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Reviews

Ionic and coordination diene polymerization
and organic derivatives of main group metals
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The effects of the nature of an organic derivative of a main group metal (cocatalyst), its
composition, the cocatalyst : transition metal compound ratio, and the way of introducing the
cocatalyst on the formation and operation of the active sites in the Ziegler—Natta catalytic
systems in the polymerization of conjugated dienes are discussed. A correlation between the
cocatalyst nature and the number and kinetic heterogeneity of the active sites is shown.
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Introduction

Polymerization of conjugated dienes is distinct from
olefin polymerization, e.g., in a variety of microstructures
formed when a monomer joins a growing chain. In the
Ziegler polymerization of dienes, the course of the pro-
cess, as well as the structure of the resulting polymer,
depends on both the composition of a transition metal
compound and the structure of an organic derivative of
a main group metal (cocatalyst).l=4 Compounds of
Group I—III elements and, less often, Group 1V ele-
ments (tin and silicon) are mainly used as cocatalysts.
The cocatalyst based on an organic derivative of a main
group metal is not necessarily required for ionic and coor-
dination polymerization of dienes, yet significantly af-
fecting the process features. When combined with a tran-
sition metal compound, it can fulfill various functions in
a particular system (serving, e.g., as an alkylating, reduc-

ing, and complexing agent; a stabilizer of active sites; a
chain transfer agent; a reagent for binding unwanted im-
purities during the polymerization; efc.).1—4

Numerous data indicate that the yield and molecular
parameters of polydienes are noticeably affected by the
nature of substituents at the same metal in a cocatalyst,
the cocatalyst : transition element ratio, and the way in
which a main group metal derivative is introduced. De-
spite a variety of cocatalysts, main commercial catalysts
for stereospecific diene polymerization are based on de-
rivatives of Groups III transition metals (lanthanides),
IV (titanium), and V (vanadium) and commonly used
with organoaluminum compounds (OAC).1—4

Lanthanide-containing systems

Cocatalysts for lanthanide systems may contain
lithium, zinc, tin, copper, boron, and magnesium, while
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OAC are preferred.1:2 The catalyst efficiency is largely
determined by the structure of an organic derivative of a
main group metal and depends on the polymerization
conditions. For the LnCl;-3(Bu0O);PO—AIR; system
(Ln = Pr or Nd), the yield of polyisoprene at 25 °C de-
creases in the order AlBul; > AlDec; > AlHex; > AlEt; >
> AlBuizH, while at 80 °C, the order is quite the oppo-
site. It is suggested’ that the OAC associates decom-
pose at this temperature and the active sites of a cata-
lyst are generated with participation of the AIR; mono-
meric form. Similar activity series were found for
the Nd(OCOR);—AIR,CI—AIR"; systems: AlBul; >
AlBui,H > AlEt; >> AlMe;.% In these systems, OAC are
often used as a halogenating reagent, and such cocatalysts
substantially affect the catalyst activity. For instance, for
the NdSt;—AIR,Hal—AIR; system, the activity and
cis-stereospecific effect decrease in the order AIR,Br >
> AIR,Cl1 > AIR,I (content of 3,4-units in the resulting
polyisoprene is 4, 7, and 12%, respectively), although
these OAC are catalytically active in the same Hal : Nd
ratio region (2 and 3).”

The cocatalytic activity of aluminum alkyls is also
determined by its concentration affecting the associ-
ate—monomer equilibrium and the kinetic parameters of
polymerization.3 For systems with electron-donating
ligands, OAC should remove basic ligands from the lan-
thanide complex. The monomer conversion in this reac-
tion depends on both the concentration and nature of
OAC. For instance, piperylene polymerization initiated
by NdCl; - 3L*—OAC (L* is the optically active sulfoxide,
OAC is AlBu';, AlEt;, or AlBul,H) gives a polymer with a
specific rotation value of —8.3°, —4.4° and 0°, respec-
tively. The latter cocatalyst is assumed® to completely
remove L* from the coordination sphere of the active sites.

Partial removal of ligands from the lanthanide coordi-
nation spheres in the complexes Nd(Pr)Cl,-#»THF can
account for a significant increase in the content of cis-units
in polybutadiene when OAC is added to these catalysts.10

Organoaluminum compounds substantially affect
the molecular-mass characteristics of polydienes; one
of the reasons is that they differ in chain transfer abil-
ity. For butadiene polymerization in the LnCl;-
+3(Bu0O);PO—AIR; system at 25 °C, the molecular weight
(MW) and polydispersity of polybutadiene decrease in the
following order of the AIR; groups: AlBul; > AlEt; >
> AlHex; > AlOct; > AIBul,H for M,, and AlEt; >
> AlBul,H > AlOct; > AlBul; > AlHex; for M,,/M,. Note
that at 80 °C, the MW of the resulting polymer is virtually
the same for any OAC.11

It was demonstrated!? that the reactivity of active sites
in the synthesis of polybutadiene and polyisoprene in the
NdCl;-3L—OAC system is determined by the structure
of AIR;. The microstructure of the resulting polydienes
varies with OAC (e.g., the cis- to frans-unit ratio in
polybutadiene decreases in the order AlEt; > AlBuiy >

> AlHex; > AlOct;), while the content of 1,2-units is
maintained at a level of ~0.6%, except for AlBul,H
(~1.8%).13 At a decreased butadiene concentration
(<0.5 mol L!) and at an elevated polymerization tem-
perature, the amount of 1,4-cis-units becomes more sen-
sitive to the AIR; structure.4

The above facts suggest that the cocatalyst is not merely
an alkylating agent for a transition metal atom. Since the
coordination sphere of a lanthanide is large, the OAC can
be regarded as one of its ligands in the active site. The
formation of bridged bimetallic complexes is also not im-
probable.15:16 This is partly confirmed by the fact that
isoprene polymerization is not initiated when AIRj is re-
placed by LiAIR;H, LiAlIR,, or NaAIR,, which alkylate
transition metal chlorides but do not form bridged com-
plexes.1> The foregoing concept is consistent with the
ratio Nd : Al =1: 1 in precipitates formed by the reaction
of NdCl; - 3L with AlBu';.17 In conflict with this, butadi-
ene is reported!8 to polymerize in the presence of a phos-
phorus-containing Ln derivative with a mixture of BuLi
and AlEt;. Most probably, the process involves the
organolanthanide compound, since the resulting polybuta-
diene predominantly contains 1,4-trans-units. trans-Po-
lymerization of isoprene in the [(CSHPri4)Ln(BH4)2-
«(THF)]—BuLisystem (Ln=Smor Nd; Li: Ln =1.0) is
attributed to a similar process.!® Although, it is not im-
probable that polyisoprene forms in the boron—Ianthanide
system, while BuLi serves to remove THF from the coor-
dination sphere of the felement.

Catalysts based on lanthanide halides can be homog-
enized by special techniques with variation of the OAC
nature. For instance, when (AlBui2)20 is substituted for
AlBul; or AIBul,H in a mixture with NdCl;+3PriOH, up
to 90% of the solid neodymium derivative passes into the
liquid phase. Addition of piperylene (Nd : Al : diene =
1 : 18 : 20) makes this catalyst homogeneous, while the
compositionally identical system but containing AlBui3 is
only quasi-homogeneous.2?

Lanthanide catalysts containing aluminoxanes have
other distinctive features. For instance, the Nd(neo-
decanate);—methylaluminoxane—Me;CCl system ini-
tiates butadiene polymerization even without a haloge-
nating agent (content of 1,4-cis-, 1,4-trans-, and 1,2-units
in the resulting polybutadiene is 86, 11, and 3%, respec-
tively), whereas the cocatalytic effect of (AlBul,),0 is
observed only in the presence of Me;CCl. However, the
halogen-containing catalytic systems involving [AlBul,],O
are more efficient than those based on methylalumin-
oxane. The resulting 1,4-cis-polybutadiene is highly
stereoregular, irrespective of the aluminoxane nature.21

The stereospecific effect of the Nd(OCOR);—AlBul;
system is reversed when AlBu'; is replaced by aluminoxane
(e.g., (AIBuly),0). When this complex is prepared sepa-
rately, the content of 1,4-cis-units in the resulting poly-
isoprenes and polybutadienes is up to 82%,22 though the
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same catalyst formed in situ initiates trans-polymerization
of dienes.23 The reaction mixture contains compounds
with AI—O—AIl bonds. This assumption is confirmed
by the formation of cis-units (up to 94.6 and 87% in
polybutadiene and polyisoprene, respectively) in the
Nd(OCOR);—methylaluminoxane system.24

Methylaluminoxane exerts activating and cis-regulat-
ing effects on diene polymerization also in the presence
of individual organolanthanides. It was found?® that
allyllanthanide derivatives Ln(All);-nL, Ln(All),Cl-nL,
and Ln(All)Cl,-nL (Ln = La or Nd; L is THF or di-
oxane) in combination with methylaluminoxane are effi-
cient catalysts for the synthesis of polybutadiene. In the
Nd(All),CI- 1.5THF and Nd(All)Cl, - THF systems, the
content of 1,4-cis-units in the polymer reaches 98%. The
methylaluminoxane : Ln ratio is 30.

Aluminoxanes are also used in diene polymerization
involving cyclopentadienyl and indenyl (Ind) derivatives
of lanthanides. Ethene polymerization is initiated by the
complexes Cp,LnR (R = H or Alk) and Cp,Sm-2THF
without any cocatalyst, while the synthesis of polybuta-
diene is possible only in the presence of aluminoxanes
(methylaluminoxane and (AlBu';),0). In this case, OAC
prevents the formation of stable n3-allyl complexes with
diene, which are inactive in polymerization. The result-
ing polybutadiene is mainly composed of 1,4-cis-units
(99%), M, = 5-105, M, /M, = 1.8.26 Modified alumin-
oxane such as (AlBul,),0) is more efficient. For
(AIBui,),0 : Ln = 200, the complex Cp*,Sm-2THF
(Cp* is pentamethylcyclopentadienyl) is very active, and
the conversion of butadiene reaches 20 000 mol per mole
of lanthanide. When combined with methylaluminoxane,
the complexes (CsH¢Cp),NdCl, (CsHyCp),SmCI,
(MeCp),SmOPh, Me,Si(Ind),NdCl, and (Ind),NdCl
are efficient in the polymerization of butadiene and
isoprene.2” The samaro- and neodymocene catalysts are
more stereospecific toward butadiene (the content of
1,4-cis-units is 75%) than indenyl derivatives of neody-
mium, while the resulting polyisoprenes contain virtu-
ally equimolar amounts of 1,4-cis- and 1,4-trans-units
(3,4-units account for 15 to 25%, depending on the cata-
lyst composition).2”

Such a changed stereospecific effect of the lan-
thanide—aluminoxane systems is explained by analogy
with the formation of cis-polydienes in the presence of
the reaction product of trans-regulating tris-n-allyl-
chromium and the hydroxy groups at the Al,O5 surface.28
Apparently, aluminoxanes can also serve as low-molecu-
lar carriers such as Al,05.29

Organoaluminium compounds other than alumin-
oxanes are also capable of activating lanthanide deriva-
tives of the Cp*,Sm - 2THF type. The latter, in combina-
tion with AIBul;« [Ph;C][B(C4Fs)4l, provides cis-poly-
merization of butadiene.26 The process has no induction
period, and the M|, of the polymer builds up in proportion

to the monomer conversion, which is characteristic of
"living" polymerization. The use of AlMe; or AlEt; in-
stead of AlBul; in the above system virtually does not
affect its efficiency, while the content of 1,4-cis-units in
polybutadiene is reduced from 95 to 51 and 70%, respec-
tively.

Cocatalytic functions of organic derivatives of main
group elements depend on both the structures of substitu-
ents at the same metal and the nature of the metal. For
instance, the NdCl;-3(BuO);PO—AIR; system is a
cis-stereoregulating catalyst for the polymerization of
butadiene and isoprene,? while the use of an organo-
magnesium compound instead of AIR; gives polymers
mostly containing 1,4-trans-units.3? The efficiency of the
latter system is an extremum function of the Mg : Ln
ratio, which is observed for OAC only when the catalysts
contain reducible lanthanides (Ce and Eu).3! Appar-
ently,3? LnRj serves as an active site, because the content
of 1,4-trans-units in the polybutadiene obtained in the
presence of such organolanthanide derivatives is 94
to 97%.3* This assumption is quite reasonable since
organomagnesium compounds are capable of completely
alkylating f~metal halides.33

Usually, lanthanide catalysts containing organo-
magnesium derivatives are less efficient than systems with
OAC.34 The exception is butadiene polymerization in
hexane at 50 °C; the yield of polybutadiene (content
of 1,4-trans-units is 96.9%) in the Dm(neodecan-
ate);—MgBu, system is nearly 40 times higher than its
yield with AlEt; as cocatalyst, all other factors being
equal.3s The stereospecific effect of this system can be
changed during polymerization by varying the cocatalyst
nature: e.g., sesquialuminum chloride added to the reac-
tion mixture halogenates the terminal active site of a grow-
ing chain so that its subsequent growth involves only
1,4-cis-units.35

Diene polymerization can also be initiated by lan-
thanide alkoxides and carboxylates combined with MgR,
and RMgHal.3¢ The content of 1,4-trans-units in the re-
sulting polybutadiene is 80 to 98% (even for halide-con-
taining systems), M, is up to 160+ 10°, M, /M, = 1.2—4.0.
Addition of Et,AlClI or Et;Al,Cl; to the trans-regulating
system composed of Ln(OCOR); and an organic deriva-
tive of a main group metal reverses its stereospecific ef-
fect, while the highest yield of 1,4-cis-polydiene with OAC
or dialkylmagnesium as cocatalyst is reached at Cl : Ln =
2 to 3 and 12 to 17, respectively.3® This is indirect evi-
dence for a deep alkylation of lanthanide by MgR,, which
competes with its halogenation. It should be noted that
MgCl, formed in such a system (e.g., according to the
reaction MgR, + Et,AICl — MgCl, + Et,AIR) can serve
as an active carrier. In the system AlEt; + NdCl;-
-n(BuO);PO applied to MgCl,, the resulting polybuta-
diene has a mixed microstructure (57% and 42% for
cis- and trans-1,4-units, respectively).3” The lanthanide
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complexes (n-All),LnClsMg,+2L (Ln = La, Pr, Nd,
or Sm) probably contain magnesium dichloride formed
by an exchange reaction;3® their formula should be re-
written as (n-All),LnCl-2MgCl,-2L. The yield of poly-
isoprene in the presence of catalytic systems based on
these complexes and AlR; (Al : Ln = 15—20) decreases in
the order: AlBuly > AIEt; > AlMe; > AlOct;.3 The high-
est content of 1,4-cis-units (82%) was attained with AlEt;
as cocatalyst; in the presence of the other OAC, the re-
sulting polymer contains approximately equal amounts of
cis- and trans-units (~50%).

Thus, the role of a magnesium-containing component
is significant even when it is used as a carrier.

Titanium-containing systems

In systems based on transition metals, the efficiency
of the catalyst is often an extremum function of the co-
catalyst content, which is due to the polyfunctional effect
of the cocatalyst, e.g., OAC. This was most clearly dem-
onstrated for Ti'V-containing complexes. It is universally
accepted!—* that active sites of such catalysts bear alky-
lated derivatives of Ti'll and that the polydiene chain
grows at the transition metal—carbon 6-bond formed and
stabilized in the presence of an organic derivative of a
main group metal. The microstructure of polyisoprene
obtained in the TiCly-based systems only slightly varies
with the cocatalyst nature; in all cases, cis-polymers were
obtained (Table 1).

Aluminum halohydrides are low-efficiency cocatalysts
at relatively high Al : Ti ratios.42 Nitrogen-containing
OAC also form inactive catalysts.43 Cocatalysts based on
polyiminoalanes [ ~AIH—NR—], allow prompt synthesis
of highly stereoregular polydienes with high MW and a

Table 1. Dependence of the polyisoprene microstructure on the
cocatalyst nature in the TiCly-based catalytic system

Cocatalyst Al : Ti 1,4-cis-Units Refe-
(%) rences
AIR; >1 95—99.5 40, 41
AlH(Hal), - Et,0 1.5—-2.2 95—96 42
AIHCl, - NR; 1.4—1.7 95—96 43
AIH,Cl1-NR;, 0.5—0.6 96 43
AlH;-NRj; 0.35—0.5 94—95 43
AIH,(NR)) 0.55—0.7 95—96 43
AlH,(OR) - NMe, 0.6—0.7 94—96 43
Polyiminoalanes 1.4—1.8 94—96 44
[CaEt], - ZnEt, 0.6—1.5 95—96 45
R;SnH >1 95—97 46
R3SiOR"—AIR,"Cl 0.5—1 97 47
R;SnH—AIR,CI 0.5—0.6 97 48
CdR; 0.5 90 49
AIB3H |, 0.7—1.5 80 50
MgR, 0.8 75 51

low gel content.44 The cocatalytic efficiency of poly-
iminoalanes depends on the structure of radical R, being
the highest when OAC contains a secondary C atom in
the a- or B-position relative to the N atom.

The TiCly—[CaEt,],*ZnEt, complex is impractical
because the yield and MW of the resulting polymer are
low;45 apparently, this is due to the tendency of dialkylzinc
toward chain transfer reactions. For instance, the use of
ZnEt, instead of AlEt; in a a-TiCls-based catalyst gives
polybutadiene and polyisoprene with dominant branch
vinyl bonds and noticeably reduced molecular weights.>2

Organotin, -silicon, and -cadmium compounds favor
the formation of cis-polyisoprene; however, the MW of
the polymers is also low.46—4% In isoprene polymeriza-
tion, catalysts containing aluminum borohydride3? and
organomagnesium compounds are least stereospecific;3!
the content of cis-units in the resulting low-molecular
polymers is at most 80%. The TiCl,—MgR, system is
most active at Mg : Ti = 2.0, and trans-units are dominant
in the polyisoprene.

The effect of the cocatalyst nature on the working
parameters of a catalyst has been most thoroughly investi-
gated for the TiCl;—AIR; system. The yield of poly-
isoprene in this system was found5? to increase in the
order AlMe; < AlEt, < AlPr; < AlBuy < AlHexs, which is
the same as for the decreasing alkylating ability of OAC
and the increasing concentration of active sites because
the higher OAC have a milder reducing and stronger sta-
bilizing effects on the active sites. The reactivity and ste-
reospecific effect of these active sites do not depend on
the OAC structure. The catalyst efficiency is affected by
both the carbon chain length and the structure of radicals:
OAC with branched alkyl groups are more active than
OAC with unbranched alkyls. The efficiency of alumi-
num isoalkyls grows with an increase in the number of
carbon atoms in the alkyl group (e.g., AlHex'; is more
efficient than AlIBul;).53 For OAC bearing linear and
cyclic radicals, it was shown>4 that the isoprene polymer-
ization rate increases and the total energy of activation
decreases with an increase in the carbon chain length.
The AlR;3-containing systems (R is a saturated radical)
are less efficient than those with unsaturated R, especially
when the conjugated double bonds are involved, which is
attributed to the growing number of more stable active
sites. Among OAC containing the same number of carbon
atoms, the polymerization rate for OAC with cyclic radi-
cals is lower than for those with linear radicals. The rate
constant of the chain growth and the microstructure of
the resulting polyisoprene are independent of the AlR;
structure.

Apart from the nature of the ligand in OAC, diene
polymerization is significantly affected by the cocatalyst
content. In the TiCl;—AIR; system, the highest content
of Ti'll is observed at nearly equimolar Al : Ti ratios for
AlBui3 and at Al : Ti > 1 for the higher trialkylaluminum



Ionic and coordination diene polymerization

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 1, January, 2004 5

compounds.3 The maximum efficiency of the system in
isoprene polymerization virtually corresponds to the high-
est content of Ti''l. However, these two parameters most
often differ significantly both for titanium and other cata-
lysts,1—4 especially with monosubstituted aluminum alkyls
as cocatalysts (e.g., for TiCl;—AlBu,H or AlBu,Cl in
isoprene polymerization).55 It should also be noted that
the microstructure of polydienes is sensitive to the ratio of
the catalyst components. A typical example is the depen-
dence of the stereospecific effect of TiCl4;—AIR; on the
OAC concentration in butadiene polymerization.5¢
When organomagnesium compounds (MgR, or
RMgCl) are combined with TiCly, the resulting catalytic
systems have approximately equal stereospecific effects
on the polymerization of both butadiene and isoprene
(content of 1,4-trans-units is 60 to 80%).51 With PhMgBr
as cocatalyst (instead of MgR,), 1,4-cis-units account for
95% of the polyisoprene obtained. Here, the cocatalyst
acts as a halogenating agent as well.57 Replacement of
OAC by dialkylmagnesium in systems based on Til,Cl,
and Ti(OBu), noticeably changes the stereospecific effect
of the catalysts and reduces their efficiency in butadiene
polymerization. The latter is due to the decreased reactiv-
ity of an active site.58 At the same time, magnesium de-
rivatives can be used® to prepare active supported cata-
lysts for the synthesis of polyolefins. trans-Polymeriza-
tion of butadiene and isoprene in the presence of tita-
nium—magnesium catalysts based on TiCl, and supported
on silica gel was studied with AlBu'y as cocatalyst.60-61
The yields and microstructures of polydienes (content of
1,4-trans-units is 85—94%) are determined by the Al : Ti
ratio and the polymerization temperature. It is supposed62
that MgCl,-type carriers enlarge the catalyst surface and
favor the formation of TiCl; in the a-, §-, or y-modifi-
cation required for diene trans-polymerization. Tita-
nium—magnesium complexes containing nickel or zirco-
nium compounds also afford #rans-polybutadiene.%3 By
varying the catalyst composition and the polymeriza-
tion temperature, one can obtain virtually stereoregular
cis- or trans-polymers. For instance, the content of
1,4-trans-units in polybutadiene obtained in the presence
of TiCl,/MgCl,—AI(OEt)Et,—NiCl, increases from 6
to 83% with an increase in the temperature from 20
to 60 °C, while the content of 1,4-cis-units decreases.
Apparently, magnesium derivatives can serve as active car-
riers regulating the stereospecific effect of these catalysts.
Aluminoxanes should also be classified under cocata-
lysts tuning the stereoregulating effect of titanium sys-
tems. For instance, the microstructure of polybutadiene
in the presence of Ti(OR),—aluminoxane significantly
depends on the nature of the alkyl group in OAC and the
Al : Tiratio (Table 2). In combination with aluminoxanes,
cyclopentadienyl- and indenyltitanium derivatives have a
cis-stereoregulating effect on the polymerization of buta-
diene and isoprene. As in the synthesis of polyolefins,

Table 2. Dependence of the polybutadiene microstructure on
the aluminoxane nature in the Ti(OR),-based catalytic system®

R’ Al : Ti Polybutadiene microstructure (%)
1,4-cis- 1,4-trans- 1,2-units
units units
Me 440 94.6 3.0 2.4
Me 220 80.6 7.8 11.4
Et 370 12.4 0 87.6
Bul 208 6.6 12.2 81.2

Note. R’ is an alkyl group in the aluminoxane.

high Al : Ti ratios are required. For instance, polybutadiene
and polyisoprene with a cis-unit content of 85 and 90%
were obtained on the CpTiCl, and CpTiClj; catalysts with
methylaluminoxane as cocatalyst for Al : Ti = 500
and 1000, respectively.95:66 Catalytic systems with penta-
methylcyclopentadienyl and indenyl ligands, which are
most efficient and stereospecific in the synthesis of
polyolefins, are much less active and stereospecific in
butadiene polymerization than catalysts with an unsub-
stituted Cp group. In the presence of the former, the
resulting polybutadiene contains an increased amount of
1,2-units because the content of cis-units decreases.®” The
efficiency of the CpTiX,—aluminoxane systems is affected
by the presence of AlMe; in methylaluminoxane and the
nature of the alkyl group in OAC. It is assumed®® that
AlMe; deactivates the active site of a catalyst. The effi-
ciency of MeCpTiCl; is enhanced in the presence of modi-
fied methylaluminoxane; however, the content of cis-units
decreases from 85 to 75%, while that of 1,2-units grows.%”
As noted above, polymerization with methylaluminoxane
as cocatalyst is efficient at very high Al : Ti ratios. At the
same time, polybutadiene was obtained® in a high yield
with the use of the methylaluminoxane—AlBul;—CpTiX;
system (X = Cl or OPh) for Al : Ti (for both OAC) =
400 : 1 and 100 : 1, respectively. When combined with
AlR;, the cyclopentadienyl derivatives of titanium fail in
diene polymerization. However, the efficiency and cis-ste-
reospecific effect of CpTiCls in the presence of AlBul; or
AlEt; modified with borate Ph;CB(C¢Fs)4 (Al: B : Ti =
200 : 1.5 : 1) are even higher than those for the catalytic
systems with modified methylaluminoxane.®” This is in-
direct evidence for the presence of Tilll-based cationic
active sites in the above systems containing methyl-
aluminoxane.”?

Vanadium-containing systems

Organic derivatives of main group metals in Ziegler
vanadium catalysts function as in the titanium systems.
A distinctive feature of the former is that the frans-ste-
reospecific effect of complexes based on vanadium ha-
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lides is slightly dependent on the structure and content
of OAC. It is believed®7! that VIY or VV compounds are
easier than Ti!V derivatives to reduce with OAC. Even an
equimolar amount of Al,Et;Cl; very rapidly (within 1
to 2s) and virtually completely alkylates VCl, into VCI3R,
which undergoes prompt reductive dealkylation to give a
VI compound. A study of the reactions of VCl, with
Alk,AlLClg_,, (n = 2—6) showed that the rates of vana-
dium alkylation and reduction decrease with a decrease in
the number of alkyl groups in OAC. Cocatalysts with
smaller radicals react faster (Me > Et > Bui).”1
Comparison of data on the effect of the nature of
vanadium compounds and OAC and their ratio on the
oxidation state of the transition metal and the maximum
efficiency shows that OAC is often taken greater amounts
than are necessary to reach the highest concentration of
VI This is primarily due to the functions of OAC as a
cocatalyst in a catalytic system. As in titanium catalysts,
the optimum (as regards efficiency) Al : V ratio depends
on the nature of both a vanadium derivative and OAC. It
was found’® that the amount of VIII is maximum at an
equimolar ratio between VOCI; and AlBul;. This system
is most efficient in isoprene polymerization for Al : V =
1.5 to 2.0, the microstructure of polyisoprene and the
chain growth rate constant being sensitive to the ratio
between the catalyst components.”3 This is associated with
the presence of several types of active sites containing
different OAC in the ligand environment of VI, In buta-
diene polymerization, the VOCl;—OAC systems are most
efficient when AlBul,H, AlBu';, and AlBul,CI are used in
excess (2.0, 3.8, and 4.0, respectively). This is primarily
due to different reducing abilities of these OAC.74 More-
over, the nature of OAC affects the reactivity of active
sites, which is associated with both the structure of the
latter and the interaction of free OAC molecules with the
V—C bond responsible for chain growth. Similar reasons
account for a substantial change in the rate constant of
chain growth in the frans-polymerization of butadiene in
the VOCl;-containing system with dialkylmagnesium used
instead of AlBul;.75 Thus, the main group metal deriva-
tives are involved both in the generation and operation of
the active sites of these catalysts and affect their reactivi-
ties. The microstructure of a polymer obtained in the

vanadium systems can vary with the cocatalyst. When
aluminum alkyls are replaced by aluminoxanes in the sys-
tems based on vanadium halides, the stereospecific ef-
fect remains unchanged.’® The pattern is different for
V(acac);-based systems. With AlEt; as cocatalyst, the re-
sulting polymer is 1,2-polybutadiene,’’ while the poly-
mer obtained in the V(acac);—methylaluminoxane sys-
tem for Al : V = 30 and 1000 contains trans-1,4-units
(90 78 and 100%,76 respectively). At the same time, the
stereospecific effect of vanadium systems largely depends
on the nature of alkyl in aluminoxane (Table 3).

The cis-stereospecific effect is also exhibited by Cp
complexes of vanadium in combination with methyl-
aluminoxane. In the presence of the CpVCl;-, Cp,VCl-,
and Cp,VCl,-based catalysts at Al : V = 1000, the con-
tent of 1,4-cis-units in the resulting polybutadiene is
90 to 91%.9681 Polyisoprene obtained in the
Cp,VCl—methylaluminoxane system consists of
1,4-cis- (82%) and 3,4-units (18%).7¢ As for the titano-
cene systems, the CpVCl; catalyst containing
Ph;CB(C¢Fs)4-modified AlEt; is more efficient and ste-
reospecific than the CpVCl;—methylaluminoxane system.
The highest yield of polybutadiene is attained at B: V=1.3
to 1.5 (catalyst is inactive without the borate) and
AlEt; : V = 200, while methylaluminoxane : V should
be 1000 for this effect to be produced.®®81 The re-
sulting polybutadiene contains 1,4-cis- (90.3%),
1,4-trans- (1.3%), and 1,2-units (8.4%); M,, = 2.03+ 109,
M, /M, = 2.80. Supposedly, active sites contain cations
[CpV — Me]™.76

Variation of active site types
in Ziegler—Natta systems
with cocatalyst nature

Different types of active sites are known in Ziegler
catalysts32 for catalytic systems containing structurally dif-
ferent cocatalysts (both initial and formed in situ from its
components). The probable formation of several types of
active sites differing in stereospecific effect can be, among
other things, responsible for the effect of the relative con-
tent of OAC on the polymer microstructure. Variation in
the nature and amount of a cocatalyst can give rise to

Table 3. Dependence of the polydiene microstructure on the composition of the catalytic V(OR),—aluminoxane systems

Diene OR R’ Al:V Polymer microstructure (%) References
1,4-cis-units 1,4-trans-units 1,2-units 3,4-units

C4Hg OBut Me 10 55 0 45 — 79

C4Hg OPr Bui 50 30 0 70 — 80

CsHg OBut Me 10 0 5 15 80 79

CsHg OPr Buf 100 10 3 27 60 80

Note. R’ is the alkyl group in aluminoxane.
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different active sites: (1) OAC structure affects the com-
pleteness of removal of ligand L from the coordination
sphere of the transition metal in LnCl;+3L complexes;’
(2) lanthanide in Ln(OR);—AIR ,Hal;_,—AIR ;7 or
LnCl;-3L—AIR; systems is differently halogenated
or alkylated, respectively;83 (3) cocatalyst structure is
changed by reactions between the components of the
Nd(OCOR);—AIR "5 system;22 and (4) active sites in-
volve derivatives of different main group metals in the
Nd(OCOR);—AIR",Hal;_,—MgR”, system.! For sys-
tems based on reducible d elements, variation in the na-
ture and amount of a cocatalyst can result in the genera-
tion of active sites containing the transition metal in dif-
ferent oxidation states.4

The Monte-Carlo method was used to investigate34
the generation of active sites in heterogeneous Ziegler
catalysts prepared by reactions of o-(B-, y-, and 8-)TiCls,
CrCl;, CoCl;, and TiCl, with Mg, Zn, Al, and Be alkyl
halides. The fractions of structurally different active sites
were estimated. It was shown that the molecule of a co-
catalyst (e.g., OAC) can ecither be fixed at the catalyst
surface or freely change its position, depending on the
catalytic system. During physical adsorption of OAC at
the surface of titanium or vanadium trichlorides, active
sites are generated and distributed by composition and
stereoregulating effect. Since the polymerization active
sites are unstable and not numerous, it is difficult to esti-
mate their true distribution in Ziegler—Natta catalysts,
viz., to determine the number, kinetic parameters, and
stereospecific effect of each type of the active sites.

Quantum-chemical calculations showed33 that diene
polymerization initiated by lanthanide catalysts can in-
volve at least six types of active sites differing in the near-
est environment of the lanthanide atom (in the content of
Cl and C atoms), the amount of the Ln—C bonds in-
volved in polymer chain growth, and the stereospecific
effect. The ratio between these sites depends on the na-
ture and concentration of a cocatalyst. When a catalyst
contains several types of active sites, the molecular weight
distribution (MWD) of the resulting polymer should
broaden.

The authors8® proposed to use Tikhonov s regulariza-
tion method87 to find the active site distribution function
from the probability of macrochain termination, which is
calculated from the total MWD of the polymer. This
method was applied to diene polymerization in the
NdCl; - 3(Bu0O);PO—OAC systems.38 It was found, with
the use of experimental MWD curves of polybutadiene,
that the process involves four types of active sites differing
in the ratio between the rate constants of the chain growth
and chain transfer, irrespective of the starting diene and
polymerization conditions. Both this ratio and the num-
ber of active sites of each type depend on the OAC struc-
ture. The regularization method was also used to study
the effect of the OAC nature on the kinetic heterogene-

ity of active sites in vanadium-containing catalysts for
butadiene polymerization. With any cocatalyst in the
VOCIl;—AIBu!,X system (X = Bul, CI, or H), polymeriza-
tion involves three types of active sites differing in the
MW of the resulting polybutadiene. Only in the case of
AlBul,H under certain conditions, active sites of the fourth
type are involved. The kinetic activity of sites of different
types depends on the OAC nature and polymerization
conditions;3? e.g., the polybutadiene microstructure no-
ticeably varies with the Al : V ratio. The relative contribu-
tion from each type of active sites to the overall polymer-
ization can be estimated by comparatively analyzing the
dependences of the efficiency and stereospecific effect of
catalytic systems on various factors and the convention-
ally determined constants of elementary polymerization
steps, on the one hand, and data on the changed calcu-
lated distribution curves of active sites in kinetic activ-
ity, on the other hand. This was done for the NdCl;-
- 3(Bu0);PO—AIBu/; 8 and VOCl;—OAC?? systems in
butadiene polymerization.

Thus, organic derivatives of main group metals in
Ziegler catalysts fulfill various functions (complexing,
alkylating, halogenating, or reducing agent; ligand in an
active site; stabilizer of an active site; chain transfer agent;
etc.) during both the active site generation and polymer-
ization. This is manifested by the noticeable effect of the
nature of the main group element, the structure of sub-
stituents in the cocatalyst, the way of introducing this
derivative into a catalytic system, and its concentration
on the yield and molecular parameters of polydienes. A
variety of types of active sites based on the same transition
metal is partly associated with the nature of an organic
derivative of a main group metal.
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