
A large majarity of the mixed [2 + 21 p!~~ycloaddhiotu~ 
iavolving ‘@enwes and un8ymmetricany subrtitut# 
ok&u obey tbe so-c&d Corey rule.’ The lattcz stipu- 
Iates tbat the regioscwvity of a cycloaddition is * 
~~~~~off~n~a~~~x 
~n~~t~of~en~~~~~ 
8tateofthesubwatc.Sincethepo-oftbeencmc 
doublebondinthetripMstatei~bclievcdtobcoppo&c 
toitspoia&ationintbc8roundstate,t&rcactionwitb 
alkencs possessing ckctrondoaatillg groups !&odd lead 
mainly to the kad-to-tail cyckxddition while the rcac- 
thwitholc6Impoa!wiogekctr0n-withdrawinR~ 
ahoukl Id mainly to the #lead-to-w cycbdducts. 
such oricotatioll arised from cwiombic iotaaction bc- 
twecn the r-orbitais concerned (see Chart 1). 
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chrt 1. 

mainly HTcycloadducts,“‘” the addition of 1 to l- 
bcxyne” 3 and other hdkynca’2 Rives rise mainly to 
HHcycbadducts; their prcdomh~ is evea more 
pronoanced when 2 or its 34lkykkzivatives react with 
l-bcxync.‘z As the pokhath of the r-bond in l- 
~~~l~~q~~y~~,~ 
dilIercncc ia the rcgioxktivity of pi&mmleIation at 
firstaigiltappcamasstrikhg. 

wti the exception of ollc rathex pccllliar ca!4e,IJ the 
photocycloadditioa of a~cnonca to vinyl ethers leads 
almost exclusively to HT-addncta but when 1 reacts 
with etbuxy-acctybnc 4 the content of the HT~ycload- 
duct (aod the secondary products thereof) does not ex- 
ceed 60% of the product!I mixtnre.‘2 The addiion of 
fY&%lo~s to the acrylic acid derivatives gives rise to 
HIi-addllctS,“‘C” while the reaction of 1 with methyl 
propkdatc 5 athrds nearly equal amounts of the HH- ad 
HTcompounds.‘2 Tbcs facts arc also difficult to explain 
on the basis of Corey’s postulate. siIlcc the pbotacyclo- 
addition of o&cnoaes to alkynes proceeds via the low 
triplet state of tbc c00111c,“*” i.e. in the same manner as 
to aikeaes,” there is no possibility that the di&t!llce in 
the rej@&&ity might be due to the difkence in ~JIC 
rn~~~~ of the excited species. 

This communication is colkccmcd with expl?rimcntaI 
aod computational vcrifhtion of tbc previously sltggcs- 
ted hypotbescS” about the possibk reasons for dBuWlt 
rcghlectivity of clxmc photocycloadditioo to alkcnes 
and alkyacs. 
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CaollC systalls. such @olmd4atc a!saociatioo might 
explainwhythcrcactjorlsof la2with3orJgiveri8c 
to high proponions of HHcycIo4ducta while the feat- 
tiaabctwceolandS&KdaIafgcamolmtsoftbeHT- 
cycIoadduct (ace chart 2). 

Asatcstforthevdidityofthiahypoth&wechoore 
tbceffcctofl-hexyne3andl-hcxcne6ollthcRiuMn 
a~d’H-NMRspcctn1ofeaones1and2iucarboatcba- 
chbride.Itisknownthxttbcformotiooofr~Iexea 
briltgsaboutthcaltemtioniIlthcatrctchingfrequencil?4 
of defins a acetykncs;~ such dtemtio~ arc more ot 
kasproportiondtothcstrcngthafas8ociatioaItixala4J 
kWlltbatknzencproducesconer&kc~iu 
‘HNMRspcctraofa,/3cnoncabywayofcompkx- 
ation.” similar effects should be CXpcctuI upon 
aXnpkxatiooofenolEa1and2withdcfmicaacety- 
kllic&onors.Athoughtbesigllandtbcmagdt&of 
suchan&ctwiUdcpendonmagMicads&ropyofa 
given *doMu, the efficiency of the enonarubstrite 
a8aoci&omaybc&duaXIfromthc”~ 
conceatratioo of the subWatc, i.e. from 8uch a conccb 
tratiooofthccrdolloratwhicJlt!Wchangesiutbc 
spectrumoftbcewnercachtheirmaximwn.Onthia 
premiac we illvcsti&atcd the &pendcncc of coone C4! 
stretching f?cqllcnckS fUldtllCdependenceOfCbemicll 

!3hifts4 of cnoac ok6nic protons oo the cuacentmtioo of 
acetykllicaokfinicWb8tr8tea.EwDesland2,1- 
bexyllc3anLil-bexcne6waeusedaamodels. 

AstndyofRamanand’HNMRspcc&afortbc 
systems1+3,2+3,1+iand2+(iP~~~ 
(see Expcrimcatal Section) both a! ye- 
aadat-2VsbowcdtlmtthcfamatXwl 
aenoac-dkenea8socktesumId~bereIielAy&tected 
bythcacrpectnl~.TheRamanspcctraofaUfour 
systems d&r from the spectm of pure enones 1 and 2 
odybyadi&tincnuc iothciutenaityoftbcenoDe 
C=CstrctchiugWs.IothclHNMRapcctraofthcsc 
fourryatemsthcchaoges~fatlxchankal 
shifts of tbc eaoac ol&ic protons, IL and H, (io 
fe8pecttothechcm.icaI&iftsofthucprotoMinpurcl 
aad2),afcsmauandn&uiyofthcafuucadcrluthc 

Eacauacyof-~thiaoegativeevidaoce 
oacmaycoIlc4lxkthattkformatiDooforkntalaa8& 
ciatcsbetwccatbcgroumlstatuofreactuaiamtha 
weakandcpnqo!expkinthcdiu~ ObWVdhtllC 

pMoc&Tc~~_ofenoLWaad2tothe~ 

Hypothe.Sis II: unaqrral StrengG of @w&-dip& iMa- 
tlCftb?*~~~hip*)fUd~O~~ 

AllO~expknrtioaOfthalcdilY~ IlUtYbCtbEit . 
drpolbdrpdeintaactionbl?twceothstripletatateoftllc 
aKmcmdtbgmmdatatcdtbewbstnte~ 
alarcimportmtintbecaneofaLxtyk&cubstrottr 

Thkhypothesisbringsabaattbeprobkmoft&ide~ 
tityofthenctivetripkt.Pfomthcpho8pbaWXncc 
Bpcctro of pdyCyCk tZ&CllOOCS it fdlowr teat tIE 
cocr~y kv& of their 41, go) and ,(w, 0’) statea are 
vsrydoscaawjy&gcam&d.PTberdativepositioo 
of these staten may be eltaed by mbrtibrtioa94’ 
medium- and# poMibIy, by tcmpa&n~~Thefc- 
fac,tbcextrapok&oufthcdahobblinalfromtbc 
low-tcmpemture emGo spectra onto rcactioos occur- 
risk at ambient tcmperatu~ is somewhat fi&y. On the 
otbcr haI& both ~icandkilletkevi&aa 
acemtoimplythntsimpkcycIicenonessuchasla2 
after excitation and intcrsyatan aouing relax aa u,w*- 
fat&f tlmn Rg&ipkts.~= 

TIE cIo8cness of both triplet kvds is ia a good 
8glwmeotwiththcquantummechanicaIdata~ 
foracrdeincitWwit&nPawithtakingiatoaccaunt 
thcpol&ab&yofu-bondI.=Mvariantaotquxntam . 
mechallkd~ fa actdcin~ a cyck- 
hcxeoone2anditsallaIo@~indkatctJmtthec=Cboml 
of eM)fWl in the a,+ atate ill more ut 
andintbeo,~“atatcismacdectroe&thaninthc 
glumdrtate.Romthi8factm~c4mceoocao 
bcdrawowhkhisvduabkjuatbccawcoftbzdiUMty 
to diatin@& a,#-trip& from r, &trip& under 
oormal coaditioas of eno~~c ~Iation. Namely, if 
inarcactiooinvdviugeMMeIowtripktstbcC=Cbond 

2: R-H 
0: R-MO 

2i R=C&n 
1: R-OEt 

10: R-Bu-terI 2: R=COOMe 
11: R=Ph 
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R RCIbCH:, RMXi RCIi<H1 RthCH RCH-CHz RCXH RCHdHs RCaCH 

CH3 035 0.76 r (r +0013 
~~ +oir23 

a).014 -0.029 
OMC I 2P’ 

i67 ;z., 
lnr 1W 

-0IOl2 
-O.O@l -0.069 

COOMC It9 log -0.026 to.060 +0.@32 

‘@For R = OEt; for etboxyacetykac 4 & = 1.96D. 
“‘For R = COOH; tbc diiarcnce betwed of ads ad tbcir methyl estera normally liea wit& o.IsD. 
Mnlutrof$,uebm~fromtbecompihtioainRd.29. 

are easily available.~ The direction of dipole moments 
aad the distriiutioa of Pckctroaic CharBe ia the gouad 
state of substraks were obtaiaed with use of CNDO/2 
method. These data are represented ia Tabk 2. 

Not unexpectedly, the a-charge distribution is quali- 
tatively the same for both okllaic aad acetyka+lb 
strates.oatheotberhaa~tbeali@hKkofMis 
considerably greata for acetykaes thaa for their okuaic 
aaak~s. It seems thus pkusibk that the photocycload- 
dition of a,#Icaoaes to uasymmetrical acetykaes should 
be more sensitive to dipok-diie iateractioas. Aaother 
poiat d interest is the dire&a of the mokcular dipole. 
If ia simple alkeoes (such as 6) aad simple alkyaes (such 
as 3) the aa& 8 between the molecular dipole vector 
andthebondC,~pk~lytbesame,intbecaseof 
fuactioaaUy substituted subsbates the difference is much 
Ipeata.IavinylCthU3andialllkylacrylatesthk8llgkis 
close to 180” whik ia alkoxy-acetykaes aad ia @I 
propidates8ismuchneemto90”thanto1800.Iaotber 
words, the mokcular dipole vector ia 4 or 5 is quasiper- 
peadicukr to tlk? triple bead. 

Hypothesis III: Lower a-dcctmic density and we&r 
pohhtion of the u-bond of olkynes in mpect to al- 
kenw 

This hypotheses is, ia fact, a corollary to the previous 
oae. The lower is w&ctroaic deasity aad tile weaker is 
polarization of the a-boad ia a substrate, the weaker 
should be the orieatatioa effect posh&al by Corey aad, 
respectively, the greater should be the effect of dipok- 
dipole iateractioas. As caa be seen from Table 2, both 
ekctroaic density aad pokrixatioa of the n-boad ia 

Wkmeotary calculationa based oo dipolbdipok ap- 
pfoximatbo show that t&e dihrewc io tbc energy of diilb 
dipokintenction~,~M~L-~shwldberbootl-2~mok-’ 
who the dhace bdwea~ two mokcnlu dipole8 of tDch 
magnit&becomescloacto4A.snch~diffclcaceirl~ 
eoough to accolmt for tbc ob8crved lv#ionckctivity of eoow- 
alkyne cyclodditioa 

acetykak subs&a&s RC=CH are cons&nbiy saaalk~ 
thaa ia their okfiaic aaalo~s RCH-CJL. Heace the 
formation of aa orkated r-complex between the COW 
tripletandRCX!Hwillbeaotso@ortaatasiatheaue 
of eaoaealkenc pMocycloadditioa. 

Aaother coaseqlWmX of lower ekctroaic deasity aIMi 
weaker pokrii%ioa of the acctykaic +boad may 
coasist ia a relatively treater importrnce of s&c 
effti Symptoamtkauy, the re+&ctivity d cyck 
addiia of 1 to 3$-dimethyl+butyae is much hi&~ 
tbaaiatbecaseofrcactioabetweeo1al?dlinear1- 
alkyaes.‘2 

Thcsecoasideratioasarebutapar&krcaseoftbe 
geaeralcoacept,~towhichthere&sek&vity 
of a reactioa is determined by iatczplay of orbital. 
dipolbdipok aad steric iataactioas or, ratb~, by their 
relative &Wtaace. oa the basis of this coacept OM 
alay offer the foUowiaB explaaatioo for “abaamel” 
reBioselcctivity observed earlkr”~‘z ia the photocyclo- 
addition of a&?caoaes to moaosub&& acetyk-: 

(a) The cyclo&itioa of cao~ 1 and 2 (modelkd by 
systeal A) or their Wkylsubstituted aaaloBs such as 
Ialethyl- aad 3-tert-butyC2cyclohexeaoaes 9 aad 10 
(mod&d by system C) is orkated mainly by iater- 
molecular dipokdipok iatentctioas.t The main cyclo- 
adduct corresponds to the aliaialum of these inter- 
actions, i.e. to the situation where the mokcukr dipok 
vectors of the COOW 3((II, a’) state aad the substrate 
gouad ftate tend to become aati-parallel. This caa be 

heamb&yrepreseatalby&uatioasR,FaadG(see 
~~3)w~chshow,whytheadditioaOt1,2,9or19to 
Mkyaes gives rise mainly to the HHcycloadducts 
whilethesdditioaof1to4orSprocecdswithpartialor 
complete loss of r&selectivity. 

A cutaia decrease ia re&&ctivity obsuved upon 
traasitioa~om2toits~~9aadlOmoybeduetor 
saudlchaageiathedire&aofmokcukrdipokvector 
intheg(p,O*)SfateofsystemCinrespecttosystemA 
(see Table 1). 



~~~~~~~CkO~~~~C_ 

andC~inthe~oftypcR~H~H,aR~H, 
L-the kw of the multipk bond (-1.33A for al- 
kenesand-lJtIAfou&yacs)albIl~valwof 
mokwkrdipokmomcnt;tbemultiph4.8fdatcstoto 
clwgcofandcetnn~AscanbcrcenfromTabk3, 
compibdontbcbasisofdatagiveninTabks1and2,for 
~~~~~?~~f~~~Cf~f~ 
their okfhic andug with tk same tHlbahnt!j. 
Evidently, the salah is r, !hc weflb is tbc effect of 
aorbitd intcwtioa aad. rcspectivdy, the greater is tbc 
inthence of dipokdipok jotcmctions upoo the 
fegitivity of plMwM&um . 

Thns, among okdinic substratca the lowest r cof- 
qmd!? to au&ii (R=cHO). Tk latter rcpmscnts the 
family of unsm a&cno1~3 (system A) for which 

R k-d a p lb-%I E;r f 

CHJ O.U73 0.3s 1.33 0.042 0.76 0.32 
Etw’ 0.117 1.26 0.59 0.092 
coohfe 0.066 1.67 0.33 OH4 g& zt 
CHO O&SO 2.8 All - - - 

•~xf-~-~lx4~x~. 
“‘lbe * d k -41 CQIMPO~ to mtboxy-tmmobgs (see Tab80 2). 
“‘pa R = COOA (SW Tab& 2). 

Tabb 4. 

*cc (cd Ret. 
~~(~~) intbcmme imaity 

1w325M) 197 
l(O.zs w)+3(mM) 1597 kiz 
l(o.aM)+6(2sOhQ 197 1.75 

. . . . . . . . . . . . . . . . . . . . . * . . . . . . . 
2(OJ5Ml 

2(023t@+3(250hf) :Ei ::: 
2(0.25w+6cmM) 1620 1.61 

(b) ‘Ii Nha tpan (-We ot 

srmpk ~wacentntiont hb) 

l(O.30 M) 463.sOMd450.12 370.18ud365.W 
I(o3OM)t3(txlM) 46LPomt446.17 366.2OUld361.08 
1(0.30lbf)+6(1.50rd) 461.12ud445.83 365.17 md 359.14 

. . ..I. v . . . . . . . * * . . . . . . . . . . . . . 
2 (0.25 tbf) 417.11 uNt4M.86 35S.41 md 31552 

2(025M)+3(t;uM) 417.11 ud4U7.22 35s.sPumt348.aP 
2(02s?d)+6(1.23M) 4l6smd4Oh49 USA1 md 3is.15 

?Tbcpoaonoftbctwomostiatsmrr~iu~~~ofthawe 
okfbicpmtoMuc~. 
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ItmustbcpointedoukasacoacIudingremprlr,tbat 
ourapproacb,diwelltffomtIlecarkoncabasalon 
PM0 tbmty cotu~M?- is only a rough ap 
proximationakeitn@ct.stbcfuII~metryafreac- 
tantaandataiceffcct4dcrivaIfromit.Tkcloacrtbe 
dimcntioiuofamokcukarctotbccrilhIdiatanccof 
illtwmokcuIar illtc!ra&ll or the grcatu is colIcdraM 
afpo8iliveaadnugativepoksinrea&tgmokcuka,thc 
ksscatpinwiIIbc~of*o8eIcctivitymsdeon 
tkb&ofdipok-dipokin~um~t(acetbc 
leghekdvity of enoDe photoamEIation with l-Ik?xyDe 
intbecased2aadll).Indexrsbouldaotbeusedasaa 
absohltc critaium ill the estimptes of lzghelcctivity. 
Thus,fromtkdataofTabIc3onemightconchdethat 
the 8dditiOO Of SiUl~C Q~ClloaeS t0 IlRthyl aaytote 

(r=O.33)* jullt a8 in the case of I* ““~0.3, 
sbdd have been controkd by dtpoladtpole 
actioasardtIJaeforcskonIdIcadmainIytoHT~ydo- 
ukhlcts. Actuany, @3cwc8 and acrylic acid dcriva- 
tives react to give mainly HHcycIoadducts. A mare 
prcci8edmatcoforicotatioaeffcctaariaingfromP- 
orbitaIandfromdipok+oIeinleraUionsrcqukstbc 
kuowIcdgcofthcfuIIgalmctryofrcactant&Asforr,it 
maybcawIaaaguidceitbcrwitIhcachsericsof 
substrates (RCaCH and RCH=CHd or for a rough 
unnpafisonoftbwc.AsimpktcstfortbcvaMilyofra8 
acrhioaappeafstoIieiutkstudyofwIvcnteffects: 
tbc rcgidectivity of cllow photocycIoaddihn to pro- 
pioIic or acrylic acid duivativc8 &odd be more solvent- 
~Mcndc in the case of lbcir ddilion to l-aIkynca 
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