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xtrwtme of p&+ibenxenc (PDB) bax been invest&cd by full polaeby optimixath uxiw the 
zz ikld (EI’I’I aad NINDD/3 methods. WI& otbcr structud puuwtcnafein~agrcwmatbc 
cati hood k@ ukuhted by MMDo/3 (195 A,. xs cudrmed by xn d MO (!TTDXt bxsix xet) optimdh 
(IJ%A).irinrtritiplcoabut(othc~ltlllth~byEPF(l.U3A).Adcerilcd~yriroftbe 
cbctec.- of PDB bad 0118 quultihtive pcfturbad lldcutu otbitxl treatment levab tht 
~cosplhyottLcfourrs~tmtrbmpoaribkforlackaptionoftkoboadwhicbawdhtcrtbL 
~~s~lnirltbcEFPudMINM)/3rpprorkr&monrOltrthtextmdcdCCrisdebonQ 
canafixccvenin Wuctum with fewer tlmn four I systems. Tbc elk of substitucntx 01 tk centnl bond k&t in 
PDB lm been bridy invdgxted (MINDD/3). A vuiety of other xhucturcx have beea idcntikd in wbicb bond 
k&cnh2mxymuitfromthfo@dndcoupli~ 

Tluoo&hnd iItter8cuom of w systetns imve been tbc 
subject of cootinued iota-es? since Hohann 8nd 
cowofked ht dcvciopal tbe concept 10 yeus 1p. 
Keceotly. it was 8mc’ tb8t throllg-bond inter- 
actionscaacau#crsiglaht~~oftbcoboad 
whkblnuwestbcampliogoftbersystems.Ollr 
pIdimhystam!y’wub8scdoa~comp8ri$ooofbond 
kqtbs akuktcd by 80 anpirid force &Id (EIW 
lldOdWiththCC~ntrlnhw.MdcrlcuhtioarOf 

cNDo/2 ovcrhp popuhtb. we now repoft the muItS 

of 8 more extab~ive Study of tbb effect. bad on 8n 

8ppGath of scvaal diuereIlt computrtionrl techniq- 
to the lnokcukf and ekctdc strwnue of plp’diben- 
aent(pDB)8DddtC!d mokdu.PDBwrrchosearsr 
mo&systcmsinceitistksimpkatframcworkwhicb 
c.odmtbeesdfc8tureofintaert:rfigidrbucturc 
witilfoar~syItelnsap&kde&tiveilltuwhwit!l 
l aboad(Pit1).Attbes8mcthc,PDBisamokcuk 
ofthcodcdintaertillitsownri8t.bothrrrmembcf 
of tk much studa (CH),o funily of canpods.’ 8ed in 
fdStiOUtOdt8lS~d8S,SiWtkC!Oncated 

thcmd diSkdo of PDB into two bcazcnc mokcuks 
is disdkwed: 
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!kvml diRercot complltatiolml llwhods were applied 
to PDB and rcktal structures. l’%e EPi’ method hi 
bcea8bowntobcaoectivenKamofobtaiu&reii8bk 
informrtioaua smlctucmdenerlyfofrwidcv8fktyof 
IDokcukr, most -y for bydIxwbom.’ The 
forceBeldusedintkpmentworlrisonedevebpedby 
Alh#!r.’ structw# were optimized without symmetry 
comtfaiuts * the patern search minimiution tech- 
oique with an em crituko for minimidon of 
0.01 kalhd over one itcdoa. . 

SermampirialMOalcuhtionr 
muity orirv MlNDO13.’ Wbik thisw=~~~ 
subject of soaS recent controvcrsy,l” the need for 
compkte -matry opthdioo thrqht much of this 
worlt.coupkdwiththec5ckntgeomctryophizho 
schanchch&dinMINDO/3,makeittkm&odof 
choice.Emxs&butabktotheacmiempiridmetbod 
uemi@tcdbytbefacttbatourprimarycooccrniswitb 
&da within a very lest&cd ckss of stlwhues. 

Tlhcln?gkctofova-kpiskoowotokadtosigniBcat 
diUerencuintbcresdtsobhcdbyNDOrnabodsas 
co~toobWoorextendedHllckeltbeory@HT) 
lneuds (e* ref. 1 I). Ace. ob ina0 cdcuktions 
waeusedtotestsomeofthcmorecrucirlupectsofthe 
MINDO/3 reudts. Noaempirid MO ukuktiom were 
pdomnd with the OAUBBIAN 70 T prb 
usiu# the lninimd STCMQ b8sis set.’ w cd- 
cuktiom” wea dso pa-formed on several key stfuc- 
tules. 

Mohcdaf mrcrrrrTbc fcsutts of EPP and 
hQNDO/3lsomttryopWzahsoaPDBmesbmvaio 
T&k1.TbemoatsWogfatureoftbcdataisthe~ 
di8crence in CM2 bead km akuktal by the two 
mcthkTbesi@tkanUykaprboadcdcuktaiby 
MIND0/3canbet&n8sdifcctcvidcnceforrbond 
kq#n&ek$dco&eff~isnatllotiacbQathe 

ren&#ood~bl!td~~ 
illhldbtbefDOkbSyaPeety~I).dmottdtbC 
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TabkI.-rtnrtunlpuMctcnforPDB 
Atomic 
Pumtora Em kum/3b 

Cl-C2 
Cl-C5 
c&c8 
C5-C9a 
cl-cxa 

1.543 1.595 
1.511 1.536 
1.336 1.3% 
2.722 2.821 
2.737 2.809 

Q-Cl-C5 1u.o ll3.5 
C5-Cl-Q 105.4 103.4 
Q-Cl-El 113.5 107.0 
es-cl-El LOS.6 109.7 
Cl-CS-08 117.6 ll8.3 
Cl-Cs-H5 117.4 
CB-CS-II5 

ll8.2 
119.4 123.5 

majof dilkrences are attriM to defomlatioas iu the 
EPP structure caused by close oon-boaded cootxts 
~h~licsi by the hood ko#bcn& iu the 

Tbe Cl-C2 bond’kn@b in PDB was also optimized 
lUilIg46iJlhMOcahkthhApaItfromtbCcenpnl 
bondkn&aIlstlwwalpurmstm WC8CtiXCdtitbC 
MlNDo/3o&izedvahlaS.-Withbond 
kagtbs of 15455, 1~5% (total energy: -455.73108au) and 
1.645AWeMkUkted~tbe~Mbask~et,alld 
rpafaboliciaterpoktionoftotdeilergyvsboodkl&th 
ykldai all optimum value of l.S%& ill excdkot 
agn?emeotwitbtheh4lNDO/3res4ltt.TiIcboadkngtbs 
cakuktedbybotbMOmethodsmingood~ment 
withexperimeotalvalucsfortheaohgouabondk&s 
ia 99.lO.lO’diaa~” (I.61 li) and &ted mok- 
cuks:1ttllusappearsthatPDBhssuitabkprototype 
fortbestudyoftheboadkl@edugehct;fmtlK!r- 
nnwe, the excelkot agm?on!ot beweell the semicmpiri- 
calaDdtbeabinMomaultsiaspiRscoo5dwetbatthe 
MINDO/3mctbodwinprovea&quateforthistypeof 
system. 

The sigaihnt extension of the Cl-C2 bond predicted 
bytbcMINDO/3aodobkidometbods~tbat 
PDBislikdytobeanMstabkmokcakeveo~ 
coDcat&. ekctrocyclic diswcwm of PDB to two 
mdecuksofbeazeaeisdisaUowed.‘Meed.ackee 
andog (1) of PDB has been fond” to be tbmnauy 
mWabkwitbrespecttoaCope nurrplemeot to z 
w!tichisootexpe4zted(sl!cbdow)topossessbolukas 
weakencdastbosein1. 

MlNDO/3 aad FHT mctbods for PDB are listed in Tabk 
2.Thesgra!oMotalQongtbethemethdsiat&rek- 
tiveofdefiogofohitalsisquitegood.~nleodyib 
umsisteacy involves tbc orbital with MA symmetry, 
wbicb MINW3 places two kvels hi&ex thao Sf’WQ, 
wbikFSiTpkcesitodyooekvdhigber.Shcetbis 
orbitalisprima@aframeworkubood&orbitdac- 
UINlhg+lthnemetbodr,thkdiccrepracykla 
&atnbondtllewenhwateadeBcyofsemicaapirial 
mctbodstoykldll@lyislawbitak.“How~,tbk 
dilmpmcy~no.t~tlykueot&vrlpeoftbc 
SCemicmpiricrlnrultr.SillCCtllCS~~tryOftbeAM 
orbit8ldisalbmilltcm&nnabthcorbitrlrnrponriblt 
fortbebondk&cainge&xt. 

neth4@hmdcouplipOoftherryatemsinPDBh 
evi&ntfromtbeor&riugofthefourhiqbatlyiPl(SlW 

doUbkboDdUt)atemr.t3iWltbGDasymmebyd 
PDB,oalyorbitahwithS.symmetryanbaveaconth 
butionfromtbe~orbit&whichformtkC1-C2aod 
c3-C4bonds;itfolbmtbBtodytbeacorbhbc8nbe 

coupI@aftherqatcma.A8 
thro@hdeff~obravettmttbc 

SSA orbital tka well bebw tbc Sss abitd, i.e. the 
anti-symmetricaMnbiartionofthetopdbottomr 
8yStWisbamillenalythUltheSyamasbicCOlUbb 
tkm,umtrarytowhatwauldbee~intherbreace 
of thwgbboad intartioas. Thh nvd in udtd 
stqumcektkIO&CllUXt&&~UItOf~ 
bond Coup&'3 nlc more Cooval~ or&sing 
(symgetricbclowaotis~)hSceo forofbit+of 
b symmetry, for wilkb only tbroulhaprce iatarctlonr 
canocfw. 

TbcorbitalsdiscwedaboveareaIloccupkd,buttbe 
samceffectsare&moostntedintbeumccopkd,r~ 
orbit&.Agaio,authreemetbodskrdtotbc!?ame 
Eawal COlEhuh. 

The overaU o&itd mix& pk$rc~~,‘DBu&~ 
enK!Qcsffomtheaecakhths’ - 
thatofa+ndudexampklqedtohtrate~ 
~c$w@&lMta=g. mdto*- 

tcxactM~wl!dprevlouslyto~tbabood 
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Tabk2. lhqiraandrymmaiaof~~MO’rofP~’ 

6s=mb orbital Bmrgy (ov) 

STQ-3G nxuDo/s EIa 

n ASA - 6.464 - 8.814 -11.998 
n 888 - 7.627 - 8.857 -12.247 
n A88 - 7.948 - 9.573 -12.610 
n SSA - 8.508 -10.089 -12.936 
a AAA - 9.568 - 9.424 -12.642 
0 SSA -10.939 -10.336 -a179 
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.A11 rmrulta l m for tb tUMDO/3 opthixd -try. bswPigurol 
for doffdtion of -try l Ismtr. 

effen4 Two separate mixiap result, 01# ._ _- . . 
between orbitals of s, symmeby (i.e. w bonding orbitab) 
and one between A, (a*) odWs. The effect of the 
formcristomix~characterintoanoccupkdorbitd 
(8 + d donatbn). rexulhg in partial occupation of a ti 
orbitalandinbondkn#bcn@‘Iteot!+crintcractbn, 
o+r+hmtion,shoddakokadtoabondksgtbcaiog 
bypartialdepo@atioaofaobondigorbitaL 

Intbchopeofgainingomorcquantitativeinxiitinto 
the intupky of r-b@ and Q+W+ doaationr and to 
guide studies on subxtitucnt effcctx (see bdow), we per- 
foml?daquantitativepaaaktioaplmdlculuorbitpl 
(PMO) andysin on PDB. ‘IBe method used” invdva the 
dhcctbnoftkmdccukintofrxgmcntsaadtbequan- 
tit8tivecakuktbnoftbcfr8gmentorbit&andthcir 
cocrgk8.Tbefragmcntohtakarctbcnalbwcdtoia- 
tart to form the fun MO’& aIMi an csthate of tk! 
nktivehporuccofsucbintaectiolwinformiIigthe 
fioal wave function can be obtahxd. !hcc both tbc PM0 
analysisaodtheddinitionoftkfmgmmtorbitakarc 
obtained withia the SCFYO framewo* the aaalysix ill 
asrdkbkastbe!SCPcakuktionitxdf.Itshoub,lbc 
cmpbaxixaftbatsucha beatmcnt conxidcrs au inter- 
rtionr aad does Dot allow for simp%ah 
nmd&atm of the PM0 analysis by djuxtmcnt : 

. . 

rtiFi The PM0 andyaer were basal on MNDO/3 

Our ini& frxgmcnt analysis defined tbe ClX2 and 
CM4 0 bonds rkpo with tbc assocktal hydrosens as 
onefragmentandthcrsyxtcm(tbcn~atoats)as 
esecondfragmcntThem~oftbuetwofragmeatxto 
give tbc MO’s of PM) resulted ia a compkx inta~611 
schcmcbccxuxeoftkmallyobolMkth8twcrcbfo~. 
However, it wxs posaibk to extract some informatbo 
abouttbethro~couphgfromthisanalysk.A 
nkvaot portion of the U-W in&action d&ram is shown 
inFi2. 

TbeASAandASSWohitdS.*~llot&CtCd 
bythugbhondcoupting,arcpcrtuhdwbcnthctwo 
fragmcntsarccombinedtoformtbcmdecuk.Tbeir 
eocrgksmrxisedasmxllamoamtbyiateachonwitb 
lower IyiBg doubly occupies orbit& of the roproprhte 
symmetry. 

TbeSSS~OIbitdiUtenctsStTOqdyWit!ltbCUbOO& 

ingorbitd,urequifalbytbctbroulb_boad~ 
mcclmnkm.TheSSArumthtcs toa@rofmoltcP 
krorbitds0bisixdnctomix&betweentwoneuiy 
deSaeleol%itals.oneofwhkbisoffraauworkutype 
aadtheotha,tbcrorbitalofintcrat).l&rcixa#t 

IrFRUMENT PM) um 

bwch io tk ew of tkse. relative to the fragment 
%Arorbitd,duetoaniWmctionwithtbcSSA~.it 
ixthkr+o’hWactbnthtisrcxpu&h,inpart.for 
tbebondkl@bul& 

Tin importlace of tbc otba pox&k mcchxnism. u+ 
I+ dooath (orbitak of Ay syrmaetry), aumot be ex- 
bactcd easily from an analysis based on the above 
cbdcc of fragments. In add&n, the compkxity of the . . . 

tntcmchti thnt have not been discuxacd 
zzLpp&b lnhtabk for tbc aMlysi!3 of substit- 
uent cffectx. An ahnative fragment dccomposith was 
thdoretrialinwhichtktwofmgmentscorrespondal 
to the ‘%op” (the atoata 8bove mirror pk~ ma and 
VMtOIll”~OfthePD3 stNctuE. This decom- 
positioaofPDBintotwodistatd(boat)bcnzcnefrag- 
nwntak&tomovedlsiakpkrinterdond&am 
tjomwhichceaiaiuimporbaiaudonscanbcckariy 
&scad.Tbeartpreoftbein--will 

8cheal&iucontruttotbcmokalhr 
$kh~bcthcsame.Arclcvaatpdoaoftk 
altaawn~baivaninPb.3. 
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PDB 

Fi.3. D&am 0fKkctcd0rbitalilwnctioar~from 
topbttomfmgmentlnrlytiof PDB.Ch@ intmwths~to 
~orbithueconaihed.MPDBorbiisbownueoccupied. 

Recombhtiott of benzene fragments into MO’s for 
PDB can be considered in two steps. Fi idcotical 
orbitakfromtbetopandbottamfragmentsarccombinal 
in pairs, to ykld sets of symmetric and antisymmetric 
orbitals(withmpccttomirrorplancmJandtbcnurbi- 
talsoftbcsamcsymmetryaremixuIfurthX.Allintcr- 
actioocorrcspondingtotbefinUstepissbownfortbc 
hvoA,rorbitaIstImtfOmltbeABBandA!Wrtype 
Mo’s. The must promineot interactioo of the fragmcots 
iovohe3tbeformatbooftbeS,~andQ+orbitak.wbkb 
cantbenmixfurtberwitbtbc!WandsBArorbitak 
formefIfromthcS,rfragmcotorbitals.Camparkooof 
tbcamountof~cbamctc?intbe.§SAruhit8hl(a 
mcasurcoftbcr+~donath)withtheamountofr’ 
cbaractcrinansAs~boadiagorbital(similaraMlysis, 
butnotsbowninF~3)hdicUestbatr+~doa8tion 
isQmimmt.Anamdysisbasedoo~seumdorderpcrtur- 
batbntbcorynvahthttbisdommaneresuItsfromr 

kr#er intaaction matrix ekmcnt, ratbe~ than from a 
smaller engn gap between the interacting orbii: the 
mr matrix clement for I + aS interaction paralkls the 
greater overlap expected between w and us orbitals as 
ca4llparedtotbatbctwceoualKl~orbitals. 

Since tbc top-bottom fragmcotation s&me also kads 
to a Whhation of the central bond Ien&* and 
since the overall interaction diagram is considerably 
simpliicd, this method was used to &c the search for 
substitucnt effects (see below). 

Hydmgenatcd derioarives. In alI of the compounds 
studkd previously,’ as well as io PDB, the low bonds 
are surroumkd by four w systems..It was therefore of 
interest to study systems in which u bonds arc aligned 
with fewer tban four 1 systems. Our approach binged on 
a comparisoo of structures obtahed by EPP and 
MINDO/3. Tbc results of our cakuktioas on six bydro- 
gcoatcd dchatives of PDB are shown in Tabk 3. ‘I& 
EPP cakulations wue performed without symmetry 
constraints. With the exception of PDB. each m&c& 
relaxed to give a s@ucture with the symmetry of its 
rotationsl subgroup. The MINDo/3 smlcWcs were 
optimizedwitbc%cbmokcukcoluJt&edtoitsmaxi- 
mum symmetry (Table 3). 10 tbc case of the octabydro 
derivative, wbca the MINDO/3 llnal structure was dis- 
torted to a D, structure and then allowed to retax, tbc 
original D.& s- nsulted. 

According to the MINDO/3 results, successive bydro- 
gcnation of PDB kads to a progressive sborteniug of the 
low Cl-C2 bond, in accord witb t&c diinishiug number 
of potcothl through-bond interactions. In cootrast, EPP 
results hdicatc that hydrogen&n of PDB causes CLC2 
bond kqthhtg, in accord witb tbc incrcas~ staic 
repukh. Inspection of Tabk 3 reveals tbat the Cl-C2 
bond kogtbs cakuktal by MINIlO/ arc invariably 
grcatcrtbant&osecakuktcdbyEPP,Padtbatth 
ditlcrence (last cohmm) increases almost linearly with 
the number of doubk bonds, each w system coatriitiq 
roughly0.0061jtotbebondkq@ningTbercsidual 
bondkngtbcniq(0.024~)hlkatcdinTabk3foroc& 
bydro-PDB typifks a general trend: hUNDO/ C-C 
s&k bead k&s in this class of compounds are 

Tbk3.CI-C2boadlm@s(~) of PDBuntbyQopDlteddcrivativcs 

cow-da Q--Y EFF m/3 (IIIHDo/3)-@pP) 

FDB 

DilI+O-PDB 

5,6.7,8 - 
Totrahydro-PDB 

5,8,10,11 - 
Totrabydro-PDB 

5,6,9,l2 - 
Totrdydro-PDB 

ttuahyd~-PDb 

Octahydro-PDII 

D2h 1.543 1.595 0.052 

c, 1.546 1.591 0.045 

%v 1.549 1.591 0.062 

c2h 1.549 1.569 0.060 

c2" 1.551 1.590 0.039 

% 1.555 1.566 0.033 

D2h 1.560 1.566 0.026 
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generally longer (by ca 0.02A) tbaa the EFF bond 

km. 
bwJrbafl&ctts. wbmvimuimtmsoft&top. 

bottom PM0 analysis, the effect of rl@sthents on PDB 
is expected to &lect the effect of substituents on the 
betUeWlike fiagQ@nts, and t&efore on benxene itself. 
Tostudytbeseeffects,tbef~~waeplaced 
wt&spodtioa~~gcomctricsfortbc 
substituents and tbc hUNDO/ optimhd geometry for 
PDB: metboxy (Me group s-cis or s-tmru to the CSCS 
bond), bydroxy (hydrogen s-tnuu or exo-pcrpeodicular 
to tbc CM% boud), ethyl (Me group s-c& or s-ffzut$), 
nitro (caplMar witb CSCS) and cyano. 

To gauge the effect of a particular substhnt on the 
bond kqth, the force (negative of the derivative of the 
enagywithrespecttoacbangeinboadkngtb)onthe 
Cl-C2 bond kngtb was calculated by MINDOf3. Tabk 4 
summrvizts the salient results. All SubstitueIlts give rise 
to a positive force, indkative of bond kngtbeaing. The 
0Hgmupwitlltbeo-HborKiero-peIpendicukrt0tbe 
U-C!8 bond still produces a sign&ant force, even 
tbougb P donation is presumably inhctive. This 
suggests that u effects may be operative. The fact that 
the largest force arises from the s-cis Et group 
empllasii tbat steric elk&s may be of major 
S~UUICC. In the case of 5,4,7~te~y~xy-Pa (all 
s-lmns) the force on the Cl-C2 bond is roughly doubk 
thst for S-hydroxy-PDB (s-fmns), hdicating tbat the 
elf ects are approximately additive for substituents placed 
vicinnl to the Cl-c2 and c3-c4 bonds. 

Effects of substitution at the l-4 bridg&& positions 
of PDB were studied on l~,~~PDB (3). A 
MINDo/3 geometry optimhth (c)s symmetry 
assumed, all C-H bonds fixed) yields a structure witb a 
Cl-C2 bond length of 1.581 A, shorter than rhat of PDB. 
It is known that lluorine substitution sigaitkantly lowers 
the energy of the subshtal c-c bonds,” sod that this 
effect turns off throusb_kmd coupling io octalluorc+ 
[~~yck~19 (4) retative to [2~~ycbp~. 

4 

ExttWioW 
Apart from kpidopterene and the various benxewid 

dimers discus& previously several other classes of 
compoumh have been studied for which a sign&ant 
~~~Of~~k~~~~~~~ 
ling is expected. several exampks are pIMuted b&e. 
ThedimerofS~,7%-tetrshydro-2-quiaoloDeOfS)has 
a structure v 

“x 
similar to PDB and a Cl-W bond 

kngtbof 1.623 ,withvakm~angksaroundC1andClY 
of relatively oormal magait& (e.g., Cl-c8%T = 112.r: 
ClC8X9 = 1 lZ.oq. It is likely that the observed bond 

TDMe 4. MINDO/3 force8 in sabstmaed PDB'8 

Substitueot' F0rc.b 

Metboxy (s-cis) 12.87 

khtbo*y (s-tram) 4.30 

Hydroxy (r-tram) 2.56 

Hydroxy (exe-perpendicular) I.73 

Ethyl (s-cis) 15.11 

Ethyl (s-trens) 12.29 

Nitro (co-planar) 1.91 

*=o 8.50 

5,6,7,8-Tetrahydroxy (all s-trems) 4.90 

1,2,3,4-Tetrafluoro - 7.71 

bla n ss otbsnrisc qecifimd. subrtituontr ara on tkm 5 posltinn. 
Cocformatioml doccriptors 8ra nktiw to tbs CS-CS bond. 
See P&ura 1. 

4r,rce on the. Cl-C2 bond @calhal-i), 
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k@eningistbemuhofthm@&od 
tJle nlagnwe of the effect m atzz?& 
gnwpspaft&weffectivelyintheseilltuactions.~ 
centralbondsmightal8obcexpcctaIintbephodinw 
of29minopyridinc(Oz’MdN-methyl-2-pyridoae 
OP as a result of simii in&actions. 

ComJwndsofthePD3typcco~threer 
systems, and for which central bond k- might 
be expected, include 1 (altbmgb one of the oxygen lone 
pairs could also be involval), ind 8.” !$ya- and anhop’- 
dibcnxene’ arc prototypes for bond-kagtbiq involv- 
ingtworsystuns.Partidarlyinbiguhgistbcpcmsi- 
bility for that&bond coupI&. in !bc ~chss of pyd 
midincdimcrs.TbcUVpbtodunawwofpyrimL 
diaes is one of tbe*reactiDns which gives rise to 

mutagenesis in mhorghms.” rod much intcfut bra 
been expressed io the fndedar aructws of sach 
dinws~Itistbcrcfofcnotcwortbytbr(thcdimcnof 
udimcthyuynliM (91.” uracl crop pad methyl or(F 
tate (1lP all powers long central CX bonds. 

H n” 
0 t.oe em 1.0 R 

0” “0 

R= CHS 
l 

. 
mSybOt8kCllUpff#Nl/OC& 

eEf?w ia- between the N- 
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