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Alkyl bromides and tosylates were shown to react quantitatively with the living a-methyistyrene
tetramer to yield the dialkyl adduct. Alkyl bromides also reacted with a-methylstyrene and lithium
in THF to yield the dimeric adduct quantitatively, whereas only about 10% vyield of this product was
obtained with alkyl tosylate. This difference in behaviour was interpreted in terms of the different
adsorptive powers of the two alkyl salts onto lithium metal. Aryl (pheny!) bromides and tosylates
reacted with the tetramer to give only low (<5%) yields of the diaryl adduct and in both cases low
molecular weight poly(a-methyistyrene) was produced. Benzene was also formed with phenyl bro-
mide and the reaction was explained in terms of a transmetallation process. With the tosylate, the
presence of phenol indicated that scission occurred at the —~S0,—0O— bond. The reactions of these
reagents with a-methylstyrene and lithium in THF both yielded poly(a-methylstyrene) and phenyl
bromide was quantitatively converted into biphenyl. Reactions controlled by competitive adsorption

were invoked to explain these findings.

Some years ago a methad of synthesizing regular copolymers
was reported which involved an adaptation of the Szwarc
‘living’ polymer technique’>%. This process consists of re-
acting a tetrahydrofuran (THF) solution of a suitable vinyl
or diene monomer with alkali metal in the presence of a
linking agent. It was shown that the initial reaction taking
place was that of monomer with the metal to form the dimer
dianion [shown in equation (1) for styrene and sodium].

- -+
2CH,=CH + 2Na — Na' CH—CH,—CH,—CH Na

M

This surface reaction was found to be diffusion controlled;
the dimer, on diffusing away from the reaction site, could
propagate further in a conventional head—tail manner until
reaction occurred with the linking agent. Alkyl dihalides
(RX3) were very efficient linking agents and, under condi-
tions of 2:1 monomer to halide molar stoichiometry, virtually
no propagation occurred so that the dimer reacted directly
with the halide to give copolymer of structure I, illustrated

in equation (2).

Na* CH-CHzCHy-CH'Na + R, FCH—CH;~CH3-CH-RY + 2NaX

—

(1)

The regularity of these structures was confirmed as being
above 90% by using alkyl monohalides in place of dihalides,
and determining the percentage dialkyl dimer formed.
Other linking agents such as diepoxides and haloepoxides
were also used to give polyalcohol copolymers, although

these were less efficient and greater oligomerization took
place before coupling occurred. These processes have been
reviewed®S.

It was reported in the original publication® that aryl
dihalides did not produce regular copolymers of structure I;
the products contained only a small proportion of the aryl
ligand introduced into the reaction system. The fate of the
remainder was not determined, and it was suspected at the
time that side reactions leading to the formation of benzyne
intermediates were responsible for this behaviour. Aromatic
groups could be introduced into the main chain to form co-
polymers, however, by using aralkyl dihalides such as p-
xylylene dibromide, although it was shown later® that with
this reagent complications arose leading to copolymers pos-
sessing p-xylylene ligands linked together as specifically di-
meric moieties in the structure. This has recently been dis-
cussed elsewhere’.

This communication reports work carried out to investi-
gate these linking reactions in greater detail, and to compare
the behaviour of both alkyl and aryl bromides with the
corresponding p-toluene sulphonates (tosylates) in their
reactions with polymeric carbanions, whether generated
separately or in Situ by direct reaction of monomer with
alkali metal.

Alkyl tosylates are more reactive toward nucleophiles
than alkyl iodides and alkylate at lower temperatures with
fewer side reactions®. They react cleanly with Grignard
reagents® to give addition products analogous to those
shown in equation (2), and so would be expected to behave
in living polymer and similar systems in a manner closely
paralleling that of the alkyl halides, although this has never
been tested. In contrast, the aryl tosylates are relatively
unreactive®, and react with Grignard reagents at elevated
temperatures to yield sulphones principally®, and it is of
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interest to examine their reactions and those of their halide
analogues with carbanionic systems to compare their
behaviour.

It is convenient to use monofunctional halides and tosy-
lates in these studies since, with oligomeric dianions, termi-
nation rather than linking occurs, only small molecules are
prepared and the product analysis is thereby greatly simpli-
fied. Thus, for the metathetical reaction of an organic salt
(HRX) with a dimer dianion, the yield of diadduct II may
be determined by g.l.c. analysis (equation 3, where M =
monomer).

Na*~M-M~*Na + 2HRX —> HRM-MRH + 2NaX (3)
)

This approach has been employed previously to determine
the efficiency of the reacton with alkyl dihalides®'°, and to
evaluate the microstructure of diene copolymers!'™ %, In all
these cases correspondence existed between the results ob-
tained by this method and those calculated from direct spec-
troscopic examination of the copolymer prepared using the
equivalent dihalide.

EXPERIMENTAL

Materials

Ethyl bromide and phenyl bromide (BDH) were used as
supplied, whilst ethyl tosylate (BDH) was vacuum dried
before use. Phenyl tosylate was prepared by a standard
method'. a-Methylstyrene (BDH) was dried over calcium
hydride and distilled under reduced pressure immediately
before use. Butyllithium (Koch—Light, 15% w/w in hexane)
was used as supplied. Sodium or lithium metal (BDH) was
washed with 40/60 petroleum ether, dried and sliced in a
stream of nitrogen directly into the reaction flask.

THF (BDH) was dried initially by standing over molecular
sieves. It was then titrated with a THF solution of sodium
naphthalane immediately prior to use until a faint residual
green colour was obtained, after which the solvent was
fractionally distilled under nitrogen.

Reactions

Two types of reaction were carried out: one in which the
living tetramer of a-methylstyrene was separately generated
before reaction with the halide or tosylate, and the other in
which monomer and halide or tosylate, were reacted together
with alkali metal in THF. They are described in that order.

Reaction with tetramer. A batch of a-methylstyrene
tetramer was prepared by reacting under nitrogen 11.8 g
(0.1 mol) monomer in 150 ml THF with 5 g (0.22 mol)
sodium at 0°C for 3 h; 3 g (0.013 mol) of C1¢Hz4 was also
introduced when necessary to act as a g.l.c. standard. A
sample was taken, protonated and checked for tetramer for-
mation by g.l.c. analysis. The residual solution was then
separated from the excess metal by transfer into an attached
burette using excess nitrogen pressure.

A sample of bromide or tosylate was then weighed into a
glass receiver which was flushed thoroughly with nitrogen
before attaching onto the burette. The tetramer solution
was slowly titrated onto the pure reagent, which quickly
dissolved, until a very faint permanent red colour was
achieved. This was discharged by adding a trace of water.
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Glc., gp.c. and 'H n.m.r. analyses were subsequently carried
out on the product.

Reaction with alkali metal. 0.01 Mol monomer and 0.01
mol bromide or tosylate were reacted in 25 ml THF under
nitrogen with excess (~0.03 mol) lithium slices at room tem-
perature for 24 h. The solution also contained 0.004 mol
Ci6H34 to act as a g.l.c. standard. The product was then
analysed by g.l.c., g.p.c. and IH n.m.r. spectroscopy.

Gel permeation chromatography (g.p.c.)

G.p.c. analysis was carried out on a Waters Associates
model ALC/GPC 301 chromatograph fitted with a differen-
tial refractometer (thermostatically controlled at 25°C) and
ultra-violet (254 nm) detectors. Four styragel columns were
used in sequence with porosities 104, 104, 103 and 103 &,
respectively. Elutions were carried out at ambient tempera-
ture with THF as solvent and with a flow rate of 1 cm3/min.

Gas liquid chromatography (g.l.c.)

G.l.c. was carried out on a Pye Unicam Series 105 chro-
matograph with flame ionization detectors. Preparative and
analytical columns were packed with 2.5% OV1 on 80/100
mesh ‘Chromosorb G’. Temperature programmes in the
range 100° to 300°C were used with these columns. Low
temperature columns, used in the range 50° to 100°C, were
packed with ‘Porapak Q’.

\H nuclear magnetic resonance (\H n.m.r.)

IH n.m.r. spectra were recorded on a Jeol PS—100,
100 MHz spectrometer, using solutions in deuterochloroform
with tetramethylsilane as internal standard.

RESULTS AND DISCUSSION

a-Methylstyrene was chosen as a suitable monomer for the
proposed experiments because: (a) the use of a vinyl mono-
mer rather than a diene means that no analytical complica-
tions need arise due to structural isomerism of the poly-
merized material, and (b) this monomer has an anionic pro-
pagation rate constant much smaller than styrene so that

the degree of polymerization can be more readily controlled;
this is particularly important when model compound systems
are used which require g.l.c. product analysis.

Basically, two types of experiments were carried out in
this investigation. The a-methylstyrene tetramer dianion
(structure IIT) was prepared in THF by conventional means'®
and reacted with THF solutions of the monofunctional rea-
gents being tested.

CHj CH, CHy CH,

+ A . . A _—+
Na™ C CH2 C—CH,—CH,—C—CH,—C Na

<IN

The products were then separated, isolated where possible

by gl.c. and analysed by 'H n.m.r. Secondly, equimolar
quantities of c-methylstyrene and monofunctional reagent
were allowed to react in THF with excess lithium metal, and
again the products isolated and analysed as previously. The
reagents chosen were ethyl bromide and ethyl tosylate, and
phenyl bromide and phenyl tosylate. They will be considered
in the pairings given.
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Table 1 Products of reaction (%) between organic bromides or
tosylates (OTs) and (1} a-methylstyrene tetramer, and (I1) equimolar
a-methylstyrene and excess lithium metal

HRX HRMMMMRH HRMMRH HRRH
CyHsBr 98 99 0
CaH5OTs 97 11 -
CgHsBr <5 <5 98
CgHsOTs <5 0 -

Ethyl bromide and ethy! tosylate

The direct reaction of ethyl bromide with the tetramer
dianion yielded virtually quantitatively the corresponding
diadduct (Table 1). Similarly, ethyl tosylate formed the
same diadduct under identical conditions almost quantita-
tively. Thus, under homogeneous conditions, both react with
strong nucleophiles almost uniquely metathetically.

The situation is dramatically altered when an analogous
heterogeneous reaction is considered. In the reaction of
equimolar quantities of a-methylstyrene and ethyl salt with
lithium metal in THF, the ethyl bromide again gave a virtually
quantitative yield of the dimer diadduct II, whereas the
yield of this product with ethyl tosylate was only 11 mol %.

The difference in behaviour of these two reagents has
been ascribed to the difference in their adsorptive power on
to lithium metal”. It is supposed that vinyl monomers are
strongly adsorbed on to the metal surface, where they react
to form the dimer dianion which subsequently desorbs and
reacts with, in this case, ethyl bromide in solution. Ethyl
bromide, being entirely 6 bonded, cannot compete with the
adsorptive power of the easily polarizible m-bonded mono-
mer and so an adsorbed monomer monolayer is formed over
the metal, preventing access to the halide, which consequent-
ly can only react in homogeneous solution with the desorbed
dianions in the manner demonstrated with the tetramer.
Ethyl tosylate on the other hand possesses a permanent
dipole and polarizability due to the aromaticity of the tosy-
late ligand, and can therefore compete effectively for adsorp-
tion sites on the metal. This allows it to become involved in
competing reactions such as the Wurtz condensation reaction,
and only a relatively small proportion is consequently invol-
ved in the required methathetical reaction with the desorbed
dimer dianion. Some evidence of gas evolution, which could
have been butane, was observed in this reaction, but this was
not isolated and analysed.

Phenyl bromide and pheny! tosylate

Addition of phenyl bromide to the living tetramer in THF
caused immediate disappearance of the dark red colour
characteristic of the carbanion. However, addition of the
solution to methanol produced a white precipitate and, as
normal tetramer adducts are soluble in this solvent, this indi-
cated the formation of a material with a molecular weight of
several thousand. This was confirmed by g.p.c. analysis
which showed a broad peak with an average retention volume
corresponding to a polystyrene equivalent molecular weight
of about 2500. The 'H n.m.r. spectrum of this precipitated
material indicated that it was derived predominantly from
the tetramer as it showed approximately equal aromatic and
aliphatic absorption areas, and the characteristic high field
methy! absorptions of a-methylstyrene polymers. It thus
appears that the predominant effect of the phenyl bromide

reaction is to produce an appreciable increase in the mole-
cular weight of the a-methylstyrene material, and that direct
addition of the pheny! group to the terminal unit is relatively
small.

The fate of the phenyl bromide was investigated initially
by H n.m.r. examination of the residue obtained from the
methanol—THEF filtrate after stripping off the solvent, but
no evidence of phenyl bromide derived products was obser-
ved. The 'H n.m.r. spectrum of the reaction mixture before
precipitation, however, showed a sharp single peak at 2.7 7
which was identified as benzene, which had been stripped
off with the solvents in the first investigation. This was con-
firmed by running g.l.c. traces of the reaction mixture under
conditions suitable for separating volatile components, and
the area of the benzene peak accounted almost quantitatively
for the phenyl bromide added.

It thus appears that the principal reaction of phenyl
bromide and the a-methylstyrene tetramer must be one of
transmetallation [equation (4)], with the oligomeric bromide
thus formed coupling with an unreacted anionic end to form
a higher oligomer (equation 5).

cti cri

-+

WCH—C Na + Br—{ ) = mCH;—c—8r +Nd )
@ (5 4
CHs CH, CHs CHs

MCH;—C "Na + Br—C—CHW — M CHy—C——C—CHW

(%)

The phenyl sodium produced in the equilibrium [equation
(4)] eventually produces benzene, presumably either by
proton abstraction from the solvent or on addition of
methanol at the end of the reaction. The former possibility
seems to be the more likely since analysis of experiments in
which the system was terminated with ethyl bromide showed
that benzene rather than ethyl benzene was still produced.
The linking process [equation (5)] is terminated perhaps by
a relatively slow direct methathetical reaction with phenyl
bromide.

The a-methylstyrene tetramer has been linked previously
by reaction with iodine', triphenylmethyl bromide'?, and
vicinal dihalides'® to yield low molecular weight polymeric
products, and so the process described by equation (5) is
well documented. The difficulty arises in explaining why
the transmetallation equilibrium should be established
rather than the direct reaction to form the phenyl adduct.

It is well known that halogens attached to aromatic rings are
not in general readily displaced by nucleophiles, and that
coupled products from these species usually arise via metal—
halogen exchange'®. Thus, although free energy considera-
tions lead to the expectation that the equilibrium in equation
(4) should lie well over to the left because of the resonance
stabilization contribution of the benzylic anion, it is equally
well established that the Wurtz condensation reaction bet-
ween benzyl anions and their halides is extremely rapid'®.
Indeed, benzyl lithium cannot be prepared by reaction of the
halide with the metal for that reason, and benzyl alkyl ethers
are employed?®. It therefore appears that the small propor-
tion of brominated oligomer produced by equilibration is
rapidly drained away by coupling with oligomeric anions so
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that only a small proportion of the latter are capped with a
phenyl ligand.

Reaction of equimolar quantities of a-methylstyrene and
phenyl bromide with lithium metal in THF yielded a product
which was precipitable from methanol, and was shown by
Hnm.r. to be poly(c-methylstyrene). G.l.c. analysis of the
reaction mixture showed that very little (<5%) of the mono-
mer appeared as the dimer diadduct I, and that the phenyl
bromide had been virtually completely converted to bipheny!
(Table I). Again, an argument similar to that employed with
ethyl tosylate may be used to explain these results. The
polarizability of the aromatic ring allows the halide to com-
pete with the monomer for reactive sites on the metal sur-
face, where it is converted to phenyl lithium, and this reagent
then couples with a phenyl bromide molecule adsorbed in
an adjacent position. It is interesting to note that under
these experimental conditions the phenyl moiety appears in
the product almost exclusively as biphenyl, whereas in the
homogeneous reaction with the tetramer it appears almost
exclusively as benzene. Since it is unlikely that the diffe-
rence in Gegen ion in these two experiments could make such
a dramatic difference in the behaviour of the phenyl anion,
it must be concluded that the condensation reaction between
the two adsorbed species involves a lower activation energy,
and therefore takes place much more rapidly than the same
reaction in bulk.

The reaction of phenyl tosylate with the a-methylstyrene
tetramer in THF resulted in the formation of a white precipi-
tate with a yellow coloured supernatant liquid which was
decolourized by addition of water. The filtrate was shown
to contain a-methylstyrene oligomers with an average mole-
cular weight (polystyrene equivalent) of about 2000, and
this accounted for virtually all the tetramer originally present.
The hydrolysed THF solution also contained phenol, pre-
sumably derived from the tosylate. The precipitate was ap-
proximately equal in weight to the phenyl tosylate added,
and consisted of various components since 40% could be sub-
sequently dissolved in THF, 55% was soluble in water and
5% was soluble in neither. This precipitated material was
derived principally from the phenyl tosylate and, as the
investigation was primarily to examine the effect of phenyl
tosylate on the tetramer, it was not examined further.

The presence of phenol in the product is of significance
since it shows that nucleophilic attack does not occur at the
carbon—oxygen bond as with the alkyl tosylates (equation
6), but as the adjacent oxygen—sulphur bond.

R'Na"+ R'—o—%?—<:>—co-v3 —R—R'+ Nd' ‘o—j{—@—(c:a

© )

The susceptibility of aromatic tosylates to attack at this
point is supported by their reaction with Grignard com-
pounds to form sulphones in appreciable yields® (equation
.

o o
I |
RM X+Ar—0—é CHy —> R—S CH4+ ArOMgX
9 (") < > 3 (") < > 3

M

Although this reaction explains the observed phenol in the
reaction products, it does not explain the formation of oli-
gomeric a-methylstyrene, nor the separation by precipitation
of the tosylate residues. The authors suggest that steric
factors prevent the a-methylstyryl anion reacting as in

332 POLYMER, 1978, Vol 19, March

equation (7) to form the sulphone adduct, and that an elec-
tron transfer reaction occurs as illustrated in equation (8)

Cl:H3 o) H3

- | .

MCH,—C *Na +Ar——O~—i—©~CH3—> MCH,—C: +ArO Na
o)

(o]
N -%—Q—CH:,
© ®

to produce an a-methylstyryl radical which can then termi-
nate bimolecularly by combination to produce the a-
methylstyrene oligomers observed. A similar mechanism
was proposed for the reaction of the tetramer with sterically
hindered alkylhalides'”. The sulphinyl radical generated may
react in a variety of ways to produce the multicomponent
precipitate observed in the reaction.

In the reaction of equimolar phenyl tosylate and o-
methylstyrene with lithium in THF, the solution took on a
yellow hue, stable at room temperature, but discharged by
adding water. A small amount of low molecular weight
poly(a-methylstyrene) was precipitated on addition of the
solution to methanol, and g.l.c. analysis of the volatile
products showed them to consist of hydrogen terminated
oligomers of a-methylstyrene up to tetramer (40%), phenol
(20%) and unreacted phenyl tosylate (50%). At least part
of the phenol could have been produced by direct reaction
of phenyl tosylate with the metal, as there was a considerable
amount of pitting on the surface (reaction with monomer
results in the metal retaining its initial smooth surface).

This was confirmed by allowing phenyl tosylate to react in
THF with lithium metal in the absence of monomer for 24 h,
when again extensive pitting was observed and the hydro-
lysed product showed 92% conversion to phenol. The re-
action taking place is almost certainly-as shown in equation

©).

o) o
. " -+ . :0--“
2L|+ArO—?—O—CH3 —  ArO 'Li+Li ?—Q—CH:,
o) o)
)

The presence of hydrogen-terminated oligomers and only
a comparatively small amount of precipitated poly(a-
methylstyrene) must be commented upon. Firstly, the re-
action of the a-methylstyryl anion with phenyl tosylate
(equation 8) is likely to be significantly slower than the
more normal metathetical reaction (equation 6), so that the
dimer dianion generated at the surface is more likely to pro-
pagate before termination. Secondly, because the dimer
dianjons are being generated slowly over a total reaction
time of about three hours, the radical concentration result-
ing from the electron transfer process is very low, in contrast
to that generated by the rapid reaction of phenyl tosylate
with tetramer. This means that the kinetic lifetime of the
radicals is long and this promotes their termination by
hydrogen abstraction from solvent rather than by bimole-
cular termination. The former point explains the presence
of excess phenyl tosylate in the reaction product whilst the
latter explains the presence of hydrogen-terminated oligo-
mers and the low yield of polymeric material.

[© Crown copyright. Reproduced with permission of the
Controller, HMSO, London, 1977]
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