (by x-ray diffraction, in-
frared, and NMR spectroscopy) has helped to establish correlations
between the composition of the catalytic species and both its overall
activity and stereospecificity. The recent advances in stereospecific

- polymerization of conjugated diolefins appear to be most enlightening as

to the propagation control mechanism, the more so as several geometric
isomers are possible. Subtleties in behavior are observable which are
absent in olefin polymerization.

4.1 Factors Influencing Stereospecificity

The structure of polydienes is determined not only by the transition metal
itself but also by the nature of the active center as a whole, influenced by the

-ligands bound into the coordination sphere. These include monomer, the

counterion, the solvent, and any electron donating or withdrawing addi-
tives used. Three major functions of a compiexing agent or ligand have to
be considered:

1. The ligand can help to stabilize the transition metal in a lower
oxidation state where d-p,. bonding is highly favored.
2. The ligand is very important in directing traffic in the coordination

= sphere. This can be done by physicalty blocking one or more coordination
~sites and/or by changing the electron density in the d orbitals which are
- available for bonding to an incoming substrate.

3. Some ligands are better leaving groups than others and can facili-

-tate the substitution of olefin or diolefin reactants on the transition metal,
consequently influencing the overall kinetics of the process, as will be
. shown later.

A significant illustration of ligand influence on the structural course of

“polymerization comes from appropriate modifications of w-allylic cata-
~lysts. It is possible to prepare by such modifications not only the different



isomeric structures of ﬂoa&cmm&mu_m (46) but also three different isometic
compositions of 1,4-polybutadiene (130):

cis-1,4-PBD (93%)
oopﬁ
(CsHs)sCr
7

, 1,4-PBD (99% trans)
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1,2-PBD> (90%)

trans-1,4-PBD (92%)

1,4-PBD (96% cis)
CeHy

1,4-PBD (50% cis, 50% trans)
4.1.7 The Transition Metal

As already mentioned, when transition metal compounds having unfilled
d orbitals form complexes with unsaturated hydrocarbons, there is an
overlapping of the filled & orbitals of the olefin with the free d orbitals of
the metal, and an opposite overlap of the filled d orbitals of the metal
with the vacant antibonding orbitals of the olefin. Depending on the
nature of the orbitals involved, the degree of overlapping of these
orbitals, and the atomic radius of the metal, monomer-transition metal
complexes will be formed which differ in their structure and consequently
exhibit different stereospecificities. On this basis, it should be expected
that the structural course of the reaction will be determined primarily by
" the nature of the fransition metal, as widely confirmed in organometallic
chemistry. For example, investigations of butadiene trimerization by
simple 7-allylic complexes indicated the specific formation of either cyclic
or linear trimers, implying the same intermediate complex, when bis-r-
allylnickel or palladium, respectively, is used as catalyst (95) (Fig. 14).
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- "The nature of the transition metal is also a determining factor in stereo-

specific polymerizations with homogeneous Ziegler-Natta catalysts, as
detailed with the aid of molecular orbital theory (see tef. 166). As

8 ~ appears from Table 3, the results obtained with monometallic catalysts of

the m-allyl type confirm that metals belonging to the right side of the
transition series in the periodic system (e.g., cobalt, nickel, iron, or

- thodium} are the most appropriate for the preparation of 1,4-

polybutadienes, whereas metals from the center left yield predominantly

- 1,2-polybutadiene and promote the polymerization of monoolefins (e.g.,

chromium, molybdenum, niobium). However, the original specificity due
to the metal may be completely modified by counteranions; e.g., the
addition of hydrogen chloride to chromium or niobium m-allylic com-
plexes results in the formation of cis-1,4-polybutadiene instead of a

.. -vinylic polymer (46, 113). This indicates that the counterion present in

the coordination sphere of the catalyst may be another determinant in

--controlling the stereospecificity.
412 The Counterion

- The microstructure of polybutadienes produced by a-allylic catalysts
.~depends closely on the nature of the anion in the complexes, i.e., chloro

complexes give the cis-1,4 isomer whereas iodo complexes tavor the

~formation of the trans-1,4, and bromo complexes produce polymers of
- mixed intermediate structure. All these products are essentially free from
~vinyl structure (see Table 3, part E). In fact, since the decrease of the
~electron density on the transition metal atom becomes more pronounced

as the halogen electron affinity increases, we can ascribe the relatively
high cis-1,4 contents of polybutadienes obtained with the chloro catalysts

“to the lower electron density of transition metal orbitals, relative to that

in the bromo or iodo systems.

.= The cis content is still higher when a more electron withdrawing anion,
- such as a trihaloacetate, is used. Even slight modifications in the counter-

ion used can result in change of microstructure in the polymers obtained,
e.g., high cis-1,4-polybutadiene is produced in the presence of -
allylnickel picrate whereas the tribromophenate derivative yields a high
trans-1,4 polymer (47, 52).

. -In fact, the observations made with different counterions support the
concept that the change of stereospecificity is probably not due exclu-
sively to a steric influence, but mostly to the inductive effect of the

_ counterion present in the coordination sphere of the catalytic complex.

Moreover, the role of the counterion appears to be a determinant in
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controlling not only the stereospecificity but also the overall rate. of
polymerization, as is shown in Section 4.2.1.

4.1.3 Ligands

The ligands bound to the transition metal may strongly influence the
steric course of the polymerization, depending on their electron donating
or accepting properties; for example, stereoregular 1,4-polybutadienes
with high cis-1,4 contents are obtained in the presence of nickel com-
plexes stabilized by carbonyl, cyclopentadiene, cyclooctadiene, or m-
allylic ligands with various acids as cocatalysts, whereas when starting
from tetrakis triphenyl phosphite nickel, a crystalline trans-1,4-polybuta-
diene is formed (133).

The addition of electron donating ligands to a complex giving the
cis-1,4 polymer originally completely modifies its stercospecificity and
usualiy leads to an increase in the amount of trans-1,4 (or even, in a few
cases, of 1,2) units as has also been demonstrated with several Ziegler-
Natta catalytic systems. This is clearly illustrated by the addition of
stoichiometric amounts of ethanol or triphenyl phosphite to w-allylnickel
triffuoroacetate, leading to a high frans-1,4-polybutadiene instead of a
high cis-1,4 polymer (130). Cryoscopic determinations performed on the
catalytic species indicate these changes in stereospecificity are due to the
occupation of vacant coordination positions on the metial atom by these
additional polar ligands. These observations strongly support Arlman’s
mechanistic assumptions in the case of diolefin stereospecific propagation
on a- and B-TiCl; catalysts (146, 178).

In conirast to the electron donors, the majority of eleciron accepting
molecules used as additives have practically no effect on the micro-
structure of the polymer chain when starting from catalysts originally
yielding a cis-1,4 structure, such as sr-allylnickel chloride or the haloace-
tates. But when starting from s-allylnickel bromide or iodide, electron
accepting compounds change the stercospecificity, favoring the cis-1,4
structure formation (see Table 3, part ). In this case, it is obvicus that
the change in stereospecificity cannot be atiributed to a halogen exchange
reaction between catalyst components, since systems containing only
iodine [e.g., (C,H,Nil), +Snl, or L] give predominantly cis-1,4-polybuta-
diene while the corresponding original w-allylnickel iodide brings about
the formation of the trans-1,4 polymer. Therefore variations in sterco-
specificity in the presence of additional electron acceptors appear to be
due essentially to the formation of charge transfer complexes in which the
electropositive charge on the transition metal atom is increased.

Other ligands have been found with a specific behavior that is different
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from those discussed above, and not yet observed with the usual biretal-
lic catalytic systems; indeed, a new kind of stereoregular polymer, namely
the “equibinary polydienes” containing equimolecular amounts of two
different structural units, were synthesized by modifying, with suitable
additional ligands, catalytic species yielding polymers containing only one
type of structural unit. Such an elaborate control of the propagation
reaction may be very helpful in getting a more intimate view of the
stereoregulation processes, since it appears to be a general phenomenon.
Various equibinary polydienes have been synthesized by similarly modify-
ing different catalysts; for example, equibinary poly{cis-1,4-3,4)- or
(1,2-3,4)-isoprenes have been prepared with modified cobalt catalysts (19,
167, 168), and equibinary poly(cis-1,4-trans-1,4)-butadiene (121, 130,
133) or isoprene (135) in the presence of modified nickel catalysts. An
interesting characteristic of the catalysts promoting the formation of
equibinary polydicnes is their reversible character. The removal of the
ligand or the addition of electron accepting or donating compounds
promotes the formation of polymers having an all cis-1,4 or crystalline
trans-1,4 structure, respectively; consequently, the binary selectivity ap-
pears to enjoy some of the versatility usually observed for monoisomeric
stereospecificity. A study devoted to the catalytic species involved in the
formation of equibinary poly{cis, trans)-butadiene, strongly suggests a
competitive modification of the initial symmetry of the catalytic com-
plexes when coordinating the additional ligand (130). A tentative scheme
for the formation of these equibinary polydienes is proposed (213) on the
basis of a binuclear complex in which the insertion of cis and trans units
in the two bound growing chains is coupled and complementary.

A most interesting mechanistic indication is the possibility to control to
a large extent the distribution of the two isomeric units in the polymeric

~ chains, without disturbing their equimolecular composition; for instance,

equibinary 1,4-polybutadienes (containing practically 50% cis and 50%

.” - trans} have been obtained in which the isomer placement switches,
. depending on the nature of the polymerization solvent, from a purely

random one (in benzene) to a highly alternate one (in CH,CI,) (214). A

“-“tentative interpretation of this behavior might involve kinetic control of

the lifetime of the ¢ form (allowing butadiene insertion) versus the =
form of the bound chain.

...PN Factors Controlling the Kinetics of Coordinated
‘Polymerization

The nature of the ligands bound in the coordination sphere of the
“~transition metal may influence not only the stereospecificity but also the
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catalytic activity; i.e., changes in the nature of the counterions as well as
of the ligands (including monomers) in the catalytic complexes, result in
drastic modifications of the overall polymerization rate.

421 The Counterion

An increase of ihe counterion electron withdrawing .nwﬂ‘moﬁoﬂ in
monometallic catalytic complexes, for instance, the mmwmﬁc:os. of the
halogen in +r-allyl derivatives of Qmmmm.zo: Bwﬂam by _anions .om
halogenocarboxylic acids, leads to a noticeable increase In activity.
Moreover, the behavior of a series of w-allylnickel rm_omnnﬂmﬂ.ﬁmv .m: of
which are highly stereospecific catalysts for the cis-1,4 polymerization of
butadiene, indicates an interesting correlation between the over-
all polymerization rate and this electron withdrawing character o.m m.wo
coordinated counter anion. The catalytic activity EoHlommom sharply in
the sequence OWFOOOIAOENO_OOO\.AOEOF.OOO A.OOFOOO <<
CF;COO07, and the overall polymerization rate 4:& the tritluoroacetate
complex is about 150 times as great as z._mﬁ. in the presence of the
corresponding monochloroacetate (124). In mQ&:oc.ﬁo their high omﬁmq-
tic activity, the triflnoroacetate complexes Eom:ow E.mr molecular weight
cis-1,4-polybutadiene displaying characteristics similar to those of elas-
tomeric polybutadiene obtained with Ziegler-Natta catalysts. These @mﬂm
confirm the interesting possibility of preparing, by the use of mcvaov:mﬂn
counterions, stable monometallic transition metal complexes .mwmﬂ enjoy
catalytic properties similar to those of bimetallic systems without the

addition of any cocatalyst.

4.2.2 Ligands

Ligands Originally Bound to the Transition Metal. Since the first step in
coordinated polymerization is the formation of a # complex coﬁéows the
monomer and the transition metal, it should be expected Em.: the ligands
bound originally to the catalytic complexes may strongly influence the
initiation step and also the overall polymerization rate. Zm& Eoconﬂ.ﬁm_,
lic catalysts (i.e., w-allylic derivatives) are bo:dm:.% associated as binuc-
lear complexes. Often, the active centers for chain growth are not .Em
dimeric molecules of the original complexes but a Eosonc.anmu species,
and the first step will be a dissociative equilibrium involving monomer
(Section 4.2.3) which might also determine Ew o<@5:. rate of the
polymerization process depending on the types of ligands primarily bound
to the transition metal. Only a few accurate data have been n@._uonma on
these points, partly because of the variable degree of purity of the
complexes studied.
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In a series of hydrocarbon-nickel 7 complexes, the catalytic activity for
the polymerization of butadiene was found to decrease in the sequence
(133) 2,6,10-dodecatriene-1,12-diyl = 1,5.9-cyclododecatriene > 1,5-cy-

. _clooctadiene » cyclopentadiene > cyclooctatetraene.

Furthermore, in a homogeneous series of wr-allylic nickel halides (169)
or haloacetates (170), the overall rate constants appear to vary with the
type of substitution of the w-allylic ligands in the order-allyt > methallyl >
ccrotyl. This parallels the effective activation energies of the hyd-

. togenolysis of these wr-allylic complexes (171), indicative of the respective
~heats of dissociation of the corresponding binuclear complexes.

. Monomers. The influence of w-allylic ligands bound to the transition
-metal may be related to the specificity of such catalysts toward the

polymerizing monomer and also to the practical impossibility to obtain a

~true -copolymerization with most of them; this is the case, for example,
- with butadiene, since the coordination or the insertion into the chain of a

different monomer molecule, e.g., of vinyl type, will modify the structure

-.-of the catalytic complex and thereby its relative stability. For instance, as
- ~.observed long ago with cobalt based Ziegler-Natta catalysts, by adding

~suitable amounts of monoolefins to butadiene, it is possible to control

......QOmoJ\ the mean molecular weight of the polybutadiene produced. In-

‘deed, insertion of the monoolefin yields a growing chain that must be
bonded to the transition metal by a o type bond, and the o-cobalt (or

“nickel) to carbon bonds are known to be much more unstable at room

temperature than m-allylic bonds. In some cases copolymers were ob-
tained, e.g., from styrene with butadiene, using 7-allylic nickel deriva-

“.tives as catalysts. The determination of the monomer reactivity ratios

indicated that butadiene is much more reactive than styrene; moreover,

" 'the overall polymerization rate, the copolymer intrinsic viscosity, and the
.- cis-1,4-polybutadiene content decreased sharply with an increase of the
:styrene content in the starting mixture.

.~ Homopolymerization of styrene by w-allylic nickel complexes yields
. ‘oligomers having an average degree of polymerization ranging from 8 to
10 and, in some cases, only diphenylbutene-1 (216). These results again
‘confirm that the bond formed by nickel with styryl radical is less siable
~than the ar-allylic bond formed from a butadiene molecule (52, 126, 141,
~142, 172). This also seems the reason why nickel and cobalt complexes
polymerize diolefins other than 1,3-butadiene (e.g., isoprene, 1,2-buta-
“diene, or allene, as shown in Tables 1 and 4}, but not «-olefins. This
-coordinated polymerization of monoolefins is promoted by the presence
~of chromium, zirconium, and titanium complexes, supporting the afore-
‘mentioned concept that the reaction is controlled essentially by the
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transition metal. Monometallic transition metal’ compounds: were even
found to be active catalysts for the polymerization of vinyl polar mono-
mers, i.e., methyl methacrylate or acrylonitrile (144). However, these
compounds show considerable variations in activity, and not all polar
monomers can be polymerized because of their marked tendency to react
with the metal complex to form a new organometallic compound.

Additional Ligands. The coordination of additional electron accepting
or donating molecules in the coordination sphere of the transition metal
may influence not only the stereospecificity, as mentioned above, but also
the overall activity.

For instance, higher catalytic activities are achieved by adding various
electron acceptors (e.g., metallic salts, iodine, derivatives of haloacetic
acids, or quinones) to the sr-allyl complexes of transition metals. In either
case, this interaction leads to an increase of the effective charge on the
transition metal atom and to an increase in its coordinating ability for
monomer, together with the enhanced activity in polymerization.

In the presence of metal halides polvmerization proceeds in a
heterogeneous manner which implies a change not only in catalyst
molecular structure but also in phase constitution. A similar initial
situation is encountered when adding organic electron accepting
molecules but, in this case, the polymerization proceeds essentially in a
homogeneous medium, since the catalytic precipitate usually redissolves
in the presence of butadiene when the reaction reaches a few percent
conversion. For a series of trichloroacetic derivatives added to wr-crotyl-
nickel chloride, the activity increases as one goes from trichloroacetic acid
to chloral and still further to the trichloroacetic acid chloride and nickel
salt; this corresponds qualitatively to the increasing electron accepting
ability of these ligands. Similar observations were made on substituted
quinones; their half-wave electron addition potentials, which are a meas-
ure of the electron affinity of the acceptor, are +0.01, —0.18, and
~0.51V for p-chloranil, dichloro- or dibromo-p-benzoquinone, and un-
substituted benzoquinone, respectively. This sequence indicates their
decreasing complexing ability as well as their decreasing efficiency in
enhancing polymerization rates.

On the other hand, addition of electron dopor materials usually leads
to decreased catalytic activities and cis-1,4 contents, as shown previously.
In fact, when bases coordinate with transition metal ions, they donate
electrons to hybrid o orbitals of the metal ions, but at the same time, part
of the resultant negative charge on the metal is back-donated to the
ligands in order to keep the metal atom nearly neutral. In other words,
the d electron demsity of the metals is expected to be more reduced

._>%m_=§_m.=_§o,mm=. Coordination ‘Polymerization S o _S._

...Q.:oam: back-donation when the basicity of the coordinated ligand is
~ - higher. If, as generally admitted, the d orbitals play an important role in
" the coordination of the monomer and the chain to transition metal atoms
.- the overall activity as well as the cis content of polybutadiene mro:_m
~depend on the coordination of these bases (e.g., ethers, phosphines,

. wrowwiﬂo@ to the transition metal atom in the active species, as indicated
i in Table 3, part H.

......PN.w Kinetic Data on Polymerization by =-Allylic Complexes of
< Transition Metals

8 The wm.ﬂmm of butadiene polymerization by various mr-allylic complexes of
- transition metals are given by

|@” FQD.mEH
| dt
o for bis(sr-allylic nickel halides (47, 169, 173) or bis(w-crotvl i
~ chloride) (174); by 7Y (rerotylpaliadium
dM —
——=kC"'M

| dt

Hoh.. bis(ar-allylic nickel haloacetates) (47, 130) or bis(m-allylic nickel
halides) plus electron acceptors (46, 112, 175); and

: dn
——=kC*M"
. dt

for tris(r-allylic chromium) (46).
- ﬁ:.w .9&3: activation energy (ranging from 16 to 14.5 keal/mole) is
-surprisingly constant for all the bis(#-allylnickel halides) independently of
. the :mﬁz,m. of both halogen and allylic groups; it ranges from 13 to 10
keal/mole in the case of bis(w-allylnickel haloacetates), and is decreased
: .?.o:._ 13 to 6 kcal/mole, depending on the nature of the electron acceptor
“‘added.
= Cryoscopic determinations have shown that -allylnickel trifluoracetate
s ﬁo.aﬂmzw mm.moa.mwwm as a binuclear complex, but in the experimental
.....nomQ:._o:m .SoEEm cis-1,4-polybutadiene, the coordination of
: .mwo_&:osmwdo amounts of butadiene converts this binuclear species into a
Eoso:zn_mma. one (130, 176). These data indicate that, at least in this
ease, ﬁ.rn.w active centers for chain growth are not the dimeric molecules of
- the original complexes but that, as already suggested, the first step in the
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polymerization reaction is a dissociative equilibrium involving the
monomer:

o X. A -. X

4 /Zm\ f,.Z_\ B +Nﬁh1@ 2 ,‘ -~ Ni -~

1 L ~. \ / ..‘ .M..i|...i.| / ‘\\ 4/

N - X 2C,Hg ¢, Hg

It has also been considered (13) that in some coordination polymeriza-
tions, the rate determining step could be the coordination of the olefin to
the transition metal. However, as mentioned above, some ooEwwaHgEQ
data have recently shown that the polymerization can also wm.oma:oa out
on a binuclear species, e.g., to obtain the equibinary cis,trans-1,4-
polybutadiene (213). . o .

In fact, most of the observations made in the course o.m kinetic studies
of coordinated polymerizations by monometallic catalytic noEESSm. fit
the scheme of dissociation of the initial complex, followed by propagation
through an iterative cis rearrangement, and SME.ENHS:. by a variety of
reactions. Using labeled atoms, some details of this termination mechan-
ism int the coordinated polymerization with wr-allylic complexes have been
elucidated. In principle, the following routes may be wwo.momoa mo.a the
termination of growing chains: thermal ammnﬁ?m.ﬁo: by Em?ovo;omm-
tion, coupling in the deactivation stage, termination onto monomer with
chain transfer, or addition of the growing chain to noEﬁo.::mm from .&o
allylic substrate (e.g., hexadiene) which might be mamo_: in ﬂWm reaction
mixture. Analysis of the experimental data obtained /S.E C-labeled
a-crotyl complexes shows that the last route is not aomrmm& under the
usual polymerization conditions. The polymers formed contained one or
two crotyl radicals from the catalyst in every macromolecule, supporting
the two first routes considered (174, 177). Chain transfer reactions that
determine the molecular weight of the polymer produced apparenily
occur as follows: cs

& }.)).)OIH.HIIOIHQIM HC
Hy C cy + AN
2 " N X
X HC, \.Zal
AN +CyHg -
HC / \Iwn
_ an CH=CH-CH=CHj + HM{X
e CHy

and the formation of two conjugated double co_ﬁm at .&m. end of Eo
polymer chains has been confirmed by reaction with maleic anhydride
(47).

4.3 Possible Stereospecific Polymerization Mechanisms

The enormous amount of sometimes contradictory m%oi.ﬁm.:ﬁ data
pertaining to the same polymerization process, increasingly indicates the
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difficulty of describing a universal mechanism for stereospecific synthesis.

. The study of the intimate behavior of transition metal 7 complexes is of
. interest because most of these complexes are relatively stable and well-

defined species; in addition, these structures, mainiy of the w-allyl type,

- are probably general intermediates in the stereospecific polymerization of
7 conjugated dienes.

In fact, the stereoregularity of polybutadiene should be determined by
the conformation that the butadiene molecule or the end of the growing

. polymeric chain assumes when coordinated to the catalyst metal atom in
. the transition state of the polymerization reaction. Many reaction
- mechanisms find it difficult to explain cis-trans isomerism.,

One of the most comprehensive hypotheses was proposed several years
ago by Arlman (178) as an extension of Cossee’s scheme for «-olefin

: . polymerization on heterogeneous catalysts. Its salient features may be

summarized as follows. When the transition metal atom carries two

.- vacancies, the monomer is coordinated as a bidentate ligand by its two
- double bonds, and is incorporated in the growing chain R (by the cis
.._ _rearrangement reaction) in the same configuration, i.e., as a cis-1,4 unit.
- 1f only one vacancy is available, the coordination of the same monomer
by one double bond allows it to take its more probable transoid
- conformation, giving rise to a trans-1,4 unit. These views have been
‘substantiated by the preparation of trans-1,4-polybutadiene on «-TiCls,
- and of a resolvable mixture of both trans-1,4- and cis-1,4-polybutadiene

on B-TiCl; where both types of sites coexist. The formation of 1,2 units
would be dependent on the relative distance from the C; or the C, carbon
of the monocoordinated monomer to the first carbon of the R group
carried on the same transition metal (growing chain). A shorter C.—R

. distance (depending on metal tadius and complex geometry) would favor
_this vinyl structure.

It should be stressed that the whole mechanism involves a o bond

. between chain and metal in the transition state, whether or not this chain
18 stabilized through a w-allyl bond (involving its first double bond)
-~ between every insertion step. Indeed, the recently reviewed (206) o-x

rearrangements of organotransition metal compounds are well known to

-~ play an important role in many processes, including polymerization,
-isomerization, and hydroformylation of unsaturated hydrocarbons.

Moreover, in elucidating the mechanism of 1,3-diene insertion into the
allylic palladium bonds of the complexes (7-allyl-PdX) by means of NMR
spectra, Hughes and Powell (217) have confirmed that the 1,3-diene,

--acting as a monodentate ligand, coordinates to the palladium through the
-least substituted double bond to give a o-allylic intermediate [(o-allyl)
{diene)PdX]. The key step of the successive electrocyclic insertions of
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(A)

PBD 12 PBD 14

Figure 15

1,3-dienes into allyl-transition metal bonds is a ready 7 —> o —> 7 Process
via an intermediate such as A in Fig. 15, providing a plausible mechanism
for 1,2 polymerization of 1,3-dienes. It should be noﬁau however, that
this type of mechanism differs essentially from a cis Homﬁmnmmamﬁ
process; it is more like an allylic transposition reaction. Changes in
catalytic systems which lead to an increased number of available o.ooH.mT
nation sites were shown to generally change the mode of polymerization
from 1,2 to 1,4. The electrocyclic insertion mechanism may thus conceiv-
ably lead to a 1,4 polymeric chain, according to z._.@ Eﬁm:o.m-m.oém:
report, via anchimerically assisted formation of an ._nﬁmﬁam&wﬁ.o {B).
However, this interpretation raises several difficulties since 1t implies less
probable types of substitution and coordination for the allylic group and
the monomer molecule. .
In the case of polymerization by m-allyl complexes, another mechanism
frequently proposed in the past (see, e.g., refs. 47, 101, H,.Eu 3_8 was
associated essentially with the isomerism of the growing chain end in the

‘Advances ..m._....._.umowmm: ..n..u.omm:._m.mo: ﬁo_<._._...m_.m~m~.m.9._. e B 1

form of a m-allyl complex; it was speculated that the “syn” form would
favor trans polymerization and the “anti” form cis polymerization, the
anti form being favored by coordination to the metal of the double bond
nearest the w-allylic polymer end. However, NMR data obtained in

H H
[ |
P ¢ H ¢ H
e 45 ‘/n\_._ N TN S
SN ERN o SRR N
H e H M2 H
M1 P My
"syn® form-trans - 14 “anti* form _ecis - 14

solution seem to exclude the coordination of the penultimate double
bond, and to indicate that only the syn form exists as a stable complex in
both substituted m-allylnickel trifluoroacetate, chloride and iodide which
yield high cis-1,4- and high trans-1,4-polybutadienes, respectively (46,

133, 180, 215). These observations suggest the lack of correlation be-
tween the isomerism of the m-allylic ligand and that of the resulting
polymer, although as an unstable transition state, an anti m-allyl complex

- that would undergo polymerization prior to rapid isomerization to the

stable syn form is not necessarily ruled out.
Another tentative interpretation was based on the dimeric or

- monomeric form of the catalytic species in solution (46, 126). At least in
- the case of pure cis-1,4 or trans-1,4 polymerization in the presence of 7-

allylnickel haloacetates, the kinetic and cryometric data exclude that a

- polymer chain grows on a binuclear catalytic complex, so the changes of
- microstructure cannot be explained on this basis.

In summary, the data currently available on the homogeneous
polymerization of conjugated diolefins by w complexes, increasingly
support Arlman’s and Hughes and Powell’s concepts that the polymeriza-

. tion proceeds through a o type of tramsition complex; this mechanism

does not exclude the coordination of the growing chain to the metal by a
ar-allyl bond for most of the time, but it assumes that the allylic structure

“passes into an alkyl one under the influence of the coordinated monomer,
~_prior to its insertion into the chain. This mechanism implies also that the

o-7 isomerization does not modify the potentially cis structure of the last

L incorporated monomer unit, a point that is still open to discussion. The
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formation of cis or frans units will be ‘determined essentially, as in the
case of propagations on «- or B-TiCls, by the capacity of a transition
metal to coordinate both or only one of the two double bonds of the
diene molecule. The formation of a predominantly cis structure of
polybutadiene in the presence of cobalt or nickel catalysts would be
rather easy, especially so since the distance between the first and fourth
carbon atoms in the cis confipuration of free butadiene is practically the
same, i.e., 2.87 A, as in the molecule coordinated by both double bonds:

PR T ¢ e 1
Mr 2874 287TA | 7 3454
~ /m., *\ﬂ n.,# «
< c

Moreover, it seems quite probable that, as already suggested (181} the
coordination of the monomer through both its double bonds occurs in fact
in two consecutive steps. Chain propagation results, as indicated earlier,
from a sequence of iterative events, involving formation of a 7 complex
between the catalyst and the diene, isomerization of the w-allyl (if any} to
a o complex, and insertion of the coordinated monomer into the o-alkyl
to metal bond to give a complex similar to the initial one, with further
coordination of another monomer molecule. Within the framework of this
mechanism, implying six- to four-membered transition states, the struc-
ture of the initial complex between the catalyst and the diene determines
the microstructure of the polymer chain.

The presence of strong electron accepting ligands (anions or organic
molecules) should favor this chelation, increasing the cis-1,4 content as
experimentally observed. The formation of 1,2 units might take place
when monomer coordination involves only one double bond and when
simultaneously the atomic distances favor the 1,2 binding, or when the
type of conversion of the w-allylic complex into the ¢ complex deter-
mines 1,2 (instead of 1,4) stereoregulation:

X
P~ CH= CH-CHy— M7

/e .
HEY, ~M1=X
HC =4,
: X
! R P - CH-M7

! L
CH
1
CH,

The action of electron donating additives that are capable of competing
with the bidentate diene for a site in the coordination sphere of the
catalyst becomes easily understandable. Only monodentate complexes
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with monomer may be formed under those conditions and this leads to
trans-1,4 or 1,2 polymers. The inductive influence of the counteranion on
the cis-trans isomerism can aiso be accounted for by admitting that only
the sufficiently electronegative anions are able to promote quantitatively,
perhaps through a “trans” effect, the coordination of both butadiene
double bonds.

This propagation reaction proceeds alternatively on two different sites
of the coordination complex. This is most probably the key to the
interpretation of the peculiar effect of specific # ligands promoting the
formation of equibinary polvdienes (see Section 4.1.3). A different isomer
is alternatively inserted in the chain on each side, or otherwise the whole
complex switches from one geometry to the other after every insertion
step.

In conclusion, and accounting for most of the experimental data
currently available, the mechanism of formation of stercoregular
polybutadienes in solution can be tentatively summarized as follows:
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5 CURRENT PROGRESS IN RELATED AREAS
5.1 Basic Catalytic Structures

The relationships between the catalyst’s structure and its activity and

©. stereospecificity have been further elucidated by investigations of the

coordination polymerization of heterocyclic monomers, such as the ox-

- jranes and thiiranes, to high molecular weight polymers.

The first efficient catalysts were obtained either by reaction of the

"~ 'monomer with ferric chloride {182) followed eventually by subsequent
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hydrolysis or by controlled hydrolysis of organometallic derivatives (183
184) (mostly zinc and aluminum alkyls).

These results strengthened the idea that the responsible catalytic
species were essentially composed of -M-O-M- groupings. Indeed, such
species have been directly synthesized (185) by condensing a metal
aleoholate with the acetate of a different metal, in a 2:1 ratio, e.g.,

2AHOR)s +Zn(0Ac), — (RO)Al—0O—7Zn—0—AIl(OR), +2ROAc )

H

The new bimetallic y-oxoalkoxides obtained are highly active for the
homogeneous ring opening polymerization of oxiranes and thiiranes,
which confirms that the presence of a metal to carbon bond is not
essential to this type of polymerization. These results were confirmed by
preparing similar species (186) with comparable activities through hyd-
rolysis of a double metal alcoholate (Meerwein complex), e.g.,

[AI(OR):], - Zn(OR), +4H,0 — (RO), Al—O—Zn—0—AI(OR),
+4ROH]

Such catalysts are very active and rank among the best for preparation of
polypropylene oxide elastomers (189). Both the activity and the stereo-
specificity of these compounds depend in a very specific manner on the
nature of M;, M,, X, and Y in the general structure
XM H|O|J\F:IO|Z 12X
Miz\—

as well as on the nature of the solvent and the degree of association of the
catalyst.

A comparison of the polymerization rates of different types of oxiranes,
together with the competitive nature of the polymerization process, led
(187} to a coordination mechanism that can be expressed as shown in Fig.
16. This scheme reveals striking similarities to the one proposed by
Cossee for olefin polymerization: foreshadowing of the polymer chain by
the OR group carried on the metal, and an alternating flip-flop mechan-
ism governed by an electronic rearrangement where both chain and
monomer exchange places on two different coordination positions without
any important nuclear displacement. The similarity persists despite the
different nature of the bonds involved, and the fact that at least two metal
atoms scem necessary (188) to account for the reaction characteristics.

5.2 Catalysts with Bifunctional Behavior

A number of attempts have been made to impart to stereospecific catalyst
systems a still more elaborate behavior.

“Current ..._Uq.omq.m.mw in Related Areas .~ o - . 129

. R
M O ( M——0-—M
f 0 w |
0 ms ot o) 0
Vng B N ™ 0w
R m\
R
M-~ — M M--= O - M
ﬁ _W |
- O -0
RN NZAEEN
C v C C v
4 i £
R R R
Figure 16

One of the earliest and most interesting realizations was to promote
“sterepelectivity,” i.e., the ability of a complex catalyst to favor the
preferential incorporation in the growing chain of one of the optical

" isomers of a racemic monomer. This asymmetric synthesis is difficult to
. _perform with high specificity in the polymerization of a-olefins (190), but

has been more successiully achieved for oxirane and thiirane polymeriza-

: : “tion (191, 192), by substituting asymmetric groups on the catalyst, as

close as possible to the determinant metal atom. A similar result has been
obtained in organic synthesis, e.g., in homogeneous hydrogenation by
fhodium complexes carrying an asymmetric phosphine (193).

Several research groups have tried to control the sequential composi-
tion of stereoregular polymers, particularly in copolymerization reactions.
It would be of the utmost interest to be able to prepare block copolymers
with these coordination catalysts since anionic systems, despite their

- outstanding efficiency in this respect, do not polymerize certain mono-

mers (a-olefins in particular) and cannot give rise to given types of
stereoregularity (e.g., pure cis-1,4-polybutadiene). In the case of
polyolefins, although the products have not been thoroughly charac-
terized in terms of sequential (194) molecular weight, preparation of
block copolymers of ethylene and propylene has been claimed as well as
an absence of termination in the syndiotactic polymerization of propvlene
(156). Since polar vinyl monomers are sometimes difficult to polymerize
with coordination catalysts, a two-step procedure has also been devised
(195-197) involving chemical transformation of the “living” polyolefin
end into a reactive group (usually a peroxide) capable of initiating a
radical type of formation of another (polar} sequence; this procedure
usually yields mixtures of different products. Branched polymers have
been prepared either by a simple “‘jumping” reaction (198) or by grafting
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techniques (207) wheré, for example, ‘double bonds in a polydiene are
reacted by metathesis with cyclopentene, thus promoting the formation of
grafted polypentenamer side chains.

Even if the formation of block polymers by coordination catalysis with
transition metals is not yet fully mastered, this is a very challenging and
interesting area which could give rise 10 important developments in the
near future, particularly in view of possible supermolecular organizations
(199).

Finally, a third and exciting avenue was opened a few years ago, when
it was shown that functions cther than polymerization could be imparted
simultaneously to the same catalytic system. For instance (200), a
trimetallic catalyst, involving an aluminum alkyl, titanium chloride, and a
nickel salt, has been used to polymerize internal olefins into poly-a-
olefins, the nickel component ensuring 2 rapid isomerization of the
internal olefin into the terminal « isomer which could be polymerized by
the titanium moiety of the system. The polymers obtained have properties
similar to those of the regular products arising from classical Ziegler type
polymerization of the corresponding a-olefins.

53 Other Polymerization Mechanisms involving
Coordination Complexes

A long time ago, it was shown by Bier (201) that the coordination of an
olefin such as ethylene to a metal salt such as silver nitrate could enhance
its reactivity and allow radical type polymerization under rather mild
conditions to a practically linear product. Other examples of this behavior
have been described Tecently, such as the low activation energy polymeri-
zation of butadiene into a crystalline trans-1,4 polymer in the presence of
thodium chloride, and into a 1,4-trans-1,2 equibinary polymer in the
presence of silver nitrate, in aqueous emulsion under y-irradiation (202).
The thermal or radical induced polymerization of monomers coordi-
nated to metal salts has also given tise to a very interesting research area.
Gaylord (5, 203), among others, has attempted to rationalize several
results indicating that in the presence of metal salts displaying an acceptor
character, different monomers could copolymerize, either spontaneously
(thermal activation) or in the presence of radicals {peroxides, radiations),
to yield 1:1 alternating copolymers; this is the case for the copolymeriza-
tion of butadiene and acrylonitrile in the presence of zinc chloride, as well
as propylene-acrylonitrile with dichloroethylaluminum. Gaylord has
claimed that the polar monomer coordinates to the Lewis acid with a
resultant increase in its electron accepting ability. This complexed
monomer participates in an electron transfer process with the more

‘Conclusion: Trends arid Directions of Research R : .._.w._.
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Figure 17

electron donor monomez, such as an olefin or conjugated diene, to form a
charge transfer complex that could be considered a diradical species.
ﬂr&; growth involves spontaneous or radical initiated homopolymeriza-
tion of this Lewis acid activated diradical charge transfer complex, as
- illustrated in Fig. 17. u
. The m.u.ﬂonBo&ma complex explains the constancy of the polymeric
composition irrespective of the monomeric ratio, mode of initiation, and
- reaction conditions, when the metal salt is present. (The metal is no
- longer required when the two monomers have sufficiently different donor-
. acceptor properties, for instance, the styrene-maleic anhydride pair). This
‘. reaction mechanism, which may have some formal similarities to the
~Diels-Alder reaction, has not been convincingly substantiated. In a more
o detailed analysis of these reactions, Zubov (218) has concluded that they
;-can be m.omoa_uma in terms of common kinetic schemes of addition radical
‘polymerization, despite “‘anomalous’ features for radical processes. Com-
.wmmw formation simply changes the relative reactivities by modifying
‘resonance and polar characteristics of the monomers and radicals, or by
~changing the structure of the transition complex.
©7 This type of structural control opens the way to preparing a broad class
.HOM new products, whose properties can be evaluated in terms of a regular
-arrangement of the two different monomeric units. Some of them, e.g.
the alternating equimolar butadiene-acrylonitrile and ccﬁm&w:n-@aou
-pylene copolymers, have been studied as specialty rubbers in view of their
w.good .o<nam: set of properties (204, 222}, The fact that under certain
..m@xﬁndm._mi& conditions, the chains might grow without termination is
“still an additional attractive feature of these reactions.

m -CONCLUSION: TRENDS AND DIRECTIONS OF RESEARCH

=We now .r.m<o a much clearer view of the active center structure and the
stereospecific propagation mechanism in coordination polymerization.
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Very plausible reaction mechanisms have been elaboratéd which involve
complexes of definite structure, and which are able to explain in detail at
the atomic level the stereospecific insertion of the monomer into the
growing chain. All these descriptions, often based on direct experimental
evidence indicating not only the structure of the complex but also its
behavior in the polymerization medium, stress the same conclusion: The
active center is a metal complex, carrying different ligands and the
growing polymer chain (attached on two coordination positions) and
offering to the monomer to be incorporated, one or more suitable free
coordination positions. Both the activity and the stereospecificity of this
complex are determined by its geometry and by the electronic distribution
dictated by the presence of different ligands, such as another monomer
and/or a second metallic entity.

Despite the tremendous variety of catalytic ingredients used in these
reactions, all of them apparently proceed through the common general
type of structure outlined above. This means that the responsible species
may be formed in situ by numerous and very different reaction paths. In
other words, the coordination polymerization of very different monomers
by very different catalysts may proceed through the same basic mechan-
ism, which in fact explains a much broader class of catalytic processes
involving much of organic chemistry. We have here a rewardingly unify-
ing concept which is of great help in interpreting and forecasting catalytic
behavior, This is the case, for example, for the epoxide/oxoalkoxide as
well as the diolefin/sr-allyl-metal-X systems. Some unity between the
behavior of transition metal complexes and lithium derived catalysts
might also be expected (3, 4).

New directions include the exploratory search for catalysts able to
polymerize new monomers stereospecifically or known monomers into
polymers of yet unknown stereoregular structure such as 1,3 polymeriza-
tion of propene, controlled ring opening polymerization, new alternating
copolymers, and equibinary polydienes. There is no doubt that unex-
pected and interesting results will be obtained.

The use of already known coordination catalysts to perform more
involved polymerization reactions, in particular to produce di- or multi-
sequential block copolymers, will certainly yield new products of great
interest, in particular for the study of materials organized on a super-
molecular scale, access to which has been restricted until now to the use
of anionic catalysts. Other related interesting fields in rapid development
are the studies of the mechanism by which heterogeneous Ziegler-Natta
catalysts control the direct growth of fibrillar structures, and also by which
some inorganic or polymer-supported coordination catalysts are able to
increase both the activity (parts per million range)} or lifetime of the
catalytic species, and its specificity or electivity (219).
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The last step 'in the elucidation of polymerization control by catalytic
structure has vet to be accomplished in many cases. We have a rather
good “chemical” picture of the sitvation, in terms of the well-defined
composition of the active complexes as well as of the gross electronic
influence of the ligands and metal involved. However, it appears that a
significant part of this control is due to the stereogeometry and/or the fine
electronic balance in the complex in the polymerizing mixture. It is highly
probable that this knowledge will be gained only through the simultane-
ous application of several elaborate physical methods.
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1 INTRODUCTION

Synthetic rubbers produced by anionic catalysts such as alkali metals were
the first to become commercially important. It is only within the last 15
years, however, that significant quantities of widely used general purpose
synthetic rubbers have been manufactured by anionic processes. Today,
lithium alkyls and their complexes are among the most favored of the
anionic initiators for polydienes because they offer several advantages,
and it is with these catalysts that commercial growth has been so rapid.
Compared with the other alkali metal compounds the lithium alkyls show
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