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The Role of Solvent Ligated Metal Complexes

Associated with Weakly Coordinating Counteranions

(WCAs) in Isobutylene Polymerization
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Summary: Polyisobutylene is an industrially important polymer which is conven-

tionally prepared by polymerization at temperatures below 0 8C. The application of

solvent ligated metal complexes associated with weakly coordinating counteranions

(WCAs), however, allows the room temperature (30 8C) polymerization of isobutylene

resulting in highly reactive polyisobutylene (HR-PIB) containing a high content of

terminal double bonds. Recently described complexes include manganese (II),

copper(II), molybdenum(III) and zink(II) complexes which were coordinated octahed-

rally with the boron and alumina based WCAs, each with its own advantages and

traits.
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Introduction

Isobutylene is of one the most investigated

monomers which readily polymerizes to

high molar masses in the presence of

cationic initiators.[1] The synthesis of poly-

isobutylene (PIB) is mainly dominated by

the usage of Lewis acids as coinitiator and

traces of alcohol or water as initiator[3,4]

such as H20/BF3.
[2] In a typical cationic

polymerization of isobutylene, the proton

adds to the monomer to produce a

carbenium ion which propagates by the

addition of further monomers. The proton

abstraction from the growing polyisobuty-

lene chain - by transfer to monomer or

solvent - will result in two main types of

terminal unsaturated end groups which are

exo double bonds (a terminated) and endo

double bonds (b terminated) as shown in

Scheme 1. Additionally, internal double
ibniz-Institut für Polymerforschung Dresden,

resden, Germany

x: (þ49)351 4658565;

mail: voit@ipfdd.de

olekulare Katalyse, Fakultät für Chemie der Tech-

schen Universität München, Munich, Germany

epartment of Chemistry and Chemical Biology,

rnell University, Ithaca, New York 14853-1301

yright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
bonds are found in PIB arising probably

from 1,3-methide shift, concerted 1,2-

hydride-1,2 methide shift and tail to tail

addition of isobutylene.[5] Exo terminal

double bonds are highly reactive and less-

stable while the endo and other internal end

groups are more stable and thermodyna-

mically favoured.

Commercial polyisobutylenes are categor-

ized according to the molecular weight. The

applications of polyisobutylene cover a wide

range, from sealants and roofing (high mole-

cular weight PIB above of 300000g/mol) to

sealants, adhesives, extenders, and chewing

gum base (medium molecular weight PIB

between 4000 to 120000 g/mol) and finally

to glues, lubricants and modifiers and oil

additives (low molecular weight PIB

between 500 and 5000). In order to

maintain control over the molecular

weight and to achieve high molar mass

products, the cationic polymerization of

isobutylene is typically carried out at

cryogenic temperature which minimizes

the unfavorable transfer reactions but

leads to a costly process. The effect of

temperature on the molecular weight

can be expressed by the Arrhenius plots

(Mn dependence on 1/T).[2]
, Weinheim wileyonlinelibrary.com
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Scheme 1.

The typical initiation reaction of isobutylene via protonation and the two main types of terminal unsaturated

end groups formed.
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Highly reactive polyisobutylenes (HR-

PIBs) with molecular weight between 500

to 5000 g/mol and a high content of exo

terminal double groups (70%-80%) are of

high commercial interest. The terminal

unsaturated groups play an important role

in the post functionalization or modifica-

tion of the PIB for applications such as

lubricants and fuel additives.[6] Various

routes for the synthesis of HR-PIBs have

been described and patented, which mainly

focus on the usage of Lewis acid based

initiators such as BF3 at reaction tempera-

ture significantly below 0 8C.[7]

First row transition metal complexes of

the general formula [M(NCCH3)6](A)2
(MII¼Cr, Mn, Fe, Co, Ni, Cu, Zn;

A¼ anion) and some of their dimeric

second and third row congeners of formula

[M2(NCCH3)8–10](A)2 (MII¼Mo, Tc, Re,

Rh; A¼ counterion such as BF�
4 ) have

already been described and were applied as

catalysts for cationic polymerization of

cyclopentadiene and methylcyclopenta-

diene in both homogeneous and hetero-

geneous phases.[8] The previous work on the

polymerization of cyclopentadiene showed

that the counteranions influence the

effectiveness of the initiator. The replace-

ment of [BF4]
� with bulky WCAs such
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
as [B(C6F5)4]
�, [B(C6H3(CF3)2)4]

�, and

[(C6F5)3BC3H3N2-B(C6F5)3]
� has signifi-

cantly increased the TOFs (Turn Over

Frequency) of the complexes and further

enables the polymerization of industrially

interesting monomers such as isobutylene at

room temperature (30 8C) resulting in poly-

isobutylene which exhibits a high content of

exo double bonds.[9]

The application of WCAs in the poly-

merization of isobutylene is well described

and published, including earlier work by

Shaffer et al.[10] and Baird et al.[11] Shaffer

et al. showed that traditional organome-

tallic insertion polymerization catalysts can

be used to initiate isobutylene polymeriza-

tions when they are activated with non-

coordinating anion based activators such as

[B(C6F5)3] and [B(C6F5)4]
�.[10] Kennedy

et al. noted that unusually high molecular

weight products can be obtained by utiliz-

ing [B(C6F5)4]
�.[12] Baird et al. showed

that metallocene-like initiators such as

(h5-C5Me5)TiMe2{m-Me)B(C6F5)3 can be

applied in the polymerization of isobuty-

lene and certain similar compounds can

be used to polymerize isobutylene with

high isoprene content (15wt%) even at

relatively high temperatures (-308C) with

good conversions.[11,13] Bochmann et al.
, Weinheim www.ms-journal.de
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demonstrated that zirconocene based

WCAs are excellent initiators for the

isobutylene polymerization and its copoly-

merization with isoprene to very high

molecular weight products at relatively

high temperatures of –35 8C. He also

described that the adventitious water acts

as chain transfer agent and reduces the

catalyst activity for polymerization.[14]

Piers and Collins et al. recently described

the polymerization of isobutylene in hydro-

carbons as well as in aqueous suspension by

using chelating diboranes as coinitiators.[15]

Most of the above described work was

conducted at temperatures below 0 8C.
Recently, Bochmann et al. described the

successful room temperature polymeriza-

tion of isobutylene when EtZnCl was added

to a mixture of t-BuCl and isobutylene in

methylene chloride at 20 8C, yielding pro-

ducts with medium molecular weight with

high content of exo double bonds.[16]
Results and Discussion

The nitrile ligated transition metal com-

plexes with weakly coordinating counter-
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Scheme 2.

Typical nitrile ligated metal cations and boron WCAs ap

(AN), C6H5 (BN) and M¼metal centre; Mn(II),[11,21,22] Mo(II

for the catalytic systems such as MnAN1 or MoAN3 wi

ligands (AN or BN) and the corresponding WCAs (1,2 or
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anions and their catalytic applications have

been reviewed recently by Kühn et al.[17] It

has been shown that this particular category

of nitrile ligated metal complexes asso-

ciated with the boron based WCAs, mainly

(1) [B(C6F5)4]
�, (2) [B{C6H3(m-CF3)2}4]

�,

and (3) [(C6F5)3B-C3H3N2-B(C6F5)3]
� as

shown in Scheme 2, are effective initiators –

or better catalysts - for the polymerization

of isobutylene at room temperature (30 8C)
yielding low molecular weight HR-

PIB.[9,18–22]

In early work, the isobutylene polymer-

ization and copolymerization with isoprene

were successfully performed at 30 8C using

the manganese (II) complexes which were

octahedrally ligated with six acetonitrile

ligands and associated with the boron based

WCAs.[9,18] The manganese (II) complexes

applied are surprisingly temperature stable

and moderately stable to air and can be

easily handled in laboratory atmosphere.

The reaction of the manganese (II) com-

plex with an excess amount of water

results in the slow formation of an aqua

complex [Mn(H2O)2(NCCH3)4](A)2, in

which excess water molecules replaces

two of the axial ligands and which was
(b) boron based WCAs 

-
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[(C6F5)3B-C3H3N2-B(C6F5)3]-

plied for the polymerization of isobutylene. (R¼ CH3

I),[22] Cu(II)[20,21]) [Please note the typical abbreviations

th the corresponding metal (Mn(II), Mo(III) or Cu(II));

3)].
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Figure 1.

The conversion obtained for the homopolymerization of

isobutylene conversion (%) versus reaction time (hours)

plot; [IB]0¼ 1.78 mol/l, [initiator]¼ 0.5� 10�4 mol/l,

solvent¼ CH2Cl2, reaction temperature¼ 30 8C.

Macromol. Symp. 2011, 308, 35–4238
found to be inactive. Kinetic studies

revealed that the polymerization was com-

pleted only after 55 to 110 hours depending

on the complexes used, which is much

slower than the conventional cationic

polymerization of isobutylene. The HR-

PIBs obtained were in themolecular weight

range of 500 g/mol to 13000 g/mol with an

exo double bond content ofmore than 90%.

The ideal reaction medium reported was

methylene chloride owing to its aprotic and

polar character whereas the addition of

hexane reduces the isobutylene conversion.

The influence of the water has also been

explored with the manganese (II) com-

plexes. Only a slight decrease in monomer

conversion was observed when up to a

tenfold excess of water to the amount of

initiator were added. Increasing water

content above the tenfold excess, however,

causes the conversion to decrease drama-

tically.[19(b)]

In order to increase the efficiency of the

manganese (II) complexes the ligands were

changed from acetonitrile to benzonitrile,

both being similar effective catalysts

(Figure 1, Table 1).[19] It was found that

in general low catalyst and high monomer

concentration are favourable to attain high

conversion and high content of exo double

bonds whereas molar mass is rather inde-

pendent of those parameters (Table 1). On-

line 1H NMR studies of the polymerization

process indicated that no fragments of the

metal complex of the WCAs have been

incorporated into the polymer chain as
Table 1.
Comparison between MnAN1 and MnBN2 for the ho
solvent¼ CH2Cl2, reaction temperature¼ 30 8C. [Data co

Complex Concentration
(10�4) (mol/L)

Reaction Time
(Hours)

Conv
(

MnAN2 5.00 20
3.75 20
2.50 20
1.25 20

0.50 20
MnBN2 0.5 1

0.5 3
0.5 5
0.5 10
0.5 20
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head or end groups. Also high and constant

content of exo double bonds can be

observed until significant high monomer

conversions. Nonetheless, the content of

the exo double bonds decreased when the

reaction time was prolonged, an effect that

might be caused by isomerization to endo

and internal double bonds.

The successful application of the man-

ganese (II) complexes in the polymeriza-

tion of isobutylene at room temperature

(30 8C) led to the exploration of different

metal complexes. [20–22] Copper (II) com-

plexes were found to be superior to the

previously described manganese (II) com-

plexes with regard to considerable faster

reaction time and the possibility to use
mopolymerization of isobutylene; [IB]0 ¼ 1.78 mol/l,
mpiled from reference. [19]

ersion
%)

Molecular Weight
(Mn) (g/mol)

PDI Exo Double
Bond (%)

70 3700 2.5 61
70 3900 2.5 58
70 2600 3.0 43
88 2200 3.0 56
89 2500 2.9 64
11 5200 1.7 -
13 900 1.7 -
38 1100 1.9 80
57 1000 1.8 79
80 700 1.6 78
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non-halogenated solvents such as toluene.

Optimal results could be obtained with

CuAN1 and CuAN2 complexes which were

able to initiate the polymerization of

isobutylene to high monomer conversion

(up to 90%) in pure toluene yielding

products with high exo double bonds

content up to 85%. Usually, no polymer-

ization was observed in pure non-polar

solvents but the copper catalysts allowed

polymerization even in hexane rich

systems (Figure 2). The effect of the ligands

and the metal cations can be seen most

impressively by comparing the needed

polymerization time: CuBN1 reduces

the polymerization time for a reasonable

monomer conversion to 15minutes as

compared to up to 20 hours for the

manganese (II) complexes.[21]

Recently, a series of acetonitrile

ligated molybdenum (III) complexes

associated with the boron based WCAs

were described for the polymerization

of isobutylene at 30 8C which showed also

significant advantages over the previously

described manganese (II) complexes.[22]

These molybdenum (III) complexes MoAN1

([Mo(NCCH3)5Cl][B(C6F5)4]2), MoAN2

([Mo(NCCH3)5Cl][B{C6H3(m-CF3)2}4]2)

and MoAN3 ([Mo(NCCH3)5Cl][(C6F5)3B-

C3H3N2-B(C6F5)3]2), have been proven to

be effective initiators for the polymeriza-
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The effect of the increasing percentage of hexane o

conversion for the homopolymerization of isobuty

[initiator]¼ 1.0� 10�4 mol/l, reaction temperature¼ 30

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
tion of isobutylene with a substantial high

reaction rate and the polyisobutylene

obtained fulfilled the characteristic of

HR-PIB. For example, the homopolymer-

ization of isobutylene with the MoAN3

complex at a very low initiator concentra-

tion (0.5� 10�4mol/l) reached a monomer

conversion of 67% (Mn¼ 600 g/mol and

PDI¼ 1.5) within two hours in toluene

leading to products with an exo double

bond content of 90%.

Microstructures of polyisobutylenes

obtained from copper (II) and molybde-

num (III) complexes were similar to those

from manganese complexes. However,

the most active complexes also led to the

strongest and fastest reduction of exo

double bonds and the formation of internal

unsaturated units with increasing reaction

time. In a typical cationic polymerization,

the proton abstraction from the tertiary

cations of the propagating chain will mainly

lead to exo or endo terminal double bonds.

But transfer or isomerization reactions

might also lead to the formation of varieties

of internal double bonds as shown in

Scheme 3.[19] As mentioned earlier, the

decrease of the exo terminal double bond

content with reaction time might be

attributed to the double bond isomerization

which might be catalyzed by the metal

complexes.[21]
60 80 100

loride (v/v %)
loride (v/v %)

e Over Methylene Chloride (v/v %)

r toluene over methylene chloride (% v/v) on the

lene with the complex CuAN1; [IB]0 ¼ 1.78 mol/l,

8C, reaction time¼ 28 hours.[21]
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Table 2.
Comparison between the copper(II) and the molybdenum(III) complexes for the homopolymerization of
isobutylene; [IB]0¼ 1.78 mol/l, reaction temperature¼ 30 8C (DCM¼Methylene Chloride, Tol¼ Toluene). [Data
compiled from reference [19 –22].

Complex Used Concentration Used
(10�4) (mol/L)

Reaction Time
(Hours)

Conversion
(%)

Molecular Weight
(Mn) (g/mol)

PDI Solvent

CuAN1 1.0 0.5 40 1700 1.4 DCM
CuAN2 1.0 0.5 78 1400 1.4 DCM
CuAN3 6.0 0.5 3 1400 1.4 DCM
CuBN1 0.5 0.5 80 600 1.4 Tol
MoAN1 0.5 10 90 1300 3.2 DCM
MoAN2 0.5 10 94 1400 3.1 DCM
MoAN3 0.5 2 67 600 1.5 Tol
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Recently, we developed a new series

of alumina based WCAs, mainly (4)

[Al{OC(CF3)3}4]
�, (5) [Al{OC(C6H5)(CF3)2}4]

�

and (6) [Al{OC(C6H4CH3)(CF3)2}4]
� which

were also associated with the nitrile ligated

metal cations as shown in Scheme 4.

Preliminary results on that tailored

series of nitrile ligated metal complexes

associated with the alumina WCAs also

indicate a high potential for the room

temperature polymerization of isobutylene.

Presently, this system is under investigation

in order to determine the influence of these

newly tailored complexes on their catalytic

potential and to elucidate mechanistic

aspects. Reaction parameters have been

varied to identify their influence on the
C
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Scheme 3.

Unsaturated structural units proven in the 1H NMR spectra
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polymerization process and the structure of

the resulting products, particularly the

content of the double bonds.

So far all the studied WCA complexes

associated with nitrile ligated metal cations

proved to be effective in the room tem-

perature polymerization of isobutylene.

The products show the characteristics of

the typical HR-PIB prepared by conven-

tional low temperature cationic polymer-

ization. Whereas the reaction time and the

content of exo double bonds could be

optimized significantly by varying WCA

and ligand structure, the effect of the

complex structure and the applied initiator

concentration on molar mass is rather low.

So far, no conclusive model for the
C
H2

C C

H3C CH(CH3)2

CH3

H3C

C
C
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C
H

C
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of PIB synthesized with the manganese (II) complexes.[19]
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(4) [Al{OC(CF3)3}4]-                 (5) [Al{OC(C6H5)(CF3)2}4]-     (6) [Al{OC(C6H4CH3)(CF3)2}4]-
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Scheme 4.

Typical nitrile ligated metal cations and the alumina based WCAs applied for the polymerization of isobutylene.

(R¼ CH3, C6H5 and M¼metal centre such as Cu(II) Zn(II)).
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initiation process and the polymerization

mechanism can be proposed. Efforts

are currently underway to elucidate the

mechanism of this room temperature poly-

merization process.
Conclusion

Nitrile ligated metal cations associated

with boron based WCAs, in particular

[Mn(NCR)6][A]2, [Cu(NCR)6][A]2 and

[Mo(NCR)5Cl][A]2 (R¼CH3, C6H5

and A¼ the corresponding boron based

WCAs) were shown to be excellent initia-

tors for the polymerization of isobutylene

at room temperature (30 8C) and the

preparation of the industrially interesting

low molar mass highly reactive HR-PIB

with high exo double bond content. Such

complexes offer significant advantages over

conventional polymerization initiators of

isobutylene as they allow the polymeriza-
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
tion to be carried out at room temperature

compared to the usually needed cryogenic

temperatures. The new initiator systems

could be fine-tuned to allow even the use of

non-chlorinated solvents and very short

reaction times of only 15min.

Mechanisms for the polymerization

reactions initiated by this category of

catalysts have been proposed and discus-

sed.[18(c)] Further work is now in progress to

fully elucidate the mechanisms in order to

understand the role of the nitrile ligated

metal complexes and the WCAs. Efforts

are also undertaken to tap into the diversity

of the WCAs described in the literature to

fully explore the possibilities in view of

designing and synthesizing more tailor-

made initiator systems. In line with this

effort, alumina based WCAs associated

with nitrile ligated metal complexes have

also been synthesized and applied success-

fully in the polymerization of isobutylene at

room temperature.
, Weinheim www.ms-journal.de
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