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SYNTHETIC APPLICATIONS OF NONPOLYMERIZABLE
MONOMERS IN LIVING CATIONIC POLYMERIZATION:
FUNCTIONAL POLYISOBUTYLENES BY END-QUENCHING

SAVVAS HADJIKYRIACOU, ZSOLT FODOR,t and RUDOLF FAUST*

College of Arts and Sciences
University of Massachusetts Lowell
One University Avenue, Lowell, Massachusetts 01854

ABSTRACT

The chemistry and kinetics of 1,1-diphenylethylene (DPE) addition
to living polyisobutylene was studied at —80°C in methyl chloride/n-
hexanes or methylcyclohexane 40/60 v/v. Only monoaddition occurred
even when large (9-fold) excess of 1,1-diphenylethylene was used. The
kinetics of addition was established by 'H-NMR spectroscopy and by
conductivity measurements. The methanol-quenched polymer of the
DPE-capped PIB carried exclusively —OCH, functionality, suggesting
that all diphenyl alkyl chain-ends are ionized, which was confirmed by
conductivity studies. It was determined that the diphenyl alkyl chain-
ends are completely ionized when [TiCl,]/[chain end] = 2 for chain-
end concentrations = 10> M. Close to quantitative end-quenching was
achieved with 1-methoxy-1-(trimethylsiloxy)-2-methyl-1-propene and 1-
cyclohexenyloxy-trimethylsilane.

1Visiting scientist. Permanent address: Central Research Institute for Chemistry of the
Hungarian Academy of Sciences, H-1525 Budapest, P.O. Box 17, Hungary.
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INTRODUCTION

During the last decade advances have been made in living carbocationic poly-
merization toward the synthesis of well-defined materials with controlled molecular
weight and molecular-weight distributions. The synthesis of block copolymers has
also been accomplished by sequential monomer addition but only with monomers
having similar reactivities, Thus the synthesis of polystyrene-polyisobutylene-poly-
styrene (PSt-PIB-PSt) triblock copolymer thermoplastic elastomer could be
achieved [1], while the crossover efficiency was found to be low from the PIB living
end to p-methylstyrene (pMeSt) [2], and even lower to a-methylstyrene («MeSt)
[3] or isobutyl vinyl ether [4], i.e., to more reactive monomers. Success also re-
mains limited in the synthesis of functional polymers by in-situ functionalization of
the living carbocationic chain ends. While the malonate anion {5], certain silyl enol
ethers [6], and silyl ketene acetals [ 7] have been successfully used as functionalizing
agents for vinyl ethers, only chloro- and allyl-functional PIBs have been reported
[8]. The lack of success is due to the nature of living cationic polymerization. In
contrast to living anionic polymerization, in living cationic polymerizations the
concentration of active species, i.e., the cations, is often very small since most of
the chain ends are in a dormant form. For instance, with the alkyl halide/BCl, or
TiCl, initiating systems in the polymerization of isobutylene (IB) or styrene (St),
the dormant form is the chloro-terminated species in equilibrium with the cations.

The equilibrium constant with a given initiating system depends on the stabil-
ity of the polymer cation. For IB, St, or pMeSt the equilibrium constant is very
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FIG. 1. The conversion of PIBC! (M, = 2100, M,/M, = 1.20, conversion of IB
~ 100%, initiator efficiency = 93.6%) in the capping reaction at two different starting
concentrations of DPE as a function of time. [TiCl,] = 0.0364 M, [PIBCI], = 1.87 x 10}
M, [DTBP] = 0.004 M, —80°C, solvent: MeCl/Hx 40/60 v/v.
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FIG. 2. The conversion of PIBCl (M, = 2300, M,/M, = 1.27, conversion of IB
~ 100%, initiator efficiency = 88.5%) in the capping reaction at two different starting

concentrations of DPE as a function of time. [TiCl,] = 0.016 M, [PIBCl]}, = 1.77 x 10~°
M, [DTBP] = 0.004 M, —80°C, solvent: MeCl/Hx 40/60 v/v.
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FIG. 3. The 'H-NMR spectrum of the DPE-capped PIBCl. [DPE] = 1.25 x
[PIBCI] in Hex/MeCl 60/40% v/v at —80°C.
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FIG. 4. The 'H-NMR spectrum of the DPE-capped TMPCl. [DPE] = 1.25 x
[TMPCl] in Hex/MeCl 60/40% v/v at —80°C.

small and therefore the addition of nucleophiles could not lead to the desired func-
tional polymers [8, 9]. Quenching the polymerization of 2,4,6-trimethylstyrene with
methanol yielded a mixture of chloro and methoxy ends [10], indicating the in-
creased stability of the growing chain ends.

We have recently discovered that 1,1-diphenylethylene { DPE) adds to the PIB
chain end quantitatively. The resulting diphenyl alkyl cation is an efficient initiating
species for the polymerization of reactive monomers, hence the clean synthesis of
block copolymers was predicted by first transforming the polymer chain ends to
diphenyl alkyl cations by DPE capping. The success of the method was demon-
strated by the clean synthesis of PIB-based diblock and triblock copolymers having
PpMeSt or PaMeSt end segments [11-13]. Furthermore, functionalizations by a
variety of nucleophiles may now be achieved.
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FIG. 5. The 'H-NMR spectrum of the DPE-capped TMPCl ([DPE] = 10 x
[TMPCI]). Peaks at 7.0-7.2 and 1.35 ppm are due to DTBP; traces of hexanes at 1.3 and 0.9
ppm.

A general methodology of using nonpolymerizable monomers as functionali-
zation agents in living polymerizations was recently presented in an illuminating
paper [14]. Specifically, the use of substituted DPE in anionic and of methyl 2-
phenylpropenoate in group transfer polymerization was reported for the synthesis
of functional polymers. It was also concluded that these concepts are general and
applicable to any living polymerization. While this is feasible, as will become appar-
ent later, synthetic application of nonpolymerizable monomers in living cationic
polymerization is more universal. The present paper focuses on the chemistry and
kinetics of DPE addition and the functionalization of the DPE-capped chain ends.

EXPERIMENTAL
Materials

DPE, phenyl magnesium bromide (3 M solution in diethyl ether), 1-methoxy-
2-methyl-1-propenyloxy-trimethylsilane, 1-cyclohexenyloxy-trimethylsilane, and lith-
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FIG. 6. The conversion of PIBCI and the corrected conductivity (S — S,) of the
reaction mixture in the capping reaction at [DPE], = 0.00206 M as a function of time, Other
details in the legend of Fig. 1. S, and S are the conductivities of the reaction mixture before
and after DPE addition, §; = 0.13 umho/cm.

ium diisopropyl amide (2 M solution in heptane/tetrahydrofuran/ethylbenzene)
were used as received from Aldrich. 1,1-Diphenyl-3,3,5,5-tetramethyl hexyl-1-
methyl ether (DTHOMe) was obtained by the reaction of 2-chloro-2,4,4-trimethyl-
pentane (TMPCI) and DPE (25% molar excess over TMPCI) in the presence of
TiCl, (fourfold excess over TMPCI) at —80°C in hexane (Hex)/methyl chloride
(MeCl) 60/40 v/v followed by quenching with MeOH. 1-Chloro-1,1-diphenyl-2,2-
dimethyl propane (DPDMPCI) was synthesized according to Reference 15. All
other materials have been described [16].

Procedures

Capping Reactions

The polymerizations of IB were carried out as described [16]. When the IB
conversion reached ~ 100%, DPE was introduced and allowed to react for a time
predetermined by conductance measurements to be necessary to achieve complete
capping. The reactions were quenched by the addition of prechilled methanol
{MeOH) and the mixtures were poured into excess 10% ammonical MeOH. The
polymers were purified by repeated dissolution and precipitation in hexanes/metha-
nol and dried in vacuum prior to characterization.

Functionalizations

In order to ensure identical molecular weights for all functionalized PIBs, the
polymerization of IB was carried out in a 1-L three-neck flask. After the capping
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FIG. 7. Conductometric titration of DTHOMe (0.9 mmol) with TiCl, solution at
—80°C.

reaction was over, 25 mL of the reaction mixture was delivered into culture tubes
precooled to —80°C that were used for functionalization. The functionalizing
agents were added and reacted for 2 hours, after which the reaction was quenched
with prechilled MeOH and the contents were poured into excess 10% ammonical
MeOH.

Conductivity measurements were carried out using a YSI Model 35 conduc-
tance meter equipped with a cell of 1 cm ™' cell constant and a BBC Goertz Metra-
watt SE120 plotter.

Infrared spectroscopy was carried out by a Perkin-Elmer FT-IR Spectropho-
tometer 1760X. All other polymer characterizations have been described [16].

The calculations for the DPE content of the DPE-capped PIB was based on
"H-NMR spectra using the CH; at 1.12 ppm (Acy; ), and CH, at 1.42 ppm (A, ) of
PIB and the aromatic peaks in the 7.1 to 7.5 ppm range (A,;). The conversion of
PIBCI to diphenyl alkyl chain end was calculated using the following formulas:

Convl = 0.6 X (DP) X A,/Acyu;
Conv2 = 0.2 x (DP) x Aar/Acﬂz

where (DP) is the degree of polymerization of PIB determined experimentally by
gel permeation chromatography [16]. The average of the two results was used.
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FIG. 8. The 'H-NMR spectrum of the product after methanolysis of the chlorodi-
phenyl methane.

RESULTS AND DISCUSSION
Addition of DPE to the Living PIB End

The addition of DPE to anions or cations has been investigated by Evans et al.
[17-20]. According to those results, monoaddition is strongly favored over diaddi-
tion. Only monoaddition occurred to butyl lithium (BuLi), even at [DPE]/[BulLi]
= 1.8. A further reversible addition occurred with a large (6.3-fold) excess of DPE;
however, the amount of diadduct was much less than the monoadduct, indicating
that equilibrium lies well toward the monoadduct. DPE can form two types of
diadducts in cationic addition, a linear diadduct (the linear dimer cation or 1,1,3,3-
tetraphenyl but-1-ene formed by proton elimination from the dimer cation), and a
cyclic diadduct (3-methyl-1,1,3-triphenyl indane formed by irreversible intramolec-
ular alkylation). The kinetics of dimerization has been studied extensively [19, 23].
The initial rate of diadduct formation at [HCl1] = 2.2 x 10~* M, [TiCl,] = 2.55
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FIG. 9. The 'H-NMR spectrum of the product after methanolysis of 1-chloro-1,1-
diphenyl-2,2-dimethyl-propane.

x 10~* M (very similar to our initiator-coinitiator concentrations), and [DPE] =
0.77 M in benzene at 55°C is 2.86 x 10 mol-L ~'-h 7}, i.e., the diadduct forma-
tion is very slow. More importantly, cyclic dimer formation was found to be even
slower. Ortho-substituted DPEs do not dimerize due to steric hindrance [21]. The
dimerization of DPE using protonic or Lewis acids was also investigated by Sigwalt
et al. [22, 23]. With TiCl, in dichloromethane at —30°C, a rapid conversion of
DPE to the indanic dimer was observed when using high DPE and TiCl, concentra-
tions ( ~1 M) [23]. Similar to what was reported by Evans et al., it was concluded
that the equilibrium between the monomeric and the dimeric cation lies toward the
monomeric cation. Importantly, the cyclic dimer was not observed in the dimeriza-
tion by TiCl, at —70°C [22].

Our initial experiments, carried out to determine the mode and kinetics of
DPE addition to the living PIB chain end, were limited to —80°C using a MeCl/
Hex or MeCl/methylcyclohexane (MeChx) 40/60 v/v solvent mixture. Two differ-
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FIG. 10. The 'H-NMR spectrum of the product after rearrangement on 1-chloro-1,1-
diphenyl-2,2-dimethyl-propane.

ent TiCl, and DPE concentrations were studied. In Figs. 1 and 2 the conversion of
the PIBCI chain ends to the corresponding diphenylalkyl chain ends is plotted
against time for the MeCl/Hex solvent mixture. Similar plots were obtained with
the MeCl/MeChx solvent mixture. The concentration of TiCl, strongly affects the
reaction time required to reach complete capping. The 'H-NMR of a reaction prod-
uct of PIBCl (M, = 1500) with DPE is shown in Fig. 3. Resonances due to the
chloro end-group of PIBCI are absent, indicating complete capping. The assign-
ments were confirmed by the 'H-NMR spectrum of a model compound (Fig. 4)
obtained by the capping of TMPCI using a small excess of DPE.

In Figs. 1 and 2, some conversions appear to be higher than 100% when
[DPE],/[PIBCl], = 2 was used. This may indicate more than one DPE units per
PIB chain due to dimerization or copolymerization when DPE is added before the
IB conversion is complete [ 13]. To determine the feasibility of diaddition, a reaction
was carried out between TMPCI and DPE using a large excess of DPE [DPE], =
10 x [TMPCI],). The '"H-NMR spectrum of the crude product is shown in Fig. 5.
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SCHEME 1. Rearrangement of 1-chloro-1,1-diphenyl-2,2-dimethyl-propane.

The absence of peaks due to cyclic dimers (doublet between 3.2 and 3.4 ppm [23])
and the integration of the peaks reveal that only monoaddition occurred.

Since the diphenyl alkyl cation is colored, visible spectroscopy could be used
to follow the reaction. Since an instrument equipped for low temperature was not
available, conductivity measurements were used, in addition to NMR spectroscopy,
to follow the capping reaction. Figure 6 shows the conductivity and the conversions
(extent of capping) determined by 'H-NMR spectroscopy. The two plots are simi-
lar, and the conductivity reaches its highest value at ~100% conversion. To verify
that the chain ends were completely ionized, additional TiCl, was added, i.e., the
concentration of the TiCl, was doubled after the DPE capping was complete. The
conductivity did not increase, indicating that complete ionization has been reached.
Diaryl alkyl chlorides are readily ionized in the presence of Lewis acids, for exam-
ple, di-( p-methoxy-phenyl)-methyl chloride is completely ionized upon the addition
of one equivalent of BCl, in dichloromethane [24]. Larger amounts of BCIl; were
required for complete ionization with para-CH, substituents and with para-CH, and
—H, ionization was incomplete even in the presence of 200 equivalents of BCl,.

To determine the necessary amount of TiCl, relative to the chain end to effect
complete ionization, DTHOMe was titrated with TiCl, while the conductivity was
monitored. DTHOMe was used in place of the chloride which is unstable at room
temperature and undergoes elimination. The conductivity is plotted against the
amount of added TiCl, in Fig. 7. Initially, TiCl, reacts with DTHOMe and converts
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FIG. 11. The 'H-NMR spectrum of the functionalization of polyisobutylene with
1-methoxy-2-methyl-1-propenyloxy-trimethylsilane.

it to the corresponding chloride (1,1-diphenyl-3,3,5,5-tetramethyl-1-chloro-hexane)
(DTH-CI). The conductivity of the system increases during this exchange due to the
ability of TiCl,0Me to partially ionize the ends. Further addition of TiCl, increases
the ionization of the chloride, and complete ionization is reached upon the addition
of three equivalents of TiCl,. We have reported that TiCl, forms bimolecular associ-
ates and/or bimolecular complex gegenions in the same solvent system at —80°C
[16]. The fact that two equivalents of TiCl, are necessary for complete ionization of
diphenyl alkyl chloride indicates that the gegenion is most probably Ti,Cl;.

Functionalization

According to 'H-NMR spectroscopy, the MeOH-quenched polymer of DPE-
capped PIB or TMPCI (Figs. 3 and 4) carries methoxy functionality exclusively,
suggesting that all diphenyl alkyl chain-ends were ionized. This was confirmed by



15: 30 24 January 2011

Downl oaded At:

NONPOLYMERIZABLE MONOMERS 1148

3 Hy H3
M,\‘»cHz Z}—cm—m—% 3<O§

H,

——taan

[ e O A

T
170 160 182 140 130

€846 141,13

2L 13 L JL JL1 L

T T T Y T T T T Y T T T T T T T T T T T T Y A T T T T T T T Y Y T T YT T T T T T T
180 160 140 120 100 80 60 40 a0

FIG. 12. Quantitative *C-NMR spectrum of the functionalization of polyisobutylene
with 1-methoxy-2-methyl-1-propenyloxy-trimethylsilane.

conductivity studies. The methyl ether functionality is sensitive to acidic conditions
and can be cleaved by weak acids. When methanol was used instead of ammonical
methanol, unsaturation (6.13 ppm) always accompanied the —OMe functionality.
The presence of methoxy functionality alone is not a sufficient proof that the
chain ends are completely ionized and that a direct reaction between the diphenyl
carbenium ion and methanol will result. Solvolysis of the chloride may also explain
the presence of methoxy functionality. It has been reported [25] that 1,1-diphenyl-
I-chloroethane readily undergoes methanolysis in acetonitrile at room temperature
with elimination as a competing reaction. Analysis of the kinetic deuterium isotope
effects suggested that elimination and substitution proceed via a common carbocati-
onic intermediate, most probably a contact ion pair type. We therefore decided
to study the methanolysis of the model compounds diphenyl methyl chloride and
DPDMPCI. The model compounds were dissolved in MeCl/Hex solvent mixture at
—80°C. A proton trap (2,6-di-fert-butyl pyridine), 2 mL of prechilled MeOH, and
0.1 mL of TiCl, were subsequently added in this order. The reaction mixture was
poured into ammonical MeOH, and the products were isolated, purified, and their
'H-NMR spectra were recorded (Figs. 8 and 9). According to Fig. 8, diphenyl
methyl chloride underwent complete nucleophilic substitution. Integration of the
aromatic and methoxy protons (Fig. 9) indicates that only 64% of the DPDMPC!
underwent nucleophilic substitution. A small amount of rearrangement was also
observed. This rearrangement was studied in a separate experiment where TiCl, was
added to a DPDMPCI solution in Hex/MeCl in the presence of a proton trap at
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FIG. 15. The 'H-NMR spectrum of the product of end quenching with phenyl magne-
sium bromide.

—80°C. After 1 hour the reaction was quenched with prechilled MeOH and the
reaction mixture was poured into 10% ammonical MeOH. Upon purification, a
white crystalline material was isolated. The 'H-NMR spectrum, shown in Fig. 10,
indicates that DPDMPCI underwent complete rearrangement. This is in agreement
with the reported methyl group rearrangement that accompanies the dehydration of
1,1-diphenyl-2,2-dimethyl-1-propanol in the presence of acetic anhydride and acetyl
chloride [26, 27]. The peak at 1.34 ppm (9H) of the original material disappeared
and three other peaks appeared. The methyl group shifted to ~2 ppm (3H), while
it appears that the two remaining methyl groups are no longer equivalent as they are
separated at 1.55 ppm (3H) and 1.45 ppm (3H). The rearrangement is shown in
Scheme 1. The original cation is sterically hindered as a trigonal coplanar structure,
and a methide shift takes place in order to relieve the strain.

We conclude that the methoxy group at the chain end of the functionalized poly-
mer is formed by the direct reaction between MeOH and the cation. Functionalization
by other nucleophiles is also feasible. Close to quantitative functionalization (95%)
was observed when the capping reaction was quenched with 1-methoxy-1-(trimethyl-
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siloxy )-2-methyl-propene. The '"H-NMR and the quantitative *C-NMR spectra of the
ester functional PIB are shown in Figs. 11 and 12, respectively. Unsaturation (6.13
ppm) is negligible and the intensities of the corresponding peaks on both spectra are
close to the theoretical values. The presence of the ester group at the chain end was
also verified by FT-IR from the presence of a strong absorption at 1735 cm ~'. The
ester functionality at the chain end provides a pathway for several classical reactions
to acid, acyl halide, amide, enol, and hydroxy enol ethers [28].

Close to quantitative functionalization (95-97%) was also obtained when
the capping reaction was quenched with 1-cyclohexenyloxy-trimethylsilane. The
'H-NMR and the quantitative *C-NMR spectra of the ketone functional PIB are
shown in Figs. 13 and 14. Unsaturation is absent, and the intensity of the corre-
sponding peaks on both spectra are very close to the theoretical ones. The carbonyl
presence was verified by a strong absorption at 1715 cm ~! in the FT-IR spectrum.

The 'H-NMR spectrum of the product using phenyl magnesium bromide as
quenching agent is shown in Fig. 15. About 20% of the product is olefin, most
probably formed by proton elimination from the diphenylalkyl carbenium ion.

Other nucleophiles were also used for end-quenching. When lithium diisopro-
pyl amide and sodium diethyl malonate were used, terminal olefin was the main
product.

From the results it seems that steric hindrance may be a factor which should
be considered when choosing nucleophiles for functionalization.

CONCLUSION

DPE, a nonpolymerizable monomer, was used to cap living PIB ends. Mo-
noaddition is strongly favored over diaddition, and under the polymerization condi-
tions, monoaddition occurs exclusively. Conductivity studies indicated that diphe-
nyl alkyl chain ends are completely ionized. Thus, for the first time, a general
route to functional polymers by end-quenching is feasible in the living carbocationic
polymerization of olefins. Functional PIBs with close to theoretical functionality
could be obtained by end-quenching using soft nucleophiles such as alcohols, silyl
enol ethers, and silyl ketene acetals.

Research is continuing for the synthesis of functional polymers by in-situ
functionalization of living carbocationic ends.
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