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ABSTRACT: There are two possible explanations for the high yields in the intramolecuta]»hotocycloaddi-

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 plaea-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 photocycloadditid@eedl 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] photo-
cycloaddition ofx,w-bis(p-vinylphenyl)alkanes) read-
ily afforded [2n]paracyclophanes?2] having a cyclo-
butane ring [equation (1)].The product yields were
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1a: n=3 2a: n=3
1b: n=4 2b: n=4
1c: n=5 2c¢: n=5
1d: n=6 2d: n=6

found to dependsensitively on the length (n) of the
oligomethylenechain;theywerefairly highfor n=4and
5 (61and49%,respectively)butmuchlowerwhenn < 3
(14% for n=3) andn > 6 (trace).For n=2 and 3, the
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desiredcyclophanesare consideredo be very strained,
accordingto MM2 calculationsOnthe otherhand,when
n > 6, the interactionbetweenthe two styrenemoieties
seemsto be small owing to the long oligomethylene
chain. Detailed photophysicalinvestigationsalso re-
vealed that this photoreactionis efficient with high
quantumyields (¢4) of ca0.4whenn=4 and5.2
Furthermorewe havesuccessfullyappliedthis photo-
reaction to the synthesisof [2.n]paracyclophaneg4)
possessinga crown ether subunit [equation (2)].°
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3a: m=1 da: m=1
3b: m=2 4b: m=2
3¢c: m=3 4c: m=3
3d: m=4 4d: m=4

Surprisingly highisolatedyieldscouldbeattainedfor all
of 3a-d, althoughtheir chain length is comparableto
n=7, 10, 13 and 16, respectively,in 1. Henceit is
worthwhile investigatingthe photoreactiorof 3 in detail
andclarifying the reasorfor the high yields. Thereseem
to betwo possibleexplanationgor thehighyields.Oneis
theelectroniceffectsof the phenoxyoxygenatomsat the
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para-positionof the vinyl group;thesesubstituentsnay
influencethe propertiesof the excitedstateof 3, suchas
thelifetime. Thefluorescencef p-methoxystyrenés too

weak to measureits lifetime, but several qualitative
studieson the dimerizationof styreneand p-methoxy-
styrenesuggesthesedifferences: The otheris the steric
effectsdueto theflexibility of oligooxyethylendinkages,
which may bring the two styreneunits closetogether,in

contrast with the oligomethylene chain in 1. The
differencein flexibility betweenC—C and C—O bonds
is apparentpecauseaccordingto Bensonet al.’s incre-
ments, alkane gauchehas a 0.8kcalmol™* correction,
whereasethergauchehasonly a 0.3kcalmol™* correc-
tion® (1 kcal= 4.184kJ).

In orderto clarify the contributionsof the two effects,
we have designedand synthesizedwo styrenederiva-
tives,5aandd, in whichoxygenatomsarepresenbnly at
the endsof the chainandtheir total chainlengthis equal
to that of 3a and 3d, respectively[equation (3)]. The
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(CHz (CHy),,
5a: n=5 6a: n=5
5d: n=14 6d: n=14

steric effectsexpectedfor the oligooxyethylendinkage
of 3 cannolongerbeinvolvedin 5, while the electronic
effects of alkoxy groupsshouldstill be effective. We
have examinedthe intramolecular[2 + 2] photocyclo-
additionof 5aandd andmeasuredhe quantunyields,in

comparisorwith thoseof 1c and3aandd. In this paper,
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the role of the oligooxyethylenelinkage in the photo-
reactionis considered.

RESULTS AND DISCUSSION

Styrenederivativesba andd weresynthesizedsshown
in Schemel. Theintramoleculaf2 + 2] photocycloaddi-
tion of 5 towards6 was carriedout with a 400W high-
pressuremercury lamp through a Pyrex filter in dry
benzeneainderanitrogenatmospheran amannersimilar
to thatfor 1 and3.** Theyieldsof 6aandd from 5aandd
weremuchlower (50 and 25%, respectively)thanthose
of 4aandd from 3a andd (88 and 95%, respectively),
and someunknownby-productswere detectecby 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
(¢pg=0.39) upon photoirradiationwith A =253nm in
non-polarisooctaneasreportedpreviously? In practice,
the ¢4 valuesweredeterminednthebasisof thechanges
in the absorbance(D) of the solution of styrene
derivatives3a andd or 5aandd at 253nm. Sinceesyrene
for 3aandd and5a andd (ca 4 x 10%) is muchlarger
than ecyciophanefor 4a andd and 6a andd (10°-10°) at
253nm, the D valuesgraduallydecreasedvith progress
of photocycloadditiorin all casescorrespondingo the
consumptiorof the styrenederivatives.

Therelationshipbetweerny andD canbeexpresseds
shownin equation(4) on the assumptiorthat 3a and d
and5aandd arecompletelyconvertednto 4aandd and
6a andd, respectivelyat an early stageof the reaction.
Thederivationof equation(4) is describedn the Experi-
mentalsectionin detail.
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8a: n=5
8d: n=14

Scheme 1.
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'ln(D - D05cyclophane/5styrené + |n(53tyrene— ECycIophana

t
= ®gloestyrene / (1-10°)/D dt, (4)
0

whereDg denoteghe initial absorbanceSinceln(estyrene
— &cyclophang IS constantthe plot of —In(D-Doécyciophand
estyrend VS [y (1-10"P)/D dt gives Pl gestyrene as the
slopeof the straightline. By determining®glpestyrenefor
1c and other styrenederivatives,3a andd or 5a andd,
and using 0.39 as @4 for 1c, the ®d4 values can be
determinedor 3aandd and5a andd.

This methodis sufficiently reliable in the caseof 3a
and d; their consumptionis consideredto be virtually
equalto theformationof cyclophanegaandd, sincethe
isolatedyields are high. In contrast,the consumptionof
5aandd doesnot correspondxactlywith the formation
of 6a and d, but is slightly higher than expected.
However,the upperlimit of ®d4 for the photocycloaddi-
tion of 5aandd canbe reasonablyestimated.

Thequantumyieldsweredeterminedor 3aandd and
5a andd in isooctaneand acetonitrile.In all casesthe
pIOt of _In(D_Dogcyclophanésstyrena VS f(t) (1_107D)/D dt
wasfound to be sufficiently linear. The quantumyields
determinedon the basis of the slope ®glgestyrene are
summarizedn Table 1, alongwith the valuesreported
previously?

The quantumyields for the photocycloadditiorof 3a
andd in isooctang @y = 0.35)areashigh asthatfor 1c.
Thus, in this reaction, not only the yield but also the
efficiencyarehigh. Thequantunyieldsseemhardlyto be
influencedby the length of the oligooxyethylenechain,
althoughthe valueshavenotbeenmeasuredor 3b andc
becausethey are easily expectedto be the same.This
tendencyis in remarkablecontrastwith thatin 1 having
an oligomethylenechain.

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

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

Solvent
Styrenederivative Isooctane Acetonitrile Ref.
la 0.031 — 2
1b 0.38 — 2
1c 0.39 0.39 2, thiswork
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 0.17 —b This work

& Upperlimit of the quantumyield.
Measurement&ereimpossibleowing to theextremelylow solubility
of 5aandd in acetonitrile.
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thosefor 1c and3a andd, asexpectedrom the isolated
yields, althoughthe total chainlengthis equalto that of
3aandd. Sincethevalueg(®4 = 0.22and0.12)in Tablel
are the upperlimit of ®4 for 5a andd, the true values
shouldbe smaller.

Theseresultsapparenthindicatethatthe highyieldsin
the photocycloadditiorof 3a—d areobviouslyascribable
to the stericeffectsof the oligooxyethylenechainrather
thanthe electroniceffectsof the phenoxyoxygenatoms.
The oligooxyethylenelinkage is expectedto bring the
two styreneunits closetogetherin non-polarisooctane.
Such steric effects of oligooxyethylenelinkages are
apparently derived from the presenceof the ether
linkages.Theseareexpectedo makethe overalllinkage
moreflexible thanmethylenechains,asmentionedn the
Introduction.Suchsteric factorsfacilitate the proximity
of the two styrenemoietiesalmostindependenbf the
chainlength.Unfortunately,we could obtainno spectro-
scopic evidence supporting the proximity of the two
styrenemoieties. The UV spectraof 3d and 5d were
similar to each other; the position of the absorption
maximumwas260nm (¢ = 4 x 10% in both compounds.
Thefluorescencef both3d and5d wasextremelyweak,
and no intramolecular excimer formation could be
recognized,although the interaction betweenthe two
pyrenemoietiesat both endsof variouschainshasbeen
thoroughlyinvestigatedby excimerformation®

Although the phenoxy oxygen atoms at the para
position of the vinyl group seemsomehowto influence
also the behaviorof the excited state of 3,°> the weak
fluorescenceprevents a deeper insight from being
revealed.

The quantumyieldsin acetonitrilearealmostcompar-
ableto 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 andd
in acetonitrilewas unsuccessfubwing to the extremely
low solubility. Theisolatedyieldsof cyclizedproductsn
polarsolventssuchasacetonitrilewereoftenobservedo
belowerthanthosein non-polarsolventslt is concluded
again from this study that the low efficiency in polar
mediais dueto the decompositiorof productsdueto the
prolongedirradiation®

EXPERIMENTAL

General. Elementalanalysiswasperformedat the Tech-
nical ResearciCenterof InstrumentalAnalysis, Gunma
University. NMR spectravererecordecon a JeolAlpha-
500 FT NMR spectrometein CDCl; with tetramethyl-
silane (TMS) as an internal standard.Fast atom bom-
bardmen{FAB) massspectraveremeasurean a JEOL
JMS-HX110A mass spectrometer.UV spectra were
recordedon a Hitachi U-3210spectrophotometedn iso-
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octaneor acetonitrile.Melting points are not corrected.
Benzeneand tetrahydrofuranTHF) were distilled over
sodiumundera nitrogenatmosphereN,N-Dimethylfor-

mamide(DMF) wasdriedovermolecularsievesAA 1/16.

Othercommerciallyavailablereagentsvereusedwithout

further purification.

Preparation of 1,14-bis(4-acetylphenoxy)tetradecane
(7d). A mixture of p’-hydroxyacetophenong3.30g,
24.2mmol), 1,14-tetradecanedisylate (3.30g,
6.1mmol) and K,CO; (6.80g, 49.2mmol) was stirred
in DMF (300ml) at 30—-35C under a nitrogen atmos-
pherefor 3 days.After the mixture had cooledto room
temperaturegxcesK,CO; 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
anhydrousMgSQ,. The solutionwasconcentratedinder
reducedpressureo give 7d (1.63g, 3.49mmol) asa pale
yellow solid in 57% yield; m.p. 115-117C. *H NMR
(500MHz, CDCly), 6 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 CgzoHs30, (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 suspensiorof
LiAIH 4 (0.76g, 20.0mmol) in THF (90ml) at room
temperatureunder a nitrogen atmosphere.After the
mixture had beenstirred for 19h under reflux, water
(20 ml) andTHF (100ml) wereslowly addeddropwiseto
the reaction mixture. The resulting suspensionwas
filtered and the filtrate was concentratedinderreduced
pressuréo give 8d (1.59¢g, 3.38mmol) asawhite solidin
96% yield; m.p. 106-109C. *H NMR (500 MHz,
CDCl), 6 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 C5gH4s03 (MH™
— H,0), 453.3369;found, 453.3350.

Preparation of 1,14-bis(4-vinylohenoxy)tetradecane
(5d). A solution of 8d (1.59g, 3.38mmol) and pyridi-
nium p-toluenesulfonat€0.32g, 1.27mmol) in benzene
(120ml) wasstirredunderreflux overnightwith a Dean—
Stark trap. After the mixture had cooled to room
temperaturethe precipitatewasfiltered off. The filtrate
waswashedwith saturatecaqueoudNaCl solutiontwice,
dried over anhydrousMgSQ, and concentratedunder
reducedpressure The residuewas purified by column
chromatography(SiO,, hexane—benzenejo give 5d
(0.54g, 1.24mmol) asa white solid in 36% yield; m.p.
110-113C. *H NMR (500 MHz, CDCls), § 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,
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d, J=11.0Hz), 3.95(4H, t, J=6.5Hz), 1.77 (4H, m),
1.44(4H, m), 1.27 (16H, m). HRMS (FAB): calculated
for CagHa20, (MH ™), 435.3263found, 435.3285.

Photoreaction of 5d towards 6d. Photoirradiatiorof 5d
(0.164, 0.368mmol) wascarriedout with a 400W high-
pressurenercurylampthrougha Pyrexfilter in benzene
(185ml) undera nitrogenatmospherdor 2 h. Insoluble
materialwasfiltered off andthefiltrate wasconcentrated
under reducedpressure.The residue (yellow oil) was
stirred with borane—THFcomplex (0.75ml) in a small
amountof THF undera nitrogenatmospherdor 3 days.
Water was addeddropwiseto the mixture in order to
decomposdhe boranecomplex, until evolution of gas
stopped. The solvent was evaporatedunder reduced
pressureandtheresultingresiduewaspurifiedby column
chromatography(SiO,, hexane—benzenejo give 6d
(0.04g, 0.09mmol) asa paleyellow solid in 25%yield;
m.p.49-52C. *H NMR (500MHz, CDCly), § 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
C30H4302 (MHJr), 4353263;f0und,4353257

Spectroscopic data for 5a. M.p. 84—85C.*H NMR (500
MHz, CDCly), 6 7.33 (4H, d, J=8.6 Hz), 6.85 (4H, d,
J=8.6 Hz), 6.66 (2H, dd, J=10.9and 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 C,,H»40,, C 81.78, H 7.84; found, C
81.75,H, 7.84%.

Spectroscopic data for 6a. M.p. 118-122C. *H NMR
(500 MHz, CDCly), 6 6.90(2H, dd, J=2.3and8.4 Hz),
6.60(2H, dd, J=2.6 and 8.4 Hz), 6.56 (2H, dd, J=2.3
and8.4Hz),6.51(2H, dd,J=2.6and8.4Hz), 4.07 (4H,
t, J=6.0Hz), 4.00(2H, m), 2.47 (4H, m), 1.51(4H, m),
1.15 (2H, m). HRMS (FAB): calculatedfor Cy1H>50,
(MH™), 309.1855;found, 309.1876.

Derivation of equation (4). On the assumptiorthat 3a
andd and5a andd arecompletelyconvertednto 4a and
d and 6a and d, respectively,at an early stageof the
reaction,the @4 valueis definedasfollows:

‘I)dlstyrene: _dCstyrene/dt (5)

where Isyrene IS the intensity of the light absorbedby
styrenederivatives3a andd and5a andd and CgyrenelS
their concentrationlsy,eneiS €Xpresseds

|styrene: |totaIDstyrene/(Dstyrene+ Dcyclophané (6)

whereliqa is the total intensity of the light absorbedy
bothstyrenederivativesandcyclophanesindDsgyyrencaind
Deyciophancarethe absorbancesf the styrenederivatives
andcyclophanestespectively lioa IS expresse@s
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Itotal = IO[l - 107(D5tyre”e+DCyC|0phané] (7>

Equationg(5), (6) and(7) leadto
_dCstyrene/dt — (I)dlo[l _ 107(Dstyrene‘~’Dcyclophan$]Dstyrene/
(Dstyrene+ Dcyclophana (8)
By substitutingD for Dgiyrenet Deyclophane €quation
(8) becomes
—dCStyrene/dt — (bdlo(l - 107D)D5tyrenQ/D (9)
SinceDegtyrene= EstyreneCstyrened, Whered is the optical

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

—dCstyrene/dt = ‘I)dlo(l - 10_D)55tyren£styrene/D (10)

(_dcstyrene/dt) (1/Cstyren9 = (I)dlo(l - loiD)gstyrene/D
(12)

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

t
_InCstyrene: @dlo/ (1 - 10_D)€styrenQ/D dt (12)
0

When C, is defined as the initial concentrationof
styrenederivativesand Dy asthe initial absorbanceywe
obtain

Do = 5styrent,i:od (13)

On the assumption that styrene derivatives are
completelyconvertednto cyclophaneswe obtain

CO = Cstyrene"’ Ccyclophane(conStant) (14)

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

O 1998JohnWiley & Sons,Ltd.

D= (EStyreneCstyrene'f' 5cyc|0phan@cyclophanéd
= (Estyrene— Ecyclophanacstyrenéj + Ecyclophangod
= (5styrene— <‘fcyclophangCstyrené:i + Ecyclophangod
= (EStyrene_ 5cyc|ophanacstyrenéi + 5cyclophanpo/5styrene
(15)

Equation(15) is transformednto

Cstyrene: (D - DO€cycIophane/55tyrene>/(5styrene_ €cyclophana
(16)

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