
At the moomt, the mechanism of the 1,3dipolar cyclo- 
additionisthesubjectofagreatcontroversyintbe 
Mtal as wen as the theoretical aspect At first 
twoextrel&Orkswerepmposedforthisrea$olLA 

newsigmaImnds,andamechanismintwosteps,througb 
a dhadkal in&mediate. defended by Fihesto~.‘~ In 
SUpplXtOftbeirthe<nies,thCtWOautborsfCf~toa 

multiplicity d experimental drrta: sterrospecifity, activa- 

-bctwe.entbeoryandexpcriment,both 

au&orSintnYd~!3omemmnccSinthetwo~hallism. 

Hu@en-admitsthatthecorn~edprocessiscom 
patibkwithanasynchromsmintheformatknofthetwo 
newsigmaboads.FiMtonc,7forhispa&amsidersthat 
theenergybanierofthesecondstepmaybezero,or 
ahnost rzro. Both extreme posSons, therefore, are com- 
iOgcksatOgCth,SOtbttbCphCipaldifECrHlCCCXiS- 

tingbctwccnthctwoma3taniSmmiybyattrii~a 

~~wgree of asynchromsm m the formatron 

Numerous tIko&ical cakuktkns have been carried 
outinthi!3&klnlecyckaddhionoffuiminicacidto 
acetyh has been studii with two different methods, 
producing clearly divergent results. Poppinger” by 
means of *‘ab i&o” cakulations. reaches a slightiy 
asynchronous transition state, whilst Dcwar,‘Q” using 
the semi-empirical MNDtY2 meti@ 6nds.a highiy 
asvnchrowus transition state. On the other hand, a 
tbmo~&~ystematic “ah ~initio” study carried out by 

of a great variety of drpolarophdes and dr- 
poks, of Ihc propar&lguenyl type as well as of the ally1 
type, slnxvs a great synchronism in the mechanism. with 
sli@ deviations. In ail these studies, a single in- 
dependent variabk was cbosea and the rest of the 
peonmtrk parameters were optimised totally or partiaUy 
for each given value of the indepemknt variabk. only 
poppmger:s when studying the addition of fuhnink acid 
to au%ykne, inuoduces two variabks into the proximity 
of the transitkn state, previously found with only one 
degree of freedom. Nevertbekss, when he works with 
two independent variabks. he does not a&eve a com- 
pkte relaxation of the system. On the other ham4 
LcIoy,‘-‘) whocaniesoutapartiaioptim&ionof 
geometry, and Poppiqer,” who makes a total one, bcth 

studythcpotcntialsurfaceintheproximityofthezone 
com%ponding to the concerted mechanism. Dcwar’a” 
alone deals with a tmnsitkn state in tbe zone cor- 
responding to an asynchronous mechanism. Given that in 
the l$-dipder cycloaddSon two new bonds ale formed, 
we consider it h&pen&k to take as independent 
variabks the two kngths of the sigma bonds in for- 
mation, and to study the complete potential surface. 

We must emphasise from among the cases studkd the 
cyckaddition of carbon& ylide to ethylene which. given 
the initial symmetry of the reagents, takes piace, accord- 
ing to Leroy, through a perfectly synchronous transition 
state Therefore, it seems interest& to study this reac- 
tion with a semkmpiricai method, in order to discover 
whether these methods favour the asynchronism of the 
process, as opposed to the “ab initio” mehods. The 
resultobtainedwiUbehighlysi&kan~sinceasup- 
poaedly totaay symmetrkai reagent has been chosen. 
For the same reasur the cycioadd&n of azomethine 
ylide to ethykne has been studkd. A comparison of the 
results obtained by means of both methods may help to 
clarify which of the two mechanisms proposed is closer 
to reality. 

Because of the impossrbility of a complete cakuktion 
of the potential hyperswface for most chemical reac- 
tions, two types of approximations have been used. The 
Iirst attempts to reduce the dimensionality of the surface 
by eliiting certain degrees of freedom. Generally 
speak& however, this supposes the introduction of 
unrealistic restrictions. A sign&ant improvement in this 
approximation is achieved by choosing a certain number 
of degrees of freedom as independent variables of the 
potential energy, ahowing the system to relax by opti- 
mising the remaining geometric parameters for each set 
of values of the independent variables. Nevertheless, it is 
necessary to proceed with great caution in the sekction 
of these independent variabks, since an inadequate 
sekction may prevent us from reaching the true tran- 
sitionstate.Inthesecoodtypeofapproximationalithe 
degrees of freedom of the system are taken into con- 
sideration, but seeks only to locate certain points of 
chemical interest 011 the potential energy surface. Mclver 
and Komornicki” have suggested a metbod for the direct 
location of the tran8ition state, witbout the need to 
umsbuct the potcotid surface, thus avoiding all the 
dangers inherent in the introduction of the restrictions 
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meotioaedcarlier.Inthetraasitionstatetbe~ 
mustbenull.Bymumsoftheminimhhoftbequerc 
ofthcgIadientluxm,tkstathuypointsofthepdeb 
tialsmfaccarebcatcd.ItmustbcMlbQequentlypfovcd 
tlmttbiswasatructranMonstate.Todothistl~ 
eigcnvaIue.9 of the force constant matrix arc czhhtcd. 
Intbetmnsithstateonlyoncnegativeeigcnvahicmust 
exist. 

In our study we shall explore the potential surfece by . . . . 
mnnmlrahMofl?nMgy,takiogaaiadependtntvariaMes 
the two kDgtb8 of tbc two llcw sigma b&s in for- 
mation.Weshlldealilrstwiththccooc&cdzone,and 
goontotheasynchmouz4mc.TbisprelimiMrystudy 
oftbepotentialsurfacewillbctakeniuastmtingpoint 
for the apphth of the McIvcr and Komomicki“ 
m&odofdinxtlocatioaofstationarypoints.Tbcprel- 
hhuuy/xploratkm of the surface is carried out by 
calcuhtm# the potcntul energy bg m of Dcwar’s” . 
sermampiricalmethdMINDD/3, whicbhasoodisad- 
MntsS%withlegudtocumpo&swhicbdoMtbavc 
adjacentatomswithloacpairs.AsanophniM&pro- 
cedure, MINDon uses tbc D&P?‘-= (IMdoo, Flet- 
cl=, Powell) method, based on Hctcher-Powers al- 
@xitlmLItisani&ative~~~tiall 
inicialgcometryx0intbem~sp8c8ofthe 
vahbleswhichar8ophisedand~asaicsof 
successivepoirlts&bymeansofthcformala 

&+1=&-&H& 

wberea,isrparam&robtai&bycubici&poMm, 
K~lll&iXWlliChtendstOtbeiDV~OfthCHessiaa 

mat&md@thcgradicat. 

RQunxsAND~ 

wewinllrstpfcsenttlErcsultsobthdfortb81~ 
’ 

wewilldiscubstltcphysicalmcaaipsof&N?sults 
obtahd. 

IDOllktOCXphCtbC4XlkMCd~OftheStiaCe 

ofthecafbonylytidecycbadditiontoetbyknetbe~ 
andR.ulengthsofthctwoncwsigmabondsinformation 
havebcenkeptcqualeachtoothcr.Twodistinct~ 
hydrofuran c4mformcrs may be obthed as llmll 
prodlK%tbcplanarandtbeha&boatconfcmLNx&iIl 
whichthcoxy~is&arlyremovedffomtheplane 
determined by the four carbon atoms. Leroy= d&es 
two ways of approximah of the reagents: type P 
applUXimatio~witllbotllfCZQUltsitUatCdOnparalle1 
plancs,aIKitypecapproximath&whicballtbcqeevy 
atomsarccupkmar.Thesccomiisprcfcfrcd~ 
at!3bortdi!hxcs,whilsttypePisfavomzdatlong 
distances. In this study usiug IUNDO/ diftczcnt results 
heVCbCCllobthtd.~withlWIgUltSSitUBtCdiO- 

itidyollparaIklpheSatIollg-,twockariy 

dilYcrcntiatcdratcth~appcar,asshownin~1. 
l%coaeinaMlincpassestbroughatramdthstateto 
R = 2.45 A, far rrmoved from cuphnarity, to arrive at 
tk half-boat amformatioo of tetrahydrofurlm. The one 
inadas&dlincpasscstltroughatrans&nstateaIsoat 
R=245~mmucbclosernowtotbeooplanarsituation, 
hdiUgtothCplaBUCoZlfonll~oftCtiyd&Uan. 
TbcreforcourrcsultsprcsenttbesihMhoinacon+ 
phlyditIcrentaspcctfromLeroy,forwbomontyonc 
WeyCXi&d,tbetypCPapproximrtioaotlOngdi&DCCs 
aadthetypeCbeing&ptcdatshortdistamx.Infact, 

tk?ClUCtWOdiSthCtClkiWlStlOW#hWldCh*reoc- 
tion takes place, failowiug d&rent ways of op 
proximathforeachoae,ti.le5mlmsult~bCiPQ 
a dihent conformer of tetmhydihran for ertb chq 
nel.nleb0rriefexisthgbetwecnbothcoldormslalmd 
rrloagtb8wl&pathafrcxtioniswbatgivalitsiIl- 
divilhlidNltiQtol!&dthepoths!ltl&d.NMtJhP 
less,th?sema%imumpointsaretimlMaastatesonlyif 
wec4ndblcotlnclvestothesyncbronws~oftk 
pot&hlsUhCC,bUttbCyrUeMtbueh&3OtlhtUl 
WbCJl~~potentialsurtsceiStsLeaintocob 

Si&&OlLTbis~ybeSCCllWbWltbCcrS~llOUS 

rcgimlofthcSurf~iS~~*thttbe 

lcDgthsofboodaRz4andRssarcdilferentoaetromtbc 
other,tboughkccpingtheirsumcoas&nt.Anisshowah 
Pig.2,thccnagygoesdownaswemoveawayfromthe 
central point corresponding to tbc !3yncllronuus path 
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Wereachtwokteralminimumssituatedintheasyncb 
ronousregionofthesurface,withbondlepsthaof 1.6A 
and33kTbesepointsantaLenasastartiaepointfor 
the direct locatkn method of McIver and Komomicki, 
mentioned earlkr. 

~~~s~~~~v~~T~le1,~ 
whichthevahksfoundfortkmcreaseinenergy 
&cal/mol)fromseparaMreagen&andthebomldis- 
tances(A)~andamiaresetout,bymeansofdiuerent 
methods, in the addition of carbonyl ylide to ethykne. In 
thelIrst5vecolumnsthebondlengthsRuandRuare 
keptequalinrelationtoeachother,whichindicatesthat 
thisisthestudyofthesynchronouszoneofthesurface. 
In the llrst three, Leroy’s results obtained by “ub i&k” 
methods using ditferent basis sets are shown In the next 
two, those obtamed in this study with MINDo/3 are 
given,hothforthepathofreactionkadingtothehalf- 
boat conformer of tctrahyd&uran and for the one lead- 
ing to the planar conformer. Even though the bond 
distancesareanalogouswiththosegivenbyLeroy,the 
erkrgies are much greater. This is due not only to the 
differencebetweenthemethodsused,butmainlytothe 
fact that we started with completely optimised carbonyl 
ylide, which is 14.5 kc&ml more stabk than the planar 
stnmhue taken into consideration by Leroy. ‘Ihe exk 
tenceofamorestablestru&rethantheplanaronehad 
already been pointed out by Ho&.= 

In the asynchronous region of the surface three sta- 
tiomuy points have been located. Prom the cakulation of 
theeigenvaluesoftheforceconstantmatrixtwotran- 
sition states and one intermediate are identitkd. The first 
transi&statehasthe2_4bondwhichisinfomlation, 
possessing a kngth already ckarly lower than the lengths 
K24 and KXJ obtained for the synchronous tram&on 
states.Iheothcrbond~j,~stinaotbeeuntoclose. 
Immediately there appears an intermediate with an al- 
ready almost completely constituted bond and another 
which still has not begun its formation. Fdy there 
exists a saxmd transition state, with the U bond al- 
readyformedandthe3-5bondnowbeghmmgtoclose. 
Thestructuresofthesehvotran&knstatescanbemuch 
hettervisualisedinF~.3and4.Atthesideofea&atom 
themodukoftheamplitlKkofdisplacementofe!a&oneis 
registered,currespondingtothedirectionofthereactkn 
coordinate,obtainedbymeansofthed&n&atknofthe 
force constant matrix. In the lirst transition state (Fii 3). 
themodulesareclearlygralterinthecatomsinv01vedin 
theUbor&whkhisinformation,thanintherijght-hand 
parCcorrespondin$tothe3-5bond.Thismdkatesthatthe 
intensityofmovementismuchgreateraroundthehond 
which closes during this step. In contrast, an examina& 
ofthesamenumbersforthesecondtran&onstate(Fii 
4). shows values of greater size around the 3-5 bond# 
whichisnowheginn&toclose,thaninthezonearound 
the 24 bond, already compkteIy formed. ‘Ihis therefore 
Micates a more intense amplit& of displacement 
around the 3-5 bond, which is the ODC which closes 
duringthissecondstep. 

Letusnowco&krtheenergyaspectofTabkl.An 
enqyprolIkam&goustotheonedescriibyFii 
tonelmsbeenob&ed.Thereexistsa6rsttra&ion 
state which implies an energy harrier of 122kcal/mol, 
muchl~thsnforasyncbromusmeclumism.Afallin 
energyispmducedwhichanreqo&totheclo5iqofa 
flrstbondinordertoreachtbeintenuedkte,anda 

tranSnrstateappears,withaverysmalllmrrkr, 
of 1.3kcal/mol,owingtotheb@mingoftheformatkn 
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way, anly an aaymthmu8 mechanism poweases a 
rcacthlratc,accordipetothebarriaofthefirsttran- 
SitiORl8tatC,wlliCllmpylMkCc&ddlbm ** ConIpctitive 
withcycbnWcrnioll. 

LetllsaMlyscthefesultaobtaimdfortheadditionof 
azcmdimylidetoethyk!m.Ibemodeof~is 
8imilartotbcomu8edwiththecarbonylyiide.onlyom 
planar cod- of pyrrolih exists, except for an 

aypchromuspatbaregivell,rntbetraaeitionstatebotb 
mgents form an idcnd$c .& between ttk? 
COptaneraadpdklphCSlBtWhS.AsinthCp~ 
viou3auc,thismaximumpointiamtatructnudion 
atatciftbecumgktc8lnfaccis~sincetbe 
forcccoMtalltmatrixprcacnt8twomgatjvueigen- 
vJuekowipototbefacttbattheemlgygoeedownas 
t&llzlgtb8ofthetwo8igmaboadsvafyfrmlom 
lUKttk.WhCllthCasyncbronous~iSCXpldthN!C 
rdathuy~are~comspondisg,aaintllc 
pmious~case,totwotra&xmstatcasepsratedbyan 

tcnmdMeTkxeappcamatran&hstatcwiththe 
LunnKht’madv~~offormation,alldthe 
~5boad,w@cdo8inghasmtyetkgm.S4hcqudy 

tcmdatcisfouDdwitbthe24boDdahcsdy 
zGtfonmdandtk3-5bondwhicbllaamtbcglmto 
form.Fii,tbcrcexistsa8ecdtradth8tatewitb 



TS l yaahroaoum Ts 1 rlltml8to TS a cyolorr8vu8laal 

AR 26.2 17.5 16.2 16.2 21.3 

%r 2.33 1.96 1.66 1.63 _- 

R35 
2.33 4.06 3.19 a.91 __ 

the24bondalreadyprac~yanlstitptad,andthe~5 
bondwhichisahdyb&miugtoclose.Tbeckakgof 
bothbondspresentsadcgreeofasynchdsmsomawhat 
ksstllaniuthecaseofcarbonylylidc.Forulisreason, 
fromanellergeticalpointofvkw,thediff~between 
thCSyncbnmousSDdaSyncroaouS~iSkSS 

thaaintllepwiOuSfxSc.AnintermediatecrppearsSitu- 

atedinashaUowweIlofpot&i&at1.3kcal/molfrom 
the6rsttransitioastateandat2kcaUmolfromtbe 
secoDd.Tlleasynchronousmechanismisthereasmlwhy 
cyckadditjml is preferred to the cydorrevexsion of 
axmletbiWylidctoaziridiue,wboseenergybarrkris 
hdkatedinthelastc&mn. 

In short, for both carbonyi ylidc and az4mcthine y&k, 
tramitiollstatcafcobtaiaedwithMINDo/3~to 
those already dcscrii by Dcwar,lQ” using MNDO/2, 
for the addith of f’ulmhk acid to acetykne. Neverthe 
less, they arc completely d&rent from the synchmus 
transition states found by “ab Mio” methodk” Our 
resultspresenttwoeM?rgybarrkrs,thcsaxmdbeing 
very smali. This favours the dhdical me&nism sug 
g&cd by Fiistone. 

Letusnowdiscusstbephysicalmcaningoftberesults 
obtained.BothkiltdsofmetlMMIprcsentimportpnt& 
tations.Thesemkmpilicalonesarepara&rMfor 
distances of qllilii and not for !haths removed 
fromthem,suchasappearintkcourseoftberca&a. 
It has &xl proved only that t&e “u6 initio” m&xi!3 
witb a limited basis sets and without Muduhg the 
correktion energy, such as those applied to the theor& 
cal study of tbe l&dip&r cyChddit& present Bc- 
ceptabk results for dhnces of quiIhillm. Besides, 
owhgtothegreattimcrquiredforcal~acom- 
~plkxation of gaJmc?ry cxlllM& ill gclm& be 

The fLt that the “clb hirio” methods tend to favour 
synchrow transition states, whilst the semiempiricp 
ones favour the asynchro~, in cycloadditioas, has 
ba?nalreadyreccntlyanalysediadihmtpapers.”~- 
Houk=pointsouttbattbemeUxxlswbichusetheZDO . . approximation favour ashchmous tram&on 
since when overlap is negkcted the claebrhdl~ 
sioaisnottakenintoacunmtandthisdaMihthis 
Iprater for asynchrormus shuctums. This objecth is 
onlypartiaUytruefortheMINDO/3meth&whose 
paramehiz4tioa compensates for these errors for the 
distances of qWsrium. Even though tbis argum& 

favours the results of tbs ‘ab in&” methods, another 
factorexistswhichactsintbeoppositediN!&nl,the 
currc~enaey.Tbisisalrcadyinchdediathc 

statl?d,fortworeasons.Inthc6rstplagbl?amsethe 
f!rontk~ofthesystallintbereadjonstudicd 
comcto@hp(Itbeaaynchronism-, bcxauseof 
whichaco&umthhtcrachwiUfavourtbeasyncb 
ronoosstnnWe&lntbeseumdploce,bccausetbe 
asyncbrwouatransitioastatespresentagreaterelec- 

hlcoachrsion,iaspitcoft&climitationsofthcfM?t&od 
usu&fortkaddithlofbothcarbooylandazome~ 

b&WHllthetWOllldWWL conhuan~morc 
obviuusfortbecaseofcarbonylylide.Atmxhismh 
twosteps,sacbastheonewbkhappearsintbcpresent 
~mustbeaUirmcdwith~reservations, 
siDccthcsecundencrgybarrkrissman~. 

Inorderto@veade5nitivev~totbeunhsknsof 
thisstudywecu&eritind&Wbktomakean“ab 
inMo”cakukt&witbasu&kntlyextendedbasisset, 
inhxhhgthecoxrelatknenergyandeffcdiPgacom- 
pkterekxationof@onletry,intheasyncbronouszone 
ofthepotenu!3urface. 
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