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Abstract Two alternative reaction pathways, one mvoivmg a 6-membered ring transItion state, 
the other, a strained 3-membered intermediate, have been located on the PM3 semi-empirical 
potential energy surfaces for the reactions of singlet oxygen, nitrosyl hydnde, nitrosoformaldehyde, 
drazene, 1,2,4-tnazolme-3,5-dlone and methyleneamme with propene Except for nitrosyl hydride, 
the calculations suggest that both pathways have similar energy requirements in each case 

Introduction 

In recent years much attention has focused on the mechanistic details of the “ene reaction” of 

singlet (lAg) oxygen with alkenes bearing allyllc hydrogens 1 Some workers have postulated that 

the reaction IS concertede, with a transition state (1) similar to that involved in the hydrocarbon ene 

reactions of ethylene with an appropriate olefin Other workers have suggested that experimental 

evidence supports the formation of a “perepoxlde” intermediate (2) which subsequently rearranges 

by abstraction of an allyllc proton to give the product hydroperoxide” (Scheme 1) 
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Apart from Lonchanch’s mcomplete ab m/t/o study5 of the reaction of smglet oxygen (3a) with 

propene, no reports of any theoretlcal studies Involving a concerted mechanism have appeared 

Other calculations have Investigated the “perepoxide” pathways and the feaslblllty of a biradical 

mechanism’, although high-level calculations have largely discounted the latter, putting It some 5 

kcai mol-1 above that for the perepoxldes 

The formal similarity of the ene reactions with enophlles such as singlet oxygen, alkenes, alkynes, 

tnazolmedlones, nitroso compounds and formaldehyde has frequently been discussed9 Apart 

from Houk’s recent report’0 of an ab rnrbo study of the reactions of ethylene (3b) and formaldehyde 

(3~) with propene, very little work concerning the theoretical aspects of the concerted ene reaction 

has appeared in the literature 

As part of our continued interest in the chemistry of hydroperoxides, it was felt that a theoretical 

treatment of the reaction of propene with singlet oxygenll, as well as other ~-isoelectronic 

systems, would provide valuable insight into the similarities and differences that might be expected 

in these reactions 

To that end, the PM312 semi-empirical potential energy surfaces for the reactions of singlet oxygen 

(3a), nltrosyl hydride (3d), nitrosoformaldehyde (3d), 1,2,4-tnazolme-3,5-dione (4a), (an analogue 

of 4b), diazene (3f), methyleneamme (3g), N-methylmethyleneamme (3h) as well as 

formaldehyde (3~) and ethylene (3b) with propene were investigated with the specific intention of 

locating the concerted transition state for the ene reaction in each case, as well as any likely 

“perepoxide-type” intermediates New insight into the stenc and electronic demands of both 

reaction mechanisms IS provided 

Methods 

All molecular orbital calculations were performed at the Restricted Hat-tree-Fock (RHF) level using 

the PM312 Hamiltonian in MOPAC version 5 0 ‘3 Structures were optimized to minima using the 

BFGS’4 method or to transition states as described by Dewar and co-workers15 on either a VAX 

6310, SUN 4/260 or Solbourne 5/602 computer All structures were proven as corresponding to 

the appropriate stationary point by evaluation of the complete set of harmonic force constants in 

each case Molecular mechanics 1s calculations were performed using the MM2 program17 on a 

Solbourne 5/602 computer 
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Results and Discussion 

With the recent suggestlons12V1* that PM3 outperforms both AM1 and MNDO, we felt that, although 

relatrvely untested, this was the semi-empmcal method of choice In this study In fact, prellmlnaty 

work11 using MNDO and AM1 proved unsatisfactory, with AM1 predicting an exclusively concerted 

mechanism for the reactlon between singlet oxygen and propene, and MNDO, a mechamsm 

Involving a number of (asynchronous) steps The AM1 and MNDO results were not unexpected, as 

MNDO IS known to favour asynchronous pathwaysls, while AM1 tends to prefer synchronclty20 

In order to test the rellablllty of the PM3 method when applied to the ene reactlon, transition 

structures were evaluated for the reactlon of the ethylene (3b), formaldehyde (3~) and singlet 

oxygen (3a) with propene These results are compared with the ab m~fro data of Lonchanch and 

Houksl’o 

Clearly, only one onentatlon of ethylene and propene IS possible, leading to transItion structure 5b 

and ultimately 1-pentene (9b) (Scheme 2) Formaldehyde (3c), on the other hand, can orientate 

Itself In two ways, giving nse to two transltlon structures (5c, 6c) which ultimately yield but-3-en-l- 

01 (9c) and ally1 methyl ether (10~) respectively 

Inspection of structures 5b and 5c reveals a close similarity to those reported rn the ab rnrt~o 

study10 Relative energies for these structures are given in Table 1, while the geometries are 

detalled in Table 2 

The PMS-calculated transition state distances, r(3,4) = 1 968A, r(1,6) = 1 285A and r(5,6) = 1 512A 

for 5b compare favourably to the values of 2 1 lOA, 1 218A and 1 52433 respectively, calculated at 

the 3-21 G level of ab rnrtro theory 10 The predicted activation energy of 33 8 kcal mol-1 IS In good 

agreement with the value of 31 2 kcal mol-r calculated at the correlated MP2/6-31G*N3-21G level 

of theory10 and supports previous suggestions that PM3 data reflect those of correlated (MP2/3- 

21 G) methods’*a 
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Table 1 Summanzmg the PMS-calculated Energya Profiles for the Vanous Reaction Pathways 
m this Study 

Substrate intermediate or Transition State 

5 6 7 11 12 

33: 
,“,c 
3e 
3f 
3g 
3h 
4a 

28 3 29 4 29 7 29 9 
33 8 
43 3 50 3 
35 7 49 3 i0 27 7 29 6 
35 1 45 0 144 34 5 33 6 
40 8 28 4 41 2 40 8 
34 4 38 3 33 5 
45 5 45 1 

31 4 (4c) - 10 I-(4d) 32 4(4e) 29 9 (if) 

a Energies in kcal mol-l (relatwe to 3 + propene) 

The geometry of the transItion structure (5~) tn the reaction of formaldehyde (3~) with propene 

compares favourably with the 3-21G data 10 While the transition state distance for r(3,4) of 1 732A, 

IS somewhat shorter than the 3-21G value of 2 016A, the overall shape of the structure remains the 

same The r(l,6) and r&6) distances of 1 293A and 1 542A respectively are similar to the 3-21G 

values of 1 31 IA and 1 408A The PM3 data suggest that the transition state (5~) IS slightly later 

than that predicted at the 3-21G level of theory, with the qualitative features of the reaction being 

similar The activation energy of 43 3 kcal mol-1 as calculated in this study IS significantly higher 

than the MP2/6-31G*N3-21G value10 of 27 5 kcal mol-1, however, It compares favourably with the 

3-21G values of 38 2 kcal mol-1 and the STO-3G value’0 of 43 4 kcal mol-1 

The transition structure (6~) leading to ally1 methyl ether IS also consistent with expectation The 

activation energy of 50 3 kcal mol-1 as calculated by PM3 IS some 7 kcal mol-1 less favourable than 

that for the alternative onentation (5~) of formaldehyde and reflects the poorer orbital overlap rn 6c 

as compared to that in 5c This IS as expected on the basis of Frontier Orbltal Theory (see later) 

Slnalet oxvaen with orooene 

A comprehensive study of the PM3 potential energy surface for the reaction of singlet oxygen with 

propene has revealed two feasible pathways leading to the same hydroperoxide product The 

pathway of lower energy IS that which proceeds wa the “concerted” ene transitlon state (5a) 

Inspection of structure 5a reveals distinct similantles to structures 5b, 5c and 6c previously 

determined for the reactions of ethylene and formaldehyde with propene The transrtron states all 

resemble “flattened” cyclohexane chair conformations 

Of some 1 4 kcal mol-1 higher in energy IS the transition state (lla) leading to the perepoxlde 

intermediate (7a) This intermediate (7a) IS predlcted to lie in a shallow well, being only 0 3 
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kcal mol-1 lower than 1 la and only 0 5 kcal mol-1 below the transrtron state (12a) for 

rearrangement to the hydroperoxlde (9a) Structural details are grven In Table 3, while the energy 

profrles are summanzed In Table 1 

Inspection of Table 3 clearly reveals that 5a IS an “early” transrtion state, with relatively long 

forming bonds [r(3,4) = 1 635A, r&6) = 1 69541 and short breakrng bonds [r(l,6) = 1 169A] and IS 

In agreement with the suggestrons by NIckon of an “early” transrtlon state to accommodate therr 

experimental frndrngs 

Comparing these data with those of Lonchanchs, in which r(3,4) = 1 898A, r(5,6) = 1 819A and 

r( 1,6) = 1 117A, it IS apparent that PM3, once again, predrcts the concerted transltron state @a) to 

be later than that predicted at the 3-21 G level of theory The PM3calculated energy barner of 28 3 

kcal mol-1 compares very favourably with the 3-21G values of 29 3 kcal mol-I, however It IS about 

12 kcal mol-1 higher In energy than the smgle point MP2/6-31G*//3-21G value5 of 16 1 kcal mol-1 

This result suggests that electron correlation may play an Important role In the correct descnptron of 

these structures The mcluslon of correlation In the PM3 method proved unsuccessful Thus, 

neither 5a, 7a nor lla could be located as correspondmg to the appropriate stationary points 

using PM3-Cl (3x3) The valldlty of PMSCI IS unclear since, like other semi-emprncal methods, the 

parametenzatlon should, to some degree, take electron correlation Into account21 Our data tend 

to suggest that whrle PM3 appears to behave like a correlated ab rn~tro method in the case of 

ethylene and propene, when oxygen IS Incorporated, the PM3 data appear more lrke those 

available from single-determinant ab ~n~tro techniques 

Lonchanch was unable to locate the transition state (lla) for formation of the perepoxide (7a) on 

the 3-21G potential energy surface, however, he was able to locate the structure of alternative m 

geometry22 HIS 3-21G data suggest that lla might be expected to lie about 35 kcal mol-1 above 

the energy of the reactants This IS to be compared with the value of 29 4 kcal mol-1 in this study 

Again, 3-21G suggests that lla IS an earlier transition state than that calculated by PM3, with 

r(l,4) = 1 98OA and r(2,4) = 1 992A 

It IS interesting to note that while PM3 predicts 7a to lie in a shallow well, the 3-21G data imply that 

the well IS significant with 7a being some 40 kcal mol-1 below the transition state (lla) and about 

18 kcal mol-1 below the rearrangement transition state (12a) Thus, the 3-21G data suggest that It 

should be possible to isolate 7a, whtle PM3 indicates that this would be unlikely To the best of our 

knowledge, no perepoxlde intermediates have been isolated from any singlet oxygen “ene” 

reaction 

It IS useful to compare our data with those of Tonachrnr and co-workers23 who report a MC-SCF 

study of the reaction of singlet oxygen with ethylene The PMB-calculated bond lengths of 1 559A 
for r(l,4) and 1 664A for r(2,4) in 7a are in good agreement with the value of 1 559A for the C-O 

distance In the perepoxide derived from ethylene as calculated at the MC-SCF/4-31G level of 
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theory It IS CU~OUS to note that Tonachml &&were unable to locate a transltion structure for the 

direct formation of that perepoxlde whrle CASSCF a6 rnrtro CalCUlatlOnS performed by Hotokka & 

& provided this structures124 Indeed the CASSCF value of 1 76A for the C-O distance m that 

transition structure IS m good agreement with the values of 1 642A and 1 8ogA for r(1,4) and r(2,4) 

respectively as calculated In this study 

The prediction by PM3 that the perepoxide (7a) IS loosely-bond IS In agreement with the 

conclusions of a number of workers4 and IS clearly evident from the low barners to rearrangement 

and relatively long bonds The final transition state (12a) IS once agam “early” and easily 

achieved due to the B orientation22 of groups In 7a 

The calculated activation energies of 28 3 kcal mol-1 for the concerted reaction and 29 7 kcal mol-1 

for the perepoxlde pathway are lower than the prediction of 33 8 kcal mol-1 for the ene reaction 

involving ethylene and suggests that singlet oxygen reactions should be more easily realized than 

those involving ethylene The reaction IS also predicted to be exothermlc, with the product 

hydroperoxrde bemg some 40 7 kcal mol-1 lower In energy than the starting materials 

No experimental data exist for the parent reaction of singlet oxygen with propene Z-2-Butene IS 

reported25 to react with singlet oxygen yielding ene-products with an expenmentally determined 

barner of lOf1 kcal mol-1 Work in our laboratones has shown28 that more substituted olefins react 

more readily with singlet oxygen than those with fewer substituents Thus, one might expect the 

energy barrier for the reaction of propene with singlet oxygen to be somewhat higher than the 

value of -10 kcal mol-1 quoted for butene 
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Substantial evidence has been accumulated to support the mvolvement of an Intermediate m these 

ene reactlonsn7. For example, the Isotope effects observed by Stephenson and co-workers*7a for 

the reaction of smglet oxygen with tetramethylethylene seems unambiguously to require an 

mtermedlate m the reaction 

Qualitatively, this study predicts that both reaction pathways, that via the concerted transition state 

@a) and that via the perepoxlde (7a), are viable alternatives While that proceeding via 5a IS 

favoured slightly, one cannot ignore either mechanism Solvent may play an important role, with 

polar solvents favounng the perepoxlde pathway, as has been suggested by Jefford and co- 

workers*s, who propose a solvent-dependent change of mechanism to explain their results 

e and m with Prop= 

As was the case for the reaction of singlet oxygen with propene, the PM3 potential energy surface 

for the reaction of nitrosyl hydnde (3d) with propene also reveals concerted and stepwise 

pathways to give “ene” products In a similar fashion to formaldehyde, 3d IS also able to align itself 

In two different ways, leading to two different possible products Two transition states (5d, 6d) as 

well as two different strained intermediates (7d, 6d) can be envisaged Extensive work, however, 

failed to located 6d at a stationary point on the PM3 energy surface Transition states (Sd, 6d). the 

azlndme N-oxide (7d) and the transition states lld and 12d, for the formation and subsequent 

rearrangement of 7d to the hydroxylamme (9d), were located and are summanzed in Table 4 

while the relevant energies are summanzed in Table 1 

*d 6d 

lid sd 12d 
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It IS interesting to note, however, unlike singlet oxygen (3a), mtrosyl hydnde (3d), IS predicted to 

react via the azmdme N-oxide (7d), the cyclic transttion state of lower energy (5d) being some 8 

kcal mol-’ higher in energy than the transition state (lld) for the formation of 7d The barrier for 

formation of 7d IS calculated to be 27 7 kcal mol-1, a value similar to that for the reaction of singlet 

oxygen with propene, whereas the concerted transition states (5d, 6d) are calculated to be 35 7 

kcal mol-1 and 49 3 kcal mol-1 respectively above the energy of the reactants This IS not 

unexpected and reflects the stability of amine N-oxides as compared to perepoxldes 

Inspection of Table 4 reveals some interesting features of the geometnes of the various structures 

involved in this reaction Firstly, the separation of C(3) and C(4) in the transition state (5d) IS 

calculated to be extremely short at 1 552A, while the distances associated with hydrogen transfer 

(1 512A and 1 385A) are similar to other values In this study 

It was initially felt that 5d did not correspond to the concerted transition state, but rather to that for 

proton transfer In the zwittenon (13) Extensive searchmg, however, falled to located 13 as 

corresponding to a minimum on the PM3 energy surface This together with the normal- 

coordinates produced in the force constant calculation provided strong evidence that 5d did 

indeed belong to the expected transition state The calculations therefore suggest that while the 

reaction via 5d IS concerted, it IS highly asynchronous with the carbon-nitrogen bond almost fully 

formed during hydrogen transfer 

Secondly, the transition state (1 Id) for the formation of 7d appears at first glance to contain some 

unusual features The close C(l)-N(4) separation of 1 662A, while mamtammg a longer C(2)-N(4) 

distance of 2 139A indicates that this reaction also proceeds via a highly asynchronous transition 

state Closer inspection of the data reveals that this “unusual” geometry IS a result of ngld orbltal 

requirements In the transition state (Ild) For this reaction to proceed, both non-bonding (lone- 

pair) and R orbitals on nitrogen must interact with the olefm These orbitals are orthogonal and 

therefore naturally lead to structure lld 

Once formed, the azmdme N-oxide (7d) can either rearrange to the product (9d) or to the cyclic 

hydroxylamme (14) The former process IS calculated to have an energy barner of 24 6 kcal mol-1, 

while the latter, a barrier of 55 1 kcal mol-1 The high activation energy associated with the 

transformation of 7d to 14 IS in accordance with expectation, as 1 ,Pshifts of this type are 

dlsallowed thermally29 

The calculations also suggest that this overall transformation (propene + 3d + 9d) IS exothermc, 

with the product (9d) lying some 15 8 kcal mol-1 lower In energy than the reactants The PM3 

prediction, therefore, IS that “ene” products arising from the reaction of nltrosyl hydride (3d) with 

propene have come via the “perepoxrde”-type mechanism Indeed, Baldwin and co-worker@ 

have shown that azmdme-N-oxides prepared by the ozonation of azmdines readily rearrange to 
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hydroxylammes This result Indicates that N-oxldes like 7d do rearrange as 

The reglochemlstry of the concerted reaction IS also in keepmg with expectation In the frontler- 

orbital description of the ene-reaction al, the LUMO of the z-bond of the enophlle (In our case, 3d) 

interacts with the HOMO of the x-bond of the olefin (propene) and the LUMO of the allyllc C-H 

bond When the enophlle IS nitrosyl hydride (3d), the smaller coefficient of the LUMO resides on 

oxygen, as depicted in Figure 1 The best orbital overlap IS achieved with the alignment of 

reactants as indicated Similar orbital considerations adequately describe the PMB-predicted 

regiochemistry of the ene reaction of formaldehyde (SC) with propene 

0 60 
0 80 

3d 

u 0 61 

0 79 

HOMO (\ 

u 
LUMO 

Figure 1 Depicting the lowest unoccupied molecular orbltals of formaldehyde (3~) and mtrosyl 

hydride (3d) as calculated by PM3 as well as the frontier orbital description of the ene reaction 

When nitrosoformaldehyde (3e) IS reacted with propene instead of 3d, PM3 calculations suggest 

that both concerted and stepwise processes are energetically similar (Table 1) The predicted 

energy barrier for the rate determining step In each pathway IS 35 1 kcal mol-1 vra 5e, 45 0 

kcal mol-1 via 6e and 34 5 kcal mol-1 for the formatjon of the azlndme N-oxide (7e) It IS clear, that 

when compared with the reaction of nitrosyl hydride (3d) with propene, in which 7d IS calculated to 

be only 5 kcal mol-1 higher in energy than the reactants, the similarity in energies for the two 

pathways In the reactron of 3e with propene IS mainly due to destabilization of the aziridine N- 

oxide (7e), which IS predicted to be 14 4 kcal mol-1 less stable than the reactants Thts IS 

consistent with the fact that 7e contains an electron-withdrawing group on a positively charged 

nitrogen 
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The PM3 calculations therefore suggest that the reaction between mtrosoformaldehyde (3e) and 

propene resembles that of a “sluggish” singlet oxygen reaction, with factors such as solvent 

perhaps playing an important role 

The pnnciple features of the potential energy surface, as calculated by PM3, for the reaction of 

diazene (3f) with propene are similar to those for the reaction of singlet oxygen (3a) with propene 

Once again, PM3 predicts both concerted and stepwise pathways leading to the product dlamlne 

(9f) 

Unlike the reaction involving 3d, the activation energy associated with the concerted transition 

state (5f), at 40 8 kcal mol-1, IS slightly lower than the energy barrier to the formation of the 

“perepoxide”-type intermediate (7f), at 41 2 kcal mol- 1 The Intermediate, 7f, IS predicted to lie 

some 28 4 kcal mol-1 above the energy of the reactants, with barriers to “reverse” reaction and 

rearrangement to 9f of 12 8 kcal mol-1 and 12 4 kcal mol-1 respectively Clearly, 7f IS relatively 

less stable than the similar intermediate (7d) in the reaction of nitrosyl hydnde (3d) with propene 

This again probably reflects the stability of amine oxides 

Both pathways in the reaction of diazene are predicted to be substantially less favourable than the 

similar reactions mvolvmg singlet oxygen (3a) or nitrosyl hydnde (3d) The geometnc features of 

the concerted transition state (5f), the intermediate (7f) as well as the transition states (llf, 12f) 

for the formation and subsequent rearrangement of 7f are listed in Table 5, while the relative 

energies are to be found in Table 1 

Inspection of Table 5 clearly Indicates the similanties between the structures involved rn the 

reaction of diazene with propene and those associated with the reaction of nitrosyl hydride Once 

again, the concerted transition state (5f) IS predicted to by ansynchronous, as IS the transition state 

(1 If) for the formation of 7f Clearly, similar orbital constraints are at work in the transition state 

(Ilf) as were observed for Ild 

With the high barriers associated with the reaction of diazene with propene, it was surpnsing to find 

a substantial lowering of the energy barriers in the reaction of 1,2,4-tnazoline-3,5-dione (4a), with 

propene PM3 calculations suggest that the transition state (4~) for the concerted reaction of 4a 

with propene IS some 31 4 kcal mol-1 higher in energy than the starting materials The pathway 

leading to the “perepoxide”-type intermediate (4d) IS slightly less favoured than the concerted 

pathway The transition state (se) for the formation of 4d IS calculated to be 32 4 kcal mol-l above 

the energy of the of the reactants In turn, 4d IS 10 1 kcal mol-1 higher in energy than the reactants, 

with a barrier to rearrangement (via 4f) (to the product) of 19 8 kcal mol-1 
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It IS clear, therefore, that PM3 calculations suggest that the mechanrstlc details of the reaction of 

srnglet oxygen with propene should be very similar to that for the reaction of 4a (or indeed 4b) with 

propene It IS not surprising therefore that ene-products are observedeb rn reactions involving 4b 

Methvleneamlne and N-Mavleneamlne with Prow@ 

A PM3 study of the reaction of methyleneamme (3g) with propene was able to locate two 

concerted transition structures (5g, 6g) leadmg to the expected ene products While It was 

possible to locate the “perepoxide”-type intermediate (7g) as a mmimum on the potential energy 

surface, PM3 failed to converge to a transition state (llg) for the formatlon of 7g Extensive 

computer time was spent attempting to minimize the gradients associated with the transition 

structure, without success 

The PM3 data have indicated that the transition state (5g), at 34 4 kcal mol-1 above the energy of 

the reactants IS favoured over the alternative orientation (6g) by 3 9 kcal mol-1 The strained 

intermediate (7g) was found to lie some 33 6 kcal mol-1 above the energy of the starting materials 

Even without a transition state energy, it would appear that 7g IS predicted, at best, to lie in a 

shallow well with both concerted and stepwise processes being of similar energy, and at worst, to 

be on a pathway significantly less favoured than that via 5g Details of structures 59, 6g and 7g 

are dlsplayed in Table 6, while the energy profiles are summanzed in Table 1 
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0 73 0 69 
39 

It IS mterestmg to note that the calculations suggest that this ene reactlon proceeds vra a transItIon 

state of reverse regiochemlstty to the other asymmetrical systems m this study It IS the carbon 

that the hydrogen IS predicted to be transferred to, not the nitrogen as might be expected by 

analogy with formaldehyde Inspection of the PM3-generated LUMO for the lmme (3g) Indicates a 

possible reason for this The calculations suggest that the coefficients on carbon and nitrogen In 

3g are very similar, at 0 73 and -0 69 respectively This, In turn suggests that orbital constramts In 

the concerted transitton states (5g, 69) might, in turn, be less slgnlflcant than stenc factors 

Indeed, when N-methylmethyleneamme (3h) was used Instead of 39, the concerted transition 

states (5g, 6g) are calculated to be far more equal, with energies of 45 5 and 45 1 kcal mol-1 

respectively above the reactants This suggests that the mtroductlon of a methyl substltuent on the 

nitrogen rn 6g IS less stencally demanding than the similar mtroductlon in 5g 

To further hIghlIght this point, MM2-strain energies were determined for the PMS-optimized 

transition structures (5c, 6c) In the ene reactlon of formaldehyde and propene When the strain 

associated with bond formation and bond disruptton IS subtracted from the total strain energy (this 

IS compensated for by orbital Interactions), the MM2 calculations indicate that transition structure 

5c IS more strained than 6c by about 5 kcal mol-I, yet PM3 suggests that 5c IS favoured over 6c by 

some 7 kcal mol-1 Clearly, orbital considerations are the dommatlng factor in this reaction, 

leading to the reglochemlstry via the more strained transItIon state (5~) 

In cases where orbital constraints are not as Important, as one might expect In the reaction of 

methyleneamine (3g) with propene, stenc factors might be responsible for the observed 

regiochemistry By analogy with the reaction involving formaldehyde, 5g would be expected to be 
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Table 2 Geometric Feature@, 
as calculated by PM3 

Variable 

r(l12) 
W 8) 
W ,7) 
r(l,W 
r(2,3) 
r(2,9) 
r(3,4) 
r(3,lO) 
r(3,ll) 
r(4,5) 
r(4,12) 
r(4,13) 
r(W) 
r(5,12) 
r(5,13) 
r(5,14) 
r(5,16) 
9(1,2,3) 
9(1,2,9) 
9(1,6,5) 
9(2,1,6) 
9(2,1,7) 
9(2,1,6) 
6(2,3,4) 
9(2,3,10) 
6(2,x11) 
9(3,4,5) 
6(4,5,6) 
9(4,5,12) 
6(4,5,13) 
6(4,5,14) 
6(4,5,15) 
w;y; 

w(l;2:3,4) 
0(1,2,3,10) 
m,2,3,11) 
($*:y; 

0(2,G&i2) 
~(2,3,4,13) 
~(3~2~1~6) 
~(3.2,1,7) 
~(3,2,1,6) 
w(3,4,5,6) 
@(3,4,5,12) 
w(3,4,5,13) 
0(3,4,5,14) 
w(3,4,5,15) 

AN 

Heats of Formatlonb of Transition Structures 5b, 5c and 6c 

5b 5c 6c 

1412 1394 
1 265 1293 
1093 1094 
1 089 1089 
1388 1422 
1095 1097 
1988 1732 
1094 1 101 
1091 1098 
1398 1307 
1093 1101 
1122 1102 
1512 1542 

1404 
1333 
1 093 
1 088 
1402 
1 094 
1 742 
1097 
1094 
1289 

1480 
1087 
1089 

1087 
1087 

1187 
1196 
1475 
99 3 

118 8 
1179 
101 8 
1189 
1198 
1108 
1078 

119 7 
120 0 
1438 
94 5 

1198 
119 2 
1038 
115 2 
1158 
113 8 
1085 

1178 
120 2 
138 6 
101 0 
119 1 
118 8 
1033 
119 2 
1185 
1160 
110 5 
1168 
1154 

119 8 
1202 
118 3 
1164 
-88 0 
-37 8 
179 5 
-25 6 
39 8 

-1823 
84 2 
59 8 
45 4 

-1758 
-12 6 

111 8 
1129 
-70 8 
-43 2 
172 4 
-33 5 
41 5 

-181 6 
823 
60 8 
39 2 

-1781 
-165 

-86 3 
-41 2 
1768 
-28 3 
40 8 

58 5 
444 

-1734 
-14 9 
-95 4 
119 6 

-97 2 
113 3 
569 15 6 22 6 

Structure 

a Distances (r) In A, bond angles (6) anddfhedralangles (co) m degrees b AHf m kcalnW1 



Propene with smglet oxygen and other enophdes 

Table 3 Geometric Featuresa and Heats of Formattonb of Structures 5a, 7a, Ila and 12a 
as calculated by PM3 

Variable Structure 

5a 78 lla 1 12a 

r(l,2) 1424 1457 1427 1422 
r(l,4) 1558 1642 1561 
r(l,6) 1 188 
W,7) 1097 1098 1 096 1100 
r(l,6) 1 091 1096 1096 1097 
r(2,3) 1414 1482 1477 1456 
r(2,4) 1666 1809 1876 
r(2,9) 1096 1 104 1 101 1097 
r(W) 1634 
r(W) 1103 1 104 1146 
r(3,lO) 1 101 1098 1098 1096 
r(3,ll) 1097 1097 1 096 1093 
r(46) 1 261 1271 1241 1269 
r(W) 1694 1831 

e(l,2,3) 1183 121 6 121 4 1183 
;I; $8;; 59 4 59 6 542 

9(2:1:4) 
120 2 1197 120 2 121 2 

67 0 71 8 772 
9(1,6,5) 133 8 
9(2,1,6) 100 9 
6(2,1,7) 1165 1209 121 2 1205 
e(2,1,8) 116 6 121 3 121 1 1200 
w2,3,4) 96 3 
9(2,3,6) 111 7 111 3 1048 
8(2,x10) 118 5 1106 111 3 1138 
9(2,x11) 118 2 111 6 111 8 1139 
9(2,4,6) 1184 1175 108 9 
9(3,4,6) 1153 
9(3,6,6) 125 6 
9(4,6,6) 1051 96 2 

0(1,2,3,4) -76 1 
0(1,2,3,6) -59 6 -60 8 -57 6 
m,2,3,10) -36 8 60 0 58 3 58 0 
($yyy6\) 175 6 1800 180 0 -1758 

w(2:1:6:5) 
1040 1029 1076 

-26 1 
~(2,3,4,6) 64 2 
w(2,4,5,6) 
~(3,2,1,4) 1060 101 4 8;: 
0(3,2,1,6) 59 5 
0(3,2,1,7) 49 7 -2 8 -i9 -21 0 
@(3,2,1,8) -1767 -1525 -1566 -165 6 
~(3,4,6,6) -38 1 
0(4,1,2,9) -96 3 -93 8 -96 7 
w(4,3,2,9) -91 7 

W 53 1 54 2 54 5 54 7 

a Distances (r)m A, bond angles (6) anddlhedralangles (w) In degrees b AHf III kcalmolml 
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Table 4 Geometric Featuresa and Heats of Formattonb of Structures Sd, W, 7d, lld, 
12d as calculated by PM3 

Variable 

Ah 

5d 6d 

1366 1399 

1365 1338 
1095 1093 
1089 1089 
1455 1416 

1095 1095 
1552 1688 

1107 
1 104 
1298 
0998 
1512 

1094 
1096 
1271 

1185 

1526 
0994 

1185 

1209 
1359 

993 
1201 
1193 
102 6 

120 2 
1370 

1146 
1146 

98 9 
1195 
118 9 
101 7 

1182 
1177 

1155 
1089 

115 7 

1069 

-70 6 

-45 9 
171 1 

108 6 
1114 
-69 9 

-42 2 
180 0 

-35 9 
57 1 
66 8 

-33 5 
509 

561 
40 7 
-1726 
-37 1 

59 1 
42 9 

-1739 
-28 2 
-81 2 

-96 4 -95 4 

55 9 69 5 

Structure 

7d 

1500 
1529 

1 100 
1098 
1495 
1547 
1 109 

1099 
1 097 
1097 
1258 
0994 

lld 12d 

1411 
1622 

1099 
1097 
1471 
2 139 
1095 

1 102 
1 103 
1 101 
1214 
0 999 

1424 
1588 

1 104 
1 102 
1458 
2 098 
1 093 

1 134 
1097 
1093 
1 233 
0997 
1904 

120 0 121 4 119 6 
60 2 49 3 49 3 

118 3 120 7 121 5 

61 4 89 4 88 1 

119 6 118 8 1187 
120 6 1185 118 1 

112 7 111 7 1061 
110 2 1114 113 6 
110 7 111 6 1134 
1243 1149 1038 
1129 85 2 91 5 

125 4 

-35 9 -49 9 -596 
84 4 69 6 563 

-1583 -1702 176 9 
111 0 1086 1184 
-1044 -1348 -1245 

111 0 

-1 2 
-1394 

-1077 

25 2 

108 6 

-169 
-1542 

47 
118 4 

-30 2 
-1659 

-96 9 -1009 

479 49 8 

a Dftiances (r) In A, bond angles (6) and dlhedralangles(o)cndegrees b AHf In kcalrnol-1 



Propene with s@et oxygen and other enophlles 

Table 5 Geometric Featuresa and Heats of Formattonb, of Structures 51, 7f, 111 and 12f 
as calculated by PM3 

Variable 51 71 111 121 

r(l,2) 1 403 1498 1 442 1437 
r(l.4) 1533 1 527 1606 
r(l16) 1 285 
r(l,7) 1 096 1 100 1 105 1105 
r(l ,W 1 089 1098 1 104 1102 
r(2,3) 1 436 1495 1 472 1403 
r(2,4) 1551 1 972 2348 
r(W) 1 095 1 109 1 095 1 095 
r&4) 1 608 
r&6) 1098 1 101 1285 

r(3,10) 1 106 1099 1 100 1095 
r(%lI) 1 102 1098 1 097 1089 
r(4,5) 1 322 1317 1 273 1323 

r(4,12) 1 000 0996 0 995 1000 
W,6) 1 605 

r(5,13) 0 994 0997 0 996 0994 
s(l,2,3) 118 4 1203 1208 118 4 
e(1,2,4) 60 3 50 2 41 3 
6(1,2X9) 120 5 1183 1191 119 7 
6(1,6,5) 134 5 
6(2,1,4) 6l- 6 83 2 103 8 
6(2,1,6) 100 6 
6(2,1,7) 118 5 1209 1186 1157 
e(2,1,8) 118 3 1205 1187 1153 
9(2,3,4) 1029 
6(2,3,6) 113 3 1122 1007 

6(2,3,10) 1158 1109 111 6 118 4 
6(2,3,11) 1153 110 7 111 0 1178 
eww 1275 1185 92 7 

ew,lv 1136 959 92 5 
ewm lli8 

ew,la 108 4 
8(3,6,5) 134 6 
8(4,5,6) 1063 

e(w,lw 110 1 1128 1142 1104 
0(1,2,3,4) 1101 1128 114 2 1104 
0(1,2,3,6) -30 9 -50 2 -56 8 

0(1,2,3,10) -4362 89 4 69 9 47 5 
~(1,2,3,11) 173 7 -151 9 -170 2 -1733 
~(1,2,4,5) 113 7 1158 1327 

0(1,2,4,12) -1053 -122 6 -1186 
~(2,1,6,5) -34 2 
w(2,3,4,5) -69 2 

0(2,3,4,12) 76 2 
w(2,4,5,6) 

~(2,4,5,13) -365 -70 8 -947 i 
w(3,2,1,4) 
0(3,2,1,6) 5il 

1105 1024 69 4 

~(3,2,1,7) 469 14 -10 7 -46 3 
0(3,2,1,8) -173 7 -139 7 -1458 -173 7 
w(3,4,5,6) -33 3 

0(3,4,5,13) -68 4 
w(4,1,2,9) -1079 -1004 -97 6 
0(4,3,2,9) -97 6 

AHf 65 0 72 6 65 4 85 0 

a Distances(r) In A, bond angles (tl)andd~hedralangles (o)mdegrees b AHf In kcalnxS1 

Structure 
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Table 6 Geometnc Feature@ and Heats of formatlonb of structures Sg, 6g and 7g as 
calculated by PM3 

Variable 
rU,2) 
r(l,4) 
r(l,6) 
r(l,7) 
r(l,8) 
r(2,3) 
r(2,4) 
r(2,S) 
r(3,4) 
r(3,8) 
r(3,10) 
r(3,ll) 
r(G) 
r(4,12) 
r(4,13) 
r(W) 
r(5,13) 
r(5,14) 
6(1,2,3) 
6(1,2,4) 
6(1,2,9) 
6(1,6,5) 
9(2,1,4) 
6(2,1,6) 
w;y; 

e(2:3:4) 
6(2,3,6) 
9(2,x10) 
6(2,3,11) 
6(2,4,5) 
6(2,4,12) 
6(3,4,5) 
6(3,4,12) 
6(3,4,13) 
6(4,5,6) 
6(4,5,13) 
6(4,5,14) 
~(1,2,3,4) 
0(1,2,3,6) 
~(1,2,3,10) 
~(1,2,3,11) 
~(1,2,4,5) 
0(1,2,4,12) 
w(2,1,6,5) 
~(2,3,4,5) 
0(2,3,4,12) 
w(2,3,4,13) 
w(2,4,5,13) 
w(2,4,5,14) 
0(3,2,1,4) 
0(3,2,1,8) 
0(3,2,1,7) 
0(3,2,1,8) 
0(3,4,5,8) 
0(3,4,5,13) 
0(3,4,5,14) 
0(4,1,2,9) 
w(4,3,2,9) 

AHt 

5g 8g 
1408 1433 

1278 1 185 
1094 1097 
1089 1092 
1408 1412 

1098 1091 
1837 1 860 

1097 
1094 
1370 
1 099 
1 097 
1573 

1 104 
1 100 
1346 
0995 

0 991 
1194 

1 719 
1 089 
1089 

1177 

119 6 120 5 
1428 134 3 

978 104 7 
118 6 1154 
1187 115 4 
101 9 101 7 

1174 1174 
117 3 116 7 

111 5 
99 5 
1022 
107 2 

1147 
110 3 

1125 
-70 8 

103 8 
117 2 
121 7 
-69 8 

-40 1 
175 6 

-41 7 
174 7 

-34 4 
473 
-172 6 
72 3 

-29 2 
60 3 
68 4 

60 7 
44 1 
-1763 
-23 4 

-87 3 

-9s 0 
65 8 

5i6 
55 9 

-1744 
-35 6 
-61 5 
1419 

-99 7 
61 9 

Structure 

7g 
1497 
1523 

1 100 
1098 
1570 
1570 
1107 

1098 
1099 
1097 
1344 
0991 

1082 
1081 

120 3 
59 5 

1179 

6i6 

119 6 
120 5 

1105 
1127 
1107 
1249 
111 8 

1223 
122 0 

-38 2 
829 

-1585 
109 8 
-1061 

-41 5 
1358 
109 8 

20 
-1389 

-1078 

610 

a Distances(r) In A, bond angles (6) anddlhedralangles (w) Indegrees b AHf In kcalmol-l 
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the less strained transition state In the reaction of 3g and hence the transition state of lower overall 

energy 

Conclusions 

These calculations have shown that both concerted and stepwise pathways, the former lnvolvmg 6- 

membered transition states, the latter strained “perepoxlde” type mtermedlates, exist on the PM3 

potential energy surfaces for the reactions of a number of z-lsoelectronlc enophlles with propene 

Except for nitrosyl hydnde (3d) which IS predicted to react exclusively via the azmdme N-oxide 

(7d), both concerted and stepwlse pathways are calculated to be of slmllar energy, In each case 

In particular instances, namely reactions mvolvmg smglet oxygen (3a), nltrosyl hydnde (3d) and 

1,2,4-triazoline-3,5-dione (4a), the reactions are all predlcted by PM3 to have similar energy 

requirements It IS not surprising, therefore, that ene products have been isolated rn reactions 

involving 3a, 3d and 4b with appropnately substituted olefms 

Flnally, a balance of stenc and electronic factors are found to operate rn the concerted transition 

states (5, 6), controlling the reglochemistry in these reactions 
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