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Abbmc-An extended basis set ab initio reaction path calculation for the prototype rolareversed auion 
radical Dieis-Alder reveals that even this symmetry-forbidden cyc&ation mode proceeds without 
activation, at least in the gas phase. An intekwliate. termed a long-bomi complex, is encountered on the 
path, but the energy minimum is so shallow that the reaction iv co-cd likely to bc camwed when 
entropy effects are considered. The calculation further reveal.9 that the factor which importantly dis- 
tinguishea the role-reversed cycloaddition mode from the allowed cycloaddition mode, namely, the presena 
of charge predominantly on the diene moiety as contrasted to the dienophilic moiety, is maintain@ mll 
along the don path and e(rsn in the long-bond intermediate. Competition between the rok-rewrsed 
i&k-Alder and a competing p+ I] cydobutane cycloaddition is envisioned. 

IkFfI(ODUC7l”ION 

The Dicls-Alder reaction must he considered the best 
known and one of the most synthetically useful of the 
cycloadpition reactions. Its modest degree of stereo- 
and regtoselectivity is remarkably predktable. ’ How- 
ever, a recognized limitation to the generality of the 
Dick-Alder reaction is the poor reactivity of appro.+ 
mately neutral or electron-rich dknophiIes.* The 
potential utility of cation radicals as highly electron 
defkientand therefore extremely reactive dienophiles 
is partktkly sign&ant in view of the com- 
pkmentarity of such an approach to the classic Diels- 
Alder reaction. That is, electron-rich compounds, nor- 
mally ineffective as Diets-Alder dienophiles, are pre- 
cisely those which are most readily oxidized to the 
corresponding cation radicals. 

The exceptional reactivity and selectivity of cation 
radicals of certain electron-rich olefins and conjugated 
dienes as dienophilic components in DieIs-Alder 
cycloaddition reactions is now well documentedSJ 
Indeed, it has emerged that for many dienes, dectron- 
rich olefins and styrenes the cation radical catalyzed 
Diels-Alder is a viable and quite attractive synthetic 
method. Catalysts include aminium salts,) polymer 
supported cation radicals6 and zeolites.’ A photo- 
chemical procedure based on photosensitixed elec- 
tron transfer has also been developed.‘*’ In each case, 
the cation radical catalyzed Diels-Alder reaction 
shows phenomenal rate enhancements relative to the 
neutral reaction, accompanied by outstanding endo- 
and regioselectivities, which often far exceed those 
typical of the uncatalyzed Diels-Alder reaction. 

An example of tk powerful kinetic impetus of the 
cation radical catplyzd Diels-Alder reaction is illua 
trated by the reaction of 1,3cyclohexadiene and 2,5; 
dimethyl-2,4-hexadie (Scheme 1). ’ The Diels-Alder 
reaction has a pronounced sensitivity to atetic e!Tct$ 
and it is probably for this reason that the latter diene 
has not been reported to react in the Diels-Alder 
reaction under normal conditions as either a die& or 
dienophilic addend. Yet., when equimolar amounts of 
these dienes are mixed with a catalytic amount (5-10 
mol%) of tris@-bromophenyI)nium hexachlo- 
roantimonate in methylene chloride at 0”. the in- 
dicated errdolexo (4: 3) D&-Alder adduct pair is 
formed in 40% yield. The net result of this process is 
the incorporation of a relatively electron rich, 
hindered, trisubstituted double bond as the dien- 
ophilic component in a reaction with a relatively poor 
Diels-Alder diene. 80 as to install a quatemary carbon 
in the adduct under very m&d conditions. 

The discovery that cation radical catalysis in the 
Diels-Alder reaction can engender such an enormous 
rate enhancement poses the question of the theoretical 
basis for the kinetic impetus9~” Few pericyclic reac- 
tions involving species with doublet spin are symmetry 
allowed, ’ ’ but the cation radical catalyzed Diels- 
Alder reaction is such a tea&ion. From the orbital 
correlation diagrams in Scheme 2 one can see that 
cycloaddition of the ethene cation radical to s-cb- 
1,3-butadiene is symmetry allowed. Interestingly, the 
role-reversed cycloaddition of the s-cis-1,3-butadiene 
cation radical and ethene is forbidden. The predicted 
preference of the cation radical for the dienophilic 
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Scheme 2. Orbital codation diagrams for the cation radical Dick-Alder. 

role has been observed experimentally and been 
termed role selectivity.’ Indeed, this concept of role 
selectivity receives substantial support from mass 
spectrometric studies of the ionized retro-Diels-Alder 
reaction. ‘z” It should be emphasized that since this 
rok selectivity is not available in the classic Diels- 
Alder reaction, an extra element of control is added 
in synthetic strategies employing the cation radical 
catalyzed Diels-Alder reaction. 

Allowed pericychc reactions notmahy proceed via 
concerted bond forming mechanisms. The Diels- 
Alder reaction is experimentally characterixed by 
suprafacially stereospecific addition to both the diene 
and dienophile. The same appears to be true of the 
cation radical catalyzed version of the Diels-Alder 
reaction. A series of reactions between 1,3-cyclohexa- 
diene and the three geometric isomers of the 2,4- 
hexadiene cation radical (Scheme 3) unequivocaIly 

demonstrate suprafaciaf stereospecificity with re- 
spect to the dienophile.’ It has thus far been impos- 
sible to demonstrate rigorously the suprafacial stereo- 
specificity with respect to the diene component as a 
result of the unreactivity of E,Z and Z,Z terminally 
disubstituted dienes, but suprafacial addition has been 
exclusively observed with every diene examined thus 
far. Thus, theory and experiment justify char- 
acterizing the cation radical catalyzed Diels-Alder 
reaction as a perky&ally allowed reaction pro- 
ceeding via, at least nominally, a concerted bond 
forming process. 

The powerful kinetic impetus of the cation radical 
catalyzed Diets-Alder reaction has been postulated to 
be derived from a unique transition state.’ Obviously, 
there is We or no thermodynamic advantage for the 
cation radical process since the delocalization of 
the hole is actually diminished upon conversion of 

Ar3 N’ SbCli 

+&dj+q 

(ONLY STEREOISOMER) 

n 
+ \ ” w 

++&+* 
L 

1 T2S + lr4S I CONCERTED MECHANISM 

Scheme 3. 



Theoretical l-eaction paths for cation radiall cycloadditions 

c THERMODYNAMIC 

\+ 
- I 

J 
9 EFFECT 

\ 
/ 

AEHOLE 
=a+0.62/3 AEHOu=a+ LOB t 

KINETIC EFFECT 

(SYNCHRO#OUS WiTHI 

AE HOLE = a+ 0.628 AE”~~ = a+I..Op 

*E,,,, 
=a+o.e# AE 

HOLE 
aa 
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the reactants to the product. This is illustrated by the 
dimerization of 1,3-butadiene in Scheme 4, where the 
reactant ,s-cir-1,3-b@adiene cation radical is com- 
pared to the adduct cation radical, an offi cation 
radical. Using a previously stat@ FM0 argument,9 
the reactant dicne has a HOA (highest occupied 
molecular orbital) of energy E = a+0.62/3 in the 
HMO approximation. The ethenic double bond in 
the adduct has a corresponding HOMO of energy 
E = a+ 1 .Ob. Therefore, hole formation requires 
0.388 more energy in the product than in the reactants. 
Fully optimized MINDO/3 calculations have also 
been carried out on both the neutral and cation radical 
reaction paths for the Diels-Alder dimerization of s- 
ck 1 ,Zbutadiene and indeed the cation radical version 
of the Diels-Alder reaction was found to be less exo- 
thermic. Therefore the kinetic advantage of the cation 
radical catalyzed Diels-Alder reaction is not related to 
the development in the transition state of any special 
product stability. In fact, this impetus is achieved in 
spite of any product character development. A ration- 
alization of the kinetic impetus of the cation radical 
catalyzed Diels-Alder reaction based on a wn- 
veutional description of the transition state of an 
allowed, concerted, synchronous pericyctic reaction, 
which would involve a cyclic (benzene-like) array of 
orbitals as a transition state model, is equally inad- 
equate. Hole formation in a tine-like cyclic system 
formally requires E = a + I-O/3. Kinetically, the cation 
radical process is still 0.388 less favorable than the 
neutral version. 

The inability of the previous transition state models 
to provide an adequate rationalization for the basis 
of the observed kinetic effect in the cation radical 
catalyzed Die&Alder xzaction suggests that the str~ 
tural model employbd must not accurately approxi- 
mate the transition states for the two processes. 

Although there is still some debate wnccming 
whether the transition state for the prototype neutral 
Dkls-Alder reaction between ethene and s-cir-buta- 
dkne is ” or is not’ ’ approximately synchronous (i.e. 
involving roughly equal pericyclic perturbations at 
the newly forming bond sites, as was implied in the 
previous transition state model), there is little doubt 
that in reactions involving unsymmetrical addends the 
transition state must become quite nonsynchronous. 
That is, the transition state for the Dick-Aider dimer- 
ization of s-cis-butadiene couki be modeled as though 
one bond were almost compktely formed and there 
was but a relatively small pericyclic interaction at the 
sewnd bond forming site. This model approaches 
a bis(alIylic) strudure. Hole formation in an allylic 
system is exceedingly facile since the HOMO is non- 
bonding. Employing the FM0 framework, E = a in 
the HMO approximation; ionization in the transition 
state is now 0.628 more favorable than in the 
reactants. Therefore, not only is a highly non- 
synchronous (yet concerted) model of the transition 
state for both the neutral and cation radical versions 
of the Diels-Alder reaction the most theoretically 
plausible, it also appears uniquely capable of pro- 
viding an explanation for the tremendous kinetic 
impetus in the cation radical catalyzed Dick-Alder 
reaction. 

The fully optimized MINDO/3 reaction path of the 
cation radical version of the dimerization of s-cb- 1,3- 
butadiene was found to be in fair accord with these 
predictions. MINDO/3 has a tendency to over- 
estimate the diradical nature of pericyclic reaction 
paths.‘” ” Thus, not unexpectedly, MINDO/3 pre- 
dicts a hvestep pathway with a bis(allyl)-like acyclic 
intermediate. However, the 7.88 and 9.34 k.cal mol- ’ 
activation energies found for the two bond forming 
steps are in good accord with the expected large kinetic 
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effects. The calculated effect of hole formation in the 
Diels-Alder reaction is thus a get&4 lowering of the 
activation energy by 25-30 kcal mol-’ as compared 
with the corresponding neutral reaction. 9 

Further theoretical and experimental work has 
shown that hole catalysis may indeed be a general 
phenomenon for cycloaddition and other pericyclic 
reactions which can proceed via non-synchronous 
pthways. MINDO/3 calculations of the Huisgen- 
type dipolar cycloaddition of the diazomethane cation 
radical and ethene, ’ * and the Cope aigmatropic 
rearrangement of 1,5-hexadiene cation radical9 pre- 
dicted these reactions to be stepwise processes with 
very low barriers to bond formation. In fact, the cat- 
ion radical [3,3] sigmatropic rearrangement of 1,3,4- 
triphenyl-l,5-hexadiene has now been demonstrated 
in the laboratory. I9 

Unlike the cation radical Diels-Alder reactions dis- 
cussed thus far, the [2+ 11 cycloaddition of a neutral 
alkene and an olelln cation radical is symmetry for- 
bidden. Yet hole catalyzed cyclodimcrixation of ole- 
lins is known to be feasible & often. very facile. 
Numerous examples of ialt~~r~ r~d~itt catalysis of 
cyclodimerizations of electron-rich alkenes and sty- 
renes have been reported.‘e*2 For these reactions, the 
cyclic array of orbitals in the p&cyclic transition state 
can account for at least part of the observed kinetic 
effect, regardless of whether the reaction path is 
synchronous or nonsynchronous. For a synchronous 
path the transition state would resemble a cyclo- 
butadiene-like array of orbitals. Hole formation 
would formaily require only E = a, compared to 
E = a+/3 in the reactant. In the non-synchronous 
path the transition state can be modeled as a tetra- 
methylene diradical. Assuming a very small 1,4-p&- 
cyclic interaction, hole formation again requires only 
E = a. Thus a large kinetic effect would be predicted 
for the cation radical process relative to the neutral 
reaction. This was continned calculationally by study- 
ing the [2+ 1) cycloaddition of ethene and the ethene 
cation radical using the MNDO semiempirical 
method.9*2’-25 The MNDO reaction path is a stepwise 
one involving a tetramethylene cation/radical, and the 
activation energy for the rate determining step is 1.3 
kcal mol - ‘, more than 60 kcal mol- ’ less than the 
calculated or experimentally observed value for the 
corresponding neutral reaction. *’ The cation radical 
catalyzed Diels-Alder reaction and the [2+ I] cyclo- 
addition reaction are thus both predicted to have very 
low barriers to reaction. Experimental results suggest 
at least a modest advantage for the cation radical 
catalyzed Diels-Alder process relative to the [2+ I] 
cycloaddition for diene reactants. However, some pre- 
cedent now exists for selective cyclobutane adduct 
formation in competition with Diels-Alder addition 
in certain cation radical cycloadditions.” Inter- 
estingly, the product cyclobutane cation radical in the 
MNDO reaction path calculation prefers an unsym- 
metrical, trapezoidal, structure which has one long, 
oneclectron bond of 1.92 A. Indeed, there is strong 
theoretical support for the existence of long-bond 
structures for alkene u cation radicals in general.*’ 
The MNDO reaction path calculation also predicts a 
shallow minimum for a diradical-type intermediate 
(tetramethylene cation radical) just before closing of 
the second bond to form the long-bond cyclobutane 
cation radical. However, the existence of a diradical- 

like intermediate has been virtually ruled out in at 
least one case by the fact that the [2 + 11 cycloaddition 
reactions of CJ& and lrans-anethole are stereo- 
specific. ** The proposed mechanism for the [2+ 1] 
cycloaddition reaction based on these results ignores 
the MNDO prediction of an open, tetramethylene 
cation/radical intermediate and foresees concerted 
addition of a neutral alkene and an alkene cation 
radical to form a long bonded cylobutane which can 
then electron transfer subsequent to or concomi- 
tant with collapse to the normal cyclobutane-type 
structure. The stereochemical integrity of the 
reactants is thus retained by virtue of the long-bond 
intermediate. In fact, this one-electron bond is 
moderateIy strong. The dissociation energy for the 
one-electron bond in the ethane cation radical is 
estimated to be at least 38 kcal mol-‘.23 This is 
supported by a CIDIW study of cis- and rrrrs-1.Z 
diphenylcyclopropane cation radicals which found 
these species to exist in non-equilibrating, one- 
electron, long-bond ground state geometries.29 

The [2+ I] reaction path was then more closely 
scrutinized using the ub inirio SCF MO method (6- 
31G+//3-21G basis set). * ’ The ub iddo path differs in 
detail from the MNDO path, but once again repro- 
duces the observed powerful kinetic effect. In fact, 
the reaction is now found to proceed without any 
activation to an intermediate which has been termed 
a long-bond complex (intermediate). Tbis complex 
has a trapezoidal structural with pericyclic distances 
of 2.227 and 3.062 A, symmetricalcharge and spin 
distribution over both oletlnic moieties, and extensive 
x character in these latter moieties (bond length 1.381 
A). ISIS latter feature assures mamttnance of stem 
chemical integrity at this first stage of the reaction. 
This similarity of the shorter pericyclic dAance (2.2 
A) to typical alkane long-bond distances computed 
using this basis set (ca ‘2.0 A) suggests the char- 
acterization of this intermediate as a “long-bond com- 
plex”. Cyclixation of the long-bond complex to the 
cyclobutane long-bond product (E. = 7. I kcd) com- 
pletes the reaction. At no point on the caIculated 
reaction path does the energy equal or exceed that of 
the reactants, so that the designation of the reaction 
as activationless appears appropriate. Theme&anistn 
which emerges involves not one but two long-bond 
structures, both of which maintain stereochemical 
integrity, but for distinctly different reasons. 

All of the theoretical results obtained thus far 
strongly suggest that cation radical cycloadditions, 
whether allowed or forbidden, are character&d by 
extremely low activation requirements, and highly 
non-synchronous reaction paths. Though these reac- 
tion paths may consist of more than one formal step, 
the pericyclic bonds are not formed in a rigorously 
stepwise manner, in the most fundamental sense that 
the first bond is not completely made before the for- 
mation of the second bond commences. Such reac- 
tions are appropriately viewed as concerted. 

REsULlg 

The MIND@3 reaction path calculation for 
the 1,3-butadiene cation radical/s-cb-1’,3butadiene 
Diels-Alder cycloaddition providd theoretical sup 
port for the proposed kinetic impetus of the cation 
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radical Dkls-Alder reaction through its prediction 
of an extra0 

9 
low activntion energy for this 

prototype reaction. Bowever, the details of the 
MIND0/3 reaction prth, which emerges as a two- 
step reaction invotving an scyclic chtion/nr&al inter- 
mediate analogous to kmiliar diradical intermediates, 
appear to require forther scrutiny in view of the . . 
0bseNedsttreospaafiart y of the reaction andthe tend- 
ency of MINDG/3 to generate stupwise maction paths 
even for such cycloadditions as the prototype neutral 
Diels-Alder (butadiene/ethene), which is widely con- 
sidered to be concerted. To further clarify the details 
of Lhe reaction path and to obtain a stiU,better estimate 
of the kinetic impetus of the cation radical Diels- 
Alder, an ab hirio SCF MO reaction pirth calculation 
was considered desirable. Minimum basis set ab inirio 
calculations have a pronounced tendency, opposite to 
that of MfNDG/3, to favor concerted reaction paths, lo 
and since the credibility of such calculations is in any 
case not signitlcantly greater than that of MINDG/3, 
it was considered essential to target an extended basis 
set calculation. The 3-21G basis set,. which gives 
results roughly comparable to those from the more 
elaborate 4-31G set but with greater economy, 
especially in the rapidity of convv to optimal 
geometries, was adopted.” The choice of a reaction 
system for the a&u&ion presents a somewhat more 
dillicult probkan. The ideal maction system for the 
cation radical Die&-Alder is, unfortunately, not the 
butadiene/ethene systnm but the but&ene/butadiene 
reaction system. This circaunstance has its basis in 
the role specificity of the tea&as i.e. the proposed 
preference of the cation radical for the dknophilic 
role.’ In the butadiene/ethene calculational system the 
most ionizable component is the diene, as a conse- 
quence of which the actual reaction system is the 
butadiene cation ra&aI/ethene system, i.e. the role- 
reversed cation radical Diels-Alder. Unfottunately, 
the ideal diene/diene cation radical reaction system 
was not a pmctical option because of the large number 
of “heavy” atoms (eight carbons). Indeed, the present 
authors are not awam of a fully optimized. extended 
basis set reaction pa&calculation on a doublet reac- 
tion ensemble containing even six such heavy atoms 
(such as in the rok-reversed cation radical Diels- 
Alder) which had been reported at the time of writing. 
Nevertheless, such a reaction path appeared feasible, 
and was considered likely to yield new information 
and insight on cation radical cycloadditions generally 
and the Diels-Alder specifically. The Gaussian 76 pro- 
gram was implemented using the University of Texas 
Dual Cyber 170/150 System. The 3-21G basis set 
recommended by Binkley et al.” was input as an ex- 
ternal basis set wing the UHF procedure. All calcula- 
tions were subjected to 4-5 optimization cycle~.‘~ 
Subsequent to the 3-21G optimixations, static 
4-31G (4-31G//3-21G) and &31G(6-31G//3-21G) 
calculations were carried out for geometries cor- 
responding to energy maxima or minima on the rent- 
tion path. The path was initiated by performing 
optimixed 3-21G (3-21G//3-21G) calculations on the 
individual teactants [+cir- 1,3-butadiene cation radical 
(l)] and ethene (2) and on the product [cyclobexene 
cation radical (6)]. The reaction ensemble was then set 
up by locating a x complex between the diene cation 
radical and ethena using MNDG. The analogous Q 
complex (3) was also found to mpreeent a minimum 

on the E21G//f21G potential energy surface. The 
cycloaddition reaction was then simulated by incre- 
mentally decreasing the C,-C, distance. This pro- 
cedure leads to another ehaBow minimum refmed to 
here as LBINT (bng&nrd compkx or intermedi- 
ate = 4). Completion of tk reaction required a new 
reaction coordinate (closing the C,-C, distance), 
and this proceeded through an energy maximum 
(TS2 = 5) which is still well below the original 
reactants in energy. The 6-31//3-21G reaction path 
diagram is illustrated in Fig. 1, and the geometries 
and energies of the various energy otpima are 
illustrrited in structures l-6. 

Symmetry constraints were not imposed in any of 
the calculations since they would have improperly 
constrained the reaction path, which emerges as a 
highly unsymmetrical one. The reactant geometries 
are relatively unexceptional. As expected, the s-cis- 
diene cation radical is essentially planar, but the 
cydohexene cation radical is signiticantly twisted 
about the one electron II bond (cu 13”). The cal- 
culation probably underestimates the actual extent of 
twist, since extended basis set ab initio calculations at 
the single configuration SCF level generally fail to 
predict twisting in the ethene cation, which experi- 
mentally is observed to be highly twisted (25°).24 Evi- 
dently the tendency toward twisting is even greater in 
6 than in cation radicals of simpk alkenes, since the 
SCF MO calculation now at least qualitatively repro- 
duoes this phenomenon. The structure of the tirst 
intermediateencountered on the reaction path, II com- 
plex 3, foreshadows the remainder of the reaction 
path in that it already partakes of the unsymmetrical 
character of the path. The energy of the complex is 
2.9 kcal mol - ’ less than that of the reactants 
(E = - 2.9 kcal) and the structure is that of a minim- 
ally perturbed diene cation radical interacting weakly 
with an ethene molecule in an unsymmetrical peri- 
cychc fashion (the 
are 3.36 and 3.98 jp” 

ricyclic distances R,, and R,6 
respectively). The energy rises 

slightly as the CA:, distance is dcneased, and the 
path passes through a maximum (TSI, E = - 2.2 kcal) 
at R4, = 2.60 A (R,6= 3.77 A). It then proceeds 
to a second energy minimum (LBINT) slightly more 
stable than the preceding II complex (R45 = 1.62 A, 
Rib = 3.21 A, E = -4.0 kcal). The conversion from 

I+1 z &__________________.________- -0 

I J 

i.94 I 

Fig. I 
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I.3lSA 

J ( pi complex) 

E ’ - 154.590248 -78.004387 - 232.599327 

4 (LB INT) 

- 232.6010 

II complex to LBINT is formally reminiscent of the 
first step of the MINDO/3 path which predicts an 
acyclic cation/radical intermediate and a basically 
non-perky&c path. However, the steady decrease of 
RI6 in this part of the ob initio path to a value (3.21 
A) substantially less than in the MINDO/3 calculation 
(3.47 A) might possibly be construed as reflecting 
feeble but significant pericyclic character in this part 
of the ub initio path, i.e. a weak attractive interaction 
between C,-C6 signalling a rudimentary beginning 
to the C,-C6 bond process. Furthermore, the 
C,-C, bonding process largely accomplished in this 
step is evidently not quite complete, as revealed by 
the unusually long Cd, bond (1.62 A). The cor- 
responding bond length in the MIND0/3 calculation 
is 1.548 A. The lengthened bond in LBINT is anal- 
ogous to the long bonds found in many cation radi- 
cals (though the lengthening is normally somewhat 
higher)‘3 and suggests that the cation/radical sites in 
the ab initio calculations are not as effectively isolated 
from each other as in the MIND0/3 case but rather 
interact significantly via the long bond. The reaction 
paths therefore resemble more closely the ub initio 
path calculated for the [2+ l] cycloaddition. 

Closure of LBINT to the cyclohexene cation radical 
requires only 2.7 kcal mol- ’ of activation, the tran- 
sition state occurring at approximately R, 6 = 2.70 A. 
One additional aspect of the LBINT structure is note- 

6 7 

- 232.6437 

l.38y3.358 I.,,, 

w 1.397 : . 

\. 3.985 
1.383 

5tTS2) 

- 232.5967 

worthy. Because the two cation/radical sites are non- 
equivalent, one being allylic (C,-C,-C,) and the 
other being of the simple alkyl type (C,), the charge 
and spin distributions are actually highly unsym- 
metrical. Indeed the structure strongly resembles that 
of an allylic cation loosely coupled (mainly via the 
long bond) to an alkyl radical. Indeed, this coupling 
appears to be reflected in the structure and charge 
distribution in that the C,-C, bond is shorter than 
the C r--C1 bond and there is considerably more posi- 
tive charge on C, than C, (see 7). Signif%anUy, the 
positive charge, which had originated on the diene 
moiety, remains predominantly upon this moiety 
throughout the major part of the reaction path, 
including the long-bond complex LBINT. This obser- 
vation tends to cont%m the sharp distinction between 
the role-reversed and allowed cation radical Diels- 
Alder modes revealed by orbital correlation diagrams. 
It should now be of considerable interest to ascertain 
if, in the allowed process, the positive charge which 
originates on the dienophilic moiety remains pre- 
ponderantly there (especially at CJ during the rele- 
vant part of the reaction path. It is further significant 
that, in the long-bond complex, the C+Z, distance 
(3.048 A, relevant to cyclobutane formation in a [2 + I] 
cycloaddition) is quite comparable to and even a little 
smaller than the C,---& distance (3.209 A, relevant 
to the [3+2] cycloaddition). Since the positive charge 
at C, actually exceeds that at C, in this complex, the 
possibility that [2+ l] cycloaddition could effectively 
compete with [3+2] cycloaddition appears to be 
quite plausible. 

The present reaction path now represents the 
second cation radical cycloaddition path which has 
been computed by an extended basis set ab initio 
SCF MO procedure. As in the previous instance, the 
reaction is foreseen as activationless and an inter- 
mediate which might be characterized as a long-bond 
complex is suggested. The question now arises of the 
implications of the presently computed reaction path 
with respect to the stereqxdcity of the role- 
reversed cation radical D&-Alder and the detect- 
ability of an intermediate such as LBINT. It is, first 
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of all, noteworthy that the activation energy for clos- 
ure of LBINT, though very small. is of the order of 
typical torsional barriers, so that (I priori one could 
consider stereorandomization by rotation about the 
Cd, bond at least as a potential competitor to 
cyclization. However, as noted for the long-bond 
intermediate in the [2+ l] cycloaddition, the existence 
of the long bond lends additional n character to the 
Cd, bond, thereby increasing the torsional barrier. 
Since the elongation of the C,-C, bond is much less 
here than in the [2+ l] cycloaddition (where the long 
bond length is 2.23 A), the torsional barrier should be 
far less affected. However, it is interesting to note that 
LBINT represents an extremely flat minimum with 
respect to stretching the C,-C, bond, the energy 
increasing by less than 0.3 kcal when this bond is 
stretched to 1 Xl A. Consequently, it is felt that (as a 
result of configuration interaction or vibronic inter- 
actions) the actual long-bond intermediate structural 
minimum could easily lie at a more typical long bond 
length and thus correspond to a relatively high CT 
C6 torsional barrier. The possible existence of a weak 
C,-C6 bonding interaction in LBINT, which would 
also act to hinder torsion, has also been mentioned. 
It should also be noted that the present calculation 
involves a single configuration SCF MO approach, 
and that configuration interaction could well be sub- 
stantial for these open shell species.33 It is hoped that 
estimates of the correlation energies will be available 
in the near future. Finally, and most importantly, it 
is by no means clear that intermediates such as those 
found on the 3-21G potential surface will persist on 
the free energy surface. A tendency has been identified 
in barrierless cycloadditions having large negative 
entropies of activation to wash out intermediates cor- 
responding to shallow potential energy minima, 
thereby yielding a concerted reaction. ” Nevertheless, 
it is important to note that cation/radical intermed- 
iates analogous to the one (LBINT) found in the 
present calculation have apparently been detected by 
mass spectrometric” and CIDNP36 techniques. These 
experimental observations may provide precedent for 
the type of intermediate found in the present calcu- 
lation, though they do not appear to have provided 
information on the long-bond character or the pos- 
sible weak pericyclic character of the intermediate. It 
is also important to note that if the diene component 
has an s-trolls conformation, a cation/radical inter- 
mediate is still possible, even in the normal cation 
radical Die&Alder mode. Such intermediates may be 
longer lived than those obtained from s-cis dienes. 

’ D. J. BeUviUc. D. W. Wirth and N. L. Bauld, /. Am. Chem. 
Sot. 103,718 (1981). 

’ D. J. BeUviUe and N. L. Bauld, J. Am. Chem. Sot. 101. 
2665 (1982). 

’ R. A. Pabon, D. J. Bellville and N. L. Bauld, 1. Am. Chem. 
.%c. 105,5158 (1983). 

6 N. L. Bauld, D. J. BeUviUc, S. A. Gardner, V. Migron and 
G. Cogswell, Tern&e&on Len. 23.825 (1982). 

’ N. L. Bauld and D. Ghosh. 1. Car&sic 95,300 (1985). 
* C. R. Jones, B. J. Allman, A. Moo&g and B. Spahic, J. 

Am. Chum. Sot. 105. 1982 (1983). 
’ N. L. Bauld. D. J. B&iUe; R. A. Pahon, R. Chclsky and 

G. Green, J. Am. Chem. Sot. 105.2378 (1983). 
‘OD. J. Bellville, N. L. Bauld, R. A. Pahon and S. A. 

Gardner, J. Am. Chem. Sot. 105.3584 (1983). 
” N. L. Bauld and J. C&sac, J. Am. Chem. Sot. 99, 23 

(1977). 
“E. P. Smith and E. R. Thornton, J. Am. Chem. Sot. 89, 

5079 (1967). 
“H Budzikicwicz, J. I. Brauman and C. Djcrassi, Tetra- 

he&on 21, 1855 (l%S). 
“A. Kormomicki, J. D. Goddard and H. F. Schaefer, III, 

J. Am. Chem. Sot. 102, 1763 (1980). 
I’M. J. S. Dewar, I. C. Grit& and S. Kirschner, J. Am. 

Chem.Soc. %,6225 (1974). 
‘* M. J. S. Dewar, S. OliveUa and H. S. Rzepa, J. Am. Chem. 

Sot. 100.5650 (1978). 
“M. J. S. Dewar; G. b. Ford, M. L. McKee, H. S. Rzepa 

and L. E. Wade. 1. Am. Chem. Sot. 99.5059 (1977). 
“N. L. Bauld anh G. Green, Thesis, &ver&y of’Texas 

(1983). 
” N. L. Bauld and K. Lorenz. Unpublished work. 
*‘A. Ledwith, Accls. Chem. Res. SB, 133 (1972). 
” S. Farid and S. E. Shealer, J. Chem. Sot. Chem. Commun. 

677 (1979). 
US Kuwata, Y. Shigcmitsu and Y. Odaira, 1. Gem. Sot. 

km. C omnum. 2 (1972). 
“D. J. BeUviUe and N. L. Bauld. J. Am. Chem. Sot. 104. 

5700 (1982). 
I’D J BeUviUe and N. L. Bauld, J. Am. Gem. Sot. 104, 

294 (1982). 
UN. L. Bauld and R. A. Pahon, J. Am. Gem. Sot. 106, 

1145 (1984). 
I6 M J S. Dewar and S. Kirschner, J. Am. Gem. Sot. 96, 

5246’( 1974). 
*’ R A Pahon, D. J. BeUviUe and N. L. Bauld, J. Am. Chem. 

Sic. iO6,2730 (1984). 
‘*N. L. Bauld and R. A. Pahon, J. Am. Chem. Sot. 105, 

633 (1983). 
*‘H. D. Roth and M. L. Mannion, J. Am. Chem. Sot. 103. 

7210 (1981). 
‘OP. CarameUa, K. N. Houk and L. N. Domelsmith, J. Am. 

Gem. Sot. 99.45 I 1 (I 977). 

Acknowle&menf-The authors thank the Robert A. Welch 
Foundation (F-149) for support of this research. 

” P. Pulay. G. Foga&, F.‘Pang and J. E. Boggs, J. Am. 
Gem. Sot. 101,25M (1979). 

“J S Binkley, J. A. Pople and W. J. Hehre, J. Am. Chem. 
sot: 102,939 (1980). 

” W. J Bouma, D. Poppingerand L. Radom, J. Mol. Strucr. 
Thed. Chem. 12,200 (I 983). 

“K N. Houk, N. G. Rondan and J. Marcda, J. Am. Chem. 
Sk. 106.4291 (1984). 

REFERENCES “G S Groenwald and M. L. Gross, J. Am. Chem. Sot. 
106, k569 (1984). 

’ K. N. Houk, Accls Chetn. f&s. 9,361 (1975). 
’ J. Saucr, Angew. Chetn. fnr. Ed. EngL 6, 16 (1967). 

‘6 H D Roth and M. L. S&ill& J. Am. Chem. Sot. 107. 
716 (i985). 


