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ABSTRACT 

The semi-empirical molecular orbital method MINDO/3 was used to investigate the 
potential energy surface describing the loss of Hs from the ally1 cation CsHz. The two 
Iowest energy processes found are the 1,2- and~l,3eIiminations and they commence by 
2 + 1 and 3 + 1 hydrogen atom migrations, respectively. In the l,Z-elimination this 
involves isomerization to the 2-propenyl ion while in the 1,3-elimination, isomerization 
is to an intermediate comer-protonated cyclopro&ne. The reactions then proceed by Hs 
elimination from the 2-propenyl ion end from p.rotonated cyclopropene to yield the 
propargyl and cyclopropenyl ions, respectively. The results of the calcuiations are com- 
pared to previous experimental studies on metastable ions to e xamine the partitioning of 
reverse activation energy between kinetic energy of separation, and internal vibrational 
energy_ In making such a comparison, the bmitations of MINDO/3, in particular the over- 
estimation of the stability of small ring compounds, are recognized.-It is found that the 
reverse activation energy appears .predo minantly in the released kinetic energy, for both 
reactions_ Such findings are in accord with qualitative expectations based on reaction 
dynamics end are discussed in relation to them. In particular, the activated complexes 
for both the 1,2- and 1,3- eliminations are “tight” and the potential energy surfaces are 
of the ‘%epuIsive” type for which it is predicted that a high percentage of the reverse acti- 
vation energy will be partitioned as kinetic energy_ ‘The activated compiexes are well 
described as species in which the daughter ion is solvated by the Hz leaving- The incipient 
products are close to their equilibrium geometries, which is in accord tith the observa- 
tion that energy is partitioned predominantly into trenslation. 

INTRODUmON 

Background and concepts 

Experimental information on energy partitioning in unimolecular reac- 
tions of me&&able ions has been accumulated for several years [1] with the 
following major results. 

(i) A variable fraction of the reverse activation energy of the -reaction 
(I$) appears as kinetic energy of separation of the produc+s (Z’)_ This tic- 
tion may vary considerably even for somewhat similar molecules, For exam- 
ple, eliminations of HF from CH,=CHF” and CH2=CFz’ are associated with 
large energy partitioning ~quOtients T/t?,,, -whereas a much smaller quo- 
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tientisobservedforHFeliminationfromfluoroalkanes 127. 
(ii) Woodward-Hoffmann rules [3] may be applied to estimate if the 

activation energy ofareaction will be large orsmall,correspondingtosym- 
metry-forbidden or symmetry-allowed reactions, respectively. Although 
Woodwad-Hoffmann rules do not yield detailed knowledge of reaction 
pathway;z -nd do notdeal atall with energy partitioning,they at least pro- 
videastart. qpointforcharacterizingthecourseofachemicalreaction. 

(iii) Fora~!eastsomereactions,theenergypartitioningquotientischarac- 
teristic ofthe mechanism involved,in spite ofvariationsintheionsstudied. 
In the loss of formaldehyde frompara-substitutedanisolesviafour-centered 
hydrogen transfer,an almost constant percentage (16%)ofe0 is partitioned 
as T.Thisisindependentofthenature ofthepara-substituent[4].Similarly, 
an energy partitioning coefficient of25f 5% was measured for1,2elimina- 
tionofHClfromvariouschloroa&anes [S]. 

(iv) A correlation appears to exist between the quotient ZT& and the 
“tightness"ofthe activatedcomplex.Ithasbeenfoundforcomplexorganic 
ions thatifthe activated complex forms a "tight"structure,suchasathree- 
or four-membered ring, then T/Er, will be larger [4,6]. As the ring size 
becomes larger and the activated complex assumes a '1ooser"structure (or 
the reaction occurs in a non-concerted manner),the translational energy 
comprisesonly a fewpercentoftheenergyavailable 173. 

(v)The energy partitioningcoefficientcan be decreasedbyincreasingthe 
number ofvibrationa.ldegreesoffreedominthefragmentingion.Tbiswas 
observed in thesecondaryexpulsion ofamethyl groupfromdialkylketene 
ions [S]. Partitioning of excess internal energy between the Iiagments 
formed in the primary process results in decreasingenergy availableforsec- 
o&ary decompositionoftheketeneion with increasingsizeoftheneutral 
lost. 

(vi) Some of the experimental results are sensible in terms of simple 
dynamics. The energy partitioning behavior of HF elimination &om the 
fiuoroalkenesand fluoroalkanes can beconsideredintermsofthestructures 
ofthe-activated complexes ]2].ThereversereactioninvoIves HFadditionto 
an alk-yne and an alkene,respectively.TheshorterC-Cbonddistanceinthe 
alkyne suggeststhatthedistancebetweentheHa.ndFatomsinthecomplex 
is expectedto be closer to the HF equilibrium bond lengkhin thefluoro- 
alkenes. This quaBative description of the activated complexexplainsthe 
more effectivemanner in which the potential energy (PE)is converted into 
translational energy rather than into vibrationalexcit.atioa ofthe products 
forthefluoroalkeneascomparedtothefluoroalkanereaction. 

Although concepts of the type just noted may be usedasthe basis for 
simple generalizationsfor understanding energy partitioning, a more com- 
pletedescriptionisthe goal ofPE surrface calculations. Achemicalreaction 
may be thought of as taking place on a potentialenergysurfacewhich 
possesses certain characteristics. Working on bimolecularreactions,Polanyi 
has done extensive investigations in this field of reaction dynamics tosee 
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which features of these surfaces govern the partitioning of S0 into kinetic 
andvibrational energy [9,10].E'rom thisworkan.extremelyusefulconcept, 
which deals withthelocation ofthe energy barrier alongthereactionpath, 
has been developed.Potential&ergysurfaceswhichhavethedownhillslope 
situated primarily in the entry v&hey are-commpnly'referredto-as “&trac- 
tive"andthosewiththedownhillsl~peintheexitvalleyaredenoted'~repul- 
sive". (These designations correspond in configurationtoreacta&-likeand 
product-like activated complexes, respectively.) It is predicted thatattrac- 
tive surfaces favor vibrational excitation_of_the products,whereas repulsive 
ones result in most of the excess energy being released as kinetic energy. 
Manycalculationshave,irigeneralt&rms,~confirmedtb&~statemerit[10]. 

In this work-the calculation of the PEsurfaceforunimolecularionicdis- 
sociations was done by the MINDO/3 method [lla]. This was chosen 
becauseitisan economicalaltemativeto minimal basis set ab initio molec- 
ular orbital calculations,and it has provided reasonable results for the rear- 
rangements ofothercarbocationsinthepast [llb].MIND0/3isspecifically 
parameterizedto reproduce experimental heats of formation,whichiswhat 
is needed to characterize the thermochemistry of thesereactions.Because 
much can be learned about energy partitioningfromthe qualitativenature 
ofPE surfaces,we are moreinterested in sketchiigirnportantfeaturesthan 
incalculatingenergiesandgeometriestothehighestpossible~accuracy. 

Calculations of the PE surface for this reaction are our firstattemptto 
investigate mass spectrometric fragmentations theoretically. This reaction 
waschosenforseveralreasons. 

(i) It yields a composite metastable peak [l&13]. Such peaks are wide- 
spread and have been particularly usefulforionstructureandthermochemi- 
calstudies. 

(ii)Itis a closedshellsystem,whichfacilitatestheMINDO/3 calculations, 
especiallythegeometryoptimizations. 

(iii) Its thermochemistryisquitewellknown ~12,13].Tabulatedvaluesof 
these quantities willbegivenlaterinthisreport~alongsidethe corresponding 
calculatedvaiues. 

On the basis of these experimental results,it is generally accepted [12- 
14] that the most stable form of the parent C& ion is allyl,andthatthe 
narrower componentofthe metastabIe peakcorrespondstothel,2ehmina- 
tionofH, toformthepropargylion,whilethewideronecorrespondstothe 
1,3elimination to yield the cyclopropenyl ion. Roth reactions are Wood- 
ward-Hoffmannforbidden.Inaddition,mechanismshave beenproposedfor 
both reactions [13].The 1,3-eliminatioa isthougbtto proceed byconrota- 
toryclosureofsrUyltocyclopropyl,fo~owedbya1,2eliminationofHi.The 
l&elimination is postulated to proceedbyastraightforwardlossofH,to 
yield the propargylion. This study of the PE surface-refinesandextends 
theseearlierconjectures. 
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TABLEl- 

Previously determined heats of formation * 

Ab initio MIND0/3 Experiment 

ally1 
C~HS,~P~~P~QYI CsH$ 

218 [15] 222 1191 226 [2:] 
233 [15] 214 237 [22] 

C3H:, cyclopropyl 257 [15f 238 238 f22J 

C,Hg cyclopropenyl 0 1203 ** 240 257 [21] 

C3Hft ~m~argyl 15-3 1201 ** 257 281 I211 

* Au data in kcal mol-I, this work unless otherwise noted- 
** The relative stabi?ities of the C3H4 isomers are given. 

TABLE 2 

Structures of the ions discused 

H, Q H 
,C = C--c/-H E-propcny1 

H ‘H 

lH 
C-H 
\ 

‘ii 
H I - propenyl 

H-csc- “< ProPorlYl 
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- Previous.quimtum--mechanical calculations:hz&e -beer-reported-for-the 
C& surface [15],1-butnone have studied-Hz-elimination.However,lcalcula- 
tions ofthe he&tsofformation:of‘systemsrelevanttothisworkarea~le 
and are listedin TableI; the abinitiovaluesare included for~comparison 
withour MIND0/3-results_A.~gofthestructuresdiscussed-inthispaper 
is provided,forconvenience,in Table 2; .I ::..-_-_ _- _ ~~- . . 

~--The MIXDO/ program qras used in the z&e fo&n as developed by 
Dewar and co-workers.-The portions ofthe C&PEsurfacedescribingH= 
loss were searched by-means ofatwodimensional grid-for whichtheH-H 
dist&nce(Rn~)a.ndtheC-_Hdistance (R c_x) associated with oneof.the 
breaking bonds were chosen as reaction coordinates_Thetotalenergywas 
then mh&n&ed by opt- - - g the molecular.geometrywith respectto.d 
other variables,no symmetry constraints beingimposed_Somep~rtsofthe 
PE surface are not single-valued in energy foragi~enchoiceofR,~and 
R-x_ However,by proper selection of starting geometry,itispossibleto 
mapcontinuousregionsofinterestonthePEsurfaceusingthisgrldsear~h. 
The transition._stateswerelocated approximately,usingagridmeshsixeof 
O.lA for RCH and 0_05a for R H4_The secondderivativetestofMcIver 
and Komomicki [16],a procedure used to establishthatapointonaPE 
surface is ind&da-bona fide.transitio-astate,was notused_Becauseboth 
activatedcomplexeswereeasilyseento bethehighestenergypoints(with- 
in the grid mesh size)in“vaUeys"leadingfrom +he allylrezctantto the 
desired products, o mission of this testwasfeltto bejustifiedinobtaining 
approximatetransitionstategeometries. 

Because ofthelarge-number of possible pathways on the PE surfaceand 
the limitations to the usefulness of MIND0/3 for certain types of struc- 
ture [11,37],the corresponding experimental results Were usedasaguide 
when the calculations were performed.The mass spectral data provideda 
stan~&ud by whichthevalidityofthe calculationswas measured_.In partic- 
ular,theisomeric form ofthe reactantwaschosenpithregerdtotheexper- 
imentalresults. 

RESULTS 

Thetwolowestenergyprocessesfo&donthecalculatedPEsurfacecor- 
respond to a 1,24imi.nation and toa 1,3elimination.The1,3-e3imination 
startswitha3+lhydrogenatomtransfer,whichiscoupledwithacy~- 
ti;n ofthethree carbon atoms, The ,~~~gion,-corner-protonated cyclo- 
propene,may be thought-of asthcprodutipf-a Lewis acid-base reaction 
between W3and a~~~e~e..Itreprleseq~._al~ niin.imumontheC&sur- 
+e._I&th~ n&_ p@ion of thc.me+uusm, -the $&iri &Ifoi-cec-to move 

%phill"awayBom this minimum;Withoutt~ho~~~er,the-system would 
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neverleavethe-vicinityofthismirrimum,Such behaviorcanbe understood 
because we have-chosen to examine systems withsufficient internal energy 
to pass through such a configuration which correqonds to an isomerized 
form ofthereactantionandtog~octogivedissociationproducts~Them?xt 
part ofthe 1,3-eIimination process is the formal 1,leIimination ofI&fiom 
the comer-protonated cyclopropene ion, This mechanism is very different 
from the preliminary conjecture proposed earlier for the 1,3eIimination, 
especiaiIyintheisomerizedformoftheC,HT~reactant_ .- 

Both the isomer&&ion and the subsequent elimination steps can be fol- 
lowed alongonevahey inthe potentti energy surfaceleadingcontinuously 
from reactantsto products_ The pathway is sketched semi-quantitativelyin 

the -&-nI RH_= &me of the surface in Fig-l_ Figure2 shcwsthe approx- 
imzte sWctu.re and geometry ofthe activated complex fortheehmination. 
The structure is seen to resemble the product cyclopro?enyI ion closely, 
with theehininatedH2 beingnearcarbon atom1,ThecaIculatedthermo- 
chemicaI quantities of interest in the &A? Q Iimination are giveninTabIe 3, 

The MINIDO/ resuhs indicate that the 1,2-&mination is, in seve&I 
respects,anaIogous to the 1,3Aimination_ It occurs byis&:erizationofthe 
ahylionto 2-propenylfohowed by aformaIl,l~Iimination ofHZ_ Thepatk- 
way is sketched in two dimensions in Fig-3 whichseparatelyshowstheiso- 
merization (a)and theelimination (b)_ The activ&..d complex for both the 
isomerization (a)and for the elimination (b) are shown in Fig.4.TheIatter 
is thus essentiaIIythedaughterpropargyIion,withtheleavingH~groupnear 
carbon atoml_ Theactivated complex thus includes a three-memheredring 

I 8 L I L i L t L L 

I5 1.7 a 2-3 2zi 2:7 29 

R C_” (A) 

Fig_ l_ of 
in the to that of 

aI& H atom migration occurs_ 
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Fig,2,Th&kctivated complex for the 1,3+Gmin&ion of Hz from~~&ylto givethecy&lo- 
propenyl~oll_ 

.- 
_ 

andisvery~~ht;thesurface~ppredominan- t.lyoftherepulsivetype_Thecal- 
culated thermochemical quantities chticterizing this reaction are sum- 
marized in Table3_The correspo&ingexperimentalvalues are includedfor 
comparison_ 

(b) 
2;- 

(a) 

(b) -- 

Fig. 3, (left)Parl%lheatofformationgridandreactionpathfortbe1,2-a~ - tion inthe 
RH-=,RC;H plane- The mi.nimun~energyprSile shownleads fromtbevicinity ofthe 
r~~cta& toward thatlof_t+e~ products__Part (a) s&ows-the allyi: 2-propenyl isomeriza- 
tion_RM referato the carbon+ydrogen bond from the methylcarbon@%-propenyl; 
(b) show& the‘subseqrfent-Hi-eeiion to $ield pro&rgyl. Rcs refer&to the dis- 
tancefromthesecond(middle)~bdnatomtooneofthehydrogensI~a~g_ 

_- . 

Fig.4.(right)The activated complexes for (a) the isomerization aUyX- S-propenyLand 
(b)fortheeliminationofH~~ogivethepropargylion.~ -_ _ _ -. ..-- _ 
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TABLE 3 

MIND0/3 and experimental thermochemid quantities for C& + GHf f HZ * 

1,2-Elimin&ion(aUyl-+propargyl) 1,3-Elimi~tion(aUyl+cyclo- 
prop=+) 

MINDo/3 Experiment MmmOI3 Experiment 

Y 
AH,, reactant 222.0 226[21] 
AH&products 256-S 281[21] 
AHreaction 34-S 55-O 1133 

EO 39-2 67f3_7 [12], 
65-O {13] 

r, 4.4 12.0 t3_7 [12], 
10-O [13] 

T - 6_2*0.5[12], 
5-8 [23] 

222.0 226[21] 
240.4 2571211 
18.4 31,30.1[13] 
36-7 58tl[12], 

65-O [13] 
18.3 26.8 +l [12], 

34.9 [13] 
- 23_9-+2[12], 

23-5 C23] 

* Allvduesin kcai&ol-'. 

DISCUSSION 

Thermochemisfry and energy partitioning 
When the calculated thermochemical quantities are compared to the 

exoerimental ones,theyreproducethe qualitative aspects (such ascompeti- 
tive 1,2- and 1,3-elimination) properly. but the absolute agreement can be 
called only fair_Theactivationenergiesofthetwo processesarecalculated 
to be nearly equal, as required by the experimental ob_wation that in 
metastable transitionsthey compete inthe sameratio overawiderange of 
e1ectron beam ene@es,even down to valuesnearthethreshoklsforthetwo 
reactions [133_TheMIND0/3 heatofformationofallylagreesveryclosely 
with the mass spectralvaIue,butthistheoretical method overestimates the 
stabihtiesoftheactivatedcompIexesandproducts_Thisisinaccordwiththe 
known tendencyofMIND0/3 calculations to overestimatethestabilitiesof 
sma3lringcompounds~11]_AconsequenceofthisshortcomingofMlND0/3 
is that the reverse activation energy Erois considerably underestimated. The 
calculations o&restimate the stability ofboththeintermediate(2-propenyl) 
and the product (propargyl)inthe 1,2elimination so that ti,isagguncer- 
tain and 2-propenyl must be considered as anintermediateinthereaction 
rather than asthestableformofC&. Popleandco-workers [15J calculated 
a 17 kcal mol-' barrier between ahyland 2-propenyl, However,MIND0/3 
predicts.2-propenyl to have alowerheatofformation (214 kcal mol-')than 
aUy1,which is contradictory to the experimentalconclusions_lXs empha- 
sizes the point that such calculations must always be donewithreference 
toexperimentalresult~_ 

Inspite ofthesedXficuhies,thecalculationsrepr&iucetheexperiment& 
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observation [12,13]~(Table3)thatthe1,2eliminationhasbyfarthesmaller 
e&They.also.indicate when compared to the experimental energyrelease 
that vktually the entire reverse activation energyispeetioned askinetic 
energy, for both reactions. Contributionsto It from thenon-fixed energy 
E* oftheactivatedcomplexareexpectedto besmall and-willnotchange.this 
basic conclusion [lS]. The calculations relating to energy partitioningare 
extremely useful and entirely consistent with the observation-that both 
activated complexes are very tight and resemble the products closely. The 
potential energy surfaces for bothreactionsarethusof~srepulsive~~e, 
for which a-large percentage of t$ isexpectedto be parkitionedaskinetic 
energy ofseparation ofthe products.As is shown below,thevahreofthese 
cakulations lies chiefly inthe insights they provide regardingthe detaik of 
thereactions. 

Reaction mechanisms 
Holmes etaL 1121 raisedthe possibility that the allylion may isomerixe 

to 2-propenyl before I?agmentation. Our results support this suggestion 
with regarci *a- the 124imination, although the competitive 1,3elimina- 
tkn occurs via a different Zntermediate (comer-protonated cyclopropene), 
Other earlier suggestions[13] regarding the mechanism are not consistent 
withour resultsforeitherreactionchannel. 

A 1,lehmination of H2 from ally1 was also invest&ated. The loss of 
two hydrogen atoms the same carbon in the ally1 ion will yield 
H,C--CH=C?~H,C+<H=C+, or else C=C-CH3, as the production. 
MINDO/$ indicates that the portions of the PE surface leading to these 
ions are at extremely-high energies, as expected. Such instability may be 
reducedbymthe concomitantmigration ofahydrogenatomto carbonatom 
1. This wouLd represent, though, either the 1,2- or 1,3elimination mech- 
anism,whichhavebeene xaminedpreviouslyinthispaper. 

The po&bLe occurrence of a 1,34imination of Hz tiomthe 2-propenyl 
ion to yield the-cyclopropenyl product was considered indetaiL A contin- 
uouspath was found,buttheregionnearthe activated complex(which in- 
cluded a five-membered ring)was of such high energythatthis mechanism 
is not competitive with the 1,2- tid 1,3eliminations fiorn allyI. In addi- 
tion,the possible intermediacy of the 1-propenyl ion in this pathway was 
considered. However, MIND0/3 faiLed to achieve self-consistency for 
1-propenyl, Thisprimarycarboniumiondoesnotcorrespondtoaminimum 
on the C& surface andis therefore calculated to be un&able.Ekom ab 
initio calculations, 1-propenylshould re arrange-to 
noactivationenergy [151. -~ 

2-propenyl withhttle or 

An interesting detailof mechanism concerns the-difference-in the C* 

bond lengths jn the C+~systemforthe_1,2- audtbe l$kllati_ons.The : 
hydrogen molecge solvates the carboniumion_.in:-~end-onfashionin.the 
1,2-ease and ina&de-onfashioninthel,3-case. D&w&a%dRzepa[24]have 



236 

reported an analogous end-on transition state in the l,l-eIimination~of Hz 
from C,g_ It is of some interest that- as the Hz separate--further in the 
1,3reaction, it rotates away from the side-on configuration. Some of the 
reverse activation energy must be consumed as rotational energy in-this 
prOcesS_ 

CONCLUSIONS 

Four of our main findings for this reaction are as fohows. 
(i) The transition states for both reaction channels are described as having 

the incipient Hz, wi th abnost equihbrium bond length, Caose to the-daughter 
ion moiety, also in a near-equilibrium configuration. Hence the reverse acti- 
vation energy must be partitioned predominantly as transI.ationaI energy. 
This is in accord with observed large partitioning quotients- 

(ii) Both reaction proNes are extreme examples of the repulsive type_ This 
is consistent with the expectations offered in the Introduction. 

(iii) The caIcuIatcd activated complexes are found to be tight rather than 
loose. The energy partitioning pattern is thus consistent with that expected 
from previous experimentally based generalizations on tight complexes- 

(iv) These activated complexes can be thought of as representing the resuIt 
obtained by solvating the daughter C,Hs ion with an H2 molecule_ Thus, 
polarization forces appear to be dominant in bonding the two moieties of 
the Cs system together. The unimolecular decomposition may be thought 
of as a desolvation reaction_ Further work is in progress to see if these 
concepts can be extended to other metastable ion fragmentations with Iarge 
energy partitioning quotients, and to dete rmine if they too can be character- 
ized as desolvation reactions of the neutral product from the daughter ion. 
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