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ABSTRACT: Brominated butyl rubber (BIIR) is a commercially important value-added elastomer that
is produced by solution bromination of butyl rubber to give a microstructure that is predominantly the
exo-methylene isomer, a kinetic product. It has been demonstrated that isomerization of BIIR to the
thermodynamically more stable (E/Z)-endo isomers can be achieved in solution by either electrophilic (zinc
stearate) or nucleophilic (tetra-n-butylammonium bromide) catalysis without significant formation of
conjugated diene through competing elimination, as determined by "H NMR spectroscopy. Electrophilic
catalysis showed little discrimination for (E/Z)-endo isomers of rearranged BIIR, whereas nucleophilic
catalysis gave solely the (Z)-endo isomer. The former was interpreted as the result of thermodynamic
equilibration, whereas the latter was based on a preferred reactive conformation for Sn2’ rearrangement,
giving rise to a kinetically preferred product. Computational models supported the interpretation of the
experimental results. Rearrangement of BIIR by electrophilic catalysis was also demonstrated in the solid state.

Introduction

Butyl rubber (ITR) is a copolymer of isobutylene with 1—3 wt
% of isoprene and is valued for its excellent barrier properties,
thermal stability, and resistance to oxidation.! Whereas this
elastomer can be cross-linked by conventional sulfur, accelerated
sulfur, and phenolic resin cure chemistry, the limited unsatura-
tion and slower vulcanization rates of this material result in poor
compatibilization with other unsaturated elastomers such as
styrene-butadiene rubber (SBR). Consequently, starting in the
1950’s, the halogenation of butyl rubber was investigated, with
the result that commercial grades of both chlorinated (CIIR) and
brominated (BIIR) butyl rubber have been available for over
40 years now.” The presence of a halogen accelerates the rate of
conventional sulfur cures® and allows improved compatibiliza-
tion with other elastomers such as SBR. Others types of cure
chemistry also become available through halogenation of butyl
rubber, including amine* and zinc oxide cures.’ The combination
of excellent physical properties along with diversity in cure
chemistry has led to the application of these materials in a wide
variety of products that range from tire inner-linears to pharma-
ceutical closures.

The microstructure of butyl rubber has been examined in detail
by NMR spectroscopy.” The isoprene unit is incorporated pre-
dominantly as the 1,4-(E)-isomer (1) with detectable amounts
of the 1,4-(Z)-isomer, as shown in Scheme 1, as well as trace
amounts of other structures including those arising from branch-
ing. Whereas isomer ratios can vary depending on the process
chemistry used, the reported values’ are typically (=90):(< 10) for
the (E):(Z) ratio. Bromination of butyl rubber is commonly
carried out as a solution process using liquid bromine in a
saturated hydrocarbon solvent. The reaction proceeds by an
unusual electrophilic substitution reaction at the isoprene units
rather than addition and can give rise to a variety of isomeric
substitution products, as shown in Scheme 1.° The process
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chemistry for this reaction has been refined over the years to
allow consistency in controlling the microstructure of BIIR with
the consequence that the exo-methylene isomer (2) is the pre-
dominant isomer in commercial products. The minor isomer
present is the endo-bromomethyl (3). The presence of trace
amounts of another endo-isomer (4) has also been reported in
some instances,’ as has the endo-conjugated diene (6),” which
could be derived from endo-4 by dehydrobromination.

The stoichiometry of the bromination reaction leads to only
half the bromine in Br, being incorporated into the rubber with
the remainder ending up as HBr; however, recent advances in the
process chemistry have focused on the subsequent oxidation of
HBr to Br;, to effect higher efficiency in bromine consumption.'°
Additionally the controlled dehydrobromination of BIIR has
been investigated'! to provide conjugated diene butyl (5 and 6),
which undergoes both peroxide and radiation cross-linking.® exo-
Conjugated diene butyl (5) can also be chemically modified
through Diels—Alder chemistry.'?

Over the past decade, we have investigated the chemical
modification of BIIR with a varietgr of oxygen, sulfur, nitrogen,
and phosphorus nucleophiles.'* '® During the course of these
studies, it has become apparent that there are significant reactiv-
ity differences between the exo isomer (2) and the (E/Z)-endo
isomers (3). Consequently it is important to understand how the
microstructure of BIIR influences its reactivity. To address this,
it is essential to develop methods that allow the isomerization
of exo-(2) to (E/Z)-endo-(3) without generating significant
amounts of dehydrobromination products (5 and 6). The
research described herein addresses this issue. Subsequent re-
ports will address the effects of microstructure on the chemical
reactivity of BIIR toward chemical modification as well as cure
chemistry.

Scheme 2 shows two conceptual strategies for the isomeriza-
tion of exo-(2) to (E/Z)-endo-bromomethyl-isomers (3). The first
of these (path a) involves ionization to an allyl cation, which
subsequently recombines by rearrangement; Lewis acid catalysis
would be expected to facilitate this pathway. The second strategy

© 2010 American Chemical Society
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Scheme 1. Bromobutyl Isomers and Reaction Product Labelling”
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Scheme 2. Strategies for the Isomerization of exo-Bromobutyl to endo-Bromobutyl
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involves simultaneous bond-making and bond-breaking through
an Sn2' process, with bromide ion acting as nucleophile as well as
leaving group (path b).

Experimental Section

Instrumentation and Materials. NMR spectra were recorded
with a Bruker AVANCE-600 spectrometer (600.17 MHz 'H,
150.92 MHz '*C) in CDCls, with chemical shifts referenced to
tetramethylsilane. Solid-state reactions were done using a
Haake Polylab R600 internal batch mixer. The following re-
agents were used as received from Sigma-Aldrich (Oakuville,
Ontario): tetra-n-butylammonium bromide (TBAB, 98%)), 1.8-
bis(dimethylamino)naphthalene (99%), magnesium stearate
(tech. grade 25% palmitate, 65% stearate); from Fisher Scien-
tific (Ottawa, Ontario): zinc stearate (90%); from Alfa Aesar
(Ward Hill, MA): dibutytin dilaurate (94%), iron naphthenate
(80% in mineral spirits). BIIR (LANXESS BB2030, M, ~
400000 g/mol, 1.8 wt % Br, ~0.15 mmol/g allylic bromide con-
tent) was used as supplied by LANXESS (Sarnia, Ontario).

BIIR Dehydrohalogenation. BIIR (17.5 g, 2.26 mmol allylic
bromide), 1,8-bis(dimethylamino)naphthalene (1.46 g, 6.82
mmol), and the desired amount of zinc stearate (none or
0.21 g) were dissolved in xylenes (350 mL) and heated to reflux.
Polymer samples withdrawn at intervals were isolated by pre-
cipitation from acetone and dried under vacuum. Downfield 'H
NMR (CDCls) analysis: For exo-conjugated diene (5): 6 4.76 (s,
1 H,HCH=), 5.04 (s, | HLHCH=), 5.73 (m, | H, —CH,—CH=),
6.05 (d, 1 H, H,C=C—CH=CH—); For endo-conjugated diene
(6): 6 5.40 (bs, IH, —CH=C(CHj3)—), 5.50 (m, 1 H, CH,—
CH=), 5.93 (1 H, =C(CH3)—CH=).

Br

(E)-ENDO 3

BIIR Isomerization (Solution). BIIR (1 g) and the desired
catalyst (none, 0.12 g zinc stearate or 6.4 mg TBAB) were dis-
solved in toluene (22 mL) and stirred in an oil bath at 85 °C.
Polymer samples withdrawn at intervals were isolated by pre-
cipitation from acetone and dried under vacuum. Downfield 'H
NMR (CDCls) analysis: For exo-allylic bromide (2): 6 5.39 (s,
HCH=), 5.02 (s, HCH=), 4.40 (t, —~CHBr—); For (E)-endo-3: 6
5.41 (t, H=C=),4.11 (s, BrCH,—); For (Z£)-endo-3: 6 5.75 (t, H—
C=), 4.09 (s, BrCH,—).

BIIR Isomerization (Solid State). BIIR (40 g BIIR) was
charged to a Haake Rheomix 600 batch mixing bowl equipped
with Banbury blades rotating at 60 rpm at a set-point tempera-
ture of 85 °C. After 2 min, 0.1 equiv of metal carboxylate salt was
added (0.69 g zinc stearate, 0.69 g dibutyltin dilaurate, 0.63 g
magnesium stearate, or 0.49 g iron naphthenate in mineral
spirits). Samples withdrawn at regular intervals were character-
ized by "H NMR spectrum integration to an accuracy of +5%: 0
5.02 (exo-Br, HCH=, 1H, s), ¢ 4.11 (E-BrMe, =C—CH,—Br,
2H, s), 0 4.09 (Z-BrMe, =C—CH,—Br, 2H, s).

Computational Methods. The geometries of low energy con-
formations of two models each of BIIR, its dehydrohalogena-
tion products and its isomerization products and any relevant
stereoisomers were determined using the B3LYP gradient-
corrected density functional'” with a 6-31G(d) basis set. Vibra-
tional frequency calculations were carried out to verify the nature
of the stationary points as minima on the potential energy surface.
Subsequent single-point energies were obtained using the
6-311+G(2d,2p) basis set, and enthalpies and free energies were
calculated using these energies combined with the thermochemical
corrections obtained in the previous calculation. These data are
tabulated along with the relevant geometries in the Supporting
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Figure 1. "H NMR spectra of brominated butyl rubber: (a) commercial BIIR as received (LANXESS BB2030); (b) zinc stearate isomerized BIIR
(solution).

Information. All com]i)utations were carried out with the Gaussian
03 suite of programs.'®

Results

The exo-methylene allylic bromide (exo0-2) within commercial
BIIR grades is a kinetically favored bromination product that is
susceptible to rearrangement to the thermodynamically more
stable bromomethyl (E/Z-endo 3) isomers. The starting material
used throughout this work was a commercial grade of BIIR
typically containing 0.14 mmol of allylic bromide per gram of
rubber, which was distributed in a 90:0:10 ratio of exo-2/(Z)-
endo-3/(E)-endo-3. Small amounts of unbrominated isoprene
units were also present, as expected, as well as endo-conjugated
diene (6) (0.012 mmol per gram of polymer). Figure la shows
a 'H NMR spectrum of a commercial grade of BIIR: exo-2
shows singlets at 5.39 and 5.02 ppm and a multiplet at 4.40 ppm;
(E)- and (Z)-endo-3 show singlets at 4.11 and 4.09 ppm, respec-
tively; unbrominated butyl rubber (IIR) shows a multiplet at
5.10 ppm; and traces of endo-conjugated diene 6 are detected by a
weak doublet at 5.93 ppm.'?

BIIR is known to be thermally unstable with respect to the HBr
elimination. In the absence of acid scavengers, this leads to
degradation of the rubber (145 °C, neat);” in the presence of acid
scavengers, this leads to the formation of conjugated diene butyl
rubber (refluxing xylenes solution, ~135 °C).!? Isomerization
reactions were therefore carried out at significantly lower tem-
peratures to avoid dehydrohalogenation.

Dehydrohalogenation (Solution). When a 5% w/v solution
of BIIR in xylenes was refluxed (~135 °C) for 25 h in the
presence of an acid scavenger (Proton Sponge, 2.0 equiv per
allylic bromide unit), over 80% of exo-2 was converted into
exo-conjugated diene (5), as evidenced by '"H NMR. The
evolution of reaction products is presented in Figure 2a. The
dehydrobrominated products showed no evidence of cross-
linking through gel formation, and only the exo-(E)-con-
jugated diene (5) was generated; the endo-conjugated diene
(6) is present as a minor component in BIIR (vide supra), and
the amount present does not change during the reaction.

Because ZnO is routinely used for curing BIIR,” the effect
of this Lewis acid on the rate of a solution-based dehydro-
bromination was assessed through reactions employing
0.15 equiv of zinc stearate relative to initial allylic bromide;
the concentration of Proton Sponge was held constant at
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Figure 2. Product evolution for bromobutyl (BIIR) dehydrobromina-
tion in xylenes, as determined by "H NMR spectroscopy; 7T refluxing
xylenes, 2.0 equiv Proton Sponge. O, exo-2; A, (E/Z)-endo-3; @, exo-
conjugated diene; the amount of endo-conjugated (6) is unchanged
during the reaction and is omitted from the Figure for clarity.

2 equiv. Figure 2b (which has a different time scale from that
of Figure 2a) shows that conjugated diene concentrations
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Figure 3. Catalyzed allylic bromide rearrangement (as determined by
"H NMR spectroscopy): (a) bromobutyl (BIIR) alone; (b) BIIR+1.0
equiv Zn(stearate),; (c) BIIR+0.1 equiv tetrabutylammonium bromide
(TBAB) (5 wt % BIIR in toluene, 85 °C). O, exo0-2; O, (Z)-endo-3; O,
(E)-endo-3. The amount of endo-conjugated (6) is unchanged during the
reaction and is omitted from the Figure for clarity.

increased a small amount in the presence of the Lewis acid.
After 5 h, the conversion of allylic bromide to exo-conju-
gated diene was just 34% when no zinc stearate was added
but 51% in the presence of zinc stearate (0.15 equiv). More
significantly, however, the presence of zinc stearate showed a
marked increase in the rate of exo- to (E/Z)-endo isomeriza-
tion. After 1 h, nearly 80% of the exo isomer had been iso-
merized with only 10% conversion to exo-conjugated diene.
This clearly indicates that isomerization without dehydro-
halogenation is a feasible process.

Lewis Acid Catalysis of Isomerization (Solution). Whereas
BIIR is stable when maintained at 85 °C in toluene for
prolonged periods (Figure 3a), allylic halide rearrangement
can be accelerated by treatment with soluble Lewis acids. For
example, holding a toluene solution of BIIR with zinc
stearate at 85 °C for 4 h gave an isomerized product contain-
ing a 10:40:50 ratio of exo-2/(Z)-endo-3/(E)-endo-3 while
leaving the total allylic bromide concentration virtually un-
changed at 0.14 mmol/g (Figure 3b). The lack of significant
(E/Z) selectivity in the collapse of the zinc-coordinated ion-
pair intermediate (Scheme 2, path a) suggests that the allyl
cation intermediate is formed reversibly (in the forward and
reverse directions) and leads to thermodynamic control of
products, as discussed below. Figure 1b shows a '"H NMR
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Figure 4. Model structures for computational studies.

spectrum of rearranged BIIR: the (E)- and (Z)-endo-3 show
enhanced singlets at 4.11 and 4.09 ppm, respectively; traces
of endo- and exo-conjugated dienes 6 and 5 appear as weak
doublets at 5.93 and 6.00 ppm, respectively.

Nucleophilic Catalysis of Isomerization (Solution). Figure 3¢
illustrates the evolution of allylic bromide isomer concentra-
tions when BIIR is exposed to TBAB (0.1 equiv) at 85 °C in
toluene. Depletion of exo-2 proceeds smoothly to generate
(Z)-endo-3 to the exclusion of the corresponding (E)-endo-3
isomer. That is, TBAB-catalyzed rearrangement does not yield
any (E)-endo allylic bromide. This selectivity poses interesting
mechanistic questions because it is likely a consequence of a
preferred reactive conformation for the Sy2' reaction (Scheme 2,
path b), as discussed below.

We noted that TBAB could only engage in an Syn2’
rearrangement with exo-2. A sample of BIIR was isomerized
with zinc stearate then purified to give a balanced ratio
of (E/Z)-endo-3 isomers. A subsequent treatment of the
isomerized rubber with TBAB (0.1 equiv) in toluene at
85 °C left the isomer ratio unchanged, thereby indicating
that TBAB-catalyzed isomerization of exo-2 is an irreversi-
ble process.

Computational Studies. The relative energies of two mod-
els of BIIR, its dehydrohalogenation products and its iso-
merization products were explored to help shed some light on
the origin of the selectivities in the foregoing transforma-
tions. The models feature allylic bromide units of BIIR either
truncated at the methylene groups ahead of the quaternary
carbons (7) or in which the quaternary carbons are included
as t-butyl groups (8). The corresponding models of the
dehydrohalogenation products (9 and 10) and the isomer-
ization products (11 and 12) are also shown in Figure 4.
Three-dimensional structures are given in the Supporting
Information. Three features of these structures were in-
vestigated: the relative stabilities of (E)- and (Z)-exo-con-
jugated dienes (9 and 10), the relative stabilities of the (E)- and
(Z)-endo isomers (11 and 12), and the torsional energy profiles
for rotation about the allylic (=C—CHBr—) bond in 7 and 8.

The dehydrohalogenation products have a strong prefer-
ence for the (E) isomers over the (Z) isomers. In the simple
model (9), the difference is 1.9 or 4.7 kcal/mol depending on
whether the s-cis or s-trans conformations of the dienes are
considered, of which the latter is highly favored for the (E)
but not the (Z). Upon incorporation of the quaternary
carbons, the four possible low energy (E) isomers are now
favored by a greater margin (2.9—5.0 kcal/mol) over the
corresponding (Z) isomers; again, whereas there is a pre-
ference for the s-trans conformation in the (E) stereoisomer,
there is essentially no preference for either in the (Z).

The computations on the isomerization products reveal a
very slight (0.15 kcal/mol) preference for the (E) isomer of
both 11 and 12. The lack of effect of the quaternary carbons
on the configurational preference of these products reflects
the greater separation of the bulky substituents by the five-
carbon planar framework when the double bond is endo as



8460 Macromolecules, Vol. 43, No. 20, 2010

o H O B O >
~ /%
N P ST
a’ } e
0.15 a. BIIR alone
x )
©0.10
()]
S
£0.05
3
7 "1
0.00
0.15 b. BIIR + 0.1 eq Zn(stearate),
ox
.10
>
£0.05
3
0.00
0.15 c. BIR + 0.1 eq TBAB
14
.10
>
£0.05
£
0.00

0 10 20 30 40 50 60
Time (min)

Figure 5. Catalyzed allylic bromide rearrangement in the solid state
(as determined by "H NMR spectroscopy), T = 85 °C: (a) bromobutyl
(BIIR) alone; (b) BIIR + 0.1 equiv Zn(stearate),; (c) BIIR + 0.1 equiv
tetrabutylammonium bromide (TBAB). O, exo-2; 0, (Z£)-endo-3; O,
(E)-endo-3. The amount of endo-conjugated (6) is unchanged during the
reaction and is omitted from the Figure for clarity.

opposed to the four-carbon planar framework when the
double bond is exo in BIIR and its models 7 and 8.

In the case of the simpler model of exo-BIIR (7), the
pro-(E) conformer was favored over the pro-(Z) conformer
by 1.0 kcal/mol; the pro-(E) conformer gives rise to (E)-11,
whereas the pro-(Z) isomer gives rise to (£)-11. In the case of
the more hindered model 8, however, the order was reversed,
with the pro-(Z) conformer favored over the pro-(E) con-
former by 4.0 kcal/mol. In both cases, the free energies of
activation for interconversion of the conformers were large
(cf. 6.6 kcal/mol for pro-(E)-7 — pro-(Z£)-7 and 5.9 kcal/mol
for pro-(Z)-8 — pro-(E)-8). See the Supporting Information
for complete torsional energy profiles for interconversion
between the relevant conformers.

Solid-State Isomerization. With isomerization of BIIR
having been demonstrated in solution, a solvent-free process
was subsequently examined. Experiments were carried out
in a batch mixer at 85 °C with the results summarized in
Figure 5. Similar to the solution experiments, BIIR alone
was stable in the solid state over 1 h at this temperature. The
addition of zinc stearate (0.1 equiv, Figure 5b), however, led
to a steady conversion of the exo-2 isomer to an (E/Z)-endo-3
mixture, this time with an excess of the (Z) isomer over the
(E) isomer. However, when nucleophilic catalysis of rear-
rangement was examined with TBAB, surprisingly little
isomerization was observed (Figure 5¢). This may simply
be a consequence of low miscibility of this ionic salt within
BIIR as well as the fact that the experiments were conducted
below the melting point of TBAB.
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Scheme 3. Conformers Leading to an Anti Orientation in the SN2’
Transition State
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Following the success of the zinc-stearate-mediated iso-
merization of BIIR in the solid state, several other Lewis
acids were examined for isomerization activity. Both mag-
nesium stearate and dibutyltin dilaurate showed diminished
activity relative to zinc stearate, whereas iron naphthenate
displayed comparable activity.

Discussion

The dehydrobromination of BIIR to exo-conjugated diene
butyl rubber at elevated temperatures has been previously
reported.®’ Computational studies now indicate that the pre-
ferred isomer for this reaction is the (E) isomer (5), as shown in
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Scheme 1; this result is consistent with the expected reduction of
allylic strain in the (E) isomer over the (Z) isomer. Our pre-
liminary results shown in Figure 2 clearly indicate that it is
possible to isomerize BIIR with suppression of this elimination
reaction.

Nucleophilic catalysis of rearrangement by TBAB is the well-
known Sn2' reaction, a concerted allylic rearrangement, which
has been extensively investigated from both an experimental'
and a theoretical'® perspective. In cases where the nucleophile has
a noncoordinating counterion (such as in TBAB), it is generally
observed that the reaction proceeds through an anti orientation
of nucleophile and leaving group in the transition state rather
than a syn orientation. With respect to BIIR, this would require
the reaction to proceed through the conformations shown in
Scheme 3 (or their mirror images) with the (Z)-isomer arising
from conformer 2a (pro-(Z) isomer) and the (E) isomer arising
from conformer 2b (pro-(E) isomer). Conformer 2b would be
expected to have significant nonbonded interactions between R
and R? (A -strain), thereby making it less stable than the
conformer 2a. This is consistent with the experimental results
(Figure 2c), which showed that BIIR rearranged exclusively to
(Z)-endo-3 with TBAB and indicates that this result is likely the
consequence of the reaction proceeding through a preferred
reactive conformation. This is further supported by the computa-
tional results, which showed that the pro-(Z) isomer of structure 8
was 4.0 kcal/mol more stable than the pro-(E) isomer.

Electrophilic catalysis of rearrangement by Lewis acids is
expected to proceed via an ion-paired allylic cation, as shown
in Scheme 4. Computational results indicated a negligible differ-
ence in (E/Z) isomer stability for the model structure 12, which
suggests that an equal mixture of products indicates a process
that is under thermodynamic control. The results shown in
Figure 3b for solution isomerization with 1 equiv of Lewis acid
are consistent with the computational results with a nearly equal
mixture of E/Z isomers present. The solid state results showed a
greater amount of the (Z) isomer over the (E) isomer; however,
these isomerization reactions were carried out for a shorter period
of time and at a lower ratio of Lewis acid, so they may simply
reflect a system which has not yet achieved equilibrium.

Conclusions

Commercial grades of brominated butyl rubber have a micro-
structure that consists predominantly of the exo isomer. It has
been shown that solution-based rearrangement to the endo
isomers can be carried out by either nucleophilic or electrophilic
catalysis, with minimal competing dehydrobromination to con-
jugated diene butyl rubber. The stereochemical outcomes of the
these rearrangements can be rationalized on the basis of the
conformational preferences of the starting materials and stabi-
lities of the products, which are inferred by the results of
computations on models of BIIR and its isomerization products,
respectively. Additionally, it has been shown that Lewis-acid-
mediated rearrangement can also occur in the solid state. This
ability to exercise control of the microstructure of BIIR will allow
subsequent comparison of the relative reactivities of exo and endo
isomers of BIIR toward chemical modification.
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and electronic energies for all optimized structures and torsional
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