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Since the eminent investigations by Woodward and 
Hoffmann,’ the mechanisms of pcricyciic reactions have 
proved increasingly tractable to lbooMical analysis. 
Recently, however, studies have indicated that, in certain 
instances, pcricyclic reactivity is not explicabk in terms 
of Woodward-Hoffmann’ or derivative theories.“’ In our 
investigations of the photochemical cycloaddition rcac- 
tions of conjugated pofyenes to arcncs, we have dis- 
covered that tbc higher arencs provide a useful template 
for probing symmetry correlations in pcricyclic reac- 
tions? Our studies of the photochemical and thermal 
cycloaddition reactions of these systems, which we have 
now extended to include arcncs containing five cata- 
condensed bcnzenoid rings, have uncovered reactivity 
patterns which apparently can not be treated by ap- 
plication of the method of orbital correlations in the 
usual sense. ti behavior evidenced in ares cycbad- 
dition reactions has prompted us to derive an extension 
of tbc theory of pericyclic reactions wherein such reac- 
tivity ten be described adequately by an analysis of 
reactant and product nodal patterns about the reactive 
centers in the frontier mokcular orbitals PhKk). 

Although tbtrmal reactions between bcnzcaoid 
aromatic hydrocarbons (arencs) oad okfins are well- 
known: and the ability of certain arenes to form pho- 
todimers has long been recognized, only recently have 
the cycloaddition reactions of arenas been subject to 
scrutiny in a mechanistic context. Historically, interest in 
the thermal reactivity has concerned the addition of 
okfins to arcaes ia the DiehUdcr reaction?’ Study of 
tbc pbotochmical reactions between okfins and arcnes 
principally focused on the additions of okfins to dcriva- 
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lives of benzene and naphthaiene9 However, the modes 
of addition possible in such cases are limited, and the 
derived mechanistic insights are not always unam- 
biguous. Frequently the origin of the observed adducts 
can be ascrii theoretically to more than a sin&c 
pathway. For exampk, the 2a +2n adducts isolated in 
the photochemical reaction between arenas and okfins 
fqn 1) and the 4a + ta adducts isolated in the Diels- 
Akier additions of okfins to arenes (qn 2) can in prin- 
cipk result from concerted or stepwisc mechanisms. in 
eqns (1) and (21, the intermediates indicated as diradicals 
in the stepwise pathway could. depending upon the situ- 
ation, also tx represented as dip&r entities (e.g. when 
substitucnts which stabilize charge separation are 
present). If bond rotation in the inte~cdktes were to 
occur more slowly than the transformations of the in- 
termediates into products (and back into reactants). the 
stereochemical integrity of the reactants and the inter- 
mediates would be maintained, and the reactions should 
be stereosckctive. A product analysis would then not 
reveal which mechanism is operative.’ 

Following the initial discovery that conjugated okfins 
quench the ffuonscensc of aromatic hydrocarbons.‘o the 
photocycloaddition of tbcsc okfins to arenes has been 
studied extensively in our laboratory.“-” Such reactions 
provide a greater diversity of reactivity and accordingly 
disclose a larger amount of information than do reactions 
with simple okhns. In particular, reactions which occur 
by concerted mec~sms frequently aflord a completely 
diflerenl set of products thaa are obtained from cycle- 
additions in which the mechanism of addition is M)P 
coacertcd. The tbcrmodynamicrlly more stabk isomers 
generally are the major products isolated from reactions 
which occur in a non-co& fashion, but the products 
derived from reactions with coacertcd mechanisms often 
represent more hi&y strained derivatives. Thus the 
photocycbaddiGon of s-huts diencs to arem affords 
tbc highly strained fronr 41r, + la. products in a cancer- 
&,d ruc~n,ll.ll.” but the thermodynamicaUy favored 
la. +2u. products result from a non=concerted 
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trsbaism (cqn 3).‘J*‘f*1’ 
fcqtt ,)_l”“.l~ 

s-cl-Ok&ts behave simibriy 

lk mode of sddition then provides a way of dis- 
tia&hiq tbc type of metim wbicb predominates, 
UDdcr 8ny given set of catditiom, in tbc pbotocycb- 
addition rc&ot~ betweta arenas and conj~ted poly- 
-ted ok&m. Ittvcrt&ion of tbesc reactiona rub- 
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et&r,8ndcbematahlrecovardfromlbecohnwuncr)l_ 
uizcd from th heat tyltem. AMh@XlX(AIQickGold 
L&l 9X9+%. bt No. 14.1062, m.p. 2162-216.0 wu used u 
reuivai. ~&nhuene (htnsaa bt No. A6B. m.p. IS 
Iv) wu &cl- oytr wtivay I woclm silica gel 

pctmkum eta;. Dilu~a,h~ Wdrkh 9%. bt No. 
030667 BD. m.~. 266-267 lad m bt No. MT md A6X) 
wu&loqrpbsdovaWoelmsRicagel(ICN.raivityI) 
ushq beozewpctrokurn cc&r, lad tbe rumad cnMaid was 
reay~bhd from ti ume whcot lyskm. All a&a mrlahls 
wcreof1lMdud~tigdeqorlity*pDIFblLcdfroinAlbrich, 
F&r, hlhkrodt or MCB ckmhi wmpha. 

&UU! ~WU&I~ pttxdm A pynx hdiUion vessel 

equippedwiU~N~mkc.rsideumappbdrithr&hascptum. 
rndrwrtaXookdfeauxamdenlawitb~dry&hlbewu 
chr#EdwilhrbcazcasolnofIbelraleudlkycbhcudiene 
(0. I.OM). Dsoxygermhn was +e” by bdMtu N, 
h&l lbe sola for 3Omin prior (0 r&mboe. The noln wu 
slimd ~hlly wi& 1 TeOoa-coued -tic sthr rnd 
caaipl -tic stim. hdiuioa wu paforQed with slit+. 
uoda~N~,uciqrHuovim45OWmediumptrurcmacuy 
lunpbCUXdin~~lncookdqUUt2 immalh well. A cyh 
dfiulurulylghLla&acutoul&ofwavda&ssborttrthn 
&ou33Oam.T&teapoftherdard~hdhtioawu . 
mmmumcdtiz222~.~oflbcbCwumo~by 
mumdpaiodkextr&oad&q.obth@blheNbba 
scptumwiIgrsO~Is*~UVumlylil.Whallbeaene 
wu ooawmed (&90%). IlK soI& wu Itripped ou under 
fedbduosd pful&ue md lbe midlE chmocoqrpbtd ova 
utiva&J Woelm xhtmh (neti. ICN. utivity I 0T II). 

F’roducts et&d w&b 2Umk Ciirclrpttrokam aher; frhons 
wae larlyzed by NMR. uni t&se oootraiq id&al product 
WatcocnbisedmdrsCryrf&tiZA.YiirrporcrdUe~tcd 

cbtmial yields. h&ate rum were pufonted a( bw inilhl 

uenecowatntionBndlkcrudecrudcmmixtltrutub~Io 

cuefDiNMRinte&aatoeuuvetbr(tbekohkdcbcmical 

y3d.s ucleacely maeclai the rehtive yieh of primary pboto- 
ckmial pducls formed. 

Quulalm yield delamin8tious were Ia& 011 mary-@Xound 
rppuraawitbrCaairltur760+~52dhcrsyrtcmtoirohlc 
tbcM5fKaemiioaoMOWIhoo+aiiumgfushmp 
boasedinrntaumkdquulz imQalh well. hdhlions 
wac pcrfaacd rt 22 2 2'. Tk q- yiefd~ for (& diup- 
pufanceofutarvaeuudud&d~rknzopbcoooc- 
beauhydrol rtiaowtcr (0 = 0.69).rn M * wae pcpued 
in bcazeae con* I3-cjXbhrrdicne (I.OM); each umpk 
(2.Sml)rrrcdepuedinthrecfrcctbcirwcycksrtlOmkrom 
pfuatre.sIlapklwitbdRule ~ltSOfUCOCWCfCCC+ 

rr&dforhmpkle@ht&oTpth.Gmvalimadtbelrena 
wacmonit0redbyuv tpedroKopy ud wac tamiarled before 
2O%of(kacmhdrucled. 

Irrodioth of ahrac~ la. hllncene (0.8671. 
487mmok) md 14cycb&udienc (MD, 1.011) in bcluznc 
(130ml)wuhdiued2hr.TbecnuksohwuamceatnledMd 
flllaed to fie 0.27& (31%) of I at&e pp( ideotidsd u lbe diwr 
ofa&uene.Cbromltoqrpbyo(lhclRwakrilordcdhSR1 
0.O6o~ofrulhku03ide&edurmixbrrofdimasof 
l.3-cydhxbdiene. cohued et&ion wiul 2:9e CH+& 
petf&ume4bapve 118mg(!+%)ofrtYhkslsolidwtlicbw8l 
the kmJwrl 4r.t2r, mwo ddou I&.“” R?&a with 595 
CH&petmkume&apw446~06%)ofrcdorkasays- 
uBiocartnhlwhcbwutkknown48,+4w,~dduct7&” 
@htioa wi& 12:88 CH&petroknm et&r &hd l48a# 
(12%) of I m prodoa. -0 from CH& 
petrokum e&r pw 100~ (8%) at Ldodan CYyab. a.p. 
I3GlTp: uv (&OH): 351 (6961, 334 (773). 320 (438). 301 
(23640). 289 (Iasm), 270.5 (MalO), 269.5 (Mea). u2 (84300); 
NlYR (m): 1.32 (a. IH). l.Sl.7l (m. 3H). 2.87 (a. IH). 3.37 
(b I. IH. J-9fiz). 3.61 01 I, IH. I-IOHz). 4.10 (1. IH. J- 
93 Hz). 5.70 (b d. IH. J - I I Hz). 5.92 (m, ZH). 6JI (d of d. IH. 
J = 2 md IO Hz). 7.3s (m. 4H’). 7.69 (m. 2H). (Pound: C. 93.03; H. 

7.09. C&. for &H,: C. 9296; H. 7.@2%). This ddwt wu 
ulatforeihdeedn12¶r,t2r,ddPdolcycb4ex&aelora 
ead~of8hxzu. lh Coathd c&ion with IS:86 
CH~pcrrokrrac&apvcrmixtutofuhccne.*ocb- 
nccnedima,lod~wwprodoct.Cadulrcchm8fo6&yd 
chic frX!iofl &vded l2m (1%) of 111 umblh CompMad 
~ti&dur4r.t4r,ddPEt01CYdObCXdkDt1DUI~riPl 
of lf&lKzne. cl* on-fk huh of-ha spc&l propah: q .p. 
ImIlt (sc&discs rad rem& 122lM?: UV (metbraol): 3l8.5 
(300). 316.5 (290). Ml @M3). m (Iti). ti.3 (16MOj. 2665 
(18300). 234 (Ioy)oo) nm.; NNR (wk l3S(m. 4H). 3.02 (m. 
2Hl. 3.82 (a. 2HL 6.04 Id of d. 2H. J - 5 rsd 5 Hz). 6.37 Id of d. 
2H;j - 5 lad 5 I&), 7.3ai (d of i. ti. J - 6 rad 6 H& 7.48 in. 2H). 
7.71 (d of d. 2H. J = 6 ud 6 Hz). (pound: C. 92.78; H, 6.S. MC. 
for C&,: C. 92.96; H, 7.02%). 

upon reeuxiI@ in bmzcae for 3ORh. ti &ddrrc (lb) 
undawenl1 cope -1 to rlad tlE 2T. t 2r, producl 
l3a quntitrtivcly (lh+uI). aih6ou8 to me mnl 
ObMved for lbe l!npm IT. t IT. dduct 10 (IO+ l2).” 

(O..%Og. 3.rlRck) uni I$cydobeudit~ (l.OY) in bentrac 
(12Omml) wu hdiakd #)mio. wv lhdcd Rrsc 
0.903g of cycJoheudieae dhas. Eh& ti 298 CH& 
pctrokum c&a ah&d OdOS 8 (69%) o4 1 IT, t IT, ddpd II. 
Rccryshllizhon from EtOH pve cobrkss aecdks. m.p. IJL 
ISf; UV (&OH): 320 (1010). 3MI (ISO), 291 (MO), 270 (8910, 
am; NMR (m): 1.4hl.66 (m. 4Hh 3.21 (m, IH), 3.32 (II. IH). 
4.38lbd.IH.J-IlHz).5.~(d.IH.J-IlHz).S.47(1.lH. 
J=8Hr),~L#(l. IH. JibHz). i.ti(& 2Hh7.2tim. 2iii7.M 
(d, IH, J - 8 Hz). 7.42 (1. IH. J - 8 Hz). 731 (1. IH. J - ll Hz). 
7.66 (d. IH. J -7Hr). 7.83 (d. IH. J-7Hzl. 8.16 (d. IH. J - 
8 Hz): &&d: C. 93.i2; H. ih. C&. for C;H,: 6.93.6; H. 
6.54%). 

Fur&a ehction whb IO:90 CH&petmkum cha pve 
0.096 P (89b96) of 8 IT. t 2r. &dud. eilh Ih of b. RecfYsul- 
liz&n from ethol~g~ve ;obrku aystrls. m.p. l4l-l4f; UV 
(MeOH): 329 (17100). 321 (ISO), 290 (4270). 269 (93%) am; NMR 
(am): 0.81 (m, 1H). IS-l.88 (a. 3H). LMZSO (m. 2H). 4.29 
(b s. IH). 4.94 (b s. Ifi). 5.67-5.78 (m. 2K). 7.07 (m. 2H), 7Xl (m. 
2Hl. 7.38 Ib 1. 1H. J - 8 Hrl. 7.49 (m. 2H’l. 7.62 Id of d. IH. J - 2 
am-8 Hz): 7.h (d. IH. J - iiliz). 6% (d;.IH. J.- 8 Hzj. (&KuJ: 
C. 93.02; H. 6.62. C&. for C,,H,: C. 93.4s; H. 6.54%). 

T&shucnoeof~4r,+4r,ddudwuvcri&dinr~- 
crysw x-lay ayub@@c study~’ 

Imadiathn of dh$z.c]auhrsc~ 19. Diben&c)mtb- 

racc~y (0.2001. 0.719mmok) md IJ-cycbhex&ne (I.OhQ in 
balzenc (looml) wu hdhd 2hr. Cbromrtoqrpby &Xded 
bnt 6.00 of cycbbeudkne d&n. Ehaiocl wi& 15:IJ5 CH& 
pettokum ccbcr PVC fhC a~ oily mix&e of producb (63m(. 
2S%)wbkbwaeide&edbyN#Rtobermixtrrtofrp- 
proximrlcly qul proportions of two 4~,+2r, I: I dducls of 
cycbhexadiene to the meso po&ioui of lbc aene (2h 8nd 21)) 
lad 8 IT, +4r, pcoduu. m. Tbil mixrue wu oo! IlElba 
purilkd. The pue 4r, + IT, &duct t) &f!d IKx1. and &rded 
IUmg (6096) of ahku cfyshls &a rcaystiizath from 
CH&pctmkum et&r, q .p. 20&205’: UV (MeOH): 360 (501). 
343 (4X0. 310.5 (QIO). 299 0960). 272 (1 MO). 258 (22100). 249 
(21400). 227 (15900) &I; Nti (*)I 1.49 (III. 2H). I.63 (m. 
2Hl. .3.31 Im. 2HlS.16 (d. 2H. J = II Hrl. 5.49 ld of d. 2H. J -4 . .~~. . ~~~. 
d-5 Hz). j.iO (dh d. 2H. J - S uxd (iiij, 7.31 id of d. 2Ji. J - 5 
cad 6 Hz). 7.63 (m. 4tf). 8.27 (It d. W. J - 9 Hz). 8.74 (b d. 2H. 
J - 9 Hz); IR (KBr): 60(, 699.72l.743,7Sl. 759,770.809. 1048. 
1166.lrn. 1429. MO. I446.I45~.I404.1498. Isal* m. 2931. 
;39~9; (Fooad: C. 93.53; H, 6.26. CJC. for w,: C. 93.81; 
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T&k I. Product dhtriitioa in the pbotocyclorddition of 13_cycbhcxadi~n~’ IO PTCIW in bclu~n~’ 

Arw rraduct~, SC d 

‘-A?8 
4m. 4 4m . 4-, + h . 2s. l 2m. .- dlrr 

9. 70* 0 -8 0 0.23 

la 58’ 9 8 31 0.2e 

i-bh 59 10 0 11 -S 

kg 15 3 tri _S -I 

ld* 81 0 tri _S 0.52 

1.. S? 0 0 _I 0.65 

29 15 16 0 51 (0.05,J 

16 69 8 0 -. S 0.16 

19 13 13 0 _- a 0.21 

25 0 82 7 0 0.0016 

22 M 9 _S 0 0.0015 

31 0 9 _S 0 0.001 

l 1.m b 22 2 3’ c. = lkolacad chmlcal yleldm. ’ qwntu ylaldm for dim- 

.ppe.ranc.. of .rsn. .I lw initial .r.DC conc~atr*clon. 
. f 

reference 15. c*- 

blned yialdm of “aa and and-r1nS 4s + 41, dducts. S not d.tarr1nw.l. 
h 

. mfaramc 29. 

i 

f&e 2. Reachns of TCNE’ with arenes in dichloromethanc’ 

la* 

lb’ 

ids 

lb’ 

19 

iit 

22 

37 

“~rwa” 

“yella” 

-I 

“1iShC vlol*t” 

5500. S60b 

594. bpd 

626 

611 

.5* 
Of 

_I 

6Of 

240 

5900 

6wO 

135 

79). ’ ref*rmc* Kl. A ructioo occurrad. l lthcush than p.r-t.r. -I. sot 
l poclfl~d. 

b 
dopbla urlm oburvod. 1 the lnaolubillry of tlm ehr~-transfer 

eaplax forud ua to w m .- coneeotratlm of O.Ol3# la CUB ea. f . 

l houlder -purr .t 690 am, 

TCNE m. doubk uuxima were ahned in the rb summarhi in Table I. The Woodward-Hoffman “aI- 
rorpha qecrm of Ibr Caup mmfer compkxel formed be- 

,d dtbt&fbh- 
lowed” 4~. +4~, xdducts art tbc prcdou~inaol or 
excluxive products formed in all cases except for tetra- 
ccru, dibeaz(r,h)xNhmccnc. and pcotqhe. With 
tetf&LXQc. another “albwcd” photopfoduct (the ph 
todir~rx of ktracene) is the major product. and lbc 

uWLTs 4~. t 4~. adduct of cycb&xadknc runah the prkipal 
Tk product distributions found for tbc cycloddition I: I product isolated, althg!~ in lower rehtive ykki 

reactions between arcncs and 13-cycbbcxadicnc are ha0 ix obtained with the other arencx Whkb ndord a 
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Tab& 3. PbyGcd propertim of UCDLI 

*rm I?(& xA(.P)’ xsIt.v)C c (Io~c,-~)d 
Jl 

cr (IoZc.-lje PIPmf 
I 

4 9.24 -l*O? 0.869 3Wl'b' 295 -4.OQo 

9 0.1s -0.06 1.323 322C'LJ 213 -3.683 

la 7.41 Q.b9 l.bOO 267('LJ 10 -3.314 

29 b.9? 0.84 1.822 212~l~t 103 -3.248 

lb 7.41 0.42 2.291 2soh.J 165 -3.418 

19 7.39 0.34 3.osil 267C'LJ lfb -3.L91 

25 I.38 0.37 2.9ul 'JXl'b' 183 -3.314 

22 7.40 0.33 2.940 2wflQ 183 -3.513 

37 7.27 0.44 234, 170 -3.649 

' lonimtfcn poc~(ltl*l*, refrr.ric* b6. 
b 

t1*cttm l fffoSti**, rsf8r*ace 64. 

’ Irraunca erur&iw. raferaacea 62 aad 63. d 
Lrur87 rod PhtC ootetla\ of the 

flrnt l xclt.d l ill@*t *tat*, r*f*r*nca 34. * caM~7 of chm firot triple .t.t., 
ref*r*nc* 31. f 

rat4 loc~llartlm l rwrgy. r*f*r*ncr 16. 

Tabk 4. Lifetim& of arely 6rs1 excited sin&c states at mom tcmpentun 

*ra 

b 

9 

la 

lb 

1C 

ld 

l* 

29 

lb 

I9 

23 

22 

LolraC 
mthroof. 

ma 

S.16 

40.1d 

22.s* 

crc loh9xwa 

2Pb 

#b 

r.,b*- 

r.rb** 

I.? 

1.9 

13.8 

b 

,;:;b.. 

53.5' 

37.3. 

l&Ob 

similar adduct. Dibenr(ablmhracenc affords a (a, t Zu. 
adduct in high chemical yield. Pcntaphcne rlao dords a 
J**+ZI, primary product, althou#h secondary photo- 
chemical reactions of the primary product lower the 
yield of material which can be isolated. 

The quantum yields of arena consumption listed in 
Table 1 we ah revealing. The quantum yields for the 
untsumptien of naphthaknc and the dcrivativef of mth- 
lxccnc arc rehtivcly krgc. Vducs for antbrmccnc. 
hen&m, and dihe&r~nc arc sub 
stantial. falling in the m of 0.1M.3. The quultum 
yield for the consumptba of tctracene, whik not cxpli- 
citly determined, was utir~tal to he of the order of 0.05 
(the bw s5luMity d tctr8ceec in &nttDc make3 ac- 
curate estimation di#icadt s&e. at bw concentration. 
only a small fraction of the incident light is ahsorted). It 

thus appears that the amount of 4~. + 4a, adduct formed 
in the photolysis of armcs with IJ-cycbhcxadicne cor- 
r&es in a qualitative manner with the quantum yield for 
arenc cons~p~n: the reactions which occur with a 
hi quantum yield in pncral afford a higher chemical 
yield of 4a, t 4a. product. 

Data for the reactions of tetracyanoethyknc with 
arenas is summarized in Tabk 2. The reactions seem to 
be compkx, with the fo~~n of charge tnnsfer com- 
pkxes which have very broad absorption spectra and, in 
sume cases, exhibit more than a singk maximum. The 
relative rates of reaction can be conelakd rather crudely 
with the wavekngth of maximum absorption for the 
charge transfer compkxcs: the bpger the wrvekngth of 
this maximum, the faster tbc reaction. With 
dibc~ab)anthracenc, this correlation hokis for the 
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maximum appearing at 59)nm; a shoulder is evident at 
about 6?3Onm. bowever, and the relative intensities of 
tbcu two maxima are not constant during tbt reaction 
(the st&der at 690 MI decreases in intensity kss rapidly 
than does the 594 nm maximum). Dibcnz&)anthraccm 
also exhibits a double maximum in the absorption spcc- 
trum of its tetracyaaoethyknc compkx; in this cam both 
maxima are approximately equal in intensity and show 
no change in their relative intensities as the reaction 
progresses. 

Tht mechanism of pcricyclic reactions has intrigA 
chemists for many years. Tbc tbcory of Woodward and 
Hoffmann’ provided a major contribution toward the 
interpretation of the mechanistic si@cance of the 
reactions. The determination of reactant and product 
orbital correlations can afford a qualitative description of 
the potential energy surfaces for p&cyclic reactions. 
However, orbital conelations strictly are obtained only 
for Ihc cl&e of a reaction coordinate along which some 
ekment of symmetry common to reactants and products 
is preserved. 

Since t& Woodward-Hofimann approach is intended 
to provide merely the qualitative features of the potential 
energy surface along an appropriately chosen reaction 
coordinate. minor perturbations from a symmeti case 
can be treated by largely ignoring the source of the 
asymmetry. Indeed. the interpretive power of the 
Woodward-Hoffmann ruks derives from their ap- 
plicability to asymmetrical reactants and reaction path- 
ways as well as to reactions in which symmetry is 
believed to be strictly maintained. 

Following the proposal of the Woodward-Hoffmann 
rules. considerable attention was devoted to the study of 
reactions devoid of any recogni&k symmetry ekment 
which n~netbeless seem to be amcaabk to a Woodward- 
Hoffmann correlation analysis. Subscqucntly. various 
alternative expressions were developed and applied to 
define pcricyclic reactivity.- In these extended or 
simplified &ore&al treatments, consideration of the 
symmetry involved in the overall reaction effectively is 
bypassed or is held to be derivative, and. in general, the 
direct local interactions bttwecn reacting fragments are 
believed preeminant. In assessing the “allowedness” of 
perky& processes, most such theories recognize tbc 
importance of orbital phase properties near the reacting 
positions. However. in the application of the aforemen- 
tioned formalisms, the consideration of symmetry is not 
explicitly entertained. Symmetry, when it is fortuitiously 
maintained in a pcrkyclic reaction, an be treated u a 
special case of the more pnenl circumst8nce in which 
symmetry is not necessarily conserved. Woodward- 
Hoffmann correlations merely arc considend to 
represent a sbortbpad method which pertain only to the 
appropriate specific instlncc in which symmetry is 
present. 

For Woodward-Hoffmann “allowed” reactions. 
theoretical invest&&as have indicated that, since pcri- 
Cyclic bonding exists in the tmnsition state, nascent bond 
formation must be essentially !ynhmnoux at the ap- 
propriate intcnfzting positions.’ It h reason&k to 
assume that a similar situation would obtain for m*Uy 
symmetric substrates, as lorg as the ekctronic propcr- 
tics Of the reactants are not meaningfully altered from 
those Of the symmetrical substrates. Bond formation 
may become more non-synchronous. but the essential 

features of concerted behavior should persist provided 
that the -lion caused by the asymmetry only 
exerts minor effects on tbc reacting centers tbemselvcs. 
Then the local nodpI structure about the reacting posi- 
tions should be essentially retained. and, despite the 
strict abscace of overall symmetry, this local “essential 
symmetry” can be used as an approximation in rhc 
construction of orbital correlations. In this sense. pho- 
tochemical and thermal pcricyclic reactions should con- 
form to description by a modified correlation analysis 
whenever symmetry or local symmetry exists along a 
reaction coordinate. (This is the basis for a number of 
simplifkd approaches derived from the Wcodward- 
Hoffmann theory of orbital correlations which explicitly 
ignore the rok of symmetry in pcricyclic processes.)- 

Recendy, a number of theoretical studies have in- 
dicated that a more complete description of the potential 
energy surface is required to determine adequately the 
energy barrier for concerted reactions when the reactant 
asymmetry’ or polarity’ is extreme. However, the 
sophistication in calculation necessary for a reliable 
estimate of the potential energy surfaces involved is 
difficult to effect. Simplifying, though qualitative. 
analyses then continue to be convenient and valuable in 
the prediction of sizabk potential energy barriers along a 
given reaction coordinate. Theories based upon the 
Woodward-Hoffmann rules. previously 
presented.- largely tire the s&lion in which 
marked deviations from the symmetric case are observed 
in reactants and products and where. as a consequence. 
significant asymmetry is intrinsic to the reaction. 

Although the understanding of thermal p&cyclic 
reactivity is relatively advanced. the mechanisms of most 
photochemical processes are less well established. This 
derives. in part. from the large energy content of excited 
states which is available for manifestation in chemical 
reactivity, the closeness in energy and potential mixing 
of excited states along a reaction coordinate, and the 
requisite non-adiabatic transitions observed in the deac- 
tivation of excited states.” It is experimentally difbcult 
to prove singularity in reaction mechanism and, for 
example, to ruk out the possibility of short-lived biradi- 
cal intermediates in photochemical reactions which arc, 
allegedly, concerted. 

Since many states and intermediates are energetically 
accessibk in photochemical reactions, it becomes im- 
portant to determine conditions which influence the 
choice of reaction path. Toward this end, much recent 
attention has focused on the study of the pericyclic 
reactivity of the uta-condensed benzcnoid aromatic 
hyMbow. %%I9.4U1 

These compounds and their 
derivatives are known to engage in pericy& reactions 
which are typical of s-ci.r-IJdicnes; ‘y tbc meso posi- 
tions tend to be most susceptibk toward reaction due to 
tbc high electron density and the large coefficients in the 
frontier molecular orbitals at these centers:’ and 
geometrical constraints and energetic considerations 
usually require arenas to function as 4~. components in 
their pncral patterns of reactivity. For exampk. a large 
diversity of arcncs evidtnoe reactivity toward thermal 
cycbaddition to okfIns. Thus. makic anhydride (MA, 2) 
aml its derivatives will &ergo Dkls-Alder addition 
with a varkty of aromatic hydmcarbom (cqn S).*y 
These reactions are analogous to the Dick-Alder rcac- 
tions of MA and s-cis-I Jdkncs (cqn 6): 7%~ okfinr add 
in a 4~. t2u. fashion at the mcso positions of the 
arencs. as anticipated. When such addition is not fcasibk 
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thermodynamically (e.g., benzene is inert to most dkno- 
phiks), the respective retr~Diels_Alder reactions are 
exceptionally facile.“ 

The photochemkai reactivity of arcncs also parallels 
that of their non-aromatic s-cti-Udkne counterparts. 
The disroratory ekctrocyclic interconversion of arcncs 
and their Dewar isomcrP” (eqns 7 and 8) mimics the 
classical butadiene-cycbhuten vaknce isomerization 
probkm treated by Woodward and Hoffmann.” In pho- 
tocycloaddition reactions, the arenes again are obliged to 
participate as 4~. components. and addition would be 
WOwd" between an arcme functioning in this sense 
and a partner which formally donates 4n ekctrons 
suprafacially. Therefore, in the presence of appropriate 
quenchers such as conjugated okfins, arenes react in 
their hrst singiy excited sin&et states to afford the res- 
pective “allowed” la, +40. meso adducts.“-‘* As a 

, 

special instance of such reactivity, uoon sinalet excita- 
tion most arcnes will yield a ph&dimer; ex&mcrs arc 
known to be intermediates in these cycloadditions.“” 
Arenes which heretofore have failed to form stabk pho- 
todimers are usually prevented from doing so because of 
the steric (e.g. 9-phenylanthracene and 9.I&dimethyl- 
anthracene) or the thermodynamic (e.g. benzene) inac- 
cessibility of the adduct~.~~ When arenes arc irradi- 
ated with conjugated olefins, analogous 4%. tlu. ad- 
dition usually will predominate in the formation of 
products; excipkxes are belkved to be ~te~ed~t~ in 
these cycloadditions.” 

The thermal addition of MA and the photochemical 
addition of IJ-cycbhexadiene (CHD, 0 to aothra~ae 
(An. la) can be considered as prototypical cases. An 
reacts thermally with MA to afford the expected “al- 
lowed” meso la, + 2~. cycbadduct (cpn 6, R = H). This 
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reaction has been well characteri&.‘” An in its lirst 
sin& excited state, ‘An*, can form a pbotodimer’-cc” 
(qn IO. R = H) or, in dilute solution and in the presence 
of CHD, will add to CHD to form predominantly the 
“aIlowed” meso 4u, + 47, cycloadduct “*” (qn I I. R = 
H). In these reactions, a plane of symmetry is reti 
along the reaction coordinate; thus they conform to 
analysis by Woodward-Hoff mann theory. 

The introduction of a minor perturbation of the mok- 
cuIar symmetry in these reactions. as would be observed 
in the case of unsymmetrically substituted anthraccnes. 
has littk effect on the course of the cycloadditions as 
long as steric factors are not severe. 9-Methylanthracenc 
(lb), for example, engages in t&rmal reactions with 
MA” (eqn 5. R = Me) and in photocbemkal reactions 
(eqns I I. 14. R = Me) which do not differ appreciably 
with respect to their product distributions from the rcac- 
tinn of An itself.” Other rheso substituted anthracenes, 
such as the 9-bromo-. 9chloro- and 9cya&rivatives 
(lee). were found to behave in a similar manner. These 
compounds afford Dick-Alder adducts with MA’ (eqn 5. 
R = Br. Cl) and react photochemically to form dimers” 
and with CHD to afford predominantly or exclusively the 
4~. + 4a, products (eqn I I, R = CN and eqn 14. R = Br. 
Cl).” Symmetry is not necessarily conserved in lhcsc 
transformations. but, despite t& strict absence of overall 
symmetry, the local “essential symmetry” (i.e. the local 
nodal environment near the reacting centers) does not 
change in the course of the reactions. Non-linear bcn- 
zannclation of the An nuckus causes a more significant 
perturbation of the wavefunction about the reactive 

ma0 positions of tbc arenP @ii 1); nevertheless, even 
with this more extreme induction of asymmetry, the 
pcricyclic reactivity of knt(abnthraccne (BA, 10 is 
entirely anabgous to that observed in the symmctricaI 
case. with An. BA reacts thennaIly with MA to give the 
mcso Dick-Alder adduct’~ and photocbcmically with 
CHD to give tbc meso la, + 4~. adduct (in the absence 
of d&c. BA forms a photodimcr).“m The photocyclo- 
addition reaction is illustrated in eqn IS, where the 
regiochemistry of la, + 4~. adduct 17 is that anticipated 
from consideration of the effects of maximum secondary 
overlap and of bond orders.“ 

The reactivity of the dibcnzanthracencs represents an 
interesting comparison since dibcnda,c)anthraccnc (a.c- 
DBA 19). dibcnz(a.hh)onthraccne (ah-DBA 25) and 
dibenz(aJ)_anthracen (a.j-DBA 22) possess similar 
physical properties. The singkt and tripkt excitation 
energies. ionization potentials and ekctron alTtnitks. and 
aromatic stabilization energies and para localization 
energies Crabk 3)a*.u-u are nearly identicaI for thCsc 
compounds. However, their reactivitks are quite dis- 
similar. Thermal addition of MA to al-DBA has a lower 
rate constant than has the addition of MA to a.c- 
DBA.-.- More sign&cantly. the photocycloaddition of 
CHD IO a.h-DBA follows a different course. lnadiation 
of a.c-DBA in the presence of CHD readily yields the 
expcc~cd “allowed” meso 4~. +4a, adduct (eqn 16). 
(This product also has UK rtgiochemistry expected from 
consideration of the effects of maximum secondary 
overlap and of bond orders.) Additionally. photoaddition 
of a.j-DBA with CHD affords the 4~. + 4~. adduct at 

MA. lb l .c-DM, 19 _v 

f: 29 

l .j-DM. 22 

PP. 37 

Fe I. LUMCh of 1Jqcbbcditac and aromatk bydnxahm.” 
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low initiahoactntration of s,j-DBA (eqn 171, albeit witb 
some reW; tbe quantum yield for the reaction is 
relatively low, ud the product distribution is conccn- 
trotion dependent. Pbotocycbaddition of CHD to a$- 
DBA also occurs with a very small quantum yield, and, 
even at bw initial concentration of ab-DBA, the prin- 
cipal adduct isolated is the meso “disallowed” 4~. + 2~. 
compound (eqn 18). A small amount of a 2~. +2a, 
adduct is obtained as well. Further evidence of the 
uncharacteristhliy bw reactivity of ahDBA toward 
concerted piuXocycloadditions can be found in tJic amc 
~~~~~a propcn&ics. Aithou#~ BA”@ and 
as-DBAm form pbotodimm, ahDBA has not been 
reported to pbotodheh. 

Tbc unusual bcbavior of abDBA compared with tbc 
otbcr arents studied is not due to the supervention of an 
extraordinarily rapid pbotopbysical deactivation of the 
excited sin&t state of ab-DBA. The lifetimes of the 

barest excited singkt states of the three isomcric DBAs 
are similar (Tabk 4).- The simihrities in the photo. 
physical properties of tbc various dibcnzanthraccncs 
evinces the uniikelihood of these being the cause of the 
disparity in the rcactivitks of these compounds (Table 
3). Application of perturbation mokcular orbital (IWO) 
theory indicates that the relatively small size of the meso 
cocfhcients in the FMOs may be the cause of the 
anamalous behavior of a.h-DBA. However. this 
dtierencc ia reactivity cannot be due entirely to the 
rektive magnitudes of the PM0 coefficients at the reac- 
ting positionsm because tctrac.enc tT 2% which has meso 
co&icicnts in tbc FMOs of a simibriy small magnhk 
as does a,h-DBA (Fi& i)r neverthckss does 
pho1odimeriz.e.~~“- Furthermore. we have found that 
CHD adds to T to afford a 40, + hr. adduct as the major 
product (cqn 19). In addition, because the formation of 
4~. + 2%. products depends preponderantly on onc-cen- 
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ter overlap, la, + 27, reactivity might be expected to 

become increasingly favored as the meso coefficients 
increasingly differ in magnitude. When the meso 
coctfcients have similar magnitudes, Ja. + 4~. addition 
of CHD to photoexcited arellc is expected. Ckarly. 
arm reactivity does not in fact correlate with this 
argument, since, as a result, insrcascd proportions of 
4~. +2u. adducts would have been predicted to have 
formed in the photolysis of BA and a,j-DBA as com- 
pared to An. a.c-DBA and a,h-DBA. Consequently. lhc 
differences in the behavior of the dibenzanthracencs 
must have some other origin. 

Consideration of the overall symmetry preserved in 
the transformations itself does not supply an explanation 
for the contrasting behavior of the dibcnzanthraccncs. 
An and a.c-DBA retain a plane of symmetry throughout 
the transformations and react to form predominantly tbe 
“allowed” 4~. + 4~. adducts. BA and aj-DBA, lackin 
any symmetry element retained IhrouglKHJl the trans- 
formations. again afford the “allowed” la. +4*, 
products. But a,h-DBA. which also is devoid of any 
persisting symmetry in the reactions, affords the 4u.t 

2~. product in low quantum yield. Application of 
Woodward-Hoffmann’ or derivative theories- does 
not result in an anticipation of this difference in 
behavior. However, examination of the local symmetry 
about the reaction meso positions provides insight 
toward an explanation of this disparate reactivity. 

For those substrates which react in a typically “al- 
lowed” fashion, the local nodal structure persists 
throughout the reactions; in &se cases, reactant orbitals 
evolve smoothly into occupied product orbit& with 
minimal change in nodal properties. This is demonstrated 
scbcmattily for I& thermal reactions of arencs in Fig. 
2. A similar situation can be shown to obtain for the 
mponding photochemical reactions between CHD 
and arenas; tbc thermal reactions are illuseptcd for 
convenience. Tbc essential features of tbc orhitals of the 
reactants and products are shown in Fig. 2; i.e. the bcal 
butditnc-like orbitals of the arencs which participate in 
the transformatbns. The lowest I orbital (a,) of each 
arena evolves into the symmetric 0 orbital (u,) of the 
products witbout a change in its nodal properties. For 
An, the hi&xl occupied molecular orbital (HOMO). u,. 
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and the lowest unoccupied molecular orbital (HOMO), 
a., similarly transform into occupied product orbit& 
without any changa in &al properties of the reacting 
centers. In contrast, with a.h-DBA. a nodal displacement 
must occur in tbc evolution of tbc HOMO (P,,) and the 
LUMO (a,3 such t&t a M in nodal properties must 
occur in these reactant orbit& to lllord the correspond- 
ing u* and o product orbitals. Such a process. which 
would introduce a ntw no& in the MO wavefunctions of 
products, is assumed to require a substantial energy 
bar&r.” 

Examination of the local “esscnti symmetry” as in- 
dicated in Fig. 2 then provides a criterion which nlkcts 
the rquiremeots for the extensive reorganization of the 
MO nodal proper& in tbc wave fuactions of the rcac- 
tan& Increasing discord in the correspondence of the 
nodal properties between occupied reactant and product 
MOs should represent a gradd erosion of the energetic 
advantage for a process which is “allowed” in t& sym- 
metrical case: the greater the pcrtur&tioo demonstrated 
in the local wavefunctions about tbc reactive positions, 
the more extensive must be the requisite orbital nodal 
reorganization in achieving the proper nodal structure of 
tbc product orbitals. This would induce an increasing 
barrier to reaction, which must arise from the disjunction 
in the evolution of the occupied orbital nodal patterns as 
the reaction progresses. The mismatch of tJtc local 
“essential symmetry” of the reactants and products. 
indicated in Fig. 2. is idcotillabk by the comparison of 
the local nodal structure about ti reacting positions. 

Although the chaq~e in nodal properties should be 
monitored for the entirety of all occupied orbital,” and 
such a more rigorous approach would be implicitly 
quantitative, the reactivity of arena in concerted pro- 
cesses depends upon a number of factors in addition to 
the effects of nodal structure and symmetry correlations. 
The magnitudes and the relative signs of tlz meso 
coefficients in the FMOs, the formation. stability, and 
geometry of intermediate compkxes. and the lifetimes, 
energies. and character (singlet or triplet. a.# or n,#, 
etc.) of the reacting states all must inAueoce p&cyclic 
reactivity to some extent. Consequently. by itself. the 
consideration of the local nodal structure about the 
reacting centers in the FMOs can provide only a qualita- 
tive distinction between tbc p&cyclic rcactivities 
observed in our systems. We propose that the requisite 
changes in this nodal structure in proceeding from rcac- 
tants to products finally becomes sufhciently extreme to 
result in a difference in reactivity when the induction of 
substantial local perturbation in the MOs near the reac- 
ting positions is evidenced (this prospect is revcakd 
most extensively in the FMOs: see Figs. I and 2). Thus, 
pcricyclic reactivity will correlate qualitatively with the 
presence or absence of a butadicnc-like nodal pattern in 
the FMOs about the reacting positions of the dicne. i.e. 

It is tbco reasoned that, for An ami a,c-DBA, but kss 
so for BA rood aj-DBA. product orbit& will k mapped 
into reactant n&it& such that #) large ckctronic energy 
bnrricr will be imposed in the transformations. and the 
“allowed” 4u.+4r. adducts will form. IO tbcse cases. 
each occupied reactant orbital transforms directly into a 
unique occupkd product orbital without change in nodpl 
structure, so that minimal cocrgy expenditure should be 
required for ekctronic and ouckar reorganization along 
the reaction coordinnte for the concerted reactions. 10 
the case of ahDBA, the rquircd nodal reorganization is 
sufficiently extreme (as r&&d in the lack of car- 
relation found between reactant and product orbit& 
near the reacting positions) that a substantial eacrgy 
barrier is imposed upon the perky& transformations of 
this molecuk. Sinse a low energy concerted reaction 
path is unavailabk. al-DBA rcact~ slowly, in a non- 
concerted manner. to aliord the cycloadducts of CHD. 

A stcpwise mechanism would be expected to yield the 
thermodynamically most stab+c products through a 
biradical intermediate. Since the 40, t 4~. products are 
less stable thermodynamically than tbt conesponding 
4~. + 2~. adducts,“ the latter should he formed pre- 
dominantly when a reaction occurs via nonconcerted 
mechatim; the 4~. t 4~. adducts, 00 the othtr hand, 
would be produced preferentially via a concerted 
mechanism. wbercas for the otbcr arenas, the “allowed” 
products are the major adducts isolated. and presumably 
are formed by a concerted mechanism in the case of 
aB-DBA the formation of a 4u,+2u. adduct as the 
preferred isomer is inconsistent with a concerted 
mechanism. The thermal reaction between ab-DBA and 
MA might then also occur by stepwise mechanism; 
however, as both concerted and stepwise mechanisms 
ostcnsiMy would afford the identical la, t 27~. adduct. 
isolation of this product is not diagnostic of the 
mechanism by which it is formed. 

The requirement of local &al correspondence in the 
pcricyclic transformations can lx extended to the other 
higher arencs. Thus, T (29) has been observed to react 
photochemically with CHD to form a 4~. t 40. adduct as 
the major product (qo 19) and reacts readily thermally 
with MA to form the Dick-Alder adduct. Pentacenc (33) 
should exhibit behavior similar to that of An and T and 
has been reported to react readily with MA;’ pcntaccne 
also forms a photodimer.” Dibcnzo(bg)pbcnanthrene 
04). bcnzo(a)tctracene (3!5) and bcnzo@)chryscnc (BC. 
36). which possess nodal structure about the meso posi- 
tions which is appropriate for the smooth transformation 
of reactant orbit& into product orbitals. also would be 
predicted to readily react with MA (this has been obscr- 
vcd for BC).” and should react photocbemically with 
CHD to form the 4~. + la, adducts under appropriate 
conditions. Pentaphcne (PP. 37). however, lacks the 
requisite nodal structure for “allowed” behavior (Fig. I). 

A correlation exirtr; No correlrtion exirta; 
the pericyck procow the paricyclic prow 
IS energetically ia energetically 
“accessibb” “inaccessible” 

In this sense. the relative sign.5 of the FM0 cocffickots and should react poorly with MA; the photocbemkal 
about the reacting positions can be used as an ap- reaction with CHD would lx expected to al?ord the 
proximation to estimate the “allowedness” (i.e. the 4~. t 2~. adduct in a non-concerted manner. Xrmal 
energetic “accessibility”) of a transfonnstbn which is addition of MA to PP was reported to occur under 
“allowed” in the Woodward-Hoffmann sense. forcing conditionsJn (see however. the more recent result 
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from a kinetic study).” The photochemical addition of 
CHD to PP results in the exclusive formation of a 
4~. +2a. adduct was a primary product, in very low 
quantum yield (qn 20). fW?ren the irradiation is effected 
with light of wavekngth shorter than 4CMl nm. secondary 
I : 2 and 2 : 2 adducts arise from the photochemical rcac- 
tion of the An chromophore of the primary products to 
give secondary “allowed” la. t 4~. products). 

Additionally, it is anticipated that the non-linearly 
benzannclatcd arcncs (e.g. phcnanthrcnc 0. pyrerk 41. 
chrysenc U. bcnzo@)phcnanthrenc 43 and triphcnyknc 
44) should show an extremely low reactivity toward 
concerted cycloadditions. This results from the un- 
suitability of the internal rings of these artncs to engage 
in reaction as 4n components. due to the tbermodynamk 
unfavorability of the formation of adducts which are 
responsible for the disruption of the aromaticity of these 
mole&es. Addition in a 47r, manner to an end ring is 
possible (except for pyrcnc); however, the relatively 
small size of the coefficients in the FMO.” and tire 
relatively v resonance energies present in tlkse 
compounds.‘ .n mitigates against addition to the end 
rings. Then the only feasibk mode of reactivity for these 
arctks would be their participation as 2~. components. 
Thermal concerted additions should be highly unfavor- 
aMe (MA does mt add thermally to these arenes)” and 
photochemical cycloadditions with CHD. if they occur at 

all, should result in the formation of 2~. t2a. adducts 
with low quantum yield. The formation of 2u.+2u. 
adducts might be concerted. although a stepwise 
mechanism can not be rukd out unequivocally since both 
mechanisms could afford this type of adduct. The pbo- 
toreactivity of these areneS will thcnbc less informative 
in a mechanistic sense if 2~. t2u, adducts are 
produced? 

Tbc thermal reactivity of the higher areno with tetn- 
cyanocthyknc fTCNE) was determined in an attempt to 
estimate the abilities of the arencs to engage in p&cyclic 
reactions in the flound state. In these reactions. some 
element of symmetry is conserved for tfk accncs and for 
the dibcnzanthraccnes, but none exists for bimokcular 
reaction with BA and PP. Cycloadditions occurring with 
TCNE generally were found to proceed more rapidly for 
tbosc arcnet possessing the proper local nodal structure 
to allow a correlation of reactant and product orbit& 
but proceeded more slowly with ah-DBA” and with PP. 
However, the reactivity seemed to be better correlated 
with tbc energy of the lowest transition of the charge 
tnnsfcr complexes formed between TCNE and the 
arenas (Table I). These cyckadditions therefore may 
proceed oic a multituck of pathways, involving mitigat- 
ittg effects due to the high polarity involved.‘-’ Similar 
considerations may 
MA. The theory for 

apply to the thermal additions of 
concerted cycloadditions may have 

n 
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only limited application for ground state reactions of 
arenas with ekctrondc6cicnt okfins which take place 
under forcing conditions. 

The peticyclic reactivity of the higher arencs is not 
explicabk by the usual application of Woodward- 
Hoffmann or derivative theories. Adoption of a mod&d 
tbcontical procedure, in which t& kA nodal structure 
&out the reactive positions in the frontier MOs is con- 
sidered, can provide a pa&l description of tbc cancer- 
ted pbotochcmical and tbcrmd bebaviof in these sys- 
tems. ft is propored that this princiik represents an 
importrnt factor which determiner general pcricyclic 
reactivity. 
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