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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 4E,0s 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. Copyfidt&99 John Wiley & Sons, Ltd.
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INTRODUCTION in the cycloaddition reaction (which in the example

illustrated in Scheme 2 is the cyclobutane ring) to a
Cation radical cycloaddition reactions potentially can reactive terminal alkene site. The operation of a catalytic
occur via either a catalytic or chain mechanism (Scheme mechanism in the context of the cation radical poly-
1). * In the specific context of an aminium salt-induced merization of a bifunctional molecule then necessarily
cycloaddition, the substrate molecule (S) is ionized to the

corresponding cation radical by intermolecular hole . t .
S + AnN*  ——> S+ ArgN:

transfer from the aminium salt. The substrate cation 1. >

radical then cycloadds to a molecule of neutral substrate 1 1
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 2. 8'+8 —>» D¢

triarylamine, which is formed in the first step and also by
decomposition of the aminium s&ltthe aminium salt .
catalyst is regenerated, resulting in a troatalytic 32 D +§ —» D+S°
mechanismlf, 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 3. Di+1 — D+1°
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 D = cyclodimer; D} = cyclodimer cation radical

S =ionizable substrate; S* = substrate cation radical

*Correspondence toN. L. Bauld, Department of Chemistry and . . T .
Biochemistry, University of Texas at Austin, Austin, Texas 78712,  Chain Mechanism: Step 1 (initiation), steps 2, 3a (propagation)
USA.

Contract/grant sponsomNational Science Foundatio@ontract/grant Catalytic Mechanism: Steps 1,2,3b

number:CHE-9610227. ) ) . . .
Contract/grant sponsorRobert A. Welch FoundatiorGontract/grant Scheme 1. Chain vs catalytic mechanisms of cation radical
number:F-149. cycloadditions
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CATIONIC RADICAL CHAIN CYCLOADDITION POLYMERIZATION
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Scheme 2. Cation radical cyclobutanation polymerization

involvesa stepgrowth polymerizationprocesgScheme
3). This follows becausejn this mechanismthe dimer
cationradicalis alwaysneutralizedy thetriarylamineto
the correspondingneutral dimer, and thereforefurther
oligomerization and polymerization must involve the
successivae-ionization of the dimer and each higher
oligomer,in turn, by theaminiumsalt.Giventheyieldsin
typical cycloadditionreactionsof monofunctionalsub-
strates (ca 30-80%)? and the stringent requirements
upontheyieldsin theindividual (consecutiveyeactions
of anefficientstepgrowthpolymerizatiori* the prospects
for efficient catalytic cation radical cycloadditionpoly-
merizationwould not appearto be encouragingEvenin
the caseof a cationradicalchainmechanismpneof the
two possible scenarios also leads to a relatively
undesirablestep growth mechanism(Scheme3). Thus,
if the dimer cation radical D*" is neutralizedby hole
transferto the monomer prior to intramolecularhole
transfer, a step growth processonce again results.
However,if intramolecularhole transferto give D'*" is
fasterthanintermoleculatholetransferto themonomera
chain polymerizationprocesscan be the result. Since,

Catalytic Mechanism:

CHs
H s 3
CHjy 1 An
CHq ” CHoClp, o°C R
H An

trans-anethole trans, anti, trans dimer

Scheme 4. Cation radical cyclobutadimerization of trans-
anethole

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

RESULTS AND DISCUSSION

Cyclobutanatiorwas selectedas the specificcycloaddi-
tion type for initial, exploratorystudies.especiallysince
this cycloadditionmoderequiresonly a single, symme-
trical difunctionalmonomer.Further,sincethe cyclobu-
tadimerizationof trans-anetholehasbeenstudiedfairly
extensively?®®this reactionwaschoserasa monofunc-
tional model for thesestudies(Scheme4). Monomer2
(Scheme5) was thereforeselectedas an appropriately
closedifunctional analogueof trans-anethole.n fact, 2
hasan oxidation potentialwhich is essentiallyidentical
with that of trans-anethole(both havepeakpotentialsat
1.23V vs SCF). The synthesisof 2 from commercially

D' + ANt —— ANt 4 D Step Growth
Chain Mechanism:
Case 1: Dt+ M —> Mt+ D Step Growth
Case2: D' + IMHTy, bt Myt My (etc.) Chain Growth

Scheme 3. Chain growth vs step growth polymerization
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Scheme 5. A cation radical chain cyclobutanation polymerization

available 1,2-diphenoxyethaneria propionylation, re-
duction and dehydrationis straightforward.The poly-
merization of 2 in saturateddichloromethanesolution
(0.056m) at ambienttemperaturgthe low solubility of
2 at 0°C was problematic)in the presenceof 15 mol%
of tris(4-bromophenyl)aminm hexachloroantimonat
(1) proceededairly smoothlyto the desiredcyclobu-
tapolymer (a preliminary report on the cyclobutapoly-

+
1. _/,—©—OCH20H20—©I o ANt —p 2% 41
+
2 1

Gs  CHy N 4/—CHg
S CH,CH,0
H H
2. 2 + 2 —>»
Ar ! Dt

H

Ar D/t H

merizationof 2 hasalreadyappearef). After a reaction
time of 7min, the monomer had been completely
consumedand the resulting polymer had M,, = 9400
[polydispersityindex (PDI) =5.30]. The crude polymer
wassubsequentlypurified by chromatographyn alumi-
na, but the NMR spectraof the crude and purified
polymers were essentially identical except for the
presenceof the spentcatalyst(the neutraltriarylamine)

Monomer
lonization

Cation Radical
Cycloaddition

Intramolecular
Hole Transfer

Neutralization/

®) D! + SED —» p 4 SED} —» D’? + SED Reionization
+ + + 2 pt Chain Growth
’e . R e . : :
4.8 D' +2 —»» T > T Polymerization
2 . Step Growth
(©)T' +SED—» T + SED! —» T’ + SED—»—3 P! Polymerization

5. P* + SED ——3 p + SED*®

D = dimer, T= trimer, P = polymer

Neutralization

Dt = dimer cation radical, long bond cyclobutane form

D't = dimer cation radical, cation radical moiety located on the propenylarene unit

1, T't are defined analogously for trimer cation radical

SED = single electron donor = 1, 2, or oligo (2), etc.

Ar = ~©»00H20H20 -@f

Scheme 6. Mechanism of cation radical cycloaddition polymerization of 2
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Scheme 7. Synthesis of a more soluble monomer

in the crude polymer. The *H NMR spectrumof the
polymer(55°C, CDCl;) showsbroadenedibsorptionsat
6 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),correspondingloselyto the absorptions
of the trans,anti,transcyclobutadimelof trans-anethole.
In addition, weak propenyl end-groupabsorptionsare
foundaté 1.8,6.0and6.3. The**C NMR spectrurrunder
the sameconditionshasabsorptionst 6 18.8,43.3,52.5,
66.8,114.6,127.7,136.2and157.0,againcorresponding
very closelyto thoseof the trans,anti,transcyclobutadi-
mer of trans-anethole Whenthe reactionof 2 is carried
out for a longer time (10 min), the polymer has
M,, = 37000 (PDI=7.31), and the 'H and *C NMR
spectraare closely comparableto those of the lower
molecularweight polymerandthe trans-anetholecyclo-
butadimerln additionto theabsorptiorin the*H NMR at
6 1.1, correspondingo the methyl groupsattachedo a
cyclobutanering, a much weakerabsorptionat 0.7-0.9
was also observed,correspondingto methyl groups
attachedto either acyclic carbonsor to a cyclohexane
ring. This absorptioramountedo no morethan10-15%
of the$ 1.1 absorptiorandwasobservedatleastto some
extent,evenwhen the polymerizationswere run in the
presenceof sodium carbonateor di-tert-butylpyridine.
Conceivably this could correspondin part to the
competingproductionof someacyclic polymerresulting
from acid-catalyzedcarbocation-mediad polymeriza-
tion or from cationicblock polymerizationof the termini
of the cationradicalpolymer.However,the fact thatthe
absorptionswere found even under basic conditions
suggestshat, at leastin part, theseabsorptioncould be
the result of extraneoussubstancesntroduced during
workup andhandling.

The proposedmechanisnfor the cationradical chain
cyclobutapolymeriation of 2 inducedby the triarylami-
nium salt 1" (Scheme6) is basedupon the known
mechanismof the trans-anetholedimerization and the
theoreticalconsiderationgliscussedn 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) andtrans-anethole(1.23V).
Whetherthe hole transferfrom the long bond of the

Copyright0 1999JohnWiley & Sons,Ltd.

initially formed diarylcyclobutanecation radical to the
trans-anethole-like terminal site occurs via bonds or
throughspaceis not yet clear, but efficient transmission
viatheethylenedioxylinkageis by nomeansmplausible.
Thatthe cationradicalcyclobutapolymeriationof 2 is a
chain growth processis strongly suggestedby the
theoretical argumentsdevelopedin the introduction,
and is further supportedby experimentalobservations.
First,theobservegolydispersityindicesaremuchhigher
than the theoreticalmaximumof 2.0 for a stepgrowth
process? Further studiesof themoleculamweightsof the
polymers generatedat early reactiontimes, i.e. under
conditions where the monomeris only partially con-
sumed,yield molecularweights which are very much
larger than those predictedfor a step growth process.
Specifically, the M,, in a step growth processis
proportionalto the monomermolecularweight and to
thequantity(1 + p)/(1 —p), wherep is thefraction of the
monomemwhich hasbeenconsumed? In the casewhere
p = 0.82,the molecularweight of the polymergenerated
from 2 (which hasa molecularweightof 294))via a step
growth processshould be 2973, whereasthat actually
observedvas 15300. Similarly, the predictedmolecular
weight in the casewherep=0.5is only 882 (average
trimer), whereasan averagemolecularweight of 5000
wasobservedexperimentallylt is importantto notethat
the efficiencyof thesepolymerizations/ariesfrom batch
to batch of the initiator and with monomerpurity. In
comparisonexperimentsijt is thereforeessentialto run
side-by-sideexperiments.

A limiting factorin the caseof the cyclobutapolymer-
ization of 2 is its relatively low solubility in dichloro-
methaneat 0°C (ca 0.05Mm). In order to increasethe
degreeof polymerization,an appropriatemonomerwas
soughtwhich would permit polymerizationat substan-
tially higher initial monomer concentrations.An un-
symmetricalversionof monomer2, havingonepropenyl
groupin anortho positionandonein the para positionof
the other ring, was thereforesynthesizedmonomer3;
Scheme7). The polymerizationof monomer3 in the
presencef 10mol%of 1" ataconcentratiorof 0.192m
for 8 min yielded a cyclobutapolymerhaving M,, =
86700 (PDI=1.84),i.e. roughly twice the averagemol-
ecular weight obtainable from the polymerization of
monomer2 using15mol%of 1*°. Thecyclobutapolymer

J. Phys.Org. Chem.12, 808-818(1999)
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Scheme 10. Cyclobutadimerization/oligomerization of monomer 4

structurewas againreadily confirmedby proton NMR
andCOSY spectra.

Indirect Diels-Alder polymerization

Diels—Aldercycloadditiongo s-cis conjugatedlienesare
alsoawell knownreactionof cationradicalssuchasthat
of trans-anethole In the caseof anacyclic dienesuch
as 1,3-pentadienethe predominantconformationof the
conjugateddiene linkage is sdrans so that addition
initially occursatleastin partto yield avinylcyclobutane
adduct*! However thelattertypically rearrangesapidly
via a cation radical vinylcyclobutanerearrangemento

Copyright0 1999JohnWiley & Sons,Ltd.

the cyclohexene product!? which can therefore be

consideredheresultof anindirect Diels—Alderreaction.
Further, cyclobutanationof a 1,3-pentadienemoiety
wouldinvolve a stericallyunhinderedi.e. unsubstituted)
dieneterminus,and thereforeshould proceedrelatively
rapidly in comparison with addition to a terminal
propenyl moiety such as was involved in the caseof
monomer2 and3. Themonome#, which shouldexhibit
analogoushemistryto that observedor 1,3-pentadiene
and anisole, was therefore prepared(Scheme8). The
polymerizationof 4 in dichloromethansolution(0.31m)
at 0°C in the presenceof 10 mol% of 1" proceeded
efficiently, yielding a polymer of weight averagemol-
ecularweight59000 after 10 min (Schemed). Whenthe

J. Phys.Org. Chem.12, 808-818(1999)
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Scheme 11. Cation radical cycloaddition of trans-anethole and ortho-anethole to 4-trans-(2,4-pentadienyl)anisole

initial monomerconcentrationwas increasedo 0.37M™,
the molecularweightincreasedo 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
preparedFirst, a mixture of the cyclobutadimex(5) of 4,
along with the trimer, tetramerand lower cyclobutaoli-
gomers,was preparedby reacting4 with 17 in the
presenceof excess2,6-ditert-butyl)pyridine (Scheme
10) 22 Interestingly,no Diels—Alder adductswere noted
in the productsof this reaction,andit thereforeappears
thattheinitial additionof thecationradicalof 4 to neutral
4 occurspredominantlyvia the cyclobutanationmode.
Secondthe modelreactionof 5-anisyltrans-1,3-penta-
diene with trans-anetholein the presenceof 1" was
studied(Schemel1). Althoughnotaperfectmodelof the
propenyl function of 4, which is ortho to the oxygen
function, trans-anetholes a readily availablecompound
the cycloadditionsof which to variousconjugatedlienes
had already been studied. This reaction, at very short
reactiontimes(verylow conversions)led to a mixture of
vinylcyclobutaneand Diels—Alder adducts,asindicated
by GC-MS,butthe conversiorof theformerto thelatter
wasfairly rapid.As aconsequenceanly the Diels—Alder
adduct could be isolated in pure form, and this was
apparenthasinglediastereocisomg(6a), thatcorrespond-
ing to the endo addition mode. Comparisonof the
500MHz *H NMR spectrunof the polymerwith thoseof
thevinylcyclobutaneandDiels—Aldermodelcompounds
thenrevealedthatthe polymerdoesconsistof a mixture
of thesetwo linkages(>4:1 Diels—Alder: cyclobutane),
but the relative amount of cyclobutane linkages is
substantialeven at relatively high degreesof polymer-
ization.

Thedisparitybetweerthe amountof vinylcyclobutane
rearrangemernin 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-pentadien This

Copyright0 1999JohnWiley & Sons,Ltd.

reaction,in fact, generateca productdistribution very

similar to thatobservedn the polymer,with cyclobutane
linkages being formed almost exclusively initally and
persistingin substantialamountsevento 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 percentagef acid-

catalyzed (linear) polymer linkages is negligible. As

would be expected the propenyland pentadienylend-
group absorptionobservedn the polymerare compar-
able to each other in amount. At low degreesof

polymerization,the cyclobutanelinkageswere strongly
predominant,but as the polymerization proceededto

highermolecularweights,the percentag®f Diels—Alder
linkages increased markedly. In the presenceof a
relatively large amountof the aminium salt catalyst(30

mol%), the cyclobutandinkagesof the polymercouldbe
rearrangedto a predominantly Diels—Alder structure.
Further, the spectra of the crude polymers (from

polymerizations carried out to various molecular
weights), were virtually superimposableipon those of

purified polymers(chromatographypnd closely corre-
spondedto (were virtually superimposableupon) the
spectraof the cycloadducimixturesobtainedin the more
appropriatemodelreaction.

CONCLUSION

A fundamentally new polymerization method, cation
radical chain cycloaddition polymerization, has been
proposedand demonstratedPolymers having average
molecularweightsof up to 150 000 havebeenobtained
underexceptionallymild thermalconditionsandin short
reactiontimes. Both cyclobutapolymerizatiomndindir-
ectDiels—Alderpolymerizationhavebeendemonstrated.
The enhancedefficiency of cation radical chain poly-
merizationascomparedvith the correspondingeactions
of monofunctionakompoundsappeargo be basedupon

J. Phys.Org. Chem.12, 808-818(1999)
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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
correspondingnonofunctionalkchemistry.

EXPERIMENTAL

Analysis. Routine'H NMR and**C NMR wererecorded
on a Bruker AC250 spectrometeassolutionsin CDCls.
High-field '"H NMR spectrawererecordedon a General
Electric GN-500 spectrometerChemical shifts (6) are
reportedin parts per million downfield from a tetra-
methylsilanereference,and coupling constants(J) are
givenin Hz. Low-resolutionmassspectrometrf{LRMS)
was performedwith a Hewlett-Packardviodel 5971A
GC-MSsystemequippedwith a DB-1 capillary column
(15 m x 0.25mm i.d.). High-resolution mass spectro-
metry (HRMS) was carriedout on a Dupont(CEC) 21-
110B massspectrometerGel permeationchromatogra-
phy (GPC) was carried out in tetrahydrofuranusing a
WatersModel 550 HPLC pump, a Waters Model 410
differential refractometeranda WatersModel 745 data
modulewith anUltrastyrageBb0O0A columnconnectedn
serieswith a Styragel10* A column. The GPCanalyses
were calibratedwith polystyrenestandards.

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

Synthesis of Monomer 2. 1,2-Diphenoxyethae (Al-
drich) was first subjectedto bis(propionylationby a
literatureprocedure-® From15 g of 1,2-diphenoxyethane
was obtained 21g (94%) of 1,2-bis(4-propionylpén-
oxy)ethane(99% purity by GC): m.p. 112-114C; *H
NMR, 6 1.2(t, 6H),2.9(q, 4H), 4.4(s,4H), 6.94(d, 4H),
7.93(d, 4H); *C NMR, 6 8.3,31.4,66.4,114.2,130.2,
133.1,162.1,199.4;IR (C=0), 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
ethanolandtetrahydrofurarfor 1 h at roomtemperature,
followed by quenchingof thereactionat 0°C with acetic
acid (10%)andextractionwith dichloromethaneyielded
199 of the correspondingliol, 1,2-bis[4-(1-hydroxy-1-
propyl)phenoxy]dtane,which was usedwithout further
purification:m.p. 71-72C; *H NMR, 6 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); *C NMR, 6 10.1,31.766.5,72.1,114.5,
127.2,137.2,158.0; IR(OH), 3360. Monomer 2 was
preparedby the dehydrationof the precedingdiol: to
6.6g (0.02mol) of the diol dissolvedin pyridine (25ml)
was addeda slight excess(7.0g, 0.045mol) of phos-

Copyright0 1999JohnWiley & Sons,Ltd.

phorusoxychlorideat roomtemperatur@ndthe solution
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 chromatographyon alumina (1:1
hexane—dichloromethahegave 2.48g (42.4%) of 2,
which wasfoundto be at least98% pureby GC criteria:
m.p.175-176C; *H NMR, 6 1.8(dd,6H), 4.3(s,4H),6.1
(dg, 2H, J=15.8Hz), 6.3 (d,2H, J=15.8Hz), 6.8 (d,
4H), 7.3 (d, 4H); °C NMR, 6 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 CygH2,0-
294.1619found 294.1613;E,=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 the reactionmixture wasquenchedvith anexcess
of saturated potassium carbonatein methanol. The
organiclayer waswashedwith water (3 x 10ml), dried
andthe solventremovedto give 230mg of the polymer.
GC analysisof the crudeproductrevealedhe absencef
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 dichloromethaneo elute the polymer. The NMR
specrumof the polymer (see below) was essentially
identical before and after chromatographigurification,
except for the aromatic absorptionsarising from the
presencef 1 in the crudematerial. The weight-average
molecularweight(M,,) of this polymerwasfound (GPC)
to be 9460, with a PDI of 5.30. When the samepoly-
merizationreactionwas carried out in the presenceof
excesspowderedpotassiumcarbonatefor either 10 or
30 min to minimizeanyacid-catalyzedidereactionsthe
NMR of the polymer was again identical with that
obtainedin the absenceof potassiumcarbonateln this
case, however, the M,, was lowered to 3700, with
PDI=3.0.

Whenthe polymerizationof 2 is carriedout underthe
sameconditionsas describedabove,but the reactionis
allowedto run for 10 min, the M,, is foundto increasdo
37000 (PDI1=7.31). The NMR spectraof this higher
molecular weight polymer is virtually identical with
those of the two lower molecular weight polymers
describedabove:*H NMR (55°C, CDCly), 6 1.1 (br s,
methyl attachedo 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);**C NMR
(55°C, CDCl), 6 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.

J. Phys.Org. Chem.12, 808-818(1999)
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1-(2-Bromoethoxy)-2-(2-propenyl)benzene. A mixture
of 2-allylphenol(10.05g, 0.075mol), 1,2-dibromoethae
(28.5¢g, 0.15mol), and potassiumcarbonate(12.42g,
0.09mol) in N,N-dimethylformamidg25 ml) wasstirred
at room temperaturefor 48h and then subjectedto
aqueousvorkup. Column chromatographyn silica gel
(13:1 hexane—ethylacetate)afforded the pure product
(149, 77.5%):"H NMR (CDCls, 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/zcalculatedor C,4,H,30Br 241.022801found
241.022823.

1-(2-Bromoethoxy)-2-(trans-1-propenyl)benzene. A

catalytic amount of PdChL was added to 50ml of
dichloromethanefollowed by the addition of 30 drops
of acetonitrile.After stirring this mixture for 5min, 149
(0.058mol) of 1-(2-bromoethoxy)-2-(2-prenyl)ben-
zenewereaddedandthe solutionwasstirredfor 40h at
room temperature After aqueousworkup, the product
waschromatographe(kilica gel column,hexaneeluent),
yielding 14g (100%) of the pure product: '"H NMR
(CDCls, 250MHz), 6 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
C11H1:0Br 241.022801found 241.022461.

Synthesis of monomer 3. A solution of 4'-hydroxy-
propiophenondAldrich) (4.5g, 0.03mol), 1-(2-bromo-
ethoxy)-2-frans-1-propenyl)benzenghis paper;4.82g,
0.02mol) and potassiunmcarbonatg4.14g, 0.03mol) in
N,N-dimethylformamidesolution (80 ml) was stirred at
roomtemperaturdor 24 h andthensubjectedo aqueous
workup andsilica gel chromatography100:15hexane—
ethyl acetate)}o yield the pure product,1-[2'-(trans1"-
propenyl)phenoxly2-[4'-(1"-propionyl)phenoxjethane
(3.2g, 51%): m.p. 82—-83C; *H 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); **C NMR
(deuteroaceton®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 C,gH»505 311.164720found
311.165234.

All of this purified product (3.2g, 0.01mol) was
reducedwith sodiumborohydride(399mg, 0.01mol) in
ethanol(36 ml)-tetrahydrofurarf12 ml) solventfor 5 h at
room temperature After quenchingwith 10% aqueous
acetic acid followed by aqueousworkup, the pure
product, 1-[2-(trans1"propenyl)phenoxjy2-[4'-(1"-hy-
droxypropyl)phenry]ethane was obtained (3.22g,
100%): m.p. 70-72°C; *H NMR (CDCl;, 250MHz), 6
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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—7.45m,
8H); 13C NMR (CDCl;, 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 C,gH»405 312.172545found
312.172533.

The product alcohol (1.33g, 4.26mmol) was sus-
pendedn dry dichloromethang22 ml), 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 —78°C. The reaction mixture
was stirred for 30min at this temperatureand then
quenchedwith dilute sodium hydrogencarbonateolu-
tion. After aqueousworkup and silica gel column
chromatography100:4hexane—ethyacetate)monomer
5 wasobtainedin pureform (330mg, 26.4%):m.p.112—
114°C; *H NMR (CDCl;, 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 (CDClg, 250MHz), § 18.46,18.95,66.70,
67.34112.8,114.87,121.36,123.76,126.56, 126.64,
126.96,127.72,130.35,131.8,155.2,158.0;LRMS, m/z
294(M"); HRMS, calculatedfor CogH»,0, 294.161980,
found 294.162004.

Polymerization of monomer 3. To monomer3 (73.5mg,
2.5mmol) dissolvedn dry dichloromethan€0.8ml) was
addedthe aminium salt initiator (20.4mg, 0.25mmol)
dissolvedin dry dichloromethane(0.5ml; the overall
monomeiconcentrations 0.192M) in oneportionat0°C.
The reaction mixture was stirred for 8 min and then
guenchedisingsaturategotassiuntarbonate—methanol
solution.Thecrudepolymer (70 mg, 95%)obtainedafter
aqueousvorkup wasfound (GPC)to haveM,, = 86700
(PDI=1.837):'H NMR (CDCls, 500MHz), § 1.1-1.2
(br, characteristicof methyl attachedto cyclobutane
ring), 1.79-1.85br), 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 suspensiorof
potassiumcarbonate(6.1g, 0.044mol) in 200ml of
acetoneat room temperaturevas addedphenol(7.52g,
0.08mol) and then trans2,4-pentadienyl bromide
(7.38g, 89% pureby GC, 0.044mol). The solutionwas
stirredfor 24 h. Aqueousworkupyieldeda colorlessoil,
which was purified by column chromatography(silica
gel; light petroleumeluent), giving 5.8g (90%) of the
product’> 'H NMR (250MHz), 6§ 4.5 (d, 2H,
J=5.72Hz), 5.2-5.26(dd, 2H, J=14.57,3=9.29Hz),
5.8-5.92(m, 1H), 6.3-6.4(m, 2H), 6.85-6.92(m, 3H),
7.29-7.38m, 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
dichloromethan€100ml) cooledto —40to —30°C was
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added boron trifluoride—ether complex (1.52ml,
0.012mol). The resultingsolutionwas stirredfor 1 h at
—40to —30°C. After agueousvorkupthe crudeproduct
was chromatographe (silica gel column; 10:1 light
petroleum—ethyhcetate)yielding 1.52g (94.5%)of the
pure product’® *H 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/z160
(M7).

1-[4’-trans-2",4”-Pentadienyl)phenoxy]-2-[2"-trans-1"-
propenyl)ohenoxylethane (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)phenolAfter
stirring the mixture for 30 min, 3.83g (0.00158mal) of
1-(2-bromoethoxy-2-(trans-1-propenyl)benzene were
added and the reaction mixture was stirred for an
additional43h. Aqueousworkup andsilica gel chroma-
tography (light petroleum,then 100:1 light petroleum—
ethyl acetate)yieldedthe puremonomer6 (2.8g, 66%):
m.p. 58°C; 'H 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, —CH,CH=CHCH=CH,), 6.06-6.15 (m,
1H, —CH,CH=CHCH=CH,), 6.19-6.27 [dq, 1H,
J=15.85Hz (d), 6.63 () —CH=CHCH;], 6.29-6.37
[dt, 1H, J=17.06Hz (d), 10.34 (t), —CH,CH=
CHCH=CH,], 6.70-6.72 (d, 1H, J=15.93Hz,
—CH=CHCHs), 6.9-7.40 (8H, m); *C NMR (500
MHz, CDCl,), 6 18.85(CHs), 38.01(CH,), 66.7,67.3
(—OCH,CH,0), 112.6 (Ar-C), 114.8 (Ar-C), 115.6
(—CH,CH=CHCH=CH,), 121.3 (Ar-C), 125.6
(—CH=CHCHs), 126.44 (—CH=CHCH;), 126.54
(Ar-C), 127.65(Ar-C), 129.6 (Ar-C), 131.8(—CH,CH
=CHCH=CH,), 132.6 (Ar-C), 133.8 (—CH,CH
=CHCH=CH,), 137.0 (—CH,CH=CHCH=CH,),
155.25(Ar-C), 157.2(Ar-C); HRMS (CI), m/zcalculated
for Cy,H-40, 320.1776, found 320.1773. Positional
assignmentof chemical shifts are basedupon H-H
COSY andC—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
wasaddedl.1g (7.97mmol) of potassiuntarbonateand
the solutionwasstirredfor 30 min. An excesf methyl
iodide (0.5ml) wasthenaddedandthe reactionmixture
was stirred for an additional 3h. After an aqueous
workup, silica gel column chromatographylight petro-
leum) yielded the product (0.9g, 65.2%): *H NMR
(250MHz), 6 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); *C NMR
(250MHz, CDCly), 6 37.973(CH,), 55.230(—OCH,),
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113.829,115.525,129.484,131.716,132.056,133.899,
136.935, 157.982; HRMS (CI), m/z calculated for
C12H150 175.1123found 175.1114.

Diels-Alder adduct (6a) of trans-anethole and methy!
4-(trans-2’,4’-pentadienyl)phenyl ether. To asolutionof
trans-anetholg(74.1mg, 0.5mmol) andmethyl 4-(trans
2,4-pentadienyl)phetyether (87 mg, 0.5mmol) in dry
dichloromethane (1 ml) at 0°C was added tris(4-
bromophenyl)aminium hexachloroantimonate(41 mg,
0.05mmol) dissolvedin 1 ml of dry dichloromethane
dropwiseovera periodof 30 s. Thereactionmixturewas
stirredfor 7 min andthenquenchedvith excessaturated
potassium carbonate—methanolAqueous workup and
columnchromatographysilica gel, 100:1 hexane—ethyl
acetatejgave45mg (28%) of the pureproduct:*H NMR
(500MHz), ¢ 0.92 (d, 3H, methyl, J=6.62Hz), 1.74—
1.82(m, 2H, H6), 2.09-2.15m, 1H, H5), 2.26—-2.32(m,
2H, benzylic methylene) 2.45-2.49m, 1H, H3), 2.69—
2.72 (dd, 1H, J=9.03, 5.02Hz, H4), 3.74 (s, 3H,
—OCH), 3.8(s, 3H, —OCHy), 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 methylene protons en-
genderedan intensity increaseof 5.11%in the signal
correspondingo the protonat C5, whereaghe C4 proton
signaldid not showan NOE effect. Similarly, irradiating
the C5 methylsignalcausech smallintensityincreasdn
the C4 proton(1.9%)andC3 (1.08%)protonsignalsand
hadno effectonthe C3 protonsignal. Theseobservations
indicatethatthe C5 methylandthe C4andC3protonsare
all cis. This correspondsto a net endo Diels—Alder
additionwith suprafacialadditionto the dienophile.**C
NMR (250MHz), 6§ 20.786(CHz), 28.513(C6), 33.209
(Ch), 37.069(benzylic methylenecarbon),41.134(C3),
49.811 (C4), 55.179 (— OCH), 55.246 (— OCHg),
113.310,113.407,126.023(C1), 127.718(C2),129.907,
130.266, 130.675, 133.073, 157.574, 157.675. The
stereochemistrwasassignedyy NOESY spectraHRMS
m/z calculated for CyH,s0, 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)phenyéther(174mg, 1 mmol) in dichloro-
methang2 ml) at 0°C wasadded,n oneportion, tris(4-
bromophenyl)aminium hexachloroantimonate(82 mg,
0.2mmol) in dichloromethang2 ml). After stirring the
reactionmixturefor 10min at 0°C, aquenchingsolution
of saturatedK,CO; in methanolwas added.Aqueous
workup and column chromatography(silica gel: first
hexanethen 1000:5hexane—ethyhcetate)yieldeda 1:1
mixture of cyclobutaneandDiels—Alderadductg52 mg,
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16.2%): '"H NMR (500MHz, CDCls;, chemical shift
assignmentsvia H-H COSY spectra): Diels—Alder
adducts: 6 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,
Hb5), 2.24-2.29m, 2H, benzylicprotons),2.27-2.32m,
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),1.37-1.44m, 1H, H4), 2.21-2.25m, 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 diastereotopichenzylic
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
calculatedor C,oH,60, 322.193280found:322.192844.

Oligomerization of monomer 4 in the presence of a
hindered base to form 5. To 200mg (0.625mmol) of 4
dissolvedin dry dichloromethang2 ml) wasadded?2,6-
di-tert-butylpyridine (74 mg, 0.375mmol) followed by
additionof 255mg of 1** (0.313mmol) in dry dichloro-
methang4 ml) overa 2 min period.Thereactionmixture
was stirred for 15min and quenchedoy the addition of
saturatedK ,COs—CH3OH solution. After aqueouswvork-
up andcolumnchromatographyalumina),42 mg (21%)
of the trimer—oligomermixture (7) were obtained:GPC
Mw 1130 (PDI=1.027); oligomer M,, 8080
(PDI=2.43):*H NMR (500MHz, CDCls, chemicalshift
assignmentsszia H-H COSY spectra),é 1.10 [d, 3H,
J=6.02,methylattachedo aCB ring], 1.41(m, 1H, one
of the CH, protonsof the CB ring), 1.86(d, J=6.42Hz,
CHs 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=8.94-9.2Hz, benzylic
methine),3.22 (d, 1H, J=6.62Hz, one of the diaster-
eotopicbenzylic methylenes)3.36 (d, 1H, J=6.63Hz,
the other diastereotopidenzylic methylene)4.28-4.36
(m, 8H, ethermethylenes)5.00-5.19dd, 2H, J=17.06,
10.04Hz, C=CH, of pentadienylendgroups),5.50 (m,
1H, vinyl protonoff theCBring), 5.63(dd, 1H,J = 15.25,
6.42Hz, vinyl protonnearesthe CB ring), 5.83(m, 1H,
pentadienyl end groups), 6.10 (dd, 1H, J=14.65,
13.25Hz, pentadienykendgroup),6.25(m, 1H, propenyl
endgroups),6.35(m, 1H, pentadienylend group),6.72
(d, 1H,J=15.93Hz, propenylendgroup),6.80—7.5Qm,
16H,aryl); 13C NMR (500MHz; chemicalshiftsassigned
with theassistancef C—H correlationspectra)$ 19 (end
group CHs), 21 (CH; attachedto CB), 33.6 (CB
methylene), 35 (CB methine attachedto CHs), 37.8
(endgroupbenzyl),38.0(benzylattachedo vinyl), 41.0
(CB methine attachedto vinyl), 49.2 (CB methine
attachedto aryl), 63.5-63.9(ether methylenes),111.5,
112.8, 114.9, 115.0, 115.8 (—CH,CH=CHCH=
CH,), 121.0, 121.3, 125.7 (—CH=CHCHy), 126.7
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(—CH=CHCHy), 126.9, 127.3, 127.7 (—CH,CH=
CH—CB ring), 127.8, 129.5, 129.6, 131.9
(—CH,CH=CHCH=CH,), 133.2, 132.4, 1338,
(—CH,CH=CHCH=CH,), 135.4(—CH,CH=CH-CB
ring), 137.0(—CH,CH=CHCH=CH,), 155.23,156.58,
156.93,157.14.

Polymerization of monomer 4 to M,, 59300. To
200mg (0.626mmol) of 4 dissolvedin 1ml of dry
dichloromethanevereadded jn a dropwisefashionover
a1 min period,51 mg (0.0625mol) of 1** in 1 ml of dry
dichloromethaneThe reaction mixture was stirred for
10min and then quenchedwith saturated K,COs—
CHsOH. The crude polymer obtained after aqueous
workup had Myy =59300 (PDI=1.75). After column
chromatographythe *H NMR spectrumwas essentially
unchangedThe500MHz *H NMR spectrunrevealedan
8:2 ratio of DA:CB linkages. 'H NMR (500MHz,
CDCls, chemicalshift assignmentsia comparisorwith
the model Diels—Alder compound), 6 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—-2.46m, 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,H,), 5.60-5.6{m, 1H,H,), 5.76-5.8@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 M, = 153000. To
300mg (0.932mmol) of 4 dissolvedin 1.5ml of dry
dichloromethanevasaddedjn a dropwisefashionovera
1 min period,a solutionof 77 mg (0.0932mol) of 17" in
1.0ml of dry dichloromethaneAfter stirring thereaction
mixturefor 4 min at0°C, the mixturewasquenchedvith
saturatedK ,CO;—CH;OH. Following aqueousworkup,
the polymeric productwasfoundto haveM,y = 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 dichloromethanevereaddedjn adropwise
fashionover8 min, 78 mg (0.0939mmol)of 17" in 8.0ml

of dry dichloromethaneThereactionmixture wasstirred
for 20min and then quenchedwith K,COs—CH;OH

solution,followed by agueousvorkup. The polymerwas
foundto haveM,y = 173000(PDI = 1.59).The 500MHz

'H NMR spectruncorrespondedery closelyto thoseof

the Diels—Aldermodelcompounds.
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