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GENERA工。工NでRODUCT工ON  

RecentlY，muCh attention has been paid to photochemical   

electron transfer processes froIn the view point of mechanis－   

tic photochemistrY（energY StOrager Photoimaglngr PreParative   

ChemistrY，and so on．  

The presentinvestigation concerns with photochemica11Y   

induced electron transfer from organic molecules．  

Chapter 1 describes that photoexcitation of charge 

transfer compl已ⅩeS Of 4－methoxy－ and 4－methYl－StYrene With   

OXygenin a p0lar solventlike acetonitrile：reSultsin   

electron transfer from the stYreneS t0 0ⅩYgen tO generate   

radicalca七ions of the stYreneS f01lowed by their addition   

to the stYreneS finallY affording dimers of the s七YreneS．  

工n Chap七eごS 2 and 4′ a上土emp七Shave been under七aken   

to examine the electron transfer from excited organic   

COmPOunds，Particularly aromatic olefins and phen0ls，tO   

COPPer（＝＝）anairon（＝＝＝）salts finallY giving definite   

reaction products which have hitherto not extensively   

investigatea． Such photochernicalelectron transfer from   

the excited aromatic 0lefins and phen01s glVing their   

Cation radicalsis compared with the electron transfer   

in electrochemical oxidation as described in Chapters 3 

and 4r where the reactionintermediatesr their reactivitYr   

and selectivitY for reaction productsin both processes   

are discussed．  

－ 1 －   



CHÅpでER l  

ELECTRON TRAⅣSFER RESULT＝NG FRO机 EXC＝TAT＝ON OF CHARGE  

TRANSFER COMPLEXES BETWEEN SOME STYRENE DER＝VAT＝VES AND  

OXYGEN． THE ROLE OF OXYGEN AS AN ELECTRON ACCEPTOR ＝N  

PHOTOD＝MER＝ZAT＝ON OF SOME STYRENE DER＝VAT＝VES  

－  2  －   



SUmRY  

Formation of a charge transfer（CT）complex between   

4－methoxYStYrene（1）and m01ecular oxYgenis observedin   

the range of 320－370 nmin acetonitrile and benzene．   

＝rradiation of the CT complex resultsin the excited state   

in whicb・higher proportion of electron transfer takes place   

from the 01efin moiety to the oxYgen mOietY than the ground   

State CT complex； the excitea CT complex will，in a polar   

S01ventlike acetonitrile，undergo dissociationinto the   

Cation radicalofland superoxide anion to glVe finallY   

trans－1，2－bis（4－methoxYPhenYl）cYClobutane（3）through the   

dimer cation radicalofl，Vhile in a nonp0lar s0lvent   

SuCh as benzene，the excited CT complex cannot dissociate   

into the s01vated cation radicaユ oflana superoxide anion   

to aeactivateinto the ground state．  

On the other hand, 1 was irradiated under nitrogen 

atmosphere to afford cis－1，2－bis（4－methoxYPhenYl）cYClobutane   

（2）via the excimer of l．  

Similarirradiation of 4－methYIstYrene（5）under   

OXYgen atmOSPhere afforded 6－methYl－4－（4－methYIphenYl卜   

1，2，3，4－tetrahYdronaphthalen－1－One（9），Which seems to b  

a quenching product of tetralin－tYpe dimer cation radicals  

bY OXYgen SPeCies（020r02．）・  

－  3  －   



工NでRODUCTエON  

工n photochemicalreactionsr oxYgen has often been   

investigated onlY aS an OXidant． ＝tis wellknown that   

Singlet oxYgen generatea by dYe－SenSitization oxidizes   

01efins to afford hyaroperoxides．endoperoxides，’dioxetanes，  

carbonYIcompounds，and epoxides． 1）ェn contrast to active  

Studies of singlet oxYgen，anOther role of oxYgen aS an  

electron acceptor has hardlYattraCted attention． 2）  

Formation of charge transfer complexes between organic  

compounds and oxygenhasbeen observed． 3）However，its  

role in photochemical reactions had not been recognized 

untila few YearS agO． Recen七1Y，COPOlymerization of   

StYrene and α－methYIstYrene With oxYgen WaS rePOrted to be   

initiated by irradiation of the CT bands between the olefins 

and o＝ygen・ 4）AIso，eXCitation of charge transfer banas  

between hexamethYlbenzene and oxygenin methanoトbenzene   

WaS Shown to produce 2，3，4′5′6－PentamethYlben2：YIcations   

f01lowed bY reaCtion with methan01to glVel－methoxy－  

2，3，4′5，6－Pentamethylbenzene・ 2b）Furthermorerinaye－  

SenSitized phot00ⅩYgenation of trans－Stilbene，0ⅩYgen WaS  

reported to serveas anelectron acceptor・ 5）  

This chapter aims to report that photoexcitation of  

charge transfer complexes between 4－methoxY－ and 4－methyl－  

StYrene and oxYg・enin acetonitrile resultsin electron  

－  4  一   



transfer from the stYreneS t0 0ⅩYgen tO generate radicai   

Cations of the stYreneS f01lwed bY their adaition 七O the   

StYreneS finallY afforaing dimers of the stYreneS． This   

role of oxygen as an electron acceptorin the photo－   

aimerizationisin keeplng With that of the well－known   

electron acceptorslike nitriles，anhYdrides，PYrYlium  

salts，andiron（＝工＝）salts． 6）Therefore，the result of  

this work provides clear evidence for the role of oxygen   

as an electron acceptor and must give deep insight into 

elucida七ion of the mechanism of photooxYgenation．  

－  5  －   



RESUITS  

Formation of Charge Transfer（CT）Complexes between  

4－Methoxy－ and 4－MethYl→Styrene and OxYgen．  

The longest Mavelength end of the absorption band of 

3 
4－methoxystyrene（1，0．59mol／dm）lies at325nmin  

acetonitrile or benzene． On saturation of the s01ution   

With oxYgen a neW absorption band appearedin the range   

Of 320－370 nmin both s0lvents（Figurel）． This band   

disappeared reversiblY Onintroduction of argon to exclude   

OXygen・ Therefore′ the new absorption bandis reasonablY   

asslgned to the charge transfer（CT）resulting betweenl  

and oxy冒en． 
6）  

S土m土1arly′ 4－me七hyls七yrene（5）also exb土b土七ed an   

absorption dlユe tO the CT complex with oxYgen at the reglOn   

Of 310－370 nmin acetonitrile（Figurel）．  

Formation of a CT complex between 4一班ethoxYStYrene and  

1，4－DicYanObenzene．  

Under nitrogen atmosphere, olefin 1 absorbs the 

light shorter than 325 nm ana aLso Lr4－dicyanobenzene  

（DCNB）thelight shorter than300 nmin acetonitrile・  

ー  6  －   
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310  320  330  340  350  360  370  380（nm）   

F土9．1．UV spec七ra o王 Cで COmplexes：  

a：4－methoxYStYrene； b：4－methYIstyrene；  
C：between 4－methoxYStYrene and oxYgenin班eCN；  
d：between 4－me七hoxystyrene and oxygenin 王）hH；  
e：between 4－methoxYStYrene and DCNBin MeCN；  
f：between 4－methYIstYrene and oxYgenin MeCN．  

－  7  －   



3 
Eowever，a SOLutionof主（0・59m01／dm）inthepresence  

3 
of DCNB（0．08rn01／dm）in acetonitrile under nitrogen  

atmosphere exhibited a new absorption band at the region   

Of 320－390 nm to be asslgned to the CT complex betweenl   

and DCNB（Figurel）．  

＝rradiation of 4－MethoxYStYrene．  

でyplCalRun．   

3 As0lutionof主（0・59m01／dm）inacetonitrilewa  

irradiated under oxYgenin a uranium glass tube（effective  

at366 nm）with a high pressure mercurylamp to give cis－   

and transpl，2－diarYIcyclobutane（the head－tO－head cyclo－   

aaducts′ 2 and 3，reSPeCtivelY； COnVerSion 43 ％；yield   

31％； 2／3 ＝ 5／95）together with the product by oxidative   

cleavage，4－methoxybenzaldehyae（4，32 ％）・ The yields of   

the products were determined bY GLPC analyses and the   

structure of 2 and 3 was confirmed．on the basis of their   

SPeCtraldata after separation bY Chromatography on silica   

gel・  

二三…一二…  
ArCH＝CH2  

1  

班eCN  

（Ar＝4一班eOC6H4）   
＋  ArC壬ま0  

4  

－  8  －   
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The aldehyde 4 was identified by comparison of the 

retention time with that of the authentic sample on GLPC．  

The results of the irradiations of l under variou   

COnditions are surnmarized in Table l．  

＝rradiation of 4－MethYIstYrene．  

3 
＝rradiation of5（0．61m01／dm）in acetonitrile  

under oxYgen atmOSPherein a pyrex tube with the high   

pressure mercury lamp lea to the formation of three 

CyClodimers（20 ％），Cis－ and trans－1，2－bis（4－methYIphenyl）   

CYClobutane（the head－tO－head adducts 6 and 7，reSPeCtivelY）   

and the tetralin derivative，7－methYl－1－（4－methYIphenyl卜   

1，2，3，4－tetrahYdronaphthalene（8）（isomer ratio；6：7：   

8 ＝1：2：1），and a dimeric ketone of the olefin（20 ％），   

6－methYl－4－（4－methYIphenYlト1，2，3，4－tetrahydronaphthalen－   

1－One（9）together with 4－methYlbenzaldehYde（8 ％）． On  

3 theotherhand′irradiationof旦（0・61mol／dm）in  

acetonitrile under nitrogen atmosphere gave the cYClodimers   

6，7 and 8in a rati0 0f 65：20：15，but no dimeric   

ketone 9． The Yields of the products were determined by   

GLPC analYSeS． The structure of dimeric ketone 9 was   

identified bYits spectraldata and the preparation ofits   

PhenYlhydrazone derivative after separation bY C0lumn   

Chromatography on silica gelt while that of 6r 7，and＿8                                                                                                                                                                                                                                                                                                                            ′】  

－ 10  －   
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bY their spectraldata or bY COmParison of the retention  

6d）  
time with authentic samples．   

Photosensitized Dimerization of 4－methYIstYrene With DCNB．  

3 ェrrad土a七山nof4－methylstyrene（旦′0・69mol／血）in  
3 the presence of DCNB（Q・13m01／dm）instead ofoxYgen  

under nitrogen atmosphere affordedl－（4－CYanOPhenyl）－6－   

methYl－4－（4－methYIphenyl）－1，2，3，4－tetrahydronaphthalene   

（10）as a main product（30 ％），tOgether with the olefin   

d土mers（5 亀′ 6：7：8 ニ12：16：72）． でe七ral土nlO   

WaS SeParated bY C0lumn chromatographY On Silica geland   

its structure was determined on the basis ofits spectral   

data and the elementalanalYSis．  

ー 12  －   



D工SCロSS工ON  

（＝）PhotochemicalReaction of 4－MethoxystYrene．  

the Photodimerization of 4－Methoxy－  Wavelength Effect on  

StYrene under Oxygen．  

4－MethoxystYrene（l）absorbs thelight shorter than   

325 nm（Figurel）． The directirraaiation oflunder   

nitrogen atmospherein acetonitrile with254－nm Or 313－nm   

light gave cis－ and trans－CYClodimers 2 and 3in a rati0   

0f ca．90／10． ＝n this case the aimerizationis assumed   

to proceed through・an eXCimer as has previously been  

proposed for stYrene7）（Runs4ana5in Tablel）．  

Wavelength Effect  

Condition  wavelength   工SOmer Rati0  

2 ・ 3   

Run  

）
 
 
 
 
）
 
 
 
 
）
 
 
 
 
）
 
 
 
l
 
 
 
 
ヽ
l
／
 
 

l
 
 
つ
ん
 
 
3
 
4
 
5
 
 
′
b
 
 

254 nm   

313 nm   

366 nm   

254 nm   

313 nm   

366 nm  

63 ・ 37   

16 ・ 84  

5 ： 95   

90 ： 10  

つ
ん
 
つ
ん
 
2
 
つ
ム
 
2
 
つ
ム
 
0
 
0
 
0
 
N
 
N
 
N
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r
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′
 
 
 
 
 
′
 
 
 
 
 
′
 
 
 
 
 
′
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e
 
e
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e
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M
 
出
 
初
 
 

87  ： 13  

no reaction   
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On 七he con七rary′ 土rrad土a七土on oflunder oxygen   

atmospherein acetonitrile with366－nmlight gave 2 and   

3in a ratio of 5／95（yield 31％），tOgether with 4－methoxy－   

benzaldehYde（4）（Run 3in Tablel）． Because the CT   

absorption band betweenland oxYgen WaS Observedin the   

range of 320－390 nm，366－nmlight can excite onlY the CT   

COmPlex． On the contrary，nO reaCtion products wer   

essentially detected on irradiation under nitrogen in 

acetonitrile with366－nmlight which cannot be absorbed   

bY anY SPeCies（Run 6in Tablel）．  

However，under oxYgen，theirradiation vith shorter   

WaVelengthlights tended to decrease the ratio of the   

resulting trans－isomer・ ＝rradiationin a PYreX tube   

With the high pressure mercurylamp（effective at 313 nm）   

resultedin the cis／trans rati00f16／84（47 ％ Yield，   

Run 2）andirradiationin a quartz tube with alov pressure   

mercurYlamp（effective at 254 nm）resultedin the rati0   

0f 63／37（56 ％ Yield，Runl）． These resuLts can be under－   

stood in terms -that with. the decrease of the excitation 

WaVelength higher proportion of uncomplexed olefins ar   

excited which resuユ上in the production of the cis－dimer．  

－ 14  －   



S01ven七 Effec七．  

Although the CT band between 1 and oxygen was 

Observedin benzenein a similar reglOn tO thatin   

acetonitrile（Figurel），irradiation oflunder oxYgen   

in this s01vent with 366－nmlight gave no dimers（Run 8   

in Tablel）・ This remarkable s01vent effect suggests  

Solven七 Effect  

Run Condition wavelength ＝somer Rati0  

2 ： 3  

2） MeCN′ 02  

3） MeCN′ 02  

7） Phエ′ 02  

8） PhH′ 02  

313 nm  16 ： 84   

366 nm  5 ： 95  

313 nm  80 ： 20   

366 nm  no reac七土on  

that excitation of the charge transfer comple3（betweenl   

and oxYgen reSultsin the excited statein which higher   

PrOPOrtion of electron transfer takes place from the   

0lefin moietY tO the oxygen moietY than the ground state CT   

COmPlex；the excited CT complex will，in a polar solvent   

l土ke ace七On土七rile は土electric cons七an七：37．5）′undergo   

dissociationinto the cation radicalofland superoxide   

anlOn． However，in a nonpolar solvent such as benzene   

（dielectric constant：2．3）．the excited CT compixes can－   

no七 d土ssoc土ate 土n七O the solva七ed ca七土on radical of l and   

SuPerOXide anion．  

－ 15  －   



The free－energY Change（△G）associated with the electron  

transfer processis givenbY Eq．18）vhere E（D／D＋）and  

E（A‾／A）are the oxiaation potentialof the donor（D）and  

the reduction potentialof the acceptor（A），reSPeCtively，  

and e。2／Eαis the energY（ca．0．06eVinMeCN）gainedbY  

bringlng the two radicalions to the encc）unter distance   

（α）in a s01vent of dielectric constant E：．  

△G（kcal／m01）＝23・06【E（D／D＋）岬E（A／Aトe。2／Eα］  

－△Eo＿0 （kcal／mol）  

（Eq．1）  

The calculation of the free－energY Changein the   

photochemical electron transfer process from olefin 

lto oxy冒en gユVeS 七he nega七土ve value of △G．whユch．ind土ca七es   

that the photochemicalelectron transfer can reasonablY   

take placein the primarY PrOCeSS Of the photochemical   

reaction（Table 2）． Similar calculation shows that the   

Photochemicalelectron transfer between 01efinland   

DCNB can als0 0CCur（Table 2）．  

The result of irradiation at 313 nm showed that the   

rsaction in benzene under oxygen atmosphere was initiated 

fromlight－absorption bYlbut not by the CT complex，Which   

enforces the photodimerization via the excimer oflto  

官主ve d土mers旦and旦in a・二ra七土00f80／20（．y土eld18 亀）  

together with4〔11％）（Run 7in Tablel）．  

－ 16  －   



Table 2． The Free－ヱnergY Change（△G）Associated with the  

Photochemical Electron Transfer ProcesS from  

4－MethoxYStYrene t0 0ⅩYgen Or DCNB．  

Eox／V  Ered／V  Calc山a七ed  

△G′ kcal／mol  

4一皿eOC6H4CH＝CH2  1・15  

O 
2  

1′4－（CN）2C6H4  

1．28   －39a）or－23 日’）  

2．00  －23a）or－7 b）  

a）∧Gwas calculated using94kcal／m01（the energYOf  
the singlet excited state ofl）as AE 

o－0・  

△G was calculated using 78 kcal／mol（the energY Of  
366－nmlight emploYed to excite the CT complex）as  

△Eo－0・  

b）  

－ 17  嶋   



Photosensiti2：ed Dimerization．  

a）Photosensitized Electron－Transfer Dimerization of  

4－Me七hoxys七yrene・  

3 ＝rradiationof a solutionof主（0・59∴mOl／dm）inthe  
3 

presence ofl，4－dicYanObenzene（DCNB，O・12mol／am）in  

acetonitrilein a uranium glass tube（366 nm）andin a   

PYreX tube with the high pressure mercurylamp（313 nm）   

gave the cis－ ana tranS－aimer（Yield：68 ％in Run12，   

42 ％in Runll）in a rati0 0f 2／98 as previousIY rePOrted  

byYamamoto e七al・ 6b）  

Photosensitizea Dimerization  

Run Condition Wavelength エSOmer Ratio  
2 ・ 3  

5 ・ 95   

22 ： 78  

3）MeCN′02  366 nm 

9）MeCN′N2  313 nm 

4一班eOC6E4CEO  

MeC勘N2  366 nm 

Ph2CO  

MeCN′N2  313 nm 

DCNB  

MeCN，N2  366 nm 

DCNB  

13 ； 87  10）  

2 ： 98  11）  

2 ： 98  12）  
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The resultingisomer ratioin this reactionis very  

Similar to that obtainea from the dimeri2：ationin the   

PreSenCe Of oxYgen（Runs 3，11，and12）． Yamamoto mentioned   

that no photodimeri2：ation ofloccurredin the absence of   

DCNB and proposed a mechanism through which the excited 1 

interacts with DCNB to give the cation radicaloflfinallY  

resultingin dimerization ofl． 6b）However，inviewof the  

PreSent Observation of the formation of the CT complex between   

land DCNBin the ground state（the reaction must proceed   

through excitation of the CT complex f01ユowed by dissociation   

int0 01efin radical cations and DCNB anion raaicals． The   

01efin radicaL cations add to the ground state olefins to   

● gLVe Olefin dimer cation radicals which accept an electron   

from superoxide anion．finallY tO glVe the olefin aimer．  

b）Triplet Sensiti2：ed Dimerization of 4一班ethoxystYrene．  

On triplet sensitization with benzophenone under   

nitrogen（366 nm）in acetonitrile，lgave the dimer  

（50 ％Yieid）in a differentisomer ratio（呈／三＝13／87）  

from thatin the dimerization under oxYgen mentioned   

above〔Runs 3 andlO）． 4－MethoxYbenzaldehYde（4）hardlY   

sensitized the dimerization on irradiation in a uranium   

glass tube（366 nm）； however，4in a PYreX tube（313nm）  

under nitrogenin acetonitrile sensiti2：ed the dimerization  

－ 19  －   



to produceまand呈in a ra七i0Of22／78（75％Yiela）（Run9）・  

These results rule out a possibilitY that on the   

irradiation oflunder oxYgen With 366－nmlight the   

resulting 4 would sensitize the reaction and also the   

reaction wolユ1d proceed through triplet sensitization・  

Machan土sm．  

The results of irradiations of l under various   

COnditions are simpIY Surnmariヱedin Table 3．  

As Table 3 shows，the higher ratio of cis－dimer 2   

to trans－dimer 3 is observed in the direct irradiation   

Oflwith 313－nmlight under nitrogenin acetonitrile，   

With254－nmlight under nitrogen or oxygenin acetonitrile，   

and with313－nmlight under oxYgenin benzene，While the   

higher rati0 0f trans－dimer 3 to cis－dimer 2 is obtainea   

in the irradiations of the CT complexes between 1 and oxvsen 

and betweeniand DCNB with 366－nmlightin acetonitrile，   

andin the benzophenone－SenSitized reaction with 366－nmlight．   

＝n a benzene solution where the CT complex betweenland   

OXYgen WaS Observedin a similar wavelength reglOn tO that   

in acetonitrile′ theirraaiation of the CT complex with   

366－nmlight caused no reaction・  

Therefore，these results are most plausibly explainea   

by consideration of twointermediates，the excimer for   

direct irradiation and the cation radical of l for  

－  20  －   
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excitation of CT comp⊥ex． As Shernelexplains，On direct   

exciヒatio甘the｝exCited olefin willinteract with a ground   

State Oユefin m01ecule to glVe an eXCimer with the geometrY ■  

in which the aromatic rings are overlapped with each other．   

FinallY，the excimer willcollapse in七O Cis－dimer 2． On   

irradiation of the CT complexin acetonitrile，the excited   

CTノC：OTnPlex willundergo dissociationinto the cation radicals   

Ofl・and superoxide anions． These radicalions willeither   

behave like the radical ions produced from excitation of 

the CT complex between the olefin and DCNB or willundergo   

back electron transfer to generate the triplet state of   

the oユefin bY COnSerVing・七he triplet nature of the radical   

pa土r foごmed 土n土七土ally．  

To examine thela七ter possibility，an attemPt WaS   

done to compare the energy between the radicalion pairs   

and the Dlefin triplet state．  

The free energy of the pair of the radicalcation of   

l and a superoxide anionin acetonitrile can be estimated   

by Eq．2 to be ＋ 54 kcal／molover their ground state   

m01ecules．  

△G（kcal／m01）＝23．06ほ（D／D＋トE（Å－／Aトe。2／Eα］  

（Eq．2）  
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The energy of the singlet excited state of 1 is estimated 

to be 94 kcal／moユ，′fron＿its fluorescence spectrum and that   

Of the triplet excited stateis assumea to be nearlY 60   

kcal／m01because the triplet energy of stYrene WaS rePOrted  

to be62kcal／mol． 9）suchestimation for the excitea  

State enables to depict the energY diagramin Figure 2．   

This diagram exciudes the possibility for production of   

the triplet 01efin from the pair of the 01efin radical   

Cation and the superoxide anion，Since this processis   

endo七b－erm土c by ca．6 kcal／皿01．  

Therefore，itis reasonable to conclude that on   

excitation of the CT complex the resulting olefin radical   

Cations・ada to ground state olefin to glVe01efin dimer   

ca，tion radicals to which an electroh．is revertea from   

SuPerOXide anions finally to glVe the 01efin dimer． ＝n   

the interaction，Of the Ladical cation and the olefin   

m01ecule to glVe the dimer cation radical・／the aromatic   

rings substitutedin the ethyleniclinkages willavoid   

Steric crowaingt therefore to take a trans－COnfiguration・   

The mechanism for photoaimeri2：ation of 4－methoxYStYrene   

is sunlmari2：ed as shoⅥn in Scheme 2．  

ー  23  －   



Scheme l  

二三…  

C土s－d土mer（2）  

1）如CH＝CH2（S丈トー  

士二≡二  

tr土ple土  

b土rad⊥caユ   

1  

2）餌CH＝CH2（で☆）→  

二二三…  

trans－d土mer（3）  H  H   

S土ng・1et  

b土rad土cal  

3）（ArCH＝CH26∴・・026－）  ArCH－CH2ナ ＋ 02・  

二二 

,Y ニニ三±≡ニ‡て     ‾‾‾  H  H  Ar  

trans－d土mer（3）   
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94 kcal／m01  

（161・・026－）★  

ト＋02  

54 kcal／m01  

4一班eOC6H4CH＝CH2  

1   
（1叶・026疇）  

Fig・2・ EnergY diagram of a triplet mechanism  
through the excited CT complex between  

land oxy冒en  

ー  25   
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（＝＝）ぎhotochemicalReaction of 4－MethylstYrene．  

Tでてadiation of 4－methYIstYrene（5）under oxYgenin  

acetonitrile gLVeS the three cYClodimers，6，7，and 8，and   

the dim巳ric ketone of the olefin，9（Scheme 3）．   

エrradiation of 5in the presence of DCNB as an electron   

aししC上｝L（〕・：dE工ordsl－（4－CYanOphenyl）－6－methyl－4－（4－methYl－   

PhenYl卜・1，2，3，4－tetrahYdronaphthalene（10），tOgether with   

the 0lefin aimers（6：7：8 ＝12：16：72）． Comparing   

the present results with that reported previousIY bY   

Yamamot〇 et al・．ketone 9 and diaryltetralin10 seem to   

be 甘uenChing products of tetralin－tYPe dimer cation radicals  

bY OXYgen SPeCeis（020r O2・）and DCNB（neutralmolecule  

Or anion raaical），reSPeCtively，aS depictedin scheme 3，   

because tetralin－tYPe dimer 8is reported to be produced  

onlY tbごOughthe0lefin cation radicals： 6d）the triplet  

SenSitiヱed dinerization of 5 bY ben2；OPhenonein benzene   

9aVe Only cyclod土mers旦and7in a ra七土00f20／80bu七  

notetralin－tYPe dimer8・ 6d）Therefore，theproduction  

Of dimeric ketone 9 indicates that excitation of the   

CT complex between 5 and oxYgenin acetonitrile causes   

the dissociationinto the cation radicalof 5 and super－   

0Ⅹide anion from the excited CT compLex．  

－  27  －   



ロ；＋⊂慧ニビ①つ  
Ar  

わv  

4－MeC6H4CH＝Cfi2  

5  

ph2CO′ PhH  

7  8  

20  80  0  （Ar＝4一班eC6H・4）  

RecentlY．Arnold et al．reported that photochemica1  

月iTnerization of Ph2C＝CH2（＝）or cross－CyCloaddition of＝  
With Me2C＝CE2in the presence of CE2＝CⅡR（R＝CN，CO2Me）ana  

4－NCC6H4CO2Me，4－NCC6H4CN，Orl，4－dicyanonaphthalene as a  

Photosensitizer gave the appropriate tetrahYarOnaPhthalene  

工＝（R＝Ph・Me；Rt＝CN，CO2Me）through trapping of the  

trieneintermediate＝＝1bYanene reaCtion． 
10） 

However，  

it should be noted that such quenching products of dimer   

Cation radicalslike 9 andlO have been scarcelY rePOrted．  

‾‾－－一ニーニ三〒二  

（工工工）  
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EXPER工HENワAエ  

Allthe melting points and boiling points are un－  

corrected・l＝－NMRand13c－NMR spectrawererecordedon  

aJEOLJMN－M正一iOO spectrometer and aJEOL FX－100 spectro－   

meter，reSPeCtivelY，in deuteriochloroform with TMS as an   

internalstandard． ＝nfrared（＝R）spectra were obtained   

from a Hitachi260－50 spectrophotometer and UV spectra   

Were meaSured bY meanS Of a Hi七achi200－20 spectrophoto－   

meter． Mass spectra were determined with a HitachiRMU－   

6MC mass speqtrometer・ C01umn chromatographY WaS Carried   

Out under pressure on silica gel（Merk Kieselge160，Art．   

9385）using benzene and dichloromethane as eluents．   

＝rradiations for photochemicalreactions were carried out   

With a 400－W high pressure mercurYlamp（Riko UVL－400HA）   

Or With a160－Wlow pressure mercurylamp（Riko UVL－160LA）．  

Ma七erials．  

4一班ethoxystYrene and 4pmethYIstYrene Were PrePared   

bY decarboxYlation of the corresponding cinnamic acids  

as describedin theliterature． 11）Acetonitrile and  

benzene，PurChased from Wako Pure Chemical＝ndustries′   

Were guaranteed reagents and were distilled before use・  

－  30 1－   



Charge Tr草空軍fer（CT）Absorption spectra of StYrene   

Der⊥va七土ves．  

CT Spectra with M0lecular OxYgen．  

samplesof主（0・59mol／dm3inacetonitrileorbenzene）  

Were placedin a sample celland a・reference cell，and a   

stream of oxygen was passed for several minutes through 

the samplein the sample cell． Spectra were measured at   

room temperature． ＝rnmediatelY after a spectrum was   

recorded argon was passed through the sample and a   

SPeCtrum WaS again measured． The band observed unde   

OXYgen atmOSPhere completelY disappeared at r00m temPerature   

by ar90n bubbl土n冒．  

similariY，CT spectraof旦（0・6lmoL／dm3inaceto－  

nitrile）with m0lecular oxYgen Were meaSured．  

CT Spectra withl，4－DicYanObenzene（DCNB）．  

A s01ution of the CT complex was preparedimmediateLY   

before measurement bY mixing an acetonitrile solution of  

3 主（0・5タm01／血）wi蝕DCNB（50m9′0・39mm01）・me  

SPeCtrum WaS meaSured at room temperature bY a COnVentional   

method using a Hitachi200－20 spectrophotometer． ＝n a   

reference cell was placed an acetonitrile solution of a 

－  31 －   



donor at the same concentration asin a sample cell．  

（＝）P昼OtP申enicalReaction of 4－MethoxYStYrene．  

a）些早阜ia＿tions with a High Pressure Mercury Lamp．   

3 
A s0lution（3cm）of4－methoxYStYrene（238mg，l．78  

JrmOl）in acetonitrile or ben2：ene WaS irradiated unaer   

OXYg・en Or nitrogen atmospherein a pyrex tube or a uranium   

glass tube with a 400－W high pressure mercurYlamp for16   

h at roo皿temPerature． The yields of allproducts were   

determined bYkGLPC analysis on a fIitachi163 gas chromato－   

graph equippea with a flameionization detector using 2 m   

C0lurnns of 5 ％ P01Yethylene glYC0120M and 5 ％ Silicone   

GE SE－30（Table l）．  

b）＝rradiations vith a Low Pressure ヱ4ercury Lamp．   

3 
Å・solut土on（3cm）of4－me七hoxys七yrene（238mg′1．78  

mol）in acetonitrile wasirradiateain a quartz tube   

With a160－Wlow pressure mercurylamp under oxygen or   

nitrogen atmosphere for16 h at r00m temPerature． The   

Yields of products were determined bY GLPC analysis   

（でable l）．  

－  32  －   



C）Sensitized Photodimerization．  

3 
As01ution〔3cm）of4－methoxYStYrene（238mg，l．78  

rnmol）in acetonitrile wasirradiatedin the presence of   

4－methoxYbenzaldehYde（56mg，0．41rnmol）orl，4－dicyano－  

benzene（50mg，0．39rnm01）in a pYreX Or a uraniumglass  

tube with the high pressure mercury lamp under nitrogen 

atmosphere at r00rn temPerature・ The Yields of products   

Were determined bY GLPC analysis（Tablel）．  

工S01a七土on of Reac七土on products．  

a）cis－1，2－Bis（4－methoxyphenyl）cYClobutane（2）  

4一朗ethoxYStYrene（2 g，15 rnm01）wasirradiatedin  

3 acetonitrile（25cm）witha160－WlowpressuremercurY  

lamp under nitrogen stream at room temperature． After   

48 h′ 4－methoxYStYrene WaS COmPletelY COnSumed as deter－   

mined bY GLPC analYSis・ C01urnn chroma七OgraPhY On Silica   

ge10f the reaction mixture gave a dimer・ The structure   

Of the di皿er WaSidentified as cis－1，2－bis（4－methoxYPhenYlト   

CYCIobutane from the following spectra data・ GLPC analYSis   

showed the formation of the trans dimer（3）as well as 2   

（2／3 ＝ 91／9）．  

2：0土1；那：m／e268（M＋）′240，225′134 佃＋／2′100亀）．119：  
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1R一肌R（COC13）‥62・36しq′4H′CE2）′3・64〔s′紬′0堀・  

3．86（m′ 2H．．Cモ1）．6．52－6。84（q，8H′ arOma土工c E）；  

13cィNMR（CDC13）：6157・4（s】′133・7（s）′128・8（d）′113・0  

（d），55．0（q）′ 44．5（d）′ 24．5（t）．  

b）trans－1，2－Bis（4－methoxyphenyi）cYClobutane t3） 6b）  

＝rradiation of 4－methoxYStyrene（50Q mg，3．7 rnm01）  

3 in acetonitrile（5cm）under oxygen atmosphere through  

a pYreX filter with a 400－W high pressure mercurYlamp   

for 24 h gave trans－dimer 3（320 mg，64i）after   

SeParation bY ChromatographY On Silica gelwith benヱene   

as an eluen七．  

互：0土1；班S：m／e268（M＋）′266′240′225′160′134（㌦／2′  

100 亀）′ ユ19； 工R（＿neat）：2940，1600′1500′1450，1280．1250．  

1170′1030′820cm－1；1E－NHR（CDC13）：62・12（m′4H′2CH2）・  

3．40（m，2R，2CH），3．72（S，6H，20Me）．6．72－7．12（q，8H，  

aromaticH）； 13c－NMR（CDC13）：6158・0（S）′136・8（S），127・6  

（d）′113．7（d）′ 55．2（q）′ 47．8 は）′ 26・0（t）・  

－ 34 －   



（＝＝）PhotochemicalReaction of 4－11ethylstyrene．  

General Procedure．  

3 
A s01ut土on（3cm）of4－me七hyls七yrene（216mg′1．83  

rtm01）in acetonitrile wasirradiated under oxygen or   

nitrogen atmospherein a PYreX Or a uranium glass tube   

With a 400－W high pressure mercurYlamp at r00m temPerature   

for 20 h using a merrY－gO－rOund apparatus． The Yields of   

the products were determined bY GLPC analYSis．  

工S01a七土on of Reac七土on 王）roduc七S．  

a）6－MethYl－4－（4－methYlphenYl）－l，2，3，4－tetrahydronaphthalen－  

1－One（9）  

4－MethYIstYrene（1．8 g，15 rnm01）wasirradiatedin  

3 aceヒOnitrile〔60cm）＿under oxygen atmosphere througha  

PYreX filter with a 4QQ－W high pressure merc一ユrYlamp at   

r00m temPerature． After 72 h，4－methylstYrene WaS   

COmPleteiY COnSumed as determined bY GLPC analYSis and   

9 was separated from other aimers（6，7，and 8）bY   

ChromatographY On Silica gelusing ben2：ene aS an eluent・  

9：0土1；MS：m／e250（M＋′100篭）′235．222′ 208；工R（nea七）：  

1670cm－1′Vc＝0； 1H一甜R（CDC13）：62・34（s′3HパH3）′2・30  
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（sr3HIC且3）12・3－2・65（m・4fi，CH2CH2）14・0－4・25（m，1H，CH）′  

6・7－8・0れ7江′arOma七土c恥 13c一皿R（CDC13）：6197・7′146・4′  

144．3′140．7′136．2，130．6′129．8′129．2，128．4′127．9′127．2，   

44．8′ 36．5，3l．9，21．7，21．0． The phenYlhYdrazone of 9，   

mp131－133 0C（dec）； Anal．Found：C，84．73；H′ 7．10；N，  

8・26％・Calcd for C24H24N2：C，84・66；H，7・10；N，8・22％・  

b）1－（4－CYanOPhenYl）－6－methYl－4－（4－methYIphenYlトー1，2，3，4－  

tetrahYdronaphthalene（10）．  

4－MethYIstyrene（l．8 g，15 mm01）wasirradiatedin   

the presence ofl，4－dicYanObenzene（lg，8：mmOl）in  

3 acetonitrile〔250cm）withthe highpressure mercurYlamp  

under nitrogen stream at room temperature・After 44 hl   

the solvent was evaporatedin vacuo and silica gel   

cbごOmatOgraPhY Of th．e residue gave dimers（7 ana8，traCe）  

andlO（Yield 570 mg，21％）as al：lmixture of cis－  

and trans－isomers′ the asslgnment Of which was carried out  

with13c－NMR spectrum・  

主旦：Colorless amorphous；mP11ト112 0c from hexane－methanol；  

班S：扉e337 佃十）′245（100亀）′234′219，208；エR（RBr）：2210  

－1 
cm，Vc≡N； lH－NMR（CDC13）：6l・6－2・l（m，4H′CH2CH2），2・16  

and2・18（s′3H′CH3）′2・30（S′3H′CH3）′3・95－4・35（m′2H′  

2CH）J6ふ7・55（m′11H′arOmat土c軌13c－NMR（CDC13）：6153・3′  

－  36  －   



153．2′144．0′143．9．140．0′139．6．136．3．136．1，135．7′   

135．3，ユ35．2，132．1，131．0，130．7′129．9，129．6．129．0′   

128．6．127．5′127．3′119．0．109．9′ 45．7′ 45．6．45．3′ 44．8′   

30．9，30．1，29．7，2l．0． Anal．Found：C，89．03；H，6．87；  

N′4・16毛・Calcd王or C25H23N：C′ 88・9フ∫H′ 6・那；N′ 4・15宅・  

（8）6d）  1－（4一班ethYIphenYl卜7－methYl－1，2，3，4－tetrahYdronaphthalene   

旦：0土1；MS：m／e236佃＋）′221′208′193′144（M＋－4rMeC6H4′  

100亀）′129′118； 13c－N皿（CDC13）：6144・5（s）′139・1（S）′  

135．1（s）′134．8（S）′134．3（s），130．4（d），128．7（d）′   

128．6（d）．126．6（d）．45．0（d）′ 33．3（七）′ 29．3（七）′ 21．0   

（t and q）．  

（6）6d）  C） cis－1，2－Bis（4－methylphenYl）cYClobutane  

4－MethylstYrene（1．8 g，15 mm01）wasirradiatedin  

3 acetonitrile（250cm）with a160－Wlow pressure mercury  

lamp under argon stream at r00m temPerature for 4B h・   

The s0lvent was evaporatedin vacuo and the residue was   

SeParated by chromatographY On Silica gelto give ＿6（lg，   

56 亀）and 亡race amoun七S Of 7 and 8．  

6：0土1；MS：m／e236（朗＋），208，193′1フ8，132′118（M＋／2，  

100 亀】′ 90： 工R（neat）：2930，1500′1440．1310′1130′ 810′  
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730cm 13c一肌R（CDC13）ニ占138・6（s），134・7（s），128・3  

（d）′127さ8（引′ 44．9 rd】′ 24．6（七）′ 21．0（q）．  

d）trans－i，2－Bis（4－methylphenyl）cyclobutane（7） 
6d）  

3 
A s01ution（3cm）of4－methylstYrene（216mg，l・83  

mm01）in acetonitrile wasirradiatedin the presen〔：e Of   

ben認Ophenone し100 mg■′ 0．55 m01）1・土n a uran土um 9ユass 七ube   

With a 400－W high pressure mercurYlamp under argon   

atmosphere at room temperature to giVe 6 and 7in a rati，0  

0f30／70but no tetralin dimer旦・The stmcturalasslgn－  

ment of trans－CYClobutane dimerヱWaS made bY GC／mass・  

工：M£：m／e236囲＋）′234′22ユ′219′206′193′191′179′  

178′144′ユ18（劇＋ノ2．100亀），105′90・  
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（＝＝＝） ＝rradiation ofl，2－Bis（4一皿ethoxyphenYl）cYClobutanes  

〔2 and 3）  under oxYgen AtmoSPhere．  

3 
s01u七土ons（3cm）of2（105mg′0・4mol；pur止y75亀）  

Or 3（120 mg，0．45 mm01；PuritY 86 ％）in acetonitrile were   

irradiatedin pYreX tubes or uranium glass tubes with a   

400－W high pressure mercurylamp using a merrY－gO－rOund   

apparatus und・er OXYgen atmOSPhere at roo‡n temPerature for   

16 h． After theirradiation，the conversion of the starting   

materials and theisomer rati0 0f the cis－ and trans－CYClo－   

butane dimers were analYZed bY GLPC． The resuユts are   

ShoⅥユ in でable 7．  

Table 7． ＝rradiation ofl，2－Bis（4－methoxYPhenyl）cyclobutanes  

in Acetonitrile under Oxygen Atmosphere 

Run Cyclo－  Conc・   Tube  エrr・  Conv・＝somer Ratio  
3 butane （mol／dm）  T土me（h）（亀）  2・3（亀）  
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CHApでER 2  

PfIOTOC正三M＝CAL ELECTRON TRANSFER FROH AROMArTITC■nLf：FrNS   

TO METALL＝C ＝ONS． DE王）ENDENCE OF TⅡE REACT＝ON COURSE  

ON TEE SでRロCでロRE OF でEE O工Eア工NS  
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SUMARY  

To examine the photochemicalelectron transfer from   

aromatic 01efins to copper（＝＝）oriron（工＝＝）ions，irradi－   

ation of a series of substituted styrenes（l）T＾T巧S Carried   

Outin the presence of copper（＝エ）oriron（＝＝エ）saltsin   

methanol，Which gave dimethoxylated monomers（2）and one   

Or mOre Of three tYPeS 工αα－（3），αβ－（4），and ββ－（5）］of   

dimethoxYlated dirners・ The formation of these products   

are reasonablY attributed to the particIPation of the   

Cation radicals of the olefins generated bY electron   

transfer from the excited olefins to the metallicions   

Substituents on the substrates are found to govern the   

reac七土on products．  
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工NでRODUCで工ON  

Recently／muCh attention has been paid to the photo－   

chemical electron transfer processes from the view point of 

mechanistic photochemistrYr energY StOrager Photoimagingl  

preparative chemistrY，and s00n・ l）＝n this chapter，  

attempts have been undertaken to examine the electron   

transfer from excited organic compoundst particularlY  

aromatic 01efins，tO COPPer（＝＝）andiron（＝＝1）salts finallY  

glVing definlte reaCtion products which have hitherto not   

been extensivelvinvestigated． Photochemicalelectron   

transfer from stYreneS giv⊥ng their ca亡ion radicals has   

been investigated through excitation of orgacic electron 

acceptorslikelr4－dicYanObenzene or methY14－CYanObenzoate   

f0110Wed by electron transfer to their excited state from  

2－4）  
ground－State StYreneS．  

Tsutsumiand 班uraireported previousIY that the   

Photochemicalreaction of stYrene（la）in the presence   

Of copper（＝＝）perchloratein methan01gave a dimethoxylated   

monomer 2a and a dimethoxYlated dimer（αα－dimer 3a）as  

土s01able produc七S． 
5）  

254 nm  
PhCH＝CH2  

＋  
ph宇HCH20班e  

phCHCH20班e  

3a（αα－d土mer）   

PbCHCH20Me  ‡   

OMe  

2a  

Cu（ClO4）26H20  

1a  MeOH  
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Kowever，the mechanism has been unobvious untilnow．   

工 Carried out this photochemicalreaction for a series of   

StYrene derivativeslto find otherisomeric dimethoxYlated   

dimers 4（cLβ－dimer）and 5（ββ－dimer），that the reaction   

PrOducts are obtained through photochemicalelectron   

transfer from the excited olefinslto the metallicionst   

that the reaetion course of the cation lradicals of 1 was 

COntrOiled bY the substituents on the α－，β－，and ppcarbons   

of the olefins 1, and that the reaction products are 

Similar to those of the electroIYSis of the stYrene deriva－  

tives 1 with a platinum anode in the same solvent as 

describedin chapter 3．  

ArCRCHRIcRCHR10Me   
l  t  

OMe Ar  

4（αβ－d土mer）  

ArCRCHRICHRIcRAr   
！  ‡   

OMe  Ome  

5（ββ－dエmer）  

－  45  －   



RESU工」でS  

PhotochemicalReaction of Substituted StYreneSin the  

Presence of 祖etallic 工OnS in Methan0l  

TypICalRun．  StYrene（1a，28 mm01）wasirradiateain  

the presence of copper（＝＝）perchlorate（56 mm01）in methan01  
3 （300cm）under nitrogen stream at r00mtemPeratureWith  

a160－W ⊥ow pressure mercurylamp for 40 h． After 七he   

irradiation，70 ％ ofla was consumed and a dimethoxYlated   

monomer 2a（Yield 41％）was obtainedin addition to three   

types tαα－〔3a′ y土eld 4 亀）′ αβ－（4a′ 0．7 宅）′ ββ－（5a．1．5 亀）】   

Of dimethoxYlated dimers（see Schemel）． During theirradi－   

ation，a Smallamount of meta11ic copper was precIPltated．   

The structure of the products wasidentified by GC／mass   

SPeCtrain comparison with authentic samples obtainea   

from the anodic oxidation oflain methan01with a platinum   

Or a graPhite anode as describedin Chapter 3． Yields of   

the reaction products were determined bY GLPC analYSis．  

＝n contr0lexperiments，Whenla wasleft standing  

in methan01with Cu（ClO4）2for25daYS under nitrogen  

atmosphere at room temperature，la was completelY reCOVered，  

and alsoirradiation of Lain the presence of Cu（ClO4）2in  
methanoiwith visiblelight through a PYreX filter under   

nitrogen atmosphere at room temperature gave only a trace   

amoun七 Of 2a．  
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Scheme l．  

たv／Cu2＋  Ar＼  
C＝C   

／H  ArCRCHRIOMe  
f  

OMe  

2a－g  

ArCRCHRToMe  
E  

ArCRCHRloMe   

3a－C′g（αα－d土mer）  

R／  ＼R一  皿eOH  

＋  
ph？HCH2？HCH20He ＋  

OMe Ph  

4a（αβ－d土mer）  

ArCRCHRIcHRIcRAr   
l  I   

OMe  OMe   

5a－d′f′冒（ββ－dlmer）  

a：Ar＝Ph，R＝RI＝勘 b：Ar＝4－CIC6H4，R＝RI＝勘 C：Ar＝Ph，R＝現e，  

R－＝H； d：År＝R＝ph′ R－＝H； e：Ar＝Ph′ R＝H′ R暮＝Me； f：Ar＝  

4一班eC6H4′R＝Rl＝H∫ 9：Ar＝4一班eOC6H4′R＝針＝H・  
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Similarirradiations of stYrene derivativeslin the  

PreSenCe Of Cu（Cl04）2in methan0lwere carried out・The  

results are sumarized in Table l． The use ofiron（＝工工）   

PerChlorateinstead of copper（＝＝）perchloratein the   

Photochemicalreaction ofla－din methan01gave 2a（12 ％），   

2b（13 ％），2c（24 ％），and 2d（24 ％），reSPeCtively′ but   

Other products were notis01atedin allthe cases  

0Ⅹidation Potentials．  

■The oxidation potentials of  olefins Z were 

determinedin acetonitrile by cyclic v01tametrY Wi七h   

an electrochemical cell composed of a platinum wire as 

an anode，a Platinum gause as a cathode，and a Ag／0．l  

mol／dm3AgNO・3referenceelectrode・Theresultsare  

Shown in Table l．  
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DTSCUSS工ON  

Substituent Effect Qn the Selectivity for Products．  

As Tablelshows，1a，lb，analc with the higher   

OXidation potentiaLs amonglts affordea 2（αα－dimer 3r   

and ββ－aimer 51aCCOmPanYing αβ－aimer 4 fromla． On the   

Other hana，ld，lf，andlg with thelower oxiaation   

potentials gave no αα－dimer 3 but exclusivelY ββ－airner 5  

together with2・ On the basis of the above selectivitY   

for the production of the dimethoxYlated dimersrla（1br and   

lc are now classified as g・rOup 工 01ef土ns′ Wh土1eユd′ ユf／and  

lg as group 工＝0lefins．Although皐阜Vith the same oxidation  

potentialaslf seems to beinv0lvedin group ＝＝01efins  

based on the criterion of the oxidation potential，irradia－  

tion ofle withCu（Cl04）2inmethan01gave exclusively c氾－  

dimer 3e but no ββ－dimer 5e together with 2e． These results  

point out that the selectivity which dimethoxYlated dimers  

are producedin the photochemicalreactionis governed bY  

the effect of the substituent on the α－，β－，Or P－Carbon   

ofl：grOuP ＝＝0lefins with electron donating groups such  

as methYlor methoxY grOuP tend to produceββ－dimer5  

selectivelYl血ile group＝olefins with no electron donating  

groups tend to give cLCX－dimer主rather thanββ－dimer旦・  
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Machan土sm．   

The production of αα－dimer 3 can be explained onlY bY   

dimerization of radica17（see Scheme 2），Sinceitsinter－   

Vention glVeS Plausible explanation for dimethoxylated   

monomer 2 and αβ－dimer 4： radica17 would collapseinto   

αβ－dimer 4 through addition to the olefins，Or be further   

OXidized bY COPPer（工＝）ioninto carbocations 8 finallY   

glVing rise t0 2． Generation of radica17 would come   

from addition of methan01to β－Carbon・Of cation radica1   

6 which would be produced through photochemicalone electron   

transfer from excited olefinlto copper（＝＝）ion． 独〕WeVer，   

in the photochemicalreac七ions of group 工＝ olefins，PrOdu－   

tion of neither（ユα－dimer 3 nor αβ－dimer 4 suggests that   

radica17 does not particIPate aS a reaCtionintermediate．   

Radicaications 6 arising from group ＝＝ 0lefins seem to   

have more delocalized distribution of the positive charge   

On the aromatic ring and concurrent higher densitY Of the   

unpaired electron on the terminalcarbon than those from   

group ＝ 01efins as schematicallY eXPreSSed bY a reSOnanCe   

CanOnicalform（6a）and as actuallY Observed with ESR  

technique for the radicalcations of NIN－dimethylamino－  

alkenes generatedbY electroiysis． 6）ThereforeI6from  

group ＝＝01efinsr owing to their higher spln densitY On   

七he土r 七erm土nalcarbon a七oms′ W土11more fac土1ely add 七0   

01efins than those from group ＝olefins finaLIYleading  

to ββ－dimer 5，and consequentlY，due to theless positive  
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Charge population on their terminalcarbon atoms，Will   

react with methanolon their α－Carbon atoms to gLVe radica1   

9，Which willbe further oxidized by copper（＝＝）ion to g■ive   

Carbocat土onslO f土nally affordin冒 2．  

The poss土b土1土ty tha七methoxy rad土cals genera七ed from   

OXidation of TnethanolbY eXCited copper（＝＝）ion add t0   

01efinsIcan be ruled out by the fact that ββ－dimers 5   

Were Obtained〔except forle）in addition to αα－dimers 3，   

although methoxy radicals seem to attack more facilelY On  

theβ－Carbonoflto givemore stable radicals7than9・ 5′7）  

●  

ArCRCH20Me  

7   

（more stable）  

Therefo・re，the present result shows that radica19 must  

be produced through the reaction between the01efin radical   

ca七土ons w土th me亡hanol．  

The free－energY Change（△G）inv01vedin an electron  

transfer processis givenbYEq．l，8）where E（D／D＋）and  

E（A‾／A）are the oxidation potentialof the donor（D）and  

the reduction potentialof the acceptor（A），reSPeCtivelY，  

and e。2／Eαis the energY gained bybringing the two radicals  

to the encounter distance（a）in a solvent of dielectric  

COnStant∈（methanol， E250＝32・7）and estimated to be O・065  
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△G（kcal／m01）＝23・06ほ（D／D＋トE（A－／A）－e。2／Eα］  

－AEo－0（kcal／m01）  （Eq・1）  

eV（1・5 kcal／mol）in methanol． The singlet energies of  

4－methoxYStYrene and stYrene Were Obtained from the  

fluorescence spectrumorliterature， 9）respectively．  

＝n Table 2 are listed the calculated values of △G for the   

01efins． The electron－tranSfer process from the excited   

01efins to copper（＝＝）ionis shown to be exothermic．  

The proposed mechanismin Scheme 2 requLreS the second   

electron transfer f⊥Om radica17 0r radica19 to metallic   

ions， The free－energY Change of this process cannot be   

CaLculated because the oxidation potentials of radica17   

and 9 cannot be measurea． 且OWeVer，their oxidation   

poten七土als wc＝ユ1dlie a七 more ca七hod土clevels 七han 七he   

reduction potentials of the metallicions． Therefore，the   

SeCOnd electron transfer pro〔：eSS WOuld be also exothermic   

（F上官urel）．  
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Table 2． Singlet EnergleS Of the Olefins and  

Calculated △G Values，Using Eq．l，for the  

Electron－tranSfer Process ＝nv01ving the Singlets  
Of the Olefins and Copper（＝＝）＝on  

Eox／Vα Ered ／Vあ Es  △G  

（kcaユノmol）（kcal／mol）  

98e  －33  

94d  －48  

PhCH＝CH2  1・95  

4一班eOC6H4CH＝CH2  1・15  

Cu（Cl04）2  －0・88  

a oxidation potential・  bReduction potential・  
C Taken from S■ L・Murov′ 一一Handbook of Photochemistryt”  

MarcelDekker′ Ⅳew York′ p．20（1973）．  

dobtainea fromthe fluorescence spectrum．  
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ArCH＝CH2＊／ArCH－CH2†   

．  ＋  

ArCH－／ArCH－  

Mn＋／M（n－1）＋  

ArCH＝CH2／ArCH－CH2†  

Fig．1． EnergYleveldiagram showing electron  

七ransfer processes  
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Comparison betw軍学n T10rganic”and rT＝norganic’7 Electr9望  

ArつCePtOrS・  

Arn01d and Maroulis reported that cation radica16d   

generated thごOugh photochemicalelectron transfer between  

ld d．エ1d”organicf，electron acceptorslikel，4－aicYanOben2：ene  

刷1（ユ トt＝yanOilaPhthalenein methan01gave an anti－Markownikoff  

adduct of methan01t0 0lefinld which suggests the formation  

of radica17d as aninterrnediate． 
2a）  

わv  班eOH  
ph2C－CH2†  

6d   

ph2C－CH20朗e  

7d  

pb2C＝C毘2   

1′4－（C椚2C6H4  

1d  MeCN一班eOH  

MeO‡‡  

（1′4－（CN）2C6H4）・  

Ph2CHCH20Me  

This orientation for methan01YSis of cation radica16d   

SeemS tO be different from thatin the presence of metaliic   

ions（TTinorganic，一 electron acceptor）． Thus′ theincrease   

Of the electron density on β－Carbons of radicalc：ations 6   

CauSed bYintroducing electron donating groups on the こ汁 Or   

P－Carbon oflwould be enhanced bY theinteraction with   

COPPer（エ＝）ion on the β－Carbon of 6．  
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ArR－H2…ArR2梱 芸∈〉cRふ2…… Cu 
2＋  

＝n the case ofle with the same oxidation potentiaユ   

aslf′l甘h土ch 9aVe ββ－d土mer 5f sel－eC七土velyin the photo－   

Chemicalreaction with the metallicions，the result that   

αα－dimer 3e was selectivelY Obtained but no ββ－dimer 5e   

WaS Obtained suggests that cation radica16e scarcely   

interacts with copper（＝＝）ion because of the presence of a   

methYlgroup on the β－Carbon．  

．＝t should be noted that the behavior of the cation   

rad．icals of stYrene derivatives generated photochemically   

With 一一organicT－ and TfinorganicT－ electron acceptors are not   

aiwaysi旦enticalwith each other，although the same cation   

raaicals seem to be producedin both processes．  
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Selectivity for Dimerizationin Acetonitrile．  

As describedin chapterl，traPPlng Of the cation   

radicals oflunreacted 0lefins f01lowed bY back electron   

transfer from the anion radicals of electron acceptors   

affords the dimers of trans～CyClobutane－（t－CB）or tetralin－  

tYPe（T）（Scheme3），2）dependingonthe structure of0lefin  

l as summari2：ed in Table 3．  

Table 3 shows that olefinsla－e With higher oxidation   

POtentials than 4－me七hoxystYrene（lg）give T－tYPe dimers，   

Whilelg・andlh withlower oxidation potentials amonglls   
Prefer t－CB－tYPe tO T－tYPe dimers・ Such selectivitY for   

the dimerization through electron transfer suggests that   

the cation radicals of the 01efins have different reactivity，   

which comes from the substituent effect on the p－ Or α－Carbon   

in the 01efins as discussed about the selectivitY for the   

producセユon of d土me七hoxyla七ed d土mers 3′ 4／and 5・  

□：；； 朗e 
ぷ⊇  

t－CB－tYPe Dimer  T－tyPe Dimer  
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Table 3． TYPe Of Dimers of Styrene Derivatives  

Produced through Photosensiti2：ed Electron Transfer  

Reac七⊥on  

01e臼n  E でypeofD土mer  
OX 

（？）e   

㌔   

でd   

で三・J召  

上ーCBゐJ卓  

上ーCB 
あ  

1a phCH＝CH2  

1b 4－CIC6H4CH＝CH2  

1c PhCMe＝CH2  

1d ph2C＝CH2  

1f 4－HeC6H4CH＝CH2  

1曾 4一班eOC6H4CH＝CH2  

1．95  

1．76   

1．60  

1．48   

1．38  

1．15  

1h 4－Me2NC6E4CH＝CfI2 ＜ニl・L5   

a 3 oxidationpotentialvs・Ag／0・lm01／dmAgNO3in  
ace七On土七ご土1e．  

あYamamo七O et al．′ref・2a－C・  
e  not reported yet・  

dArn01a et al．，ref．2d．  
e 
described in Chapter 1. 
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T－tYpe dimers are formed bY ring－Closure at an   

α－Carbon a七Om Of one 01e至上n par七 and an o－Carbon atom o王   

another 0lefin partin a dimer cation radical，f01lowed   

by back electron transfer from an anion radical． However，   

the electron donating substituents such as methoxY and N，N－   

dimethYlamino groups on the p－Carbon atom of the aromatic   

ring would stabilize the positive charge on the α－Carbon   

bY reSOnanCe effect（See Scheme 3）to prevent the ring－   

Closure to a T－tYPe dimer・  

Furthermore，thelifetime of the dimer cation   

radicals might be anotherimportant factor to govern   

the structure of the dimers：itis reported that the   

monomer cation radicaloflh to give a t－CB－tyPe dimer，  

has alifetime oflO－6secin acetonitrilematrix′ 10）while  

that ofld to glVe a T－tYPe dimer a muchlongerlifetime  

2 （0．5msecin acetonitrile，5Ⅹ10times of that oflh）． 2d）  

＝f the lifetime of the dimer cation radicals has alinear   

relationship to that of the monomer cation radicals，the   

dimer cation redical of lh would have a shorter lifetime   

than that ofld，Which would be caused bY the rapid back   

eLectron transfer from anion radicals to the dimer cation   

radicals to make anintramolecular attack bY the aromatic ring   

to the positive charge on the α－Carbon difficult（because   

the 2：Witterion（Z）might favor c01lapsinginto t－CB－tYPe   

rather thaninto T－tyPe dimers．  
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Such selec七土Ⅴ土七y for 七he d土meご土za七土on also would   

come from the substituent effect on cation radica16．   

Therefore′ the direct measurement of the distribution of   

eLectron densityin 6 by モ：SR technique or thelifetime of   

6 bY flash－Phot01YSis technique would gLVeimportant   

information about the nature of 6 to allow the elucidation   

Of the selectivitY for reaction products mentioned above・  
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Scheme . 3 

あv  D† ＋ A：  
D2丁  

＋ A  ArCR＝CE2  

（D）   

【Ar＝4－ⅩC6H4］   

Elec七ごOn   

Acceptor   

（A）   

こ一二三／‡  

Ar R  

∴ニ」  

で－七ype D土mer  

川  

AcH2C口2RAr叫 
芸∈〉cRCH2CH2昌R①Ⅹ  

Aむr  

1   

…三二                   l  

År   

t－CB－tYPe Dirner   

,Ar 

R  
一  

A. 
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EXpER工MENでA工」  

Ma七erials．  

Styrene，4－ChlorostYrene，α－methYIstYrene，l，l－   

diphenYlethYlene′ and trans－β－1uethYIstYrene Were COmnerCial   

SamPles from Wako Pure Chemicalエ11dustries． 4－MethYIstyrene   

and 4－methoxystYrene Were PrePared bY decarboxYlation of the  

corresponding cinnamic acids as describedin theliterature． 11）  

Copper（工＝）perchlorate andiron（＝＝＝）perch10rate Were PurChased   

from Xan七O Chem土cal．  

Preparation of Authentic Samples．  

Authentic samples of dimethoxylated monomers 2（except   

for 2c）and dimethoxylated dimers（except for 3b，3c，and   

3e）were prepared bY anOdic oxiaation of oiefinslin   

methan01as describedin Chapter 3．  

Preparation ofl，2－DimethoxY－1－Phenylpropane（2e）：  

班etallic sodium（1g，43 mmol）was diss0lvedinlOO  

cm30fmethanol，and then freshlYdistilledβ－methYIstYrene  

（4．5 g，38 rtm01）was added to the mixture． The mixture was   

Subjected to constant－Current（1A）electroIYSis at a platinun  
2 pla七e anode（approx土mate area60cm）w土七hapla七土numwire  
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as a cathode and SCE as a reference electrode under argon   

atmosphere at r00m temPerature for 2 h． Because a current   

WaS nOt able to be maintained atlA after 2 h，COnStant－   

Current electrolysis was continued at O．1A for 3 h．  

3 でhe elec七r01ys土s m土Ⅹ七ure was d土1uted w土th water（300cm）  

3 
and extractedwithdichloromethane（80cmⅩ2）．The  

OrganiclaYer WaS WaShed withwater′dried（Na2SO4）・and  
analyzed bY GLPC． The products obtainea by evaporation of   

the dichloromethane s01ution were separated wi七h flash－   

C01umn chromatographY． The structures of the products   

Were determined on the basis of their spectraldata ana   

elemen七alanalys土s．  

PhC王壬（OMe）C王壬（He）OMe（2e）：ery七hro一王orm：bp 59 0c／4‡m；mS‥  

m／e180（M十）′149′121（100亀）′117′105′ 91；工R（nea七）：  

1100cmv。＿。； 1H一肌R（CDC13）：占1・12は′J＝8Hz′3H′嘲′  

3．16（s′ 6H′ 2MeO）′ 3．18（m，1王壬′ CH）′ 4．14（d，J＝4‡Iz．1王王′  

cH）′7・30（S′5H′ph）； 13c－NMR（CDC13）：占139・2（S）′128・0  

（d）′127．4（d）′ 86．0（d）′ 80．6（d）′ 57．1（q）′ 57．0（q）′   

14．3（q）；Anal．Found：C′ 73．30；H′ 8．92 篭． Calc丘 for  

Cll琵1602：C′  73・29；H′ 8・94宅・  

threo－form：bp62Oc／4rnm；MS：m／e180（M＋）′149，121（100％），  
－1 

li7tlO5′9L；＝R（neat）：1100cm，Vc－0； 1H－NMR（CDC13）：6  

0．92（d．J＝7 H老．3H，机e），3．24（s′ 3H′ 0班e）′ 3．40（s′ 3H，   

OMe），3．50（m，lH，CH），4．08（d，J＝7 Hz，lH，CH）′ 7・28（S，  

5H′Pb）； 13c－ⅣMR（CDC13）：6139・1（S）′128・2は＝127・8td）′  
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127・6 は）′ 87・4（d）′ 80・0（d）′ 57．3（q）′ 57．0（q）′15．6  

（q）；Anal・Found：C，73・19；fI，8・86％・Calcd for CllH1602：  

C，73．29ァ Ⅱ′ 8．94 亀．  

Measurements of Oxidation and Reduction Potential．  

CYClic v01tammetric data were obtained using a three－   

electrode cellwith a且Okuto HA－201potentiostat and a  

Hokuto fiB－104 function generator．The working electrode   

WaS a Platinum wire（lrnm diameter）sealedinto glass and  

a coun七er elec七rode was a plat土num 9auZe・AA9／A冒NO3  
3 

（一0．1m01／dm）electrode was used as a reference electrode  

and O・lmol／dm3tetraethYlarnmoniumperchlorate as support－  

ing electr01Yte・ The current－POtentialcurves were recorded   

directlY frornthe output of the potentiostat on a Rika Denki   

IW－1i X－Y recorder． The results are surnmarized in Tabie l．  

＝rradiation of Styrenes with Copper（＝＝）Saltin Methan0l．  

A s01ution of stYreneSl（5 g，28－48 rrm01）in methan01  

3 
（300cm）containingcopper（＝工）perchloraヒe（21－36g，56－96  

rnmol）wasirradiated under a nitrogen stream at r00m tem－   

Perature With a160－Wlow pressure mercurYlamp（Riko UVL－   

160LA）for 40 h． The reaction mixture was diluted with  

3 water（500cm）and extractedwithdichloromethane（100  
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cm3Ⅹ2）・The organiclaYer WaSWaShed withwater and  

dried（Na2S04）・After evaporation of the s0lvent′ the  

residue was subjected to flash－C01umn ChromatographY On   

Silica gelto glVe 2，3，4．and 5． The structures of the   

PrOducts（2，3，4′ and 5）were confirmed from their spectral   

data and elementalanalYSis，Or bY COmParison of their   

SPeCtraldata with those of authentic samples，Which   

Were PrePared as describedin Chapter 3． The organic   

laYer WaS analYZed bY GLPC to determine the Yields of   

the products（Tablel）．  

1，2－Dimethoxy－2－PhenYIpropane（2c）：PhCMe（OMe）CH20Me：  

Oil；bp 64 0c／3rnmfig； MS：m／e165，149，134（100 ％）；   

工R（nea七）：2980′ 2930，2880′1500′1200′1⊥40．1120′1070．  

760，700；1H－NMR（CDC13）：61－52（s，3H，Me）・3・l（S13H′  

OMe）・3・3〔s′ 3H′ OMe）′ 3・4－3・5（SS′ 2H′OCH2）′ フ・15－7・5  

（mt5H，arOmaticH）； 13c－NMR（CDC13）：6142・5（S）′128・l  

（d）′127．2（d）′126．5（d）′ 80．8（七）．78．9（s）′ 59．5（q）′   

50．6（q）′ 20．1（q）； Anal・Found：C，72・97；琵′ 9・02 宅・  

Calcd王or CllH1602‥C′73・30；H′8・95篭・  
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l，4－DimethoxY－2，3－dimethYl－2，3－diphenYlbutane（3c）：  

PhCMeCfIlOMe： Oil； al：1mixture of meso－ and d′トform； ⊥▲▲、ルーー｝仙〉“‾   
l  

2  

PhCMeCH2 OMe MS：m／e22エ，149（M＋／2′100亀）′134；  

1H－NMR（CDC13）：61・3andl・4（s，6H，2Me）13・15and3・18  

（S′ 6H′2MeO）′3・34and3・6（SS′4H′20CH2）′6・8－7・4（m・  

10H．2ph）．  

2，5－Dimethoxy－3，4－diphenylhexane（3e）：  

Ph〔：註CH（朗e）OMe （3e）： mp175－176 0c； MS：m／e 267′ 2G9  
l  

PhCfICH（Me）OMe  
（100 亀）′150； 工R〔Ⅸ丑ご）：1130－10フ0  

－1 cm′Vc－0； 1E－NMR（CDC13）：dO・フ4（d′6H′2朗e｝′3・20（m′  

2H，2CH），3．20（s，6H，2MeO），3．22（broad s，2H，2CH），  

7・24－7・60（m′10H′2p軌 13c一皿R（CDC13巨：6140・9（S）′  

130・4（d）′127・フ（d）′126．1（d）′ 76．1（d）′ 56．3（q）′ 54．3  

（d），コ．7．0（q）； Anal．Found：C，80．69；琵，8．82 宅． Calcd  

ior C20技2602：C′ 80・54；往′8・72亀・  

ー  68  －   



REFERENCES  

l）a）M・R・Gordon and W・R・Ware，ed．′ T－The Exciplexes′H  

Academ土c press′ New York′ N．Y．（1975）．  

b）皿．S．Wr土9hton′ Chem．and En9⊥り 31（ユ979）．   

2）a）T・Asanuma，M．Yamamoto，and Y．Nishijima／J．Chem．  

Soc．Chem．Cornmun．，1975，608．  

b）M・Yamamoto，T・Asanuma，and Y．Nishijima，J．Chem．  

Soc．Chem．Cornmun．，1975，53．  

C）T．Asanuma，M．Yamamoto′ and Y．Nishijima，J．Chem．  

Soc．Chem．Cornmun．，1975，56．  

d）R．A．Neunteufeland D．R．Arn01d，J．Am．Chem．Soc．，  

95，4080（ユ973ト   

3）Y．Shigemitsu and D．R．Arnold，J．Chem．Soc．Chem．  

Co‡mlun．′1975′ 407．   

4）T．Asanuma．T．Go七Oh′ A．Tsuchida，m．Yamamoto′ and Y．  

Nishijima，J．Chem Soc．Chem．Cornmun．′1977，485．   

5）S．Muraiand S．Tsutsumi，Bull．Chem．Soc．Jpn．，39，  

198（1966）．   

6）J．朗∴ Fritsch，H．Weingarten．andJ．D．Wilson，J．Am．  

Chem．Soc．′ 92′ 4038（1970）．   

7）T．＝noue and S．Tsutsumi，Bull．Chem．Soc．Jpn．，38，  

661（1965）．  

－  69  －   



8）D．Rehm and A．We11er，＝sr．J．Chem．，8，259（1970）．  

9）S・L・Murov．TTHandb00k of PhotochemistrY，T，Marcel  

Dekker，New York′ p．20（1973）．   

10）A．Tsuchida，M．Yamamoto，and Y．Nishijima，The Annual  

Symposium on photochernistrYinJapan，1980，Abstract  

Of Papers′ p．26．  

11）R．H．Wiley and N．R．Smith，Org・Syntheses，C011．Ⅴ01．  

4．731（1963）．  

－  70  －   



CHAPTER 3  

ELECTROCHEM＝CAL OX＝DAT＝ON OF AROMAT＝C OLEFINS．   

DEPENDENCE OF THE REACT＝ON COURSE ON THE STRUCTURE   

OF THE OLEF＝NS AND ON THE NATURE OF THE ANODES  

一  了1 －   



SUmRY  

P;nodic oxidation of a series of substitued styrenes 

wasinvestigated・in methan01with a platinum and・a graPhite  

electrode． The results are comparea with those of the  

photochemicalelectron transfer reaction aisclユSSedin  

Chapter2・Use of the platinum anode gave mainlY aimethoxyト  

ated monomers accompanied with one or more of three tYPeS  

of d土me七hoxyla七ed d土mers（αα－′ αβ－，and ββ一己はmers）depend－  

ing on the substituentsin the same manner as did七he  

photochemical reaction of olefins 1 in the presence of 

metallicions． Use of the graphite anod・e′ however，afforded   

the ββ－dimers as the main product together with dimethoxylated   

monomers because of the stronger adsorption ef三ect of the   

graphite ele∈：trOde than the platinum anode．  

The results of anoaic oxidation of the 01efins give   

clear evidence for the intervention of 01efin racical   

cations（6）as reactionintermediates，Which are the same   

as generated through the electron transfer from the excited   

01efins to metallicions as discussedin chapter 2．  
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工NでRODUCで工ON  

＝n Chapter 2，it was discussed thatirradiation of   

StyreneSiin the presence of meta11ic salts such as   

COPPer（＝＝）perchloratein methan01gave the dimethoxylated   

monomeごS 2 and one or．more of 七hree 七ypes 上αα－（3），αβ－   

（4），and ββ－（5）］of dimethoxylated aimers through the   

Cation radicals of the olefins（6）generatea bY electron   

transfer from the exci七ed olefins to metalLic ions．  

わv  

十  Ar千住CH20Me  
ArCHC王‡20朗e  

3〔αα－d土mer）  

ÅrCECE20Me  f  
OMe  

2  

ArC‡l＝C江2   

Cu（Cl04）2  

MeOH  

ArHCHCE弘r   
如？HCE2？HCH20畏e ＋  

OMe 盈ご  
22  

0班e  O朗e   

4（αβ－d土mer）  5（ββ－d土mer）  

To confirm the intervention of the cation radicals   

of the olefins（6）in the photoexcitation of the 0lefins   

in the presence of metallicionsin methan0l，an attemPt   

has been undertaken to carrY Out anOdic oxidation of the   

olefinsin methanoland to compare the reac七ion products   

with those from the photochemicalreactions as described   

in this chapter．  
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RecentlYr aCtiveinvestigations have been reporte  

in electr00rganic chemistry． 1）Anodic oxidations of  

aromatic olefins like styrene have been carried out in 

several laboratories employing different experimental 

conditions・ 2，3）However，the results arenotnecessarilY  

COnSistent（and what factors actuallY gOVern the reaction  

course has not been clear． 2，3）＝noue and Tsutsumicarried  

Out a PIOneering work to describe that，On electrolysis   

at a platinu皿 anOdein methan01in the presence of sodium   

methoxide，StYrene（1a）afforded a dimethoxYlated monomer   

し2a）and a dimethoxylated dimer〔αα－dimer 3a，See below）′   

and that α－me七hylstYrene（lc）andl，l－diphenYlethYlene しIa）   

1土kew土se g・aVe the co工・reSpOnd土ng d土me七hoxyユa七ed monomers′   

and production of dimethoxYlated dimers（3c and 3d）was   

SuggeSted without actualdetermination of their structures．  

Pt－anOde  
phCR＝CH2  

Ph宇RCH20Me ＋   
OMe  

PhCRC技20Ⅲe I  

PhCRCIiZOMe 
ⅢeONa／MeO王王  

ね
一
ね
一
㍑
一
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望
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ニ
ニ
ニ
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R
 
R
 
 

■
‡
ニ
‥
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On the other hand′ Sch註fer and coworkers reported that   

OXidation ofla on a graphite anodein methanolin the   

PreSenCe Of sodium perchlorate or sodiumiodide gave rise   

to another dimethoxYlated dimer（ββ－dimer，5a）a structual  
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C一己nOde  
PhC‡壬＝CH2   phCHCH2CH2宇Hph  ‡   

0Ⅲe  OMe   

5a（ββ－dimer）  

NaCl04川eOH  
1a  or Naエ／MeOH  

土somer of3a． 
3）  

An attempt has been undertaken to conduct anodic   

OXidation of a series of stYreneS（l）in methanolon a   

Platinum and a graphite anode bY the same worker，mYSelf．   

＝tis found that styrenes（l）′in general，afford dimethoxYlq   

ated monomers（2）and one or more of three tYPeS Of   

d土me七hoxylated d土mers【αα－（3）′αβ－（射′ and ββ－d土mers（5＝   

as indicated in Scheme lin the same manner as did the   

Photoche皿icalreaction oflin the presence of metallic   

ions in the same solvent． Substituents on the 01efins   

and the nature of the electrodes is revealed to show   

remarkable effects upon the course of the reaction；   

ParticularlY，itis worth to mention that the characteri－   

Zation of the resulting dime七hoxylated dimersinlow Yields   

enabies us to get deeperinsightinto the reaction course  

than that based mainlY On the major products． 2）  
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Scbeme l  

－2e  ArCRCH20朗e  
－  

ArCRCH20Me  

3（αα－d土mer）  

ArCR＝C琵2   

MeO王王  

ArCRC賞2宇RCE20班e   王   

0朗e Ar   

4（αβ－dimer）  

ArCRCHCH弧r   
22  壬   
OMe  O現e   

5〔ββ－dlmer）   

＋  
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R丑SUエでS  

The presentinvestigation ernploYed three kinds of   

PrOCedures，A′ B，and C，for anodic oxidation of stYrene   

aerivativesl．1n the proceaure A，1（10－50 mmol）was  

3 electr01yzeainmethan01（120cm）containing sodium  

methoxiae（52 rnmol）under a constant current（lA）using   

a pla七土num pla七e w土七h many h01es as an anode（approx土ma七e  

2 
area′60cm）．apla七土numw土ごe aS a Ca七hode′and SCE as  

a reference electrode under argon atmosphere at r00m   

temperature． Proc畠dure Bis similar to the procedure A   

except that tetraethYlarnmonium perchlorate（TEAP）was   

used as supporting electroIYteinstead of sodium methoxide   

under constant－Current electr01YSis（0．lorlA）． This   

PrOCedure w■aS emPIoYed to examine the effect of supporting   

electroIYte：in procedure A（methoxideions might be   

fac土1ely ox土d土zed 七han 01ef土nsl七0 冒enera七e methoxy  

radicals． 2）procedure Cwas emploYedto examine the effect  

Of electrodes on adsorption：1（10－25 rnmol）was electrolyzea  
3 under a constant current（iA）in methan01（120cm）in the  

presence of sodium perchlorate〔82rrm01）or sodiumiodiae  

（10rnm01）at a graphite cYlindricalanode（effective area，  

80cm2；thickness′0．3cm）with a graphite rod（diameter，  

lcm；1ength8 cm）as a cathode and a Ag／AgClreference   

electroae． The results of electroIYSeS Of the stYreneS  
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With procedures A，B，and C are surnmarizedin Tablel．  

Appara七us．  

Figure 1 shows a schematic diagram of the electrolysis 

Ce11emploYedin the presentinvestigation． The cell  

3 （Ⅴ01ume′150cm）consists of three parts：aPlatinum  
2 2 

plate（．60cm）or a graphite cylindricalanode（80cm），  

a platinum wire or a graphite rod（diameter，lcrn；length，   

8 cm）as a ca七hode′ and SCE or a A冒／A9Clelectrode as a   

reference electrode． Argon can be passedinto the s0lution   

in the cell． ＝f necessary，One Can Stir the s01utic）n bY a   

magnetic stirrer．  
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＝dentification of DimethoxYlated Di皿erS．  

1，4－DimethoxY－2，3－diphenYlbutane（3a，αCt－dimer）：  

［MeOCt12CRしPh）C托しPh）CE20皿eユ  

． 
2）  

ThelR－NMR spectrumof3ais shownin Figure2・Abroad  
signal arising from methine and methylene protons is seen 

around 3・3 ppm． The peak（3．08 pprn，S，3H）due to the  

methoxY grOuPSis als00bserved・The13c－NMR spectrumis  

Shownin Figure 3，Which exhibits thelreSult of heteronuclear   

decoupling of a11protonsin compound 3a，and Figure 4   

Shows the off－reSOnanCe PrOtOn－decoupled spectrum to allow   

asslgnment Of the number of protons directlY attaChed to   

each carbon atom． Figure 3indicates that there are seven   

unigue types of carbon atoms but eighteen carbons in the 

formula of3a（C18H2202）；therefore13a has two sYTnmetrY  

Planes as shown below．  

－－◎r  plane of  

Symme七ry   
CHCH20Me  

」  

plane of syme七ry  

◎ふcH20Me  

Simpleinspection shows that the peak at 74．9 ppmis a  

triplet（i・e・a CH20group）because the chemicalshift  
is moderatelY deshielded，Whichimplicates that the   

Carbonis attached to a single electronegative（deshielding）  
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element・The peak at58・7ppmis a quartet（i・e・CH30  

group）and that at 48．5 ppm a doublet〔i．e．cH group）．  

Other cLα－dimers wereidentified based on the patterns  

ofl技－and13c－NMR spectra asmentionea above・  

l，4－Dimethoxy－1，3－diphenylbutane（4a，αβ－dimer）：  

【PhCH（OMe）CK2CE（ph）C且20皿e］  

This compound wasisolated from the electr01ysis   

PrOducts of stYrene With procedure B． Figures 5 and 6  

showthelH－NMR and decoupledlH－NMR spectraof4ar  

respectivelY・ Figure 5 shows that there are seven hydrogen   

units：6 6．96－7．36（m，10H′ 2Ph）．3．90（t，lH，CH），3．3B  

（d′ 2E′C鑑2）′ 3・18（s′’3H′Ome）′3・04（S′ 3H′OMe）′2・72  

（m′1E′CH）′2・12（七′2H′C江2）・でhedecoupledl…MR  

sh。WS thatirradiation at HA。hanges㌔to a doublet from  

a triplet of triplets（irradiation at＝B changes HA to a  

singlet froma tripletlirradiation ofⅡC changes HD to a  

singlet fromadoublet／andirradiation atHD changes H C  

to a triplet from a quintet． The structure of 4ais   

COnSistent with the aecoupling observed above．  

A B C D  

．，，ミ  
虹C㌔ヰーCH冒－OMe  

l  

O班e  ph  
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Figures 7 and 8 show the fully decoupled and offq  

resonance decoupled spectraof13c－NMRconcerning4a（  

respectivelY． ＝tis observed that there are two doublet   

Signals at 8l．8 トCH－0－R groupiand 42．1ppm 卜CH－R group）′  

two triplet signals at77・48（－CH20R group）and40・6 卜CH2－  

group）′ and 七WO quar七et s土9nals a七 58．7 and 56．2 ppm（七WO  

MeO group）・This pattem of the13c－NMR spectrumis  

COnSistent with the assigned structure t0 4a（αβ－dimer）．  

1′4－DimethoxY－l，4－diphenYlbutane（5a，ββ－dimer）：  

【phCH（OMe）CH2CH2C封OMe）ph】  

This compound has been reportedbY Sch左feret al． 3）  

BY electr01YSis of stYrene（1a）with procedure C，5a was  

prepared・Figure9shows thelH－NMR spectrumandFigures  

10andllshow the13c－NMR spectra（fullYdecoupledand  

Off－reSOnanCe decoupled．respectivelY）．  

As Figure 9indicates，the methylene protons（l・8 ppm）   

Of 5a（ββ－dimer）are observedin higher field than that of   

αα－dimer 3a（3．3 ppm），While the methine protons shift to   

lower field than that of c氾－dimer 3a（from 3．3 ppm to 4．1   

ppm）．The peak due to the methoxY grOuPSis seem at3・2  

ppmwith a singlet・The pattern ofl＝－NMR alsopoints out  

high symmetrYin 5a（β6－dimer）・  
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The13c－N班R spectrum（Figure10）shows that5ais a  

mixture of meso－ and dl－form（because pairs of peaks due   

to methine and methYlene carbons are observed at 84．1and   

83・8 ppm（and at 34・7 and 34・2 ppmr respectively・  

Compaired to αα－dimer 3a，the methine carbons shift   

t010Wer field（from48．5 t0 84 ppm）′ While methYlene   

Carbons to higher field（from74．9 to 34 ppm）．AIso′  

the13c－NMRspectrumexhibits thepresenceof two syrnmetrY  

planes as below．  

t  

i  

l  

OMe  
…－…≡三二三ニ三三一三－－－－－一 

OMe  

plane of  

Symme七ry  

The patterns of these spectra are consistent with the   

assigned structure t0 5a（ββ－dimer）． Other ββ－dimers  

wereidentified based on the patterns oflH－and13c－NMR  

SpeC七ra as men七ioned above．  
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DエSCUSSエ0Ⅳ  

As Table 1 indicates, use of the platinum electrode 

（Procedures A and B）leads to nearly the same results for   

each oTefin exceptlg（irrespective of the supporting  

electr01Yte emPloYed・ Thusrla andlb afford 2a and 2b′  

respectively, together with both of the corresponding 

αα－dimers 3 and ββ－dimers 5； furthermore，αβ－aimer 4a   

WaS Obtained fromla・ On the other handrldrlflandlg  
gave 2dr 2f（and 2gr respectivelY／along with the corres－   

POinding ββ－diTnerS eXClusivelY； however，nO αα－dimers 3   

Were Obtained・ 01efinsla andlb exhibit higher oxidation   

POtentials amongl－s and are now classified as group ＝   

Oiefins based on the selectivity for production of   

dimethoxylated aimers′ While the other 0lefins（la，lf，   

andlg）withlower oxidation potentials are classifiea as   

group ＝＝ 01efins・ Use of the graphite anode produced s01elY   

ββ－aimers 5 as the main products regardless of the structure   

Of the 0lefins ernploYe卓（exceptld）； however，2－s were   

Obtained onlY fromld，lf，andlg，and 2Is resulted from   

la andlb seem to be further oxidi2：edinto the corresponding   

benzaldehydes，aCetals，and methYlbenzoates under the   

reaction conditions． A controlexperiment showed that the  

anodic oxidation of 2ain the condition for procedure－c   

afforded b已nEaユdehYde and me七hYlbenzoate． The mode of  
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dimer productionis simpIY Sumariヱedin Table 2in   

addition to that in the photochemical electron transfer 

reaction between olefins L and：metallic ions in methan0l．  

A mechanistic scheme essential to understana the   

reaction could be depicted as shown below（Scheme 2）．   

With the use of the platinumanOde the 01efins are oxidized   

into their radical cations 6 irrespective of the supporting 

electr01YteS ernPIoYed． The production of 2，3，and 4 can   

be underst00d bYintervention of radicals 7 f01lowed bY   

their further anodic oxidation，dimerization′ and addition   

to the 01ef土ns． For 七he forma七土on of rad土cals 7．a poss土－   

lity for anodic oxidation of methanol or methoxide ions 

into methoxy radicals f011owea by their addition on the  

terminalcarbon atoms of the01efins2）is ruled out because   

the production of 5 from allof the olefins examined needs   

the participation of radicalcations 6． Thus′ the radical   

Cations 6 from group ＝ 0lefins willreact with alcoh0ls or   

alkoxide ions to give radicals 7 which may collapse into 

213，Or 4 as depictedin Scheme 2． On the contrarY．in   

the oxidation of group 工＝0lefins，prOduction of neither   

ユCi－dimers 3 nor αβ－dimers 4 suggests that r己dicals 7 will   

not particLPate aS reaCtionintermediates． ＝n the radical   

cations 6 arising from group ＝＝ 01efins，the positive   

charge seems to be more delocalizea on the aromatic ringr  

and concurrentlY the unpaired electron aensitY On the   

terminaL carbon may be higher than in the case of group 

＝ olefins as schematicallY eXPreSSed bY a reSOnanCe  
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CanOn土calform（6a）′ Wh土ch was ac七ually observed for the   

radicalcations of N，N－dimethYlaminoalkenes as d．escribed  

in Chapter 2. 4）Therefore，itis reasonable to suppose  

that 6 arising from group ＝＝ 01efins willmore facilelY   

add to the 0lefins than those from group ＝ 0lefins finallY   

leading to ββ－dimers 5，and consequentlY Wi11react with   

methan0lorrmethoxideions on their α－Carbon aroms to glVe   

radicals 9，Which are further oxidized on the anode to   

CarbocationslO finallY affording● 2． Radicals 9 are   

thermodYnamicallyless stable than the alternative radicals   

7，but might be，tO mOre Orless extent，Stabilized through   

the possible anchimeric effect of the arylgroup on the   

Carbon atom adjacent to the radicalcenter． AIso′ On   

further oxidation of radica19 0n the anode，the adjacent   

methoxy group as well as the aryl group might participate 

in assisting the oxiaation of the radicals to the carbo－   

CationslO which subsequentlY C011apseint0 2．  

Ar  

／、、、、、．  －e  

RC－ 

＼ 
CH2  

OMe 

10   
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圧OWeVer，the fact thatlg glVeS 2g onlYin procedure A   

but notin procedure B suggests thatits radicalcations   

6g can react with methoxideions but not effectivelY With   

methanol prohably due to their reduced positive charge 

densitY On the ethylenic carbons through delocalization   

With the methoxY g・rOuP・  

The graphite electrode generallY ＝eemS tO adsorb   

Substrates more stronglY than the platinum electrode．   

Therefore，the results with a graphite anode can be   

accounted for bY StrOng adsorption of the 01efins ana   

their radicalcations 6 on the electrode at their β－Carbon   

atoms． The presence of the adsorbed speciesin high   

concentration．arouna the electrode will effect their   

facile conbination subsequentlY glVing 5．  

Finaliy，it should be noted that the precise   

determination of the minor products which have hitherto   

not been is01ated contributes to eluciaation of the   

mechanism of electrochemicalreactions，and the remarkable   

effects of the substituents to control the reaction course   

would result from sensitive electronic effects of the   

Substituents exertedin the radicalcation species．   

Moreover，aS Table 2 shows the mode of di皿er PrOduction   

in the anodic oxidation of olefins 1 with a platinum anode 

is quite the same as that of the photochemicalreaction of   

the 01efinsin the presence of copper（＝＝）ionsin the   

Same S01vent，Which affords clear evidence for theinter－   

vention of radical cations 6 as reaction intermediates in   

the photochemicalreactions．  
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EXpER工MENでA工。  

Allthe melting points and boiling points are uncor－  

rected・1H－NMRand13c一隅Rspectrawere recorded on aJEOL  

JMN一班E－100 spectごOme七er and aJEO工JFX－100 spectごOmeter′   

respectivelY，in aeuteriochloroform with T朗S as aninternal   

Standard． ＝nfrared（＝R）spectra were obtained from a f‡itachi   

260－50 spectrophotometer． Mass spectra were determined with   

a HitachiRMU－6MC mass spectrometer． C0lumn chromatographY   

WaS Carried out under pressure on silica gel（Merck Kieselge1   

60′ Art 9385）using benzene ana dichloromethane as eluents．  

Maヒerlals．  

StYrener 4－ChlorostYrene′111－diphenYlethYlenelSOdium   

PerChlorate，and tetraethYlarnmoniunPerChlorate（TEAP）were   

corrmercialsamples from Wako Pure Chemicai＝ndustries or   

NakaraiChemicals・ 4－MethYIstYrene and 4－methoxystYrene   

Were PrePared bY decarboxYlation of the corresponding  

cinnamiごaCids as describedinliterature． 
5）  

Anodic Oxidation of Styrenes．  

Electr01yses of styrenes（l）are carried out with   

three kinas of proceaures，A，B′ and C． The results are  
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Shownin Tahleland the structure of the products are   

Surnrnarized in Tabies 3 and 4．  

Procedure A．  

Me七alユ土c sod土um（1．2 冒′ 52 m01）was d土ss01ved 土n120  

cm30fmethan0lr and then a freshlYdistilled stYrene（10－50  

rnm01）was added to the mixture． The mixture was subjected   

七O COnS七ant－Curren七（1A）elec七rolys土s a七 a pla亡土num pla七e  

2 
（approximate area，60cm）anodewithaplatinumwire as  

a cathode and SCE as a reference electrode under argon   

atmosphere at room temperature． When a current was not   

able to be maintained at 1 A during the electrolysis, 

COnS七anモーCurren七 elec七r01ys土s at O．1A was carr土ed ou七．  

3 The electr01ysis mixture was diluted withwater（300cm）  

and extracted with dichloromethane（80cm3Ⅹ2）．The  

Organiclayer was washed with waterf dried（Na2SO4）ana  

analyzed by G工」王）C． Af七er evapora七土on of 七he s01ven七′ the  

V 
reactionmixturewas subjectedflash－C0lunnChromatographY．  

七O  

The structures of the products were determined on the basis   

Of their spectraldata and elementalanalYSis，Oridentified   

bY COmParison of the retention time with those of authentic   

SamPles on GLPC・ The conditions of the electroIYSis were   

summarized in Table 5．  
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Procedure B．  

A s七yrene（10－40 m01）was d土ss01ved 土n a m土Ⅹ七uごe  

3 s01ution of＝methan01and acetonitrile（3：2／100cm）  

COntaining TEAP（3－10 g，13－44 mm01）and subjected to   

COnStant－Current（0・lorlA）electroIYSis at the platinum   

anode with the platinum wire as a cathode and the SCE as   

a reference electrode under argon stream at room temperature・   

The reaction mixture was worked up as mentionedin Procedure   

A・ The conditions of the electr01YSeS are Surnmarizedin   

でable 6．  

Procedure C．  

Am土Ⅹ七。re。f a s七yrene（10－25m。1）ys。d土皿per。hl。rate  
and  3 （82rnm01）or sodiumiodide（100001）in methanol（130cm】  

WaS electroIYZed under a constant current oflA（with  

NaClO4）or O・1A（W土七h Na工）at a caごbon cyl土ndricalano由  
2 

（effective area，80cm；thikness′0・3cm）with a carbon  

rod（diameter，lcm；length 8 cm）as a cathoae and a Ag／   

AgCl as a reference electrode under argon stream at room 

temperature・ The electrolyzed s01ution was worked up as  

mentionedin Procedure A． The conditions of the electro－   

1YSeS are Summarizedin Table 7・  
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工S01a七土on of Reac七土on products．  

l，4－DimethoxY－］・73－diph型utane（生）‥  

［MeOCfI（Ph）CE2C琵（Ph）CtI20班el  

A王ヒeエー elヒCヒrolyt土c oxidat土on of s七yrene（1a′ 30 9，   

0・29 moL）according to the proceaure B（see Table 6），the   

reaction mixture was workea up as mentionedin the procedur   

A． The resulting residue was distilled under diminished   

PreSSure tO glVe the f0110Wing fractions．  

Fraction  Bp（OC／rrm日g）   Weight（g）  

49／20－23  

60－78／6  

78－80／6  

res土due   

ュ
 
つ
ム
 
3
 
4
 
 

2．25  

0．95   

15．9  

8  

Gas chromatographic anaLYSis on a 技itachi163 chromato－   

graph with a flameionization detector，uSing columns packed   

With 5 ％ siLicone GE SE－30 0n Chromosorb W（60－80 mesh）and   

5 ％ PEG－20 班 On Chromosorb W AW（60－80 mesh）showed fraction   

lwas a mixture of unreacted stYrene and ethYlbenzene，and   

fraction 2 was a mixture of stYrene，2－methoxyethYlbenzene，   

andl，2－dimethoxY－1－PhenYlethane． Fraction 3 wasl，2－   

dimethoxY－l－PhenYlethane． The totalamounts of these   

PrOducts estimated bY GLPC analYSis were as follow‥   

unreacted stYrene，l．3 g；ethYlbenzene，1g；2－methoxy－  
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ethYlbenzeneltraCe；l12－dimethoxY～L－Phenylethaner16・8 g・  

Frac七土on4was chェoma七Og・raphed on sl辻ca gel・ Elu七土on  

With benzene gave the mixture ofl，4－aimethoxy－2，3－   

d土pheny卜 し3a）′1′4－d⊥methoxy－1．3－d土phenyl－（4a）′ and   

l，4－dimethoxY－1，4－diphenYl－butane（5a）． Compound 4a was   

SeParated bY a Shimaazu LC－21iguia chromatographr using   

a Zorba文一ODS c01umn（diameter，4．6ⅠⅡm；1ength，25 cm）and  

a m土Ⅹ七ure s01ut土on of ace七On土七r⊥1e and wa七er（1；1）as  

2 a carrier s0lvent under pressure（90－95kg／cm）・The  

SpeC七raldata are shown 土n でable 3．  

The methods of preparation andidentification of   

Other reaction products are surnmarizedin Table 8．  
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Table 8・ The Methods of Preparation and ＝dentification  
Of Reacti．on p†丁（つducts in Anodic oxidation of l  

C ompound Prepara七土on  工den七土f土ca七土on  

（如′Cu2＋or Fe3＋）  

Procedure A′ B  

（かへCu2＋or Fe3十）  

Procedure A，B  

（加′Cu2＋or Fe3＋）  

procedure A′ B  
2＋ 

（加′Cu）  

Procedure A，B，C  

Procedure A，C   

Procedure A，B  

ゎ叫Cu2＋  

Procedure C  

Procedure C  

2＋ 
（加′Cu）  

procedure Å′ B′ C   

procedure C  

（加′Cu2＋）  

procedure B′ C  

Procedure A  

procedure A  

Procedure C  

2a  工SOla七土on  

2b  工S01a七土on  

2d  工S01at土on  

2f  エS01a七土on  

三雲  

3b  

5a  

5b  

5d  

工S01a七土on  

エSOlat土on   

GLPC Analysis   

エS01a七土on   

工S01a七土on   

エS01a七土on  

エS01at土on   

ェs01at土on  

エSOla七土on   

エS01a七土on   

エS01a七土on  
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CHApTER 4  

COMPARエSON BETWEEN PHOTOCHEM工CAL ELECTRON TRANSFERR＝NG   

AND ELECTROCHEM＝CAL OX＝DAT＝ONS OF 2，6－D＝ALXYL－4－METHYL－   

pHENOエS  
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SUH比良RY  

＝rraaiation of 2r6－aialkYl－4－methYIphen0lsin alcoh0ls   

in the presence of Fe（＝＝＝）or Cu（＝エ）salts affords the cor－   

responding4－alkoxYmethYIphen0ls，beingin contrast with   

anodic oxidationin alcoh0ls which glVeS 4－alkoxYp4－methYl－   

CyCコーOhexadienones．  

工NでRODUCTエON  

0Ⅹidation of 2，6－dialkYl－4－rnethYIphenoIs（1）in alcohol   

● With various methods has been reported to glVe the corres－   

POnding 4－alkoxy－4一皿ethyl－2，5－CYClohexadienones（2）（Ring－   

Substituted Products）or 4－alkoxymethYIphenoIs（3）（Sidechain－  
1－5）  Substituted Products）depending on the conditions：   

the oxidation oflwithleaddioxide，l）activemanganese  

dioxidetl）2，6－dichioro－5，6－dicYanO－l14－benzoquinone（DDQ）， 2）  

andiodicacid（H＝03）3）gave4－alkoxymethYIphen0ls（3）（While  
4） thatwithhYdrogen（hexacYanOferrate（＝＝＝））ほ3Fe（CN）6】′  

periodicacidは5＝06）3），andbYanOdicoxidationonaplatinum  

anode5）gave4－alkoxY－4－methYl－2r5－CyClohexadienones（2）・  

＝n these reactions，a VarietY Ofintermediates such as   

the benzYIcations（B）′ the quinonemethide（Q），the phenoxonium   

ions（P），and the dimer oflf01lowea bY the cleavage t01and  

－ 119 一   



（2）  

HO恐Me  
（1）  

－2e  （Ring－Substituted Product）  
RlOH  

CH20Rt（旦）  

（Sidechain－Substituted Proauct）  

Q′Were prOpOSed． 
ト5）  

The photochemicalelectron transfer6）givesion  

radicals which are in most cases considered to afford the   

Same reaCtion products as arising from the eLectrochemical  

electron transfer process of the same substrates． 7）工n  

this chapter，itis reported that photochemicalelectron   

transfer from2，6－diaLkYl－4－methYIphenoIs，1a analb，tO  

Fe3＋orcu2＋in alcoh01s as anewmethodregardingto the  

OX土dat土on of phenoIsleads亡O a⊥koxyla七土on of 七he土r4－me七byl  

group affording 4－alkoxYmethYIphen01s． Thisisin contrast  

with the reported one electron oxidation ofla5）andlb  

through anodic reaction． This studY SeemS tO be the first   

report to show different behavior between the photochemical   

and the anodic electron transfer reactions．  
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Tablel・ SelectivitY for Production of Ring－（2）and  
Sidechain－Substituted Products（3）under  
Vaご土ous cond土七土ons  

Meth。d  

塾…－  
技0塑cH20R－  

（2）  （3）  

Condi七ion  Cond土七土on  

靴－anOde／NaCl04 5）  

a）4）H3Fe（C椚6  

b）3）H5エ06  

（A）Anod土c  

Ox土dat土on   

（B）でhermal  

Reac七土on  

r㍑チ房e㌘αe七乞びg乞乃び¢如意g加わ乃ノ  

at）1）畏nO20rPbO2  

b・）2）DDQ  

c－）3）Ⅲ03  

Cu（ClO4）20r Fe（ClO4）3  

「P㌘eβg乃士乞乃びgS士乞gα士乞口乃ノ  

（C）Pho七OChem土cal   （ つ ）  

Reac七土on  
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RESULTS AND D＝SCUSS＝ON  

Phot01YSis of Phen0lsin the Presence of Metallic ＝ons  

土n AIcoh01s．  

3 
when2，6－di－t－butYl－4－methylphen01（la，0．03mol／dm）  

WaSirradiatedin methan01in the presence ofiron（＝＝＝）  
3 perchlorate（0・06m01／dm）with alowpressuremercurYlamp  

under nitrogen stream at room temperature，the starting red－   

brown soiution became completely c0lorless and 2，6－di－t－   

butYl－4－methoxYmethYIphenoユ（3a）was ob七ainedin 73 ％ Yield  

based onla consumed． 8）similarirradia七ion oflain ethan0l  

and 2－PrOPan01produced the corresponding 4－ethoxYmethyl－（3a，）   

and 4－isopropoxYmethYl－Phenol・（3aTr），reSPeCtivelY． 3，5－Di－t－   

butYl－4－hYdroxYbenzaldehYde（4a）was also obtained as a bY－   

PrOductin methan01and ethan01（Table 2）． Use of copper（工エ）   

PerChlorateinstead ofiron（＝＝＝）perchlorate gave similar   

resultsin methan0l，ethan01，and 2－PrOPan01as surnmarizedin   

Table 2． ＝n these reactions，metallic copper was precIPitate   

during theirradiation．  

3 工ごradia七土onof2′4′6一七ご土methylphen01（1b′0・05m01／dm）  

under nitrogen stream at room temperature in methanol with 

thelow pressure mercurylamp afforded 4－methoxYmethYl－2，6－   

dimethYIphenol（3b′ 30 ％ Yield）in the presence ofiron（＝＝＝）  

－ 122  －   



PerChlorate，but with・COPPer（＝工）ionslb was not consumed   

at all． fbwever，4－methYIphen01（1cland 2，4，6－tri－t－butYl－   

Phen01〔1d】failedin undergoing the alkoxYlationin methanol：   

lc gave p01ymeric matter andld was nearlY quantitativelY   

recovered．  

EOあ ーCⅡ20R川  

七 3a：R＝Bu′R＝＝班e  

t 
3a－；匪Bu′R－－＝批  

七 ●  3a＝：腱Bu′R川＝pr  

。わe  
七 2a：R＝Bu／R一朝e  

2b：R＝Me， R－＝Me   

2c：R＝H， R一＝Me  

江0芋由一R1  

t 1a：R＝Bu′Rt＝Me  

lb；R＝Me′ R－＝Me   

lc；R＝H． Rt＝He  

ld：R＝七Bu′Rt＝tBu  2d：R＝tBu，Rl＝tBu 3b：R＝Mer R，・＝班e  

≡ら＝0  

4a  
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工n contrQlexperiments，Whenla wasleft standingin  

methan01with Cu（Cl04）2for3days at r00m temPerature，la  

WaS COmPletely recovered． AIso′irraaiation oflain the  

PreSenCe Of Cu（ClO4）2in methanoIvith a high pressure  

mercuryldluPiLIStead of thelow pressure mercurylamp gave   

OnlY a じrace ciLnOunt Of 3a． 4NMeヒhoxYCYClohexadienone 2a   

WaSirra鋸ated wl，th thelow pre馬Sure merCurYlampin methanol   

in the presence and absence of the copper（＝＝）salt to give   

Only a trace amount of 3a and manY unidentified products．   

These results eliminate the possibilitY that 3a would be   

PrOduced through photorearrangement of 2a which would be   

formed as a primarY PrOduct．  

Ånod土c Oxlda七土on of 七be pben01s．  

Anodic oxidationofla′ 5arb）lc， 5c）andld 5b）in  

methan01was reported to glVe 2a12c（and・2dlreSPeCtivelY・  
3 

如Od土c ox土da七土on oflb（0．125m01／dm）on aplat土mm  

electrode in a mixture of methanol and acetonitrile（3：l）  
3 

containing sodiumperchlorate（0．5m01／dm）under constant  

Current（lA）gave 4－methoxy－2，4′6－trimethYl－2，5－CyCIo－  

hexadienone 2b（56 ％Yield）and2，6－aimethYlben2：Oquinone  

5（▼4 ％）．Reexamination of electroIYSis ofla under similar   

COnditions gave 2a（46 ％）and 3a（trace）as reported  
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prev土ously． 
5a′b）  

Poss土bleMechan土sm．  

工n the photochemicaleLectron transfer，the production   

Of 3 strongly suggests that 3 would be proauced from the   

benzylcations（B）or the quinonemethide（Q）asintermediate   

through their reaction with alcoh0ls． These intermediates   

COuld be formedlaS depicted・in Scheme．Thus，the phenoxonium  

ions（P），if theY reSult′might rearrangeinto B or旦′ and  

the phenoxY radicals（PR）might rearrange to benzylradicals   

（BR），Which are subsequentlY OXidized to B； PR may unaergo  

dimerization followed bY Cleavage ofthedimer to Q． 2）  

Taking account of the fact that the anodic oxidation of   

Phen01ethersin methan01leads to the nuclear and sidechain  

methoxYlationsJ9）andthatoxidationoflwithmanganese  

dioxide orlead dioxide in methan0lcauses the sidechain  

methoxYlationl）but thatwithhexacYanOferrate（＝＝＝）causes  

the nuclearmethoxYia七ionr4）thepresentresults sugges  

that the reaction course of the alkoxYlations of phenoLs   

would be controlled by how the hydroxyl groups of phenols or 

oxygen f晶tionsin theintermediatesinteract withvari。uS  
n  

metallicions or eiectrodes′ ana／or by the difference between  

疇 126 －   



Scbeme  

H。払Me  ・0朗e（望）  

‘∵／㌧＼  
R  

一 

二≡三三≡三－一二三二 ≡ 二享三一一一三  
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七he ra七e of 七he d土mer土ヱa七土on of PR王01lowed bv cleavag■e Of   

the dimer and that of the second electron transfer to glVe   

the phenoxon土um 土ons（p）．  

EXPER工MENTA工J  

PhotQChemicalElecもron Transfer of PhenoIs（1）with  

Fe（工工工）salt．  

As a tYPicalrun．a s0lution ofla（2 g，9 rnm01）in  

3 methan01（300cm）containingiron（＝＝I）perchlorate hexa－  

hYdrate（9 g，20 rrm01）wasirradiated under a nitrogen stream   

at r00m temPerature With a160－Wlow pressure mercurYlamp   

（Riko UVL－160LA）for10 h． The reaction mixture was  

3 diluted with water（400cm）and extracted with dichloro－  

methane（100cm3Ⅹ2）・The organiclaYer WaS WaShed with  

Water and dried（Na2SO4）・After evaporation of the solventr  

the residue was subjected to flash－COlumn chromatographY On  

silica gelto give3a（0．69g，34％），m・P・99－1000c（lit． 5）  

98－1000C）′and旦旦（0．11曾′5宅）′m．p．189・5－191。c（1上土． 10）  

189 Oc）． The orgaiclaYer WaS analYZed bY GLPC七O d管七望mine   

the product Yield（Table 2）．  
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Similarirradiation oflain ethan0land 2－PrOPanOL  

gave2，6－di－t－butyl－4－ethoxYmethylphen01（3a一） 10）and2，6p  

di－t岬butYl－4－isopropoxYmethylphen01（3a・T）， 10）respectivelY・  

3 
A s0lution oflb（2g，15rnm01）inmethan01（300cm）  

WaSirradiatea similarlyin the presence of Fe（Cl04）36H20  

（14 g′ 30 mm01）for18 h． でhe usualwork－up and fユash－   

C01uIm Chromatography on silica gelof the reaction mixture   

gave a c010rless crys七al⊥土ne produc七（0．6 冒′ 30 亀），Wh土ch   

WaSidentified as 4－methoxYmethyl－2，6－dimethYIphen0l   

according to the f01iowinq physicaldata； m．P．46－48 0c；  

－l -1 
＝R（neat）：3350cm，Vo－H′ 1250－1040cm，Vc－0； 1＝－N  

（CDC13）：62・20（・S′6H′ 2班e）′3・32（S′3技′ MeO）′4・28（S′  

2H′ CH20）′ 4・80（S′1H′ OH）′6・88（s′2E′ arOma七土c封；  

13c－N皿（CDC13）：6L5L・9（S），129・3（s），128・5（d），123・3（S）r  

74．7（t）′57．6（．q）′15．9（q）；MS：m／e166 佃＋．53亀）′135  

（100篭）；Found：C′ 72・22；江′ 8・51亀；Calcd for ClOH1402‥  

C，72．25；H′ 8．48 亀．  

Anodic Oxidation of 2，4，6－trimethylpheno  1．  

工n a typ土calrun′1b（2 冒′15m01）was d土ss01ved土n  
3 methanol（120cm）containing sodiumperchlorate（7・5gr61  

rnm01）and subjected to constant－Current electroIYSis rlA   

（0．8－2．1V）］at a platinum plate with manY h01es as an anode  
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2 
（approximate arear60cm）witha graphite rod（diameter，  

lcm；1ength 8 cm）as a cathode and SCE as a reference   

electrode under argon atmosphere at r00m temPerature． After   

Ca．2．5 h，the electroIYSis wasinterrupted and water（200  

3 
cm）was addea to the reaction mixture．The s01ution was  

3 extractedwithCE2C12（80cmⅩ2）・TheorganiclaYerVaS  

dried with anhYdrous Na2S04・ Evaporation of CH2C12 and 

flash－C0lurnn chromatographic separation of the resiaue  

gave2b（l．37g，56％），m・P．44－46Oc（1it．3）43－44Oc）and  

2，6－dimethYlbenzoquinone 5（65 mg，4 ％）．  
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（8）Caution； Avoid concentrating the reaction mixture′ Or  

Ser土ous explos土on would take place．  

（9）A．Nilsson，U．Palmquist，T．Pettersson，ana A．Ronl三n，  

J．Chem．Soc．Perkinl，1978，708．   

（10）ア．X．0－shea and F．B．R00七．U．S．pa七en七 3291842  

（Chem．Abstr．．1967，66，37635z）．  

－ 132  －   



CHA王）でER 5  

PHOTOLYS＝S OF CHLOROBENZENE．  

pHENYエAで工ON O万一 CHエORO丑ENZENE W工ワH AⅣ0班AエOUS OR工ENでATエON  
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SU■M比良RY  

Phot01YSis of chlorobenzene as neat andin concentrated   

SOlutions glVeS a mixture of o一丁 m－′ and p－ChlorobiphenYIs   

in an anomalous rati0．With the highest rati0 0f the p－isomer．   

However，On ailution with solvent，theisomer ratio tends to   

approach the normalratio as obtained from the usualphenYl－   

ation of chlorobenzene with the highes七 ratio of the o－isomer．   

A mechanismis proposedin which a triplet excimer of chloro－   

benzene arisingin concentrated s01utions favours the produc－   

tion of the p－isomer．  

工ⅣワRODロCTエON  

Althoug■h photolyses ofiodobenzene and bromobenzene are  

known to generatephenYlradicals（1）phot01YSis of chloro－  

benzene had not acモivelY beeninvestigated untilLemaland   

coworkers postulated a Tr－COmPlexed pair of a chlorine atom   

and a phenYlradical（calied7T－ChLorobenzene）to account for   

their unexpected observation thatirradiation of dilute solu－   

tions of chlorobenzene in cyclohexane gave significant amounts 

of chlorocyclohexane（53亀）′（eq．1）． 2）  
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phCl  （1）  

Since their work much attention has been paia to the   

mechanism for the phot01Ytic cleavage of the carbon－Chlorine  

bondin chlorobenzene． 2－5）Arn01d andWong explainedLemal7s  

resuLtin terms of a simple homoIYtic cleavage of the carbon－  

し肌orine bond of the excited chlorobenzene． 3）Bunce and co－  

workers proposed that irradiation of chlorobenzene leads 

Cleavage from the triplet state andits singlet excimer，if   

PrOducedin higher concentration5 0f chloroben2：ene，de己．Cti－   

VateS Without undergoing the cleavag■ein contrast withl－  

chloronaphthalenewhichdissociates through the excimer， 4）  

（eq．2．3）  

phCl⊥む」1phCl＊＿ 3phCl＊＿Ph．．Cl．  （2）  

pbCl．jユ1phCl★  ＋phCl  
excimer －j 2PhCl   （3）  
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Recently．Soumillion and De WoLf reported that phot01YSis   

Of chloroaroma七1c coⅦp01ユndsln me十hanolpi二ゎしニeeds throug■h   

electron t士ansfer from their triplets to groundpstate   

molecules to generate their ion radicals which react with 

the s01vent（Schemel）． 5）This chapter showsmY findings  

that photoIYSis of chlorobenzene resultsin phenYlation   

of chlorobenzene with an orientation different from the   

usual phenylations, which indicates that the photolysis 

will take place through the interaction of the excited 

Chlorobenzene m01ecules with the ground－State Chloro－   

benzene m0lecules．  

Scheme l  

▲  
▲   

－  

」盟く   
1  

Reduct土on  

Subs七土七u七土on prOduc七Ⅴ土a  

product  H－abstraction  
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RESULTS AND D＝SCUSS＝ON  

3 ＝rraaiation of neat chlorobenzene（6cm）in a quartz  

VeSSelwith a160－Wlow pressure mercurYlamp unaer nitrogen   

atmosphere at r00m temPerature for 5 h afforded o－′ m－′ and   

P－ChlorobiphenYIs as main products（nearlY O・1rrm01）in a   

rati0 0f 25：30：45 accompanied bY a Sma11amount of biphenYl・  

As Tablelindicates，the above rati0 0f the chlorobi－   

PhenYlisomers clearlY differs from the Hnormalllrati0 0btain－   

ed from reactions of chlorobenzene with phenYlradicals   

generated from their well－known sources such as photolyses  

ofiodobenzenel）anddibenzoYIperoxide，6）and therm01YSis  

of揖benzoy⊥perox土de，7）wh土cbmos七王avor七he forma七土onof  

the o一土somer．  

ControL experiments bYirradiating the respective   

ChlorobiphenYlisomers rule out the possibilitY that these   

isomers woula photoisomerize to each other and show biphenYl   

arises from pr010ngedirradiation of o－Chlorobiphenyl・   

Furthermore，theisomer：ratio was not practicaLLY Changedin   

the presence or absence of radical scavengers like oxygen, 

Phen01．0r 2，6－di－t－butYl－4－methylphen01．  

工rradiation was carried out for different concentrations  
3 

of chlorobenzeneinl，1，2－trichlorotrifluoroethane（200cm）  

With a 400－W high pressure mercurYlamp for10 h and tYPICal   

results for duplicate or triplicate runs are surnrn．ari2：edin  
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Table2．Chlorobenzenein more than5Ⅹ10－1m01／dm 3  

concentration gave the isomeric chlorobiphenyls in a similar 

ratio to that from the neat substrate，in the highest rati0   

0f the p－isomer． However，decreasein chlorobenzene concen－   

tration altered theisomer ratio to glVe the highest rati0   

0f the o－isomer 肴PPrnaChing to the 一■normalI．value．  

These res一ユ1tヵsllggeSt thatin dilute s0lutions free   

PhenYlradicals generated from phot01YSis of chlorobenzene   

act on chlorobenzene to glVe the normalratio ofisc＞meric   

ChlorobiphenYIs； On the other hand，in concentrated s0lutions   

the excited chlorobenzene wouldinteract with ground－State   

Chlorobenzene with a configuration favorable for affording   

the p－isomer after the cleavage of the C－Clbond．1n view  

of the report on a triplet excimer of chlorobenzene．B）itis  

reasonable to suppose that thisis responsible for the for－   

mation of p－ChlorobiphenYl，Whilein dilute solutions the   

excited chlorobenzene molecules will undergo cleavage into 

Phenylradicals before their encounter with the ground－State   

m01ecules．  
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EXPER工MENTA工」  

1dentification and quantitative analyses of a11   

PrOducts were performed bY a Hitachi163 gas chromatograph   

with a flame ionization detector, using a 2 m column of 

PEG－20M（10 ％）． ＝rradiations were carried out with a   

160－Wlow pressure mercurylamp（Riko UVL－160LA）and   

400－W andl－kW high pressure mercurYlamps（Riko UVL－   

400王王A and Ushio ML－1000W）．Mass spectra were determined   

With a HitachiRMU－6MC mass spectrometer．  

Materials．  

Chlorobenzene′iodobenzene，Phen0112，6－di－t－butYl－   

4－methYIphen01r dibenzoYIperoxidellll12－trichlorotri－   

fluoroethane，and 2－hexanone were cornmercialsamples from   

Wako Pure Chemical＝ndustries or NakaraiChemicals．   

Three kinds of chlorobiphenYlisomers were prepared  

accordingt01iterature・ 9）  

Phenylation of Chlorobenzene・  

a）Direct ＝rradiation of Neat Chlorobenzene．  

3 
Neat chlorobenzene（6cm，59rnmol）wasirradiated  

in a quartz vesselwith a160－Wlow pressure mercurYlamp  
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under nitrogen atmosphere at r00m temPerature for 5 h to   

afford o－′ m－′ and p－ChlorobiphenYIsin a rati0 0f 25：30：   

45 accompanied bY a Smallamount of biphenYl． The structural   

assignment of these compounds were made bY GC／mass and GLPC   

in comparison vith the authentic samples．  

b）Phenylation of Chlorobenzene bY Phot01YSis oキ エ血率沌en写ene・  

3 
A s0lution ofiodobenzene（3cm，27rrun01）in chloro－  

3 
benzene（7cm，69mm01）in a PYreX tubewasirradiated  

With al－kW high pressure mercurYlamp under nitrogen   

a七mosphere a七 r00m 七empera七ure forllh． Af七eご 七rea七ment   

Of the reaction s01ution with a 5 ％ aquaous s0lution of   

SOdium thiosulfate，the・isomer rati0 0f chlorobiphenYIs   

WaS determined bY GLPC analYSis・ The resultis shownin   

でable l．  

C）PhenYlation of Chlorobenzene bY Phot01YSis of BPO・  

3 Amixture of chlorobenzene（10cm）and dibenzoYl  

perox土de（140 mg′ 0．58 m01）was 土rrad土a七ed 土n a pyrex   

tube with the high pressure mercurYlamp under nitrogen   

atmosphere at r00m temPerature・ After unreacted peroxide   

WaS decomposed bY SOdiumiodide，theisomer rati0 0f   

ChlorobiphenYIs was d．etermined bY GLPC analYSis・ The   

result is shown in Table l．  
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d）PhenYlation of Chlorobenzene by Therm01ysis of BPO．  

DibenzoYIperoxide（60mg，0．25mm01）was heatedin  

3 chlorobenzene（5cm）at80－90Oc undernitrogen atmosphere  

for 5．5 h． The reaction s01ution was analyzed by GLPC．   

でhe result 土s shown 土n でable l．  

Chlorobenenein the Presence of Radical  
－一  －一－，・T．＿．一 、一一 

pho七01ys土s of  
■■    一疇－－－－・一、■，－－ 一■・▼  ■－   

Scavengers・  

3 
chlorobenzene（3cm，30rnm01）was phot01YZeain the  

presence of phen01（525mg，5・6m01）or2，6－di－t－butYl－  

4－methYIphen01（100mg，0．45JTun01）in a quartz tube with  

a160－Wlow pressure mercurylamp under nitrogen atmospher   

at roo皿temPerature for5－h・ SimilarlYIChlorobenzene was  

phot01YZed bubbling with oxYgen・The results are summarized   

土n Table 3．  

エrradiation of Respective Chlorobiphenvl＝somers・  

0－ChlorobiphnYl（6O mg・′ 0・3rnm01）wasirradiatedin  
3 benzene（5cm3），CYClohexane（5cm）Jand themixture  

s01vent（5cm3）of benzene and cYClohexane（3：2）in a  

quartz tube with a160－Wlow pressure mercurylamp under  
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nitrogen atmosphere at r00m temPerature for 5 h． The   

irradiated s0lution was analYZed bY GLPC with a 2 m c0lumn   

Of PEG－20M（10 ％）． Similarirradiations of二m－ and p－   

ChlorobiphenYIs（20 mq，0．lmm01）were carried out．   

These results are shown in Table 4．  

Phot01YSis of Chloroben2：eneinl，1，2－Trichlorotrifluoro－  

ethane with a 400－W fIigh Pressure Mercury Lamp．  

＝rradiations of chlorobenzene at different concent－   

rations f11g■〔100 rnm01），l．1g（10 mm01），and O．11g   

（lmm01＝ were carried outin l，1，2－trichlorotrifluoro－  

3 ethane（200cm）with a400－WhighpressuremercurYlamp  

under nitrogen stream at room temperature for10 h．   

TYPICalresults for duplicate or triplicate runs are   

Summarized in Table 2．  

Quantum Yield for Production of ChlorobiphenYIs with  

313－nmIJ土ght．  

LightintensitY WaS meaSured using2－hexanone  

actinometrY． 10）A2m01／dm3solution of chlorobenzene  

in cC12FCCIF2WaS PrePared and degassed bY four freeze－  

pump－thawcYCles（2Ⅹ10－lrnm王吋）．The samplevasirradiated  
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With al－kW high pressure mercurylamp，uSing a merrY－gO－   

round apparatus thrc）ugh a Pyrex filter and an aqueous  

3 3 

solu七血加1ud土ngX2CrO4（0・27冒佃）an…a2C03く1冒／dm）・  
The quantum Yield for production of chlorobiphenvIs  

estimated was corrected using the ratio of m0lar absorp－   

tivitY Of chlorobenzene and 2－hexanone／finallY tO be  

determined to bel．8Ⅹ10－4．  
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Table 3． Phot01ysis of Chlorobenzenein the Presence  

of Radical Scavengers 

Distribution of Products（％）  Radical   

Scavenger  Chlorob土phenyls  
0－  m－  p－  

31  27  30  PhO王王  

七 
2′6－Bu2－  

4★MeC6H20H  

O2  

12  

34  34  33  

31  33  35  
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