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ABSTRACT: There are two possible explanations for the high yields in the intramolecular [2� 2] photocycloaddi-
tion of compounds3a–d in which two styrene moieties are bridged by an oligooxyethylene linkage: one is the
electronic effects of phenoxy oxygen atoms at thepara-position of the vinyl group and the other is the steric effects
due to the flexibility of oligooxyethylene linkages. In order to clarify the contributions of the two effects, a study was
made of the photoreaction of similar compounds in which oxygen atoms are present only at the ends of the chain, and
therefore only the electronic effects are involved. In these compounds, the quantum yields of the photocycloaddition
were found to be low. Hence the high yields in the photocycloaddition of3a–d are concluded to be ascribable to the
flexibility of oligooxyethylene linkages. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

We have reported that the intramolecular [2� 2] photo-
cycloaddition ofa,!-bis(p-vinylphenyl)alkanes (1) read-
ily afforded [2.n]paracyclophanes (2) having a cyclo-
butane ring [equation (1)].1 The product yields were

�1�

found to dependsensitively on the length (n) of the
oligomethylenechain;theywerefairly high for n = 4 and
5 (61and49%,respectively),butmuchlowerwhenn� 3
(14% for n = 3) and n� 6 (trace).For n = 2 and 3, the

desiredcyclophanesare consideredto be very strained,
accordingto MM2 calculations.On theotherhand,when
n� 6, the interactionbetweenthe two styrenemoieties
seemsto be small owing to the long oligomethylene
chain. Detailed photophysical investigationsalso re-
vealed that this photoreactionis efficient with high
quantumyields (fd) of ca 0.4 whenn = 4 and5.2

Furthermore,we havesuccessfullyappliedthis photo-
reaction to the synthesisof [2.n]paracyclophanes(4)
possessinga crown ether subunit [equation (2)].3

�2�

Surprisingly,high isolatedyieldscouldbeattainedfor all
of 3a–d, althoughtheir chain length is comparableto
n = 7, 10, 13 and 16, respectively,in 1. Hence it is
worthwhile investigatingthephotoreactionof 3 in detail
andclarifying thereasonfor thehigh yields.Thereseem
to betwo possibleexplanationsfor thehighyields.Oneis
theelectroniceffectsof thephenoxyoxygenatomsat the
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para-positionof the vinyl group;thesesubstituentsmay
influencethepropertiesof theexcitedstateof 3, suchas
thelifetime. Thefluorescenceof p-methoxystyreneis too
weak to measureits lifetime, but several qualitative
studieson the dimerizationof styreneand p-methoxy-
styrenesuggestthesedifferences.4 Theotheris thesteric
effectsdueto theflexibility of oligooxyethylenelinkages,
which maybring the two styreneunitsclosetogether,in
contrast with the oligomethylene chain in 1. The
differencein flexibility betweenC—C andC—O bonds
is apparent,becauseaccordingto Bensonet al.’s incre-
ments,alkanegauchehas a 0.8kcalmolÿ1 correction,
whereasethergauchehasonly a 0.3kcalmolÿ1 correc-
tion5 (1 kcal= 4.184kJ).

In orderto clarify thecontributionsof thetwo effects,
we havedesignedand synthesizedtwo styrenederiva-
tives,5aandd, in whichoxygenatomsarepresentonly at
theendsof thechainandtheir total chainlengthis equal
to that of 3a and 3d, respectively[equation(3)]. The

�3�

stericeffectsexpectedfor the oligooxyethylenelinkage
of 3 canno longerbe involved in 5, while theelectronic
effects of alkoxy groupsshould still be effective. We
have examinedthe intramolecular[2� 2] photocyclo-
additionof 5aandd andmeasuredthequantumyields,in
comparisonwith thoseof 1c and3a andd. In this paper,

the role of the oligooxyethylenelinkage in the photo-
reactionis considered.

RESULTS AND DISCUSSION

Styrenederivatives5a andd weresynthesizedasshown
in Scheme1. Theintramolecular[2� 2] photocycloaddi-
tion of 5 towards6 wascarriedout with a 400W high-
pressuremercury lamp through a Pyrex filter in dry
benzeneunderanitrogenatmosphere,in amannersimilar
to thatfor 1 and3.1,3Theyieldsof 6aandd from 5aandd
weremuchlower (50 and25%,respectively)thanthose
of 4a andd from 3a andd (88 and95%, respectively),
andsomeunknownby-productsweredetectedby TLC,
HPLC and NMR spectroscopyafter long reaction
periods.

The quantum yields of the intramolecular [2� 2]
photocycloadditionof 3a and d and 5a and d were
indirectly determined by using the value for 1c
(fd = 0.39) upon photoirradiationwith � = 253nm in
non-polarisooctaneasreportedpreviously.2 In practice,
thefd valuesweredeterminedonthebasisof thechanges
in the absorbance(D) of the solution of styrene
derivatives3a andd or 5a andd at 253nm.Sinceestyrene

for 3a and d and5a andd (ca 4� 104) is much larger
than ecyclophanefor 4a and d and 6a and d (102–103) at
253nm, the D valuesgraduallydecreasedwith progress
of photocycloadditionin all cases,correspondingto the
consumptionof thestyrenederivatives.

TherelationshipbetweenΦd andD canbeexpressedas
shownin equation(4) on the assumptionthat 3a andd
and5a andd arecompletelyconvertedinto 4aandd and
6a andd, respectively,at an early stageof the reaction.
Thederivationof equation(4) is describedin theExperi-
mentalsectionin detail.

Scheme 1.
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-ln�Dÿ D0"cyclophane="styrene� � ln�"styreneÿ "cyclophane�

= �dI0"styrene

Z t

0
�1ÿ 10ÿD�=D dt; �4�

whereD0 denotesthe initial absorbance.Sinceln(estyrene

ÿ ecyclophane) is constant,theplot of ÿln(D-D0ecyclophane/
estyrene) vs

R t
0 (1ÿ10ÿD)/D dt gives ΦdI0estyrene as the

slopeof thestraightline. By determiningΦdI0estyrenefor
1c andotherstyrenederivatives,3a andd or 5a andd,
and using 0.39 as Φd for 1c, the Φd values can be
determinedfor 3a andd and5a andd.

This methodis sufficiently reliable in the caseof 3a
and d; their consumptionis consideredto be virtually
equalto theformationof cyclophanes4aandd, sincethe
isolatedyields arehigh. In contrast,the consumptionof
5a andd doesnot correspondexactlywith theformation
of 6a and d, but is slightly higher than expected.
However,the upperlimit of Φd for the photocycloaddi-
tion of 5a andd canbe reasonablyestimated.

Thequantumyieldsweredeterminedfor 3a andd and
5a and d in isooctaneand acetonitrile.In all cases,the
plot of ÿln(DÿD0ecyclophane/estyrene) vs

R t
0 (1ÿ10ÿD)/D dt

wasfound to be sufficiently linear. The quantumyields
determinedon the basis of the slope ΦdI0estyrene are
summarizedin Table 1, along with the valuesreported
previously.2

The quantumyields for the photocycloadditionof 3a
andd in isooctane(Φd = 0.35)areashigh asthat for 1c.
Thus, in this reaction,not only the yield but also the
efficiencyarehigh.Thequantumyieldsseemhardlyto be
influencedby the length of the oligooxyethylenechain,
althoughthevalueshavenot beenmeasuredfor 3b andc
becausethey are easily expectedto be the same.This
tendencyis in remarkablecontrastwith that in 1 having
anoligomethylenechain.

On the other hand,the quantumyields for 5a andd,
especially5d, in isooctaneare apparentlylower than

thosefor 1c and3a andd, asexpectedfrom the isolated
yields,althoughthe total chainlengthis equalto that of
3aandd. Sincethevalues(Φd = 0.22and0.12)in Table1
are the upperlimit of Φd for 5a and d, the true values
shouldbesmaller.

Theseresultsapparentlyindicatethatthehighyieldsin
thephotocycloadditionof 3a–d areobviouslyascribable
to the stericeffectsof the oligooxyethylenechainrather
thantheelectroniceffectsof thephenoxyoxygenatoms.
The oligooxyethylenelinkage is expectedto bring the
two styreneunits closetogetherin non-polarisooctane.
Such steric effects of oligooxyethylene linkages are
apparently derived from the presenceof the ether
linkages.Theseareexpectedto maketheoverall linkage
moreflexible thanmethylenechains,asmentionedin the
Introduction.Suchsteric factorsfacilitate the proximity
of the two styrenemoietiesalmost independentof the
chainlength.Unfortunately,we couldobtainno spectro-
scopic evidencesupporting the proximity of the two
styrenemoieties.The UV spectraof 3d and 5d were
similar to each other; the position of the absorption
maximumwas260nm (e = 4� 104) in bothcompounds.
Thefluorescenceof both3d and5d wasextremelyweak,
and no intramolecular excimer formation could be
recognized,although the interaction betweenthe two
pyrenemoietiesat both endsof variouschainshasbeen
thoroughlyinvestigatedby excimerformation.6

Although the phenoxy oxygen atoms at the para-
positionof the vinyl groupseemsomehowto influence
also the behaviorof the excited stateof 3,5 the weak
fluorescenceprevents a deeper insight from being
revealed.

Thequantumyieldsin acetonitrilearealmostcompar-
able to thosein isooctanefor both 3a andd, indicating
that the steric effect of the oligooxyethylenechain is
similarly operative also in a polar solvent for this
reaction.The determinationof the valuesfor 5a and d
in acetonitrilewasunsuccessfulowing to the extremely
low solubility. Theisolatedyieldsof cyclizedproductsin
polarsolventssuchasacetonitrilewereoftenobservedto
belower thanthosein non-polarsolvents.It is concluded
again from this study that the low efficiency in polar
mediais dueto thedecompositionof productsdueto the
prolongedirradiation.3

EXPERIMENTAL

General. Elementalanalysiswasperformedat theTech-
nical ResearchCenterof InstrumentalAnalysis,Gunma
University.NMR spectrawererecordedonaJeolAlpha-
500 FT NMR spectrometerin CDCl3 with tetramethyl-
silane (TMS) as an internal standard.Fast atom bom-
bardment(FAB) massspectraweremeasuredon a JEOL
JMS-HX110A mass spectrometer.UV spectra were
recordedon a Hitachi U-3210spectrophotometerin iso-

Table 1. Quantum yields of intramolecular [2� 2] photo-
cycloaddition of styrene derivatives

Solvent

Styrenederivative Isooctane Acetonitrile Ref.

1a 0.031 — 2
1b 0.38 — 2
1c 0.39 0.39 2, this work
1d 0.25 — 2
3a 0.35 0.34 This work
3d 0.35 0.33 This work
5a 0.22 —b This work
5d 0.12a —b This work

a Upperlimit of thequantumyield.
b Measurementswereimpossibleowingto theextremelylow solubility
of 5a andd in acetonitrile.
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octaneor acetonitrile.Melting pointsarenot corrected.
Benzeneand tetrahydrofuran(THF) were distilled over
sodiumundera nitrogenatmosphere.N,N-Dimethylfor-
mamide(DMF) wasdriedovermolecularsieves4A 1/16.
Othercommerciallyavailablereagentswereusedwithout
furtherpurification.

Preparation of 1,14-bis(4-acetylphenoxy)tetradecane
(7d). A mixture of p'-hydroxyacetophenone(3.30g,
24.2mmol), 1,14-tetradecaneditosylate (3.30g,
6.1mmol) and K2CO3 (6.80g, 49.2mmol) was stirred
in DMF (300ml) at 30–35°C under a nitrogen atmos-
pherefor 3 days.After the mixture hadcooledto room
temperature,excessK2CO3 wasfiltered off. The filtrate
was poured into water (400ml) and extracted with
dichloromethane(300ml) three times. The combined
extracts were washed with water and dried over
anhydrousMgSO4. Thesolutionwasconcentratedunder
reducedpressureto give7d (1.63g, 3.49mmol)asapale
yellow solid in 57% yield; m.p. 115–117°C. 1H NMR
(500MHz, CDCl3), � 7.93(4H, d, J = 8.8Hz), 6.92(4H,
d, J = 8.9Hz), 4.01(4H, t, J = 6.3Hz), 2.55(4H, s),1.80
(4H, m), 1.46 (4H, m), 1.24 (16H, m). HRMS (FAB):
calculated for C30H43O4 (MH�) 467.3161; found,
467.3143.

Preparation of 1,14-bis[4-(1-hydroxyethyl)phenoxy]-
tetradecane (8d). A solutionof 7d (1.63g, 3.49mmol)
in THF (50ml) was addeddropwise a suspensionof
LiAlH 4 (0.76g, 20.0mmol) in THF (90ml) at room
temperatureunder a nitrogen atmosphere.After the
mixture had been stirred for 19h under reflux, water
(10ml) andTHF (100ml) wereslowly addeddropwiseto
the reaction mixture. The resulting suspensionwas
filtered and the filtrate was concentratedunderreduced
pressureto give8d (1.59g,3.38mmol)asawhitesolidin
96% yield; m.p. 106–109°C. 1H NMR (500 MHz,
CDCl3), � 7.29 (4H, d, J = 8.6 Hz), 6.87 (4H, d, J = 8.6
Hz), 4.85 (2H, q, J = 6.7 Hz), 3.94 (4H, t, J = 6.6 Hz),
1.77(4H, m), 1.48(6H, d, J = 6.4Hz), 1.45(4H,m), 1.27
(16H,m). HRMS(FAB): calculatedfor C30H45O3 (MH�

ÿ H2O), 453.3369;found,453.3350.

Preparation of 1,14-bis(4-vinylphenoxy)tetradecane
(5d). A solution of 8d (1.59g, 3.38mmol) and pyridi-
nium p-toluenesulfonate(0.32g, 1.27mmol) in benzene
(120ml) wasstirredunderreflux overnightwith a Dean–
Stark trap. After the mixture had cooled to room
temperature,the precipitatewasfiltered off. The filtrate
waswashedwith saturatedaqueousNaCl solutiontwice,
dried over anhydrousMgSO4 and concentratedunder
reducedpressure.The residuewas purified by column
chromatography(SiO2, hexane–benzene)to give 5d
(0.54g, 1.24mmol) asa white solid in 36% yield; m.p.
110–113°C. 1H NMR (500MHz, CDCl3), � 7.33(4H, d,
J = 8.6 Hz), 6.85 (4H, d J = 8.6 Hz), 6.66 (2H, dd,
J = 11.0& 17.7Hz), 5.60(2H, d, J = 17.4Hz), 5.11(2H,

d, J = 11.0 Hz), 3.95 (4H, t, J = 6.5 Hz), 1.77 (4H, m),
1.44 (4H, m), 1.27 (16H, m). HRMS (FAB): calculated
for C30H43O2 (MH�), 435.3263;found,435.3285.

Photoreaction of 5d towards 6d. Photoirradiationof 5d
(0.16g, 0.368mmol) wascarriedout with a 400W high-
pressuremercurylampthrougha Pyrexfilter in benzene
(185ml) undera nitrogenatmospherefor 2 h. Insoluble
materialwasfilteredoff andthefiltrate wasconcentrated
under reducedpressure.The residue(yellow oil) was
stirred with borane–THFcomplex (0.75ml) in a small
amountof THF undera nitrogenatmospherefor 3 days.
Water was addeddropwiseto the mixture in order to
decomposethe boranecomplex,until evolution of gas
stopped.The solvent was evaporatedunder reduced
pressureandtheresultingresiduewaspurifiedby column
chromatography(SiO2, hexane–benzene)to give 6d
(0.04g, 0.09mmol) asa paleyellow solid in 25%yield;
m.p.49–52°C. 1H NMR (500MHz, CDCl3), � 6.82(4H,
d,J = 8.5Hz),6.65(4H,d,J = 8.9Hz),3.91(2H,m),3.85
(4H, t, J = 6.5Hz), 2.40(4H, m), 1.72(4H, m), 1.43(4H,
m), 1.27 (16H, m). HRMS (FAB): calculated for
C30H43O2 (MH�), 435.3263;found,435.3257.

Spectroscopic data for 5a. M.p. 84–85°C. 1H NMR (500
MHz, CDCl3), � 7.33 (4H, d, J = 8.6 Hz), 6.85 (4H, d,
J = 8.6 Hz), 6.66 (2H, dd, J = 10.9 and 17.7 Hz), 5.60
(2H, d, J = 17.7Hz), 5.12(2H, d, J = 10.7Hz), 3.99(4H,
t, J = 6.4 Hz), 1.86 (4H, m), 1.65 (2H, m). Analysis:
calculatedfor C21H24O2, C 81.78, H 7.84; found, C
81.75,H, 7.84%.

Spectroscopic data for 6a. M.p. 118–122°C. 1H NMR
(500MHz, CDCl3), � 6.90(2H, dd, J = 2.3 and8.4 Hz),
6.60 (2H, dd, J = 2.6 and8.4 Hz), 6.56 (2H, dd, J = 2.3
and8.4Hz), 6.51(2H, dd,J = 2.6and8.4Hz), 4.07(4H,
t, J = 6.0 Hz), 4.00(2H, m), 2.47(4H, m), 1.51(4H, m),
1.15 (2H, m). HRMS (FAB): calculatedfor C21H25O2

(MH�), 309.1855;found,309.1876.

Derivation of equation (4). On the assumptionthat 3a
andd and5aandd arecompletelyconvertedinto 4a and
d and 6a and d, respectively,at an early stageof the
reaction,theΦd valueis definedasfollows:

�dIstyrene� ÿdCstyrene=dt �5�

where Istyrene is the intensity of the light absorbedby
styrenederivatives3a andd and5a andd andCstyreneis
their concentration.Istyreneis expressedas

Istyrene� ItotalDstyrene=�Dstyrene� Dcyclophane� �6�

whereItotal is the total intensityof the light absorbedby
bothstyrenederivativesandcyclophanesandDstyreneand
Dcyclophanearetheabsorbancesof thestyrenederivatives
andcyclophanes,respectively.Itotal is expressedas

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 79–83(1998)

82 Y. NAKAMURA ET AL.



Itotal � I0�1ÿ 10ÿ�Dstyrene�Dcyclophane�� �7�

Equations(5), (6) and(7) leadto

ÿdCstyrene=dt � �dIo�1ÿ 10ÿ�Dstyrene�Dcyclophane��Dstyrene=

�Dstyrene� Dcyclophane� �8�

By substitutingD for Dstyrene� Dcyclophane, equation
(8) becomes

ÿdCstyrene=dt � �dIo�1ÿ 10ÿD�Dstyrene=D �9�

SinceDstyrene= estyreneCstyrened, whered is theoptical
path length [=1 cm (constant)],equation (9) is trans-
formedinto

ÿdCstyrene=dt � �dIo�1ÿ 10ÿD�"styreneCstyrene=D �10�

�ÿdCstyrene=dt��1=Cstyrene� � �dIo�1ÿ 10ÿD�"styrene=D

�11�

By integratingbothsidesof equation(11)with respect
to time t, we obtain

ÿlnCstyrene� �dIo

Z t

0
�1ÿ 10ÿD�"styrene=D dt �12�

When C0 is defined as the initial concentrationof
styrenederivativesandD0 asthe initial absorbance,we
obtain

D0 � "styreneC0d �13�

On the assumption that styrene derivatives are
completelyconvertedinto cyclophanes,we obtain

C0 � Cstyrene� Ccyclophane(constant) �14�

By using equations(13) and (14), D is expressedas
follows:

D � �"styreneCstyrene� "cyclophaneCcyclophane�d
� �"styreneÿ "cyclophane�Cstyrened� "cyclophaneC0d

� �"styreneÿ "cyclophane�Cstyrened� "cyclophaneC0d

� �"styreneÿ "cyclophane�Cstyrened� "cyclophaneD0="styrene

�15�

Equation(15) is transformedinto

Cstyrene��DÿD0"cyclophane="styrene�=�"styreneÿ"cyclophane�
�16�

Equations(12) and(16) resultin equation(4).
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