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ABSTRACT: Cation radical chain cycloaddition polymerization, a fundamentally new addition polymerization
method involving cation radical intermediates in each propagation step, is described and demonstrated. The
cycloaddition reactions of appropriately constituted difunctional monomers, catalyzed by tris(4-bromophenyl)ami-
nium hexachloroantimonate in dichloromethane solvent at 0°C, is shown to afford polymers having average
molecular weights of up to 150000. Both cyclobutanation and Diels–Alder polymers were obtained in this way. The
surprising efficiency of these polymerization reactions is believed to be the result of rapid intramolecular hole transfer
from the site at which the hole is originally generated in the cycloaddition step to a reactive, terminal alkene moiety.
Consequently, chain propagation is much more efficient than in the cycloadditions of corresponding monofunctional
compounds, which necessarily involve intermolecular hole transfer. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Cation radical cycloaddition reactions potentially can
occur via either a catalytic or chain mechanism (Scheme
1). 1 In the specific context of an aminium salt-induced
cycloaddition, the substrate molecule (S) is ionized to the
corresponding cation radical by intermolecular hole
transfer from the aminium salt. The substrate cation
radical then cycloadds to a molecule of neutral substrate
to yield a cyclodimer cation radical, which then must be
neutralized by hole transfer to an appropriate neutral
molecule. If the single electron donor is the neutral
triarylamine, which is formed in the first step and also by
decomposition of the aminium salt,2 the aminium salt
catalyst is regenerated, resulting in a truecatalytic
mechanism. If, on the other hand, the hole transfer is to
neutral S as the single electron donor, the cation radical
of the substrate is generated and the resulting mechanism
is acation radical chain mechanism.

In the context of cation radical cycloadditions of
difunctional molecules (Scheme 2), addition polymeriza-
tion is at least a formal possibility. A key requirement for
polymerization is the transfer of the hole, either directly
or indirectly, from the site at which it is initially formed

in the cycloaddition reaction (which in the example
illustrated in Scheme 2 is the cyclobutane ring) to a
reactive terminal alkene site. The operation of a catalytic
mechanism in the context of the cation radical poly-
merization of a bifunctional molecule then necessarily

Scheme 1. Chain vs catalytic mechanisms of cation radical
cycloadditions

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 808–818 (1999)

Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/110808–11 $17.50

*Correspondence to:N. L. Bauld, Department of Chemistry and
Biochemistry, University of Texas at Austin, Austin, Texas 78712,
USA.
Contract/grant sponsor:National Science Foundation;Contract/grant
number:CHE-9610227.
Contract/grant sponsor:Robert A. Welch Foundation;Contract/grant
number:F-149.



involvesa stepgrowth polymerizationprocess(Scheme
3). This follows because,in this mechanism,the dimer
cationradicalis alwaysneutralizedby thetriarylamineto
the correspondingneutral dimer, and thereforefurther
oligomerization and polymerization must involve the
successivere-ionization of the dimer and each higher
oligomer,in turn,by theaminiumsalt.Giventheyieldsin
typical cycloadditionreactionsof monofunctionalsub-
strates(ca 30–80%),3 and the stringent requirements
uponthe yields in the individual (consecutive)reactions
of anefficientstepgrowthpolymerization,4 theprospects
for efficient catalytic cation radical cycloadditionpoly-
merizationwould not appearto beencouraging.Evenin
thecaseof a cationradicalchainmechanism,oneof the
two possible scenarios also leads to a relatively
undesirablestepgrowth mechanism(Scheme3). Thus,
if the dimer cation radical D�� is neutralizedby hole
transfer to the monomer prior to intramolecularhole
transfer, a step growth process once again results.
However,if intramolecularhole transferto give D'�� is
fasterthanintermolecularholetransferto themonomer,a
chain polymerizationprocesscan be the result. Since,

given appropriatelinkers and a sufficiently exergonic
hole transfer, intramolecular hole transfer can be
exceptionally rapid, it appearsnot unreasonableto
postulatean intrinsic advantagefor cation radical chain
polymerization over cation radical cycloadditions of
correspondingneutralmonofunctionalmolecules,based
uponthe advantageof intramolecularhole transferover
intermolecularhole transfer.Consequently,the possibi-
lity of relatively efficient cation radical chain polymer-
ization was considereda realistic one in spite of the
modestefficiency of most aminium salt-inducedcation
radicalcycloadditions.

RESULTS AND DISCUSSION

Cyclobutanationwasselectedas the specificcycloaddi-
tion type for initial, exploratorystudies,especiallysince
this cycloadditionmoderequiresonly a single,symme-
trical difunctionalmonomer.Further,sincethe cyclobu-
tadimerizationof trans-anetholehasbeenstudiedfairly
extensively,2,5,6this reactionwaschosenasa monofunc-
tional model for thesestudies(Scheme4). Monomer2
(Scheme5) was thereforeselectedas an appropriately
closedifunctionalanalogueof trans-anethole.In fact, 2
hasan oxidationpotentialwhich is essentiallyidentical
with that of trans-anethole(bothhavepeakpotentialsat
1.23V vs SCE7). The synthesisof 2 from commercially

Scheme 3. Chain growth vs step growth polymerization

Scheme 4. Cation radical cyclobutadimerization of trans-
anethole

Scheme 2. Cation radical cyclobutanation polymerization
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available 1,2-diphenoxyethanevia propionylation, re-
duction and dehydrationis straightforward.The poly-
merization of 2 in saturateddichloromethanesolution
(0.056M) at ambienttemperature(the low solubility of
2 at 0°C wasproblematic)in the presenceof 15 mol%
of tris(4-bromophenyl)aminium hexachloroantimonate
(1��) proceededfairly smoothlyto the desiredcyclobu-
tapolymer (a preliminary report on the cyclobutapoly-

merizationof 2 hasalreadyappeared8). After a reaction
time of 7 min, the monomer had been completely
consumedand the resulting polymer had Mw = 9400
[polydispersityindex (PDI) = 5.30]. The crudepolymer
wassubsequentlypurifiedby chromatographyon alumi-
na, but the NMR spectra of the crude and purified
polymers were essentially identical except for the
presenceof the spentcatalyst(the neutraltriarylamine)

Scheme 5. A cation radical chain cyclobutanation polymerization

Scheme 6. Mechanism of cation radical cycloaddition polymerization of 2
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in the crude polymer. The 1H NMR spectrumof the
polymer(55°C, CDCl3) showsbroadenedabsorptionsat
� 1.1 (diagnosticfor methyl attachedto a cyclobutane
ring), 1.7 (the non-benzylicmethine),2.7 (the benzylic
methine),4.1 (the ether methylenes)and 6.8,7.0 (aro-
matic protons),correspondingcloselyto the absorptions
of the trans,anti,trans-cyclobutadimerof trans-anethole.
In addition, weak propenyl end-groupabsorptionsare
foundat� 1.8,6.0and6.3.The13C NMR spectrumunder
thesameconditionshasabsorptionsat � 18.8,43.3,52.5,
66.8,114.6,127.7,136.2and157.0,againcorresponding
very closelyto thoseof the trans,anti,trans-cyclobutadi-
mer of trans-anethole.Whenthe reactionof 2 is carried
out for a longer time (10 min), the polymer has
Mw = 37000 (PDI = 7.31), and the 1H and 13C NMR
spectraare closely comparableto those of the lower
molecularweight polymerandthe trans-anetholecyclo-
butadimer.In additionto theabsorptionin the1H NMR at
� 1.1, correspondingto the methyl groupsattachedto a
cyclobutanering, a much weakerabsorptionat 0.7–0.9
was also observed,correspondingto methyl groups
attachedto either acyclic carbonsor to a cyclohexane
ring. This absorptionamountedto no morethan10–15%
of the� 1.1absorptionandwasobserved,at leastto some
extent,evenwhen the polymerizationswere run in the
presenceof sodium carbonateor di-tert-butylpyridine.
Conceivably this could correspond in part to the
competingproductionof someacyclicpolymerresulting
from acid-catalyzed,carbocation-mediated polymeriza-
tion or from cationicblock polymerizationof thetermini
of thecationradicalpolymer.However,the fact that the
absorptionswere found even under basic conditions
suggeststhat,at leastin part, theseabsorptionscouldbe
the result of extraneoussubstancesintroducedduring
workupandhandling.

The proposedmechanismfor the cationradicalchain
cyclobutapolymerization of 2 inducedby the triarylami-
nium salt 1�� (Scheme6) is basedupon the known
mechanismof the trans-anetholedimerizationand the
theoreticalconsiderationsdiscussedin the introduction.
In particular,the intramolecularhole transfershownin
step 3(a) should be strongly exergonic, given the
difference in the oxidation potentials of the trans-
anetholedimer (ca 1.6 V9) and trans-anethole(1.23V).
Whether the hole transfer from the long bond of the

initially formed diarylcyclobutanecation radical to the
trans-anethole-like terminal site occurs via bonds or
throughspaceis not yet clear,but efficient transmission
via theethylenedioxylinkageis by nomeansimplausible.
That thecationradicalcyclobutapolymerizationof 2 is a
chain growth process is strongly suggestedby the
theoretical argumentsdeveloped in the introduction,
and is further supportedby experimentalobservations.
First,theobservedpolydispersityindicesaremuchhigher
than the theoreticalmaximumof 2.0 for a stepgrowth
process.10Further,studiesof themolecularweightsof the
polymers generatedat early reaction times, i.e. under
conditions where the monomer is only partially con-
sumed,yield molecularweights which are very much
larger than thosepredictedfor a step growth process.
Specifically, the Mw in a step growth process is
proportional to the monomermolecularweight and to
thequantity(1� p)/(1ÿp), wherep is thefractionof the
monomerwhich hasbeenconsumed.10 In thecasewhere
p = 0.82,themolecularweightof thepolymergenerated
from 2 (which hasa molecularweightof 294))via a step
growth processshould be 2973, whereasthat actually
observedwas15300.Similarly, the predictedmolecular
weight in the casewhere p = 0.5 is only 882 (average
trimer), whereasan averagemolecularweight of 5000
wasobservedexperimentally.It is importantto notethat
theefficiencyof thesepolymerizationsvariesfrom batch
to batch of the initiator and with monomerpurity. In
comparisonexperiments,it is thereforeessentialto run
side-by-sideexperiments.

A limiting factor in thecaseof thecyclobutapolymer-
ization of 2 is its relatively low solubility in dichloro-
methaneat 0°C (ca 0.05M). In order to increasethe
degreeof polymerization,an appropriatemonomerwas
soughtwhich would permit polymerizationat substan-
tially higher initial monomer concentrations.An un-
symmetricalversionof monomer2, havingonepropenyl
groupin anorthopositionandonein theparapositionof
the other ring, was thereforesynthesized(monomer3;
Scheme7). The polymerizationof monomer3 in the
presenceof 10mol%of 1�� ataconcentrationof 0.192M

for 8 min yielded a cyclobutapolymerhaving Mw =
86700 (PDI = 1.84), i.e. roughly twice the averagemol-
ecular weight obtainable from the polymerization of
monomer2 using15mol%of 1��. Thecyclobutapolymer

Scheme 7. Synthesis of a more soluble monomer
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structurewas again readily confirmedby proton NMR
andCOSYspectra.

Indirect Diels±Alder polymerization

Diels–Aldercycloadditionsto s-cisconjugateddienesare
alsoa well knownreactionof cationradicalssuchasthat
of trans-anethole.1,3 In thecaseof anacyclic dienesuch
as1,3-pentadiene,the predominantconformationof the
conjugateddiene linkage is s-trans, so that addition
initially occursat leastin partto yield avinylcyclobutane
adduct.11 However,thelattertypically rearrangesrapidly
via a cation radical vinylcyclobutanerearrangementto

the cyclohexene product,12 which can therefore be
consideredtheresultof anindirectDiels–Alderreaction.
Further, cyclobutanationof a 1,3-pentadienemoiety
would involve astericallyunhindered(i.e. unsubstituted)
dieneterminus,and thereforeshouldproceedrelatively
rapidly in comparison with addition to a terminal
propenyl moiety such as was involved in the caseof
monomers2 and3. Themonomer4, whichshouldexhibit
analogouschemistryto that observedfor 1,3-pentadiene
and anisole, was thereforeprepared(Scheme8). The
polymerizationof 4 in dichloromethanesolution(0.31M)
at 0°C in the presenceof 10 mol% of 1�� proceeded
efficiently, yielding a polymer of weight averagemol-
ecularweight59000after10min (Scheme9). Whenthe

Scheme 8. Synthesis of the Diels±Alder monomer 4

Scheme 9. Polymerization of monomer 4

Scheme 10. Cyclobutadimerization/oligomerization of monomer 4
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initial monomerconcentrationwas increasedto 0.37M,
themolecularweight increasedto 153000.

To characterizethe polymer structureand to obtain
information about the relative amountsof cyclobutane
and Diels–Alder linkages in the polymer, model
compoundsfor both types of polymer linkage were
prepared.First,a mixtureof thecyclobutadimer(5) of 4,
along with the trimer, tetramerand lower cyclobutaoli-
gomers,was preparedby reacting 4 with 1�� in the
presenceof excess2,6-di(tert-butyl)pyridine (Scheme
10).13 Interestingly,no Diels–Alderadductswerenoted
in the productsof this reaction,andit thereforeappears
thattheinitial additionof thecationradicalof 4 to neutral
4 occurspredominantlyvia the cyclobutanationmode.
Second,the model reactionof 5-anisyl-trans-1,3-penta-
diene with trans-anetholein the presenceof 1�� was
studied(Scheme11).Althoughnotaperfectmodelof the
propenyl function of 4, which is ortho to the oxygen
function, trans-anetholeis a readilyavailablecompound
thecycloadditionsof which to variousconjugateddienes
had alreadybeenstudied.This reaction,at very short
reactiontimes(very low conversions),led to amixtureof
vinylcyclobutaneandDiels–Alderadducts,as indicated
by GC–MS,but theconversionof theformerto thelatter
wasfairly rapid.As aconsequence,only theDiels–Alder
adduct could be isolated in pure form, and this was
apparentlyasinglediastereoisomer(6a), thatcorrespond-
ing to the endo addition mode. Comparisonof the
500MHz 1H NMR spectrumof thepolymerwith thoseof
thevinylcyclobutaneandDiels–Aldermodelcompounds
thenrevealedthat thepolymerdoesconsistof a mixture
of thesetwo linkages(>4:1 Diels–Alder: cyclobutane),
but the relative amount of cyclobutane linkages is
substantialevenat relatively high degreesof polymer-
ization.

Thedisparitybetweentheamountof vinylcyclobutane
rearrangementin the polymerandin the modelreaction
with trans-anetholeappearedsignificant,and prompted
the study of a model reaction which more closely
parallelsthe polymerizationof 4, viz. the reactionof o-
propenyl anisole with 5-anisyl-1,3-pentadiene. This

reaction,in fact, generateda product distribution very
similar to thatobservedin thepolymer,with cyclobutane
linkages being formed almost exclusively initally and
persistingin substantialamountseven to high conver-
sions.Comparisonof the proton NMR spectraof this
latter mixture of vinylcyclobutane and Diels–Alder
adducts with that of the polymer provided clear
confirmationof the structureof poly(4) asa mixture of
thesetwo cycloadditionmodes.The percentageof acid-
catalyzed (linear) polymer linkages is negligible. As
would be expected,the propenyland pentadienylend-
groupabsorptionsobservedin the polymerarecompar-
able to each other in amount. At low degreesof
polymerization,the cyclobutanelinkageswere strongly
predominant,but as the polymerization proceededto
highermolecularweights,thepercentageof Diels–Alder
linkages increased markedly. In the presenceof a
relatively largeamountof the aminiumsalt catalyst(30
mol%), thecyclobutanelinkagesof thepolymercouldbe
rearrangedto a predominantlyDiels–Alder structure.
Further, the spectra of the crude polymers (from
polymerizations carried out to various molecular
weights),were virtually superimposableupon thoseof
purified polymers(chromatography)and closely corre-
spondedto (were virtually superimposableupon) the
spectraof thecycloadductmixturesobtainedin themore
appropriatemodelreaction.

CONCLUSION

A fundamentally new polymerization method, cation
radical chain cycloaddition polymerization, has been
proposedand demonstrated.Polymershaving average
molecularweightsof up to 150 000 havebeenobtained
underexceptionallymild thermalconditionsandin short
reactiontimes.Both cyclobutapolymerizationandindir-
ectDiels–Alderpolymerizationhavebeendemonstrated.
The enhancedefficiency of cation radical chain poly-
merizationascomparedwith thecorrespondingreactions
of monofunctionalcompoundsappearsto bebasedupon

Scheme 11. Cation radical cycloaddition of trans-anethole and ortho-anethole to 4-trans-(2,4-pentadienyl)anisole
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the efficiency of intramolecularhole transfer,which is
unique to the polymerization process, relative to
intermolecularhole transfer,which is involved in the
correspondingmonofunctionalchemistry.

EXPERIMENTAL

Analysis. Routine1H NMR and13C NMR wererecorded
on a BrukerAC250spectrometerassolutionsin CDCl3.
High-field 1H NMR spectrawererecordedon a General
Electric GN-500 spectrometer.Chemicalshifts (�) are
reported in parts per million downfield from a tetra-
methylsilanereference,and coupling constants(J) are
given in Hz. Low-resolutionmassspectrometry(LRMS)
was performedwith a Hewlett-PackardModel 5971A
GC–MSsystemequippedwith a DB-1 capillary column
(15 m� 0.25mm i.d.). High-resolutionmassspectro-
metry (HRMS) wascarriedout on a Dupont(CEC) 21-
110B massspectrometer.Gel permeationchromatogra-
phy (GPC) was carried out in tetrahydrofuranusing a
WatersModel 550 HPLC pump, a WatersModel 410
differential refractometer,anda WatersModel 745 data
modulewith anUltrastyragel500Å columnconnectedin
serieswith a Styragel104 Å column.The GPCanalyses
werecalibratedwith polystyrenestandards.

Solvents, catalyst and reagents. Reagent-gradedichloro-
methanewas distilled from phosphoruspentoxide im-
mediately prior to use. Tris(4-bromophenyl)aminium
hexachloroantimonatewasusedasreceivedfrom Aldrich.
All otherreagentsusedasstartingmaterialswereusedas
receivedfrom Aldrich.

Synthesis of Monomer 2. 1,2-Diphenoxyethane (Al-
drich) was first subjectedto bis(propionylationby a
literatureprocedure.14 From15g of 1,2-diphenoxyethane
was obtained 21g (94%) of 1,2-bis(4-propionylphen-
oxy)ethane(99% purity by GC): m.p. 112–114°C; 1H
NMR, � 1.2(t, 6H), 2.9(q, 4H), 4.4(s,4H), 6.94(d, 4H),
7.93 (d, 4H); 13C NMR, � 8.3, 31.4,66.4,114.2,130.2,
133.1,162.1,199.4; IR (C=O), 1687; LRMS, m/z326
(M�), 297,241,207,177,134,121(base).Reductionof
this diketone (16.7 g) with sodium borohydride (2:1
molar ratio of hydride to diketone)in a 3:1 solution of
ethanolandtetrahydrofuranfor 1 h at roomtemperature,
followed by quenchingof thereactionat 0°C with acetic
acid(10%)andextractionwith dichloromethane,yielded
19g of the correspondingdiol, 1,2-bis[4-(1-hydroxy-1-
propyl)phenoxy]ethane,which wasusedwithout further
purification:m.p. 71–72°C; 1H NMR, � 0.8 (t,6H), 1.6–
1.8 (m,4H), 1.8 (br s,2H),4.2 (s,4H),4.4 (t,2H), 6.8 (d,
4H), 7.2 (d,4H); 13C NMR, � 10.1,31.7,66.5,72.1,114.5,
127.2,137.2,158.0; IR(OH), 3360. Monomer 2 was
preparedby the dehydrationof the precedingdiol: to
6.6g (0.02mol) of thediol dissolvedin pyridine(25ml)
was addeda slight excess(7.0g, 0.045mol) of phos-

phorusoxychlorideat roomtemperatureandthesolution
wasrefluxedfor 1.5h. After coolingthereactionmixture
in an ice bath, water was addedslowly, followed by
dichloromethanesolvent. The crude monomer 2 was
obtained by separationof the dichloromethanelayer,
washingit with water and drying and evaporatingthe
solvent. Column chromatography on alumina (1:1
hexane–dichloromethane) gave 2.48g (42.4%) of 2,
which wasfoundto beat least98%pureby GC criteria:
m.p.175–176°C; 1H NMR, � 1.8(dd,6H),4.3(s,4H),6.1
(dq, 2H, J = 15.8Hz), 6.3 (d,2H, J = 15.8Hz), 6.8 (d,
4H), 7.3 (d, 4H); 13C NMR, � 8.4, 66.6, 114.7,124.0,
126.9,130.2,131.2,157.1;LRMS, m/z294 (M�), 164,
133 (base); HRMS, m/z calculated for C20H22O2

294.1619,found294.1613;Ep = 1.23V vs SCE.

Polymerization of 2. To a solution of 2 (200mg,
0.68mmol) in dry dichloromethane(12ml) at room
temperature under a nitrogen atmosphere, 80mg
(0.1mmol) of 1�� were added, with stirring. After
7 min thereactionmixturewasquenchedwith anexcess
of saturated potassium carbonate in methanol. The
organiclayer waswashedwith water (3� 10ml), dried
andthesolventremovedto give 230mg of thepolymer.
GCanalysisof thecrudeproductrevealedtheabsenceof
any of the starting monomer.The crude polymer was
subjectedto column chromatographyon alumina. The
column was first eluted with 9:1 hexane–dichloro-
methaneto remove the neutral triarylamine (1), then
with dichloromethaneto elute the polymer. The NMR
specrumof the polymer (see below) was essentially
identical beforeand after chromatographicpurification,
except for the aromatic absorptionsarising from the
presenceof 1 in the crudematerial.The weight-average
molecularweight(Mw) of thispolymerwasfound(GPC)
to be 9460, with a PDI of 5.30. When the samepoly-
merizationreactionwas carried out in the presenceof
excesspowderedpotassiumcarbonatefor either 10 or
30min to minimizeanyacid-catalyzedsidereactions,the
NMR of the polymer was again identical with that
obtainedin the absenceof potassiumcarbonate.In this
case, however, the Mw was lowered to 3700, with
PDI = 3.0.

Whenthepolymerizationof 2 is carriedout underthe
sameconditionsasdescribedabove,but the reactionis
allowedto run for 10min, theMw is foundto increaseto
37000 (PDI = 7.31). The NMR spectraof this higher
molecular weight polymer is virtually identical with
those of the two lower molecular weight polymers
describedabove:1H NMR (55°C, CDCl3), � 1.1 (br s,
methyl attachedto the cyclobutanering), 1.7 (br s, non-
benzylicmethine),2.6(br s,benzylicmethine),4.1(br s,
ether methylenes),6.6–7.2 (br, aromatics);13C NMR
(55°C, CDCl3), � 18.8 (methyl group attachedto CB
ring), 43.3(non-benzylicCB carbon),52.5(benzylicCB
carbon),66.8(ethercarbons),114.8,127.7,136.4,157.2.
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1-(2-Bromoethoxy)-2-(2-propenyl)benzene. A mixture
of 2-allylphenol(10.05g, 0.075mol), 1,2-dibromoethane
(28.5g, 0.15mol), and potassiumcarbonate(12.42g,
0.09mol) in N,N-dimethylformamide(25ml) wasstirred
at room temperaturefor 48h and then subjectedto
aqueousworkup. Columnchromatographyon silica gel
(13:1 hexane–ethylacetate)afforded the pure product
(14g, 77.5%): 1H NMR (CDCl3, 250MHz), � 3.42 (d,
2H, J = 6.67Hz), 3.68 (t, 2H, J = 6.11Hz), 4.31 (t, 2H,
J = 6.11Hz), 5.06 (dd, 2H, J = 15.2, 9.51Hz), 6.0 (m,
1H), 6.82 (d, 1H, J = 8.2Hz), 6.98 (d, 1H, J = 7.32Hz),
7.18 (d, 2H, J = 7.2Hz); LRMS, m/z 242 (M � 1);
HRMS,m/zcalculatedfor C11H13OBr 241.022801,found
241.022823.

1-(2-Bromoethoxy)-2-(trans-1-propenyl)benzene. A
catalytic amount of PdCl2 was added to 50ml of
dichloromethane,followed by the addition of 30 drops
of acetonitrile.After stirring this mixture for 5 min, 14g
(0.058mol) of 1-(2-bromoethoxy)-2-(2-propenyl)ben-
zenewereaddedandthe solutionwasstirredfor 40h at
room temperature.After aqueousworkup, the product
waschromatographed(silica gel column,hexaneeluent),
yielding 14g (100%) of the pure product: 1H NMR
(CDCl3, 250MHz), � 1.9 (dd, 3H, J = 6.58, 1.67Hz),
3.68 (t, 2H, J = 6.28Hz), 4.3 (t, 2H, J = 6.27Hz), 6.26
(m, 1H), 6.75 (d, 1H, J = 14.6Hz), 6.8–7.4 (m, 4H);
LRMS, m/z 242 (M � 1); HRMS, calculated for
C11H13OBr 241.022801,found241.022461.

Synthesis of monomer 3. A solution of 4'-hydroxy-
propiophenone(Aldrich) (4.5g, 0.03mol), 1-(2-bromo-
ethoxy)-2-(trans-1-propenyl)benzene(this paper;4.82g,
0.02mol) andpotassiumcarbonate(4.14g, 0.03mol) in
N,N-dimethylformamidesolution (80ml) was stirred at
roomtemperaturefor 24h andthensubjectedto aqueous
workup andsilica gel chromatography(100:15hexane–
ethyl acetate)to yield the pureproduct,1-[2'-(trans-1@-
propenyl)phenoxy]-2-[4'-(1@-propionyl)phenoxy]ethane
(3.2g, 51%): m.p. 82–83°C; 1H NMR (deuteroacetone,
250MHz), � 1.12 (t, 3H, J = 7.23Hz), 1.78 (d, 3H,
6.61Hz), 2.98 (q, 2H, J = 7.25Hz), 4.40 (t, 2H,
J = 4.37Hz), 4.51 (t, 2H, J = 4.46Hz), 6.25 (m, 1H),
6.68 (d, 1H, J = 16.78), 6.88–8.00(m, 8H); 13C NMR
(deuteroacetone,250MHz), � 8.2,19.5,31.7,67.8,68.0,
113.8,115.2,122.0,126.2,126.5,128.0,128.2,130.9,
131.2, 156.2, 163.0, 199.0; LRMS, m/z 311 (M � 1);
HRMS, m/zcalculatedfor C20H23O3 311.164720,found
311.165234.

All of this purified product (3.2g, 0.01mol) was
reducedwith sodiumborohydride(399mg, 0.01mol) in
ethanol(36ml)–tetrahydrofuran(12ml) solventfor 5 h at
room temperature.After quenchingwith 10% aqueous
acetic acid followed by aqueousworkup, the pure
product, 1-[2'-(trans-1@propenyl)phenoxy]-2-[4'-(1@-hy-
droxypropyl)phenoxy]ethane was obtained (3.22g,
100%): m.p. 70–72°C; 1H NMR (CDCl3, 250MHz), �

0.89 (t, 3H, J = 7.38Hz), 1.67–1.80(m, 2H), 1.84 (dd,
3H,J = 1.65,6.68),4.33(s,4H),4.54(t, 1H,J = 6.59Hz),
6.25 (m, 1H), 6.71 (d, 1H, J = 15.87Hz), 6.88–7.45(m,
8H); 13C NMR (CDCl3, 250MHz), � 10.2, 18.9, 31.8,
66.6,67.2,75.6,112.8,114.6,121.3,125.5,126.5,127.2,
127.6, 137.8, 155.1, 158.1; LRMS, m/z 312 (M�);
HRMS, m/zcalculatedfor C20H24O3 312.172545,found
312.172533.

The product alcohol (1.33g, 4.26mmol) was sus-
pendedin dry dichloromethane(22ml), followed by the
addition of dry triethylamine (1.19ml, 8.53mmol).
Triflic anhydride(0.73ml, 4.26mmol) was then added
all in one portion at ÿ78°C. The reaction mixture
was stirred for 30min at this temperatureand then
quenchedwith dilute sodium hydrogencarbonatesolu-
tion. After aqueousworkup and silica gel column
chromatography(100:4hexane–ethylacetate),monomer
5 wasobtainedin pureform (330mg,26.4%):m.p.112–
114°C; 1H NMR (CDCl3, 250MHz), � 1.84 (d, 6H,
J = 6.56), 4.32 (s, 4H), 6.10 (m, 2H), 6.34 (d, 1H,
J = 16.5Hz), 6.68 (d, 1H, J = 15.55Hz), 6.78–7.40(m,
8H); 13C NMR (CDCl3, 250MHz), � 18.46,18.95,66.70,
67.34 112.8, 114.87, 121.36, 123.76, 126.56, 126.64,
126.96,127.72,130.35,131.8,155.2,158.0;LRMS, m/z
294(M�); HRMS, calculatedfor C20H22O2 294.161980,
found294.162004.

Polymerization of monomer 3. To monomer3 (73.5mg,
2.5mmol)dissolvedin dry dichloromethane(0.8ml) was
addedthe aminium salt initiator (20.4mg, 0.25mmol)
dissolved in dry dichloromethane(0.5ml; the overall
monomerconcentrationis 0.192M) in oneportionat0°C.
The reaction mixture was stirred for 8 min and then
quenchedusingsaturatedpotassiumcarbonate–methanol
solution.Thecrudepolymer(70mg,95%)obtainedafter
aqueousworkup wasfound (GPC)to haveMw = 86700
(PDI = 1.837): 1H NMR (CDCl3, 500MHz), � 1.1–1.2
(br, characteristicof methyl attachedto cyclobutane
ring), 1.79–1.85(br), 2.78–2.80(br), 4.0–4.35(br), 6.1–
6.25(br), 6.3–7.36(br).

trans-2,4-Pentadienyl phenyl ether. To a suspensionof
potassiumcarbonate(6.1g, 0.044mol) in 200ml of
acetoneat room temperaturewasaddedphenol(7.52g,
0.08mol) and then trans-2,4-pentadienyl bromide
(7.38g, 89% pureby GC, 0.044mol). The solutionwas
stirredfor 24h. Aqueousworkupyieldeda colorlessoil,
which was purified by column chromatography(silica
gel; light petroleumeluent),giving 5.8g (90%) of the
product:15 1H NMR (250MHz), � 4.5 (d, 2H,
J = 5.72Hz), 5.2–5.26(dd, 2H, J = 14.57,J = 9.29Hz),
5.8–5.92(m, 1H), 6.3–6.4(m, 2H), 6.85–6.92(m, 3H),
7.29–7.38(m, 2H); LRMS, m/z160(M�).

trans-2,4-Pentadienyl phenol. To a solution of trans-
2,4-pentadienylphenyl ether (1.6g, 0.01mol) in dry
dichloromethane(100ml) cooledto ÿ40 to ÿ30°C was
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added boron trifluoride–ether complex (1.52ml,
0.012mol). The resultingsolutionwasstirred for 1 h at
ÿ40 toÿ30°C. After aqueousworkupthecrudeproduct
was chromatographed (silica gel column; 10:1 light
petroleum–ethylacetate),yielding 1.52g (94.5%)of the
pure product:15 1H NMR (250MHz), � 3.32, (d, 2H,
J = 6.84Hz), 4.92–5.10(dd, 2H, J = 16.09,9.18Hz), 5.8
(m, 1H), 6.08 (m, 1H), 6.3 (m, 1H), 6.75 (d, 2H,
J = 8.52Hz), 7.0 (d, 2H, J = 8.46Hz); LRMS, m/z 160
(M�).

1-[4'-trans-2@,4@-Pentadienyl)phenoxy]-2-[2'-trans-1@-
propenyl)phenoxy]ethane (4). To 30ml of N,N-di-
methylformamide at room temperature were added
2.19g (0.0159mol) of potassiumcarbonateand 2.13g
(0.0133mol) of 4-(trans-2,4-pentadienyl)phenol.After
stirring the mixture for 30min, 3.83g (0.00158mol) of
1-(2-bromoethoxy)-2-(trans-1-propenyl)benzene were
added and the reaction mixture was stirred for an
additional43h. Aqueousworkupandsilica gel chroma-
tography(light petroleum,then 100:1 light petroleum–
ethyl acetate)yieldedthepuremonomer6 (2.8g, 66%):
m.p. 58°C; 1H NMR (500MHz), � 1.87 (d, 3H,
J = 6.68Hz), 3.40 (d, 2H, J = 6.75Hz), 4.33 (m, 4H),
5.00–5.14 (dd, 2H, J = 16.65, 10.18Hz), 5.80–5.86
(m, 1H, —CH2CH=CHCH=CH2), 6.06–6.15 (m,
1H, —CH2CH=CHCH=CH2), 6.19–6.27 [dq, 1H,
J = 15.85Hz (d), 6.63 (q) —CH=CHCH3], 6.29–6.37
[dt, 1H, J = 17.06Hz (d), 10.34 (t), —CH2CH=
CHCH=CH2], 6.70–6.72 (d, 1H, J = 15.93Hz,
—CH=CHCH3), 6.9–7.40 (8H, m); 13C NMR (500
MHz, CDCl3), � 18.85 (CH3), 38.01 (CH2), 66.7, 67.3
(—OCH2CH2O), 112.6 (Ar-C), 114.8 (Ar-C), 115.6
(—CH2CH=CHCH=CH2), 121.3 (Ar-C), 125.6
(—CH=CHCH3), 126.44 (—CH=CHCH3), 126.54
(Ar-C), 127.65(Ar-C), 129.6(Ar-C), 131.8(—CH2CH
=CHCH=CH2), 132.6 (Ar-C), 133.8 (—CH2CH
=CHCH=CH2), 137.0 (—CH2CH=CHCH=CH2),
155.25(Ar-C), 157.2(Ar-C); HRMS(CI), m/zcalculated
for C22H24O2 320.1776, found 320.1773. Positional
assignmentsof chemical shifts are basedupon H–H
COSYandC–H correlationspectra.

Methyl 4-(trans-2',4'-pentadienyl)phenyl ether. To 4-
(trans-2',4'-pentadienyl)phenol(1.27g, 7.94mmol) in
N,N-dimethylformamide(30ml) at room temperature
wasadded1.1g (7.97mmol) of potassiumcarbonateand
thesolutionwasstirredfor 30min. An excessof methyl
iodide (0.5ml) wasthenaddedandthe reactionmixture
was stirred for an additional 3 h. After an aqueous
workup, silica gel columnchromatography(light petro-
leum) yielded the product (0.9g, 65.2%): 1H NMR
(250MHz), � 3.39(d, 2H,J = 6.77Hz),3.79(s,3H),5.00
(d, 1H, J = 10.14Hz), 5.10 (d, 1H, J = 16.99Hz), 5.82
(m, 1H), 6.10 (m, 1H), 6.35 (m, 1H), 6.82 (d, 2H,
J = 8.63Hz), 7.10 (d, 2H, J = 8.47Hz); 13C NMR
(250MHz, CDCl3), � 37.973(CH2), 55.230(—OCH3),

113.829,115.525,129.484,131.716,132.056,133.899,
136.935, 157.982; HRMS (CI), m/z calculated for
C12H15O 175.1123,found175.1114.

Diels±Alder adduct (6a) of trans-anethole and methyl
4-(trans-2',4'-pentadienyl)phenyl ether. To asolutionof
trans-anethole(74.1mg,0.5mmol) andmethyl4-(trans-
2,4-pentadienyl)phenyl ether (87mg, 0.5mmol) in dry
dichloromethane (1 ml) at 0°C was added tris(4-
bromophenyl)aminium hexachloroantimonate(41mg,
0.05mmol) dissolvedin 1 ml of dry dichloromethane
dropwiseovera periodof 30s.Thereactionmixturewas
stirredfor 7 min andthenquenchedwith excesssaturated
potassiumcarbonate–methanol. Aqueous workup and
columnchromatography(silica gel, 100:1hexane–ethyl
acetate)gave45mg (28%)of thepureproduct:1H NMR
(500MHz), � 0.92 (d, 3H, methyl, J = 6.62Hz), 1.74–
1.82(m, 2H, H6), 2.09–2.15(m, 1H, H5), 2.26–2.32(m,
2H, benzylicmethylene),2.45–2.49(m, 1H, H3), 2.69–
2.72 (dd, 1H, J = 9.03, 5.02Hz, H4), 3.74 (s, 3H,
—OCH3), 3.8 (s, 3H, —OCH3), 5.48–5.53(m, 1H, H2),
5.63–5.68(m, 1H, H1), 6.72(d, 2H, J = 6.62Hz), 6.84–
6.87 (dd, 4H, J = 6.02,5.82Hz), 7.12 (d, 2H, J = 6.02).
Chemical shifts of protons were assignedfrom H–H
COSY spectra.Specifically, irradiation of the signal
correspondingto the benzylic methyleneprotons en-
genderedan intensity increaseof 5.11% in the signal
correspondingto theprotonatC5,whereastheC4proton
signaldid not showanNOE effect.Similarly, irradiating
theC5 methylsignalcauseda small intensityincreasein
theC4 proton(1.9%)andC3 (1.08%)protonsignalsand
hadnoeffectontheC3protonsignal.Theseobservations
indicatethattheC5methylandtheC4andC3protonsare
all cis. This correspondsto a net endo Diels–Alder
additionwith suprafacialadditionto the dienophile.13C
NMR (250MHz), � 20.786(CH3), 28.513(C6), 33.209
(C5), 37.069(benzylicmethylenecarbon),41.134(C3),
49.811 (C4), 55.179 (— OCH3), 55.246 (— OCH3),
113.310,113.407,126.023(C1), 127.718(C2), 129.907,
130.266, 130.675, 133.073, 157.574, 157.675. The
stereochemistrywasassignedby NOESYspectra;HRMS
m/z calculated for C22H26O2 322.193280, found,
322.193684.

Cyclobutane and Diels±Alder adducts of 2-(trans-1'-
propenyl)anisole with methyl 4-(trans-2',4'-pentadie-
nyl)phenyl ether. To a solutionof 2-(trans-1'-propenyl)
anisole (148.2mg, 1 mmol) and methyl 4-(trans-2',4'-
pentadienyl)phenylether(174mg, 1 mmol) in dichloro-
methane(2 ml) at 0°C wasadded,in oneportion,tris(4-
bromophenyl)aminium hexachloroantimonate(82mg,
0.1mmol) in dichloromethane(2 ml). After stirring the
reactionmixturefor 10min at 0°C, a quenchingsolution
of saturatedK2CO3 in methanolwas added.Aqueous
workup and column chromatography(silica gel: first
hexanethen1000:5hexane–ethylacetate)yieldeda 1:1
mixtureof cyclobutaneandDiels–Alderadducts(52mg,
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16.2%): 1H NMR (500MHz, CDCl3, chemical shift
assignmentsvia H–H COSY spectra): Diels–Alder
adducts: � 0.908 [minor DA adduct (33%); d, 3H,
J = 7.03, 0.932 (major DA adduct (67%); d, 3H,
J = 6.624), 1.78–1.86(m, 2H, H6), 2.15–2.22(m, 1H,
H5), 2.24–2.29(m, 2H, benzylicprotons),2.27–2.32(m,
1H, H3), 2.57–2.62(m, 1H, H4), 3.75 (3H, s), 3.80
(3H,s),5.52–5.56(m, 1H, H2), 5.64–5.68(m, 1H, H1),
6.72–7.26(m, 8H). Cyclobutaneadduct:� 1.1 (d, 3H,
J = 6.22),1.37–1.44(m, 1H, H4), 2.21–2.25(m, 2H, H3,
H4), 2.75–2.82(m, 1H, H1), 3.10 (t, 1H, H2, J = 8.23–
9.03), 3.24 (d, 1H, J = 6.63, a diastereotopicbenzylic
methylene);3.38 (d, 1H, J = 6.62, the other diastereo-
topic methylene),3.74(3H, s),3.77(3H, s),5.48(m, 1H,
vinyl protondistalto CB ring), 5.62(m, 1H, vinyl proton
proximal to CB ring), 6.72–7.26(m, 8H); HRMS, m/z
calculatedfor C22H26O2 322.193280,found:322.192844.

Oligomerization of monomer 4 in the presence of a
hindered base to form 5. To 200mg (0.625mmol) of 4
dissolvedin dry dichloromethane(2 ml) wasadded2,6-
di-tert-butylpyridine (74mg, 0.375mmol) followed by
additionof 255mg of 1�� (0.313mmol) in dry dichloro-
methane(4 ml) overa2 min period.Thereactionmixture
wasstirred for 15min andquenchedby the addition of
saturatedK2CO3–CH3OH solution.After aqueouswork-
up andcolumnchromatography(alumina),42mg (21%)
of the trimer–oligomermixture (7) wereobtained:GPC
MW 1130 (PDI = 1.027); oligomer MW 8080
(PDI = 2.43);1H NMR (500MHz, CDCl3, chemicalshift
assignmentsvia H–H COSY spectra),� 1.10 [d, 3H,
J = 6.02,methylattachedto a CB ring], 1.41(m, 1H, one
of theCH2 protonsof theCB ring), 1.86(d, J = 6.42Hz,
CH3 of propenylend group), 2.22 (m, 1H, methineon
methyl-bearingCB carbon),2.22 (m, 1H, one of CB
methyleneprotons),2.86(m, 1H, allylic methineon the
CB ring), 3.14 (t, 1H, J = 8.94–9.23Hz, benzylic
methine),3.22 (d, 1H, J = 6.62Hz, one of the diaster-
eotopicbenzylic methylenes),3.36 (d, 1H, J = 6.63Hz,
the otherdiastereotopicbenzylic methylene),4.28–4.36
(m, 8H, ethermethylenes),5.00–5.19(dd,2H, J = 17.06,
10.04Hz, C=CH2 of pentadienylendgroups),5.50(m,
1H,vinyl protonoff theCB ring),5.63(dd,1H,J = 15.25,
6.42Hz, vinyl protonnearesttheCB ring), 5.83(m, 1H,
pentadienyl end groups), 6.10 (dd, 1H, J = 14.65,
13.25Hz, pentadienylendgroup),6.25(m, 1H, propenyl
endgroups),6.35 (m, 1H, pentadienylendgroup),6.72
(d, 1H, J = 15.93Hz, propenylendgroup),6.80–7.50(m,
16H,aryl); 13C NMR (500MHz; chemicalshiftsassigned
with theassistanceof C–Hcorrelationspectra),� 19(end
group CH3), 21 (CH3 attached to CB), 33.6 (CB
methylene),35 (CB methine attachedto CH3), 37.8
(endgroupbenzyl),38.0(benzylattachedto vinyl), 41.0
(CB methine attached to vinyl), 49.2 (CB methine
attachedto aryl), 63.5–63.9(ether methylenes),111.5,
112.8, 114.9, 115.0, 115.8 (—CH2CH=CHCH=
CH2), 121.0, 121.3, 125.7 (—CH=CHCH3), 126.7

(—CH=CHCH3), 126.9, 127.3, 127.7 (—CH2CH=
CH—CB ring), 127.8, 129.5, 129.6, 131.9
(—CH2CH=CHCH=CH2), 133.2, 132.4, 133.8,
(—CH2CH=CHCH=CH2), 135.4(—CH2CH=CH-CB
ring), 137.0(—CH2CH=CHCH=CH2), 155.23,156.58,
156.93,157.14.

Polymerization of monomer 4 to MW 59300. To
200mg (0.626mmol) of 4 dissolved in 1 ml of dry
dichloromethanewereadded,in a dropwisefashionover
a 1 min period,51mg (0.0625mol) of 1�� in 1 ml of dry
dichloromethane.The reactionmixture was stirred for
10min and then quenched with saturated K2CO3–
CH3OH. The crude polymer obtained after aqueous
workup had MW = 59300 (PDI = 1.75). After column
chromatography,the 1H NMR spectrumwasessentially
unchanged.The500MHz 1H NMR spectrumrevealedan
8:2 ratio of DA:CB linkages. 1H NMR (500MHz,
CDCl3, chemicalshift assignmentsvia comparisonwith
the model Diels–Alder compound), � 0.9 (d, 3H,
J = 6.62), 1.67–1.76(m, 2H, H6), 1.80–1.89(propenyl
methyl end groups),2.14–2.17(m, 1H, H5), 2.18–2.23
(m, 2H, benzylicprotons),2.42–2.46(m, 1H, H3), 2.60–
2.65 (m, 1H, H4), 3.85–4.40(br, ethermethelenes),4.9
(d, 1H, J = 9.63),5.10(d, 1H, J = 16.46),5.45–5.51(m,
1H,H2), 5.60–5.67(m,1H,H1), 5.76–5.86(m,1H),6.03–
6.12 (m, 1H), 6.18–6.26(m, 1H), 6.27–6.37(m, 1H),
6.63–6.80(m, 1H), 6.83–7.40(brm, 16H).

Polymerization of monomer 4 to MW = 153000. To
300mg (0.932mmol) of 4 dissolvedin 1.5ml of dry
dichloromethanewasadded,in adropwisefashionovera
1 min period,a solutionof 77mg (0.0932mol) of 1�� in
1.0ml of dry dichloromethane.After stirring thereaction
mixturefor 4 min at0°C, themixturewasquenchedwith
saturatedK2CO3–CH3OH. Following aqueousworkup,
thepolymericproductwasfound to haveMW = 153500
(PDI = 3.58).

Polymerization of monomer 4 to the predominantly
Diels±Alder polymer. To 100mg (0.313mmol) of 4 in
2.0ml of dry dichloromethanewereadded,in adropwise
fashionover8 min,78mg(0.0939mmol)of 1�� in 8.0ml
of dry dichloromethane.Thereactionmixturewasstirred
for 20min and then quenchedwith K2CO3–CH3OH
solution,followed by aqueousworkup.Thepolymerwas
foundto haveMW = 173000(PDI = 1.59).The500MHz
1H NMR spectrumcorrespondedvery closelyto thoseof
theDiels–Aldermodelcompounds.
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