
453 

H4 protons and the frequency which was required to decou
ple H2, H5 protons. 

Above 6° the bridging hydrogens and the H] and H4 hy
drogens undergo noticeable exchange averaging on the 
NMR time scale. Exchange appears to be complete at 
about 50° giving an experimental averaged resonance of T 
9.54. This is in good agreement with the weighted average 
(T 9.50) of the individual resonances observed in the limit
ing spectrum at —63°. The exchange process could occur by 
means of twisting motions of the BH2 groups to break hy
drogen bridge bonds and place terminal hydrogens in bridg
ing positions while bridging hydrogens move to terminal po
sitions.3 The essential invariance of the resonances assigned 
to H2, H5, H3, and H 6 suggests that these hydrogens do not 
exchange rapidly on the 1H N M R time scale. 
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ed MWH, calculations,3" S C F - M O - C N D O / 2 calcula
tions,4 and ab initio calculations using an STO-4G basis 
set.5 These calculations are single determinant calculations 
of the restricted Hartree-Fock (RHF) type. 

The Woodward-Hoffmann rules regarding the stereo
chemistry of pericyclic reactions stipulate that a thermal 2 
+ 2 cycloadditions will occur in a 2s + 2a fashion. Now, 
this stereochemical mode of union is sterically unfavorable, 
and, as a result, many chemists have reasoned that 2 + 2 
cycloadditions will occur in a "stepwise" manner involving 
a diradical or dipolar intermediate wherein pericyclic bond
ing is absent. Herein lies the first important point which we 
wish to emphasize: the initial hypotheses of many experi
mentalists who attempted to study the mechanism of 2 + 2 
cycloadditions are based upon the one-determinantal 
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Abstract: Quantum mechanical calculations of the restricted Hartree-Fock (RHF) type on model polar 2 + 2 cycloaddition 
systems predict a transoid approach of the two cycloaddends. This contrasts with the results of experimental studies of polar 
2 + 2 cycloadditions, all of which indicate a preferred cisoid approach of the two cycloaddends. These findings suggest that 
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Figure 1. Interaction diagrams for the three stereochemical modes of 
union in the dimerization of ethylene: (a) 2s + 2s (b) "transoid biradi-
cal", and (c) 2s + 2a. 

between a terminology specifying the geometric arrange
ment of nuclei in space as two reactants approach each 
other and a terminology specifying the kind of bonding 
which obtains between the reactants. In this paper we shall 
use the terms "parallel", "perpendicular", and "transoid bi
radicaloid" in order to specify the three important geome
tries of approach of the two ethylenes, and the terms pericy-
clic and nonpericyclic in order to specify whether continu
ous bonding around the four uniting atomic centers is 
present or absent, respectively, in the geometry under con
sideration. The various possibilities are shown below: 

.O 

a 
Woodward-Hoffmann theory of pericyclic reactions. For 
example, in the most recent experimental study of the 
mechanism of polar 2 + 2 cycloadditions,3* the authors in
troduce a series of three communications by the statement 
"Concerted [ir2s + 7r2s] cycloadditions are forbidden by or
bital symmetry. This ban is bypassed by reactions occurring 
via biradicals or zwitterions, as well as by the concerted 
process [ir2a + x2s]." Recently, we have developed a treat
ment of the stereochemistry of thermal pericyclic reactions 
based upon standard two-electron configuration interaction 
(CI) theory6 as well as a general theory of the rates, stereo
chemistry, and regiochemistry of thermal and photochemi
cal pericyclic reactions based upon one-electron CI theory.7 

The conclusions of these theoretical studies may be summa
rized as follows, (a) CI can render Woodward-Hoffmann 
"forbidden" reactions effectively "allowed", e.g. the terms 
"forbidden" and "allowed" are theory dependent and have 
meaning only within the framework of the one-determinan-
tal Woodward-Hoffmann treatment of pericyclic reactions, 
(b) CI can be relatively more important in polar than in 
nonpolar Woodward-Hoffmann "forbidden" reactions.8 (c) 
CI is not as important in Woodward-Hoffmann "allowed" 
reactions. Actual CI calculations on model systems which 
support these qualitative ideas have already been pub
lished.9 Accordingly, the mechanism of polar 2 + 2 cy
cloadditions should be reexamined in the light of the more 
general CI approaches. 

Computational Details 

Three different types of computations were employed in 
this study, namely, Mulliken-Wolfsberg-Helmholtz 
(MWH), semi-empirical SCF-MO-CNDO/2, and ab ini
tio calculations. The MWH and SCF-CNDO/2 calcula
tions were performed on a CDC 6400 computer with al
ready existing programs. The ab initio calculations utilized 
an STO-4G basis set and were carried out by means of the 
Gaussian 70 system of programs on a CDC 6600 computer. 
Due to the size of the molecules computed, no geometry op
timization was attempted. 

parallel 
pericyclic 
2s+ 2s 

O 

parallel 
nonpericyclic 

perpendicular 
pericyclic 
2s+ 2a 

a 
perpendicular 
nonpericyclic 

transoid 
biradicaloid 

The Woodward-Hoffmann notation 2s + 2s and 2s + 2a 
specifies simultaneously both geometry and bonding. How
ever, many authors have used this notation to specify exclu
sively geometry. For example, theoretical chemists report 
that they have calculated the 2s + 2s and 2s + 2a transition 
states for the dimerization of ethylene while they actually 
mean that they have calculated the parallel and perpendicu
lar transition state geometry with the actual type of bond
ing, e.g., pericyclic or nonpericyclic, to be determined from 
examination of the density matrix associated with the cal
culations." 

The relative stabilization of the three stereochemical 
modes of union can be readily determined by reference to 
the interaction diagrams of Figure 1. It can be seen that the 
"parallel" geometry'is not stabilized and does not involve 
pericyclic bonding. Specifically, the pa bond order between 
Ci and C3 and C2 and C4 is zero since there are two elec
trons occupying a bonding MO (BMO) and two electrons 
occupying an antibonding MO (ABMO). On the other 
hand, if one assumes that the resonance integrals 713', 724', 
and 723 are all nearly equal, then the "perpendicular" ge
ometry is stabilized twice as much as the "transoid biradi-
ealoid" geometry and involves pericyclic bonding, e.g., it is 
a 2s + 2a geometry. 

Results 
Before considering in detail the results of the various cal

culations, we should first review the general predictions of 
(effective) one-electron PMO theory regarding the stereo
chemistry of 2 + 2 cycloadditions.10 Prior to undertaking 
this task, we wish to make some terminology clarifications. 
Specifically, there is an important distinction to be made 

£> 

Cf 
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However, under the assumption that 713' — 724' — 723, 
steric effects will heavily favor the "transoid biradicaloid" 
geometry. As a result, the stereochemistry of 2 + 2 cycload-
dition is expected to be one consistent with a transoid birad
icaloid intermediate whenever steric effects heavily disfavor 
the 2s + 2a geometry of approach. In short, one-electron 
PMO qualitative arguments rule out a preferred 2s + 2s 
mode of approach of the two cycloaddends. Introduction of 
substituents of any kind on the two ethylenic moieties will 
alter the spacing of the interacting levels and magnitudes of 
the eigenvectors of the olefinic carbons but will not basical
ly alter these conclusions which are, then, expected to be 
valid for polar 2 + 2 cycloadditions. This type of reasoning 
is implicit in the Woodward-Hoffmann rules and related 
treatments. 

The ab initio calculation of an actual potential surface of 
a typical polar 2 + 2 cycloaddition is a formidable task. In 
such reactions, the two ethylenes are substituted by het-
eroatomic groups and the total number of basis set func
tions makes the calculations very costly. Thus, instead of 
computing the whole potential surface, one restricts his at
tention to important points of the potential surface, e.g., one 
calculates structures which are thought to represent transi
tion states or intermediates.12 The results of such studies 
coupled with experimental observations can be very useful 
in efforts to understand the mechanism of a reaction. We 
have chosen such an approach in our investigation of wheth
er single determinant MO theory can account satisfactorily 
for the stereochemistry of polar 2 + 2 cycloadditions. The 
model reaction system was selected to be hydroxyethylene 
plus cyanoethylene: 

.OH 
donor olefin X 

X acceptor olefin 

The s t ructures which have been calculated are labeled ac
cording to the angle convention shown below: 

O 

O 
VII VIII 

m a k e such steric repulsion in the "pe rpend icu la r " geometry 
even more prohibitive and one can reasonably expect VII to 
lie higher in energy than I. Fu r t h e rmo re , we shall see tha t 
exper imental evidence almost rules out a p redominan t 2s + 
2a concerted mechan ism in polar 2 + 2 cycloaddit ions. In
te rmedia te s t ruc tures of rota t ional angle 4> equal to 90° as 
well as s t ruc tures like VI I I involving initial bond formation 
between two olefins lying in perpendicular planes were not 
considered since the energies of these s t ruc tures relative to 
those of I - V I will not be crucial in the a t t empted correla
tion of theory and exper iment . This last point will become 
self-evident after examinat ion of the calculat ion results . 

M W H Calculations 

The results of the M W H calculat ions on I - V I a re shown 
in Scheme I. The dis tance of approach of the two olefins 

Scheme I. MWH Energies and Overlap Populations 

-.2161-
^ 0 H 
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•=3CN 
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0.0 eV 

^ C N 

^ O ^ O H 

In the case of a "c isoid" approach where the two olefins lie 
on parallel planes, we define 9 = 90° and 4> = 0 ° . W e have 
computed the relative energies and overlap populat ions of 
the following s t ructures : 

90°,0° 90°,180° 109°,0° 109°,180o 120°,0° 120°,180° 

I II III IV V VI 

T h e energy difference between two s t ructures of constant 6 
but different 0 , e.g., 6 = 0° vs. <j> = 180° , const i tutes a cri
terion for the preferred geometry of approach of the two 
olefins. All calculated s t ruc tures ar ise from initial bond for
mat ions between olefins lying in parallel planes. S t ruc tures 
like VII involving bond formation between olefins lying in 
perpendicular planes were not considered since previous cal
culat ions of the modified I N D O 9 as well as the M I N D O / 3 
v a r i e t y " deal ing with the dimerizat ion of ethylene have 
shown the "pe rpend icu la r " geometry to be higher in energy 
than the "pa ra l l e l " nonpericyclic geometry, apparent ly be
cause of the severe steric repulsion obtaining in the "per
pendicu la r" geometry . In our system, subst i tuents should 

.1665 -.0252 

E„„ 
EM 

.2022 .0260 

NC" 

-651.586 eV 
0.0 eV 

.0251 OH 

109° 
' .1725 

NC' 

E101 -655.1666 eV -652.5576 eV 
£,,! 0.0 eV 2.609 eV 

has been taken to be 2.2 A. The total energies as well as the 
p<r overlap populations of the various structures suggest 
that II occurs at the early stage of the reaction, III at a late 
stage of the reaction, and VI near the transition state. The 
early stage of the reaction is represented by structure 1 or 
II, e.g., two weakly interacting olefins. It can be seen that a 
trans approach is favored by 2.5 eV over a cis approach. 
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The interaction of the two olefins approaching each other in 
a cis manner at the early stage of the reaction is antibond-
ing along both pairs of union sites as can be readily seen 
from the pa overlap populations, -0.0064 and -0.0402. On 
the other hand, a trans approach leads to a strong bonding 
C2-C3 interaction (pa overlap population 0.0589) and a 
weak antibonding Q - C 4 interaction (per overlap population 
—0.0034). The antibonding interaction of the two olefins in 
I is understandable in terms of the interaction diagram of 
Figure la. Specifically if overlap is included in the analysis, 
as it is in the actual MWH calculation, the four-electron 
7r-7r interaction is destabilizing and the p<r bond order along 
each pair of uniting centers negative. Furthermore, the in
teraction diagram is drawn for the case of the cycloaddition 
of two ethylenes while in our case we deal with the cycload
dition of two unsymmetrical olefins. As a result, the 
HOMO of one olefin can interact principally with the 
HOMO and minimally with the LUMO of the other olefin 
leading to unequal bonding along the two pairs of union 
sites. 

The neighborhood of the transition state of the reaction is 
represented by structure V or VI since they both lie higher 
in energy than any of I, II, III, and IV. Structures V and VI 
both represent situations where a very weak through-space 
interaction between the p2 AO's of Ci and C4 obtains. 
These AO's are primarily interacting through the C2-C3 
bond and their bond order is expected to be negative. This 
point has been adequately discussed by Hoffmann13 and 
needs no further elaboration. The calculations show that the 
antibonding C1-C4 interaction is minimum in the trans ge
ometry VI and maximum in the cis geometry V. As a result, 
VI is more stable than V by 0.25 eV. 

Finally, structures III or IV represent the late stage of 
the reaction. It is seen that III is nothing else but an unsym-
metrically stretched cyclobutane (pa overlap populations 
0.2022 and 0.0260) and, as expected, more stable than IV. 
Structure III represents a situation where a very strong 
through-space interaction between the pz AO's of Ci and 
C4 dominates their interaction through the C2-C3 bond and 
leads to the cyclobutane-like features of III. 

CNDO/2 Calculations 

The results of the CNDO/2 calculations on I-VI are 
shown in Scheme II. The distance of approach of the two 
olefins has been taken to be 2.2 A. Here, the total energies 
as well as the pa overlap populations of the various struc
tures suggest that either II or VI are representative of the 
early stage of the reaction while III is representative of the 
late stage of the reaction. 

In its early stage, the reaction can be represented by II or 
VI. It can be seen that II is more stable than I by 0.78 eV, 
in qualitative agreement with the MWH calculations. The 
interaction of the two olefins approaching each other in a 
cis manner as in I is antibonding along one pair of union 
sites and bonding along the other. This arises from the in
teraction of the T HOMO of one olefin with both the -n-
HOMO (maximally) and TT LUMO (minimally) of the 
other olefin due to the lack of symmetry in the two olefins 
and the zero differential overlap approximation of the 
CNDO/2 calculation. Rotation by 180° converts the cis to 
a trans approach (II) and improves the C2-C3 pu bonding 
while leaving the C1-C4 antibonding interaction un
changed. The early stage of the reaction can also be repre
sented by VI which is found to be more stable than V by 
0.19 eV by virtue of relieving the antibonding C1-C4 per in
teraction. Finally, the late stage of the reaction is represent
ed by III, an unsymmetrically stretched cyclobutane. In 
short, there is a qualitative agreement between the MWH 

Scheme II. CNDO/2 Energies and Overlap Populations 
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and the CNDO/2 calculations in terms of their energy pre
diction in all cases. 

Ab Initio (STO-4G) Calculations 

The ab initio calculations were restricted to structures I 
and II since the computational time required becomes near
ly prohibitive for "large" systems like the one we have at
tempted to study. The results are shown in Scheme III. It 

Scheme III. Ab Initio STO-4G Energies and Overlap Populations 

—.1909-
T^OH 

-==>CN 

H 0 V —.1800— 

-.0222 r -.0015 

—.1902-
E1,,, -320.6964914 au 
£,,, 2.32 eV 

—.1776 
-320.7817091 au 

0.0 eV 

=>CN 

can be seen that the ab initio results are qualitatively simi
lar to the MWH results. Once again, the trans approach is 
favored over the cis approach by 2.32 eV (at a 2.2 A dis
tance of approach). This was found to be true for three dif
ferent distances of approach and, in fact, the energy differ
ence between I and II increased as the distance between the 
two olefins decreased. 

d, A 
2.0 
2.2 
2.4 

A final point remains to be made. Specifically, the calcu
lations were all carried out assuming that the substituents 

£•(1) - .EXII) 
kcal/mol 

103.48 
53.49 
26.93 
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on the olefins have a syn relationship in geometry I. Ab ini
tio calculations show that the energy difference between 
I(syn) and I(anti) as well as that between Il(syn) and 
ll(anti) is too small compared with the energy difference 
between I and II. A typical calculation result is provided 
below. 

OH OH 
CN 

CN 
II (syn) 

- 320.7817 
II (anti) 

- 320.7811 

In other words, the energy difference between Il(syn) and 
Il(anti) is only 0.36 kcal/mol as compared to a difference 
of 53.49 kcal/mol between I(syn) and Il(syn). Thus, the 
choice of the stereochemical relationship between the sub-
stituents CN and OH does not affect our general conclu
sions. 

The objection may be raised that our model reaction sys
tem does not truly represent a "polar" 2 + 2 cycloaddition. 
Consequently, we have calculated cisoid and transoid struc
tures which represent an early stage of the reaction for 
highly substituted donor and acceptor olefins. The results of 
C N D O / 2 computations, for which the distance of approach 
of the two olefins is the same as before, are shown below: 

„0 

HO 
CN 

< 
CN 

.el kcal/mol 21.86 

OH 

^ 0 H 

CN NC 

„0 

HO 
CN 

< 
CN 

0.00 

OH 

< y 
CN NC 

E^ kcal/mol 19.05 0.00 

NC CN NC CN 

K K 
NC CN NC CN 

.OH HO 

OH HO 
.Erei kcal/mol 10.15 0.00 

As can be seen, the transoid geometry is more stable than 
the corresponding cisoid geometry in each case and, hence, 
we can be confident that our previous analysis is valid. 

Discussion 

We have presented a general qualitative PMO argument 
and the results of three different types of calculations deal
ing with the stereochemistry of approach of an electron 
donor and an electron acceptor olefin. All of these ap
proaches predict that two olefins substituted with groups 
of opposite electronic character will approach each other in 
a trans manner. Accordingly, one may be inclined to think 

that the best mechanism of a polar cycloaddition can be 
written as follows: 

R R 

K X 
R i 
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—R 
- W 

W 

D 

The calculations clearly demonstrate that, at the one deter
minant level, there is no special coulombic attraction be
tween the donor and acceptor olefins, postulated by many 
experimentalists,14 which could force a cis approach. In a 
general sense, the calculations have shown that the general 
PMO prediction of trans approach of two olefins is valid at 
the RHF level irrespective of the type of substituents borne 
by the two olefins. This is a key finding for it suggests that 
nonpolar and polar cycloadditions will be mechanistically 
similar. However, the experimental facts are in stark dis
agreement with this prediction. 

Thermal 2 + 2 cyclodimerizations are examples of 2 + 2 
cycloadditions which fall in the extreme nonpolar end of the 
reactivity spectrum. The regioselectivity of 2 + 2 thermal 
cyclodimerizations is consistent with a biradical mecha
nism.15 In this and all subsequent sections, the term "birad
ical mechanism" signifies a mechanism where pericyclic 
bonding between the reactants is absent until the very late 
stage of the reaction. The stereochemistry of 2 + 2 thermal 
cyclodimerizations has been extensively studied. The ther
mal 2 + 2 cyclodimerization of VII has been thought to 
occur in a concerted 2s + 2a manner.16 However, the 2 + 2 
thermal cyclodimerization of VIII has been studied by 
Padwa and his coworkers and found to be consistent with a 
biradical mechanism.17 

CD CX 
VII VIII IX 

The stereochemistry of extreme nonpolar 2 + 2 cycload
ditions and cycloreversions has been studied by various 
workers and has been found, in most cases, to be consistent 
with a diradical mechanism since extensive stereochemical 
loss accompanied these reactions. The decomposition of the 
cis and trans isomers of 6,7-dimethylbicyclo[3.2.0]heptane 
(IX) is nonstereoselective18 and the experimental results are 
quite similar to those obtained for the decomposition of the 
cis and trans isomers of 1,2-dimethylcyclobutane.19 The cy
cloaddition of tetrafluoroethylene and 1,2-dideuterioethy-
lene was found to yield cyclobutane products and the ob
served stereochemistry was consistent with a diradical 
mechanism.20 Finally, the pyrolysis of X yields trans-\,2-
dideuterioethylene as the major isomer but the proportions 
of the trans isomer formed are larger than the thermody
namic value.21 In addition, it should be mentioned that the 
kinetic parameters of cyclobutane decomposition were 
shown to be both qualitatively and quantitatively consistent 
with the biradical mechanism.22 In short, it appears that re-
giochemical, stereochemical, and kinetic criteria favor a di
radical mechanism for most thermal 2 + 2 cycloadditions or 
cycloreversions which are found at the extreme nonpolar 
end of the reactivity spectrum. 
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Table 1. Stereochemistry of Polar Cycloadditions 
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0 J . Firl and S. Sommer, Tetrahedron Lett., 4713 (1972). &M. Nagayama, O. Okumura, S. Noda, and A. Mori, Chem. Commun., 841 
(1973). CH. H. Wasserman, A. J. Solodar, and L. S. Keller, Tetrahedron Lett., 5597 (1968). In the case of the trans isomer a high component 
of ene reactions was observed. dS. Nishida, I. Moritani, and T. Taraji, J. Org. Chem., 38, 1878 (1973). eSee ref 2c. /See ref 27. SR. W. Hoff
mann, Angew. Chem., Int. Ed. Engl, 80, 823 (1968). hSee ref 2. ''R. W. Hoffmann, V. Bressel, J. Gelhaus, and H. Hansen, Chem. Ber., 104, 
873 (1971). 

Polar cycloadditions and cycloreversions have been stud
ied extensively. Data collected in Tab le I clearly indicate 
tha t these reactions are highly stereoselective, or, even ste-
reospecific in certain cases. These results are in cont ras t to 
the stereochemical results obtained in the case of nonpolar 
cycloadditions. The facility of polar and nonpolar 2 + 2 cy
cloadditions is also markedly different. Indeed, polar 2 + 2 
cycloadditions can be accomplished at room t empera tu re , 
while nonpolar cycloadditions occur only at very high tem

pera tures . 2 3 A final interest ing illustration of the special na
ture of 2 + 2 polar cycloaddit ions is provided by studies 

O 

H1COOC 

H COOC 

. i V - C O O C H , 

/AsLcOOCHj 
XII 
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which show that XIII decomposes slowly at 8O0,24 XII has 
a half-life of 12 min at 19°,25 and XI has a half-life of 3 
min at 2O0.26 In other words, increasing the polar character 
of the cycloreversion leads to faster decomposition rates. An 
impressive result was the determination of the kinetic pa
rameters for the decomposition of XI.26 It was found that 
A//* for XI was very much lower than AH* for the decom
position of quadricyclane to norbornadiene. Even more im
pressive was the finding that AS* for XI was very similar to 
AS1* for the rearrangement of c/'s-divinylcyclobutane, a pre
sumably concerted reaction. Many other examples of facile 
intramolecular polar 2 + 2 cycloadditions can be found in 
the literature. 

The experimental results discussed above clearly demon
strate that there is a mechanistic dichotomy between polar 
and nonpolar cycloadditions, a conclusion which is in ap
parent contradiction with the prediction of the RHF calcu
lations. Furthermore, the mechanism written on the basis 
of the one-determinant calculation cannot account for the 
high stereoselectivity or, in cases, stereospecificity of the 
polar 2 + 2 cycloadditions. A trans approach of the donor 
and acceptor olefins is expected to give rise to loss of stereo
chemistry of the starting olefins since rotation about the 
C1-C2 and C3-C4 bonds in structure B will compete with 
bond rotation about the C2-C3 bond and eventual closure of 
structure C to product. To quote the authors of a pioneer 
paper in the study of the stereochemistry of polar cycloaddi
tions:27 "The stereospecificity observed in some cases makes 
a two-step reaction mechanism unlikely in a form charac
terized by an intermediate in which the reactant molecules 
approach each other largely endwise,. . .". 

What is the origin of this apparent disparity between 
theory and experiment? A plausible interpretation is that 
the transoid approach is indeed favored over the cisoid ap
proach irrespective of the type of quantum mechanical cal
culation employed but bond rotation necessary to convert 
the transoid biradicaloid B to a cisoid biradicaloid interme
diate C, which can subsequently close to the four membered 
ring, involves a substantial activation energy. As a result, 
the activation energy for the overall reaction sequence A —• 
B —• C —• D is higher than that for the reaction sequence 
which proceeds on the energy path involving a cisoid ap
proach. Since barriers to rotation are not extremely high, 
the implication of the calculations is that a cisoid approach 
involves a low activation energy, i.e., a "2s + 2s" polar cy
cloaddition is not "forbidden". 

Can we integrate the results of the calculations reported 
here as well as the experimental results within a simple 
framework? 

A satisfactory theoretical interpretation of the mecha
nism of 2 + 2 cycloadditions should be able to account for 
the following experimental trends, in addition to accommo
dating the implications of our calculations, (a) Nonpolar 2 
+ 2 cycloadditions are slow reactions while polar 2 + 2 cy
cloadditions are extremely fast, (b) Nonpolar 2 + 2 cy
cloadditions are nonstereoselective while polar 2 + 2 cy
cloadditions are highly stereoselective or even stereospecif-
ic. (c) Nonpolar and polar 2 + 2 cycloadditions proceed 
with head-to-head regioselectivity. These trends are nicely 
accounted for by the LCFC-CI approach, which we recent
ly delineated.73 This approach forms the basis for the con
struction of qualitative energy surfaces which show how 
barriers and intermediates arise.7b 

Figure 2 shows the energy surfaces for 2s + 2s nonpolar 
and polar cycloadditions. The following trends are immedi
ately obvious. 

(a) A nonpolar 2s + 2s cycloaddition involves a high bar
rier which occurs at short intermolecular distances, i.e., a 
late transition state. On the other hand, a polar 2s + 2s re-

'> „•.-

NOSPOLAR 

2s + 2s 

LATE HIGH 

BARRIER 

Intermolecular Olstanc? 

POLAR 

2a + 2a 

EARLi LOW BARRIER 
- Internc-lecular Distance 

Figure 2. State correlation diagrams for 2s + 2s nonpolar and polar cy
cloadditions. The energies of the basis set configurations are given by 
the following equations: 

E(DK) = 5, 

£(D+A-) = /D -AA + C, 

E(D-A+) = U-A0 +C, 

E(DA*) = A</(A —A*) + 5 , 

£(D*A) = M D - D*) +S, 

where S is a function accounting for the nonbonded repulsion as a 
function of intermolecular distance, /D and /A are the ionization poten
tials of the donor and acceptor olefins, respectively, and AA and A0 are 
the electron affinities of the acceptor and donor olefins, respectively. 
At infinite separation, the electrostatic attractive term, C, is zero but 
becomes progressively more negative as the intermolecular distance de
creases. Crossing avoidance is determined with respect to an effective 
one electron Hamiltonian. Systems are assumed symmetrical. 

action involves a lower barrier which occurs at long inter
molecular distances, e.g., an early transition state. This re
sult harmonizes with Hammond's postulate.28 

On the basis of these considerations, it is reasonable that 
a nonpolar cycloaddition will occur via a transoid biradi
caloid intermediate as shown below.29 

C-D 
This conclusion will be valid only if the activation energy 
for the overall reaction is smaller than the activation energy 
for the 2s + 2s mechanism, which, as we have seen, involves 
a very high barrier. 

On the other hand, polar cycloadditions will occur in an 
effective 2s + 2s pericyclic manner which can be depicted, 
as follows 

n D 
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(b) Prior to the crossing of the barrier, there is no pericy-
clic bonding between the two reactants. In the nonpolar 
case, the two reactants achieve pericyclic bonding at a very 
short distance of approach. Accordingly, bond rotation can 
occur prior to this point. By contrast, in the polar case, the 
two reactants achieve pericyclic bonding at a long distance, 
i.e., these reactions are effectively pericyclic 2s + 2s reac
tions. As we have already seen, experimental results are, in 
most cases, in agreement with this prediction (Table I). In 
fact, various structures of the alleged dipolar intermediate 
written by experimentalists in order to rationalize the ob
served stereoselectivity of polar cycloadditions amount to 
nothing else but a pictorial, implicit specification of a 2s + 
2s pericyclic complex. Examples are given below. 

ref 27 ref 2b 

The energy profile for the polar cycloaddition, which is 
forbidden in the Woodward-Hoffmann sense but effective
ly "allowed" at the level of the LCFC-CI theory, may re
semble the one shown in Figure 3, where the high minimum 
represents a pericyclic structure which would correspond to 
the "dipolar intermediate" of experimental parlance. We 
remark here that even reactions "allowed" in the Wood
ward-Hoffmann sense can display a high minimum as re
cent calculations and arguments suggest.1 lb 

The similarity between a pericyclic 2 + 2 polar cycload
dition which exhibits an energy dip in the energy profile and 
the much studied solvolytic reaction which yields a "tight" 
ion pair which can subsequently be transformed to a solvent 
separated ion pair is illustrated in Figure 3. We suggest that 
trapping the intermediate ;nvolved in a polar cycloaddition 
or any other reaction does not contribute evidence against 
the pericyclicity of the reaction but only provides informa
tion about the shape of the potential energy surface.30 

(c) The regioselectivity of a nonpolar 2 + 2 cycloaddition 
which proceeds via a biradicaloid intermediate is expected 
to be the one which affords maximal stabilization of the in
termediate, i.e., head to head. On the other hand, the reg
ioselectivity of a polar 2 + 2 cycloaddition will be the one 
which maximizes the <D+A-|H|DA> and <D+A-|H|DA*> 
matrix elements. In typical donor-acceptor pairs as the one 
shown below, the predicted regioselectivity is head to head. 

NC 
> 

NC 
H NC 

+ 
H1CO1 

H:1CO 
H 

NC-

K C O -

T 
OCHj 

An alternative possibility which cannot be neglected con
cerns the validity of the theoretical methodology employed 
in our calculations, i.e., single determinant MO calculations 
performed within the RHF constraint. This approach is 
known to lead to difficulties when bonds are broken or 
formed as a result of the reaction. It would be of interest to 
test single determinant MO theory at the unrestricted Har-
tree-Fock (UHF) level on reactions "forbidden" in the 
Woodward-Hoffmann sense. 

Going beyond the Hartree-Fock approximation, one may 

2 s + 2s 
R = Electron releasing group 

W = Electron Withdrawing 
group 

(R)2C-C(R)2 

(W)2C-C(W)2 

REACTION COORDINATE 

Is + Is 

REACTION COORDINATE 

Figure 3. Energy profiles for a 2s + 2s polar cycloaddition and the sol

volytic reaction of an alkyl halide, RX. 

argue that only a multideterminantal approach could give a 
correct description of reaction paths. The theoretical chem
ist is already familiar with examples of breakdown of the 
RHF model and some of them have been alluded to in a re
cent survey of quantum mechanical results.31 However, the 
relative stability order of molecules or transition states "ar
omatic" > "nonaromatic" > "antiaromatic" has manifest
ed itself in all calculations which have included configura
tion interaction.32 In our case, a cisoid approach corre
sponds to an "antiaromatic" situation and a transoid ap
proach to a "nonaromatic" situation. 

In view of the above aonsiderations, we believe that our 
interpretation of the mechanism of polar 2 + 2 cycloaddi
tions and, in general, polar Woodward-Hoffmann "forbid
den" reactions is the best way to reconcile the experimental 
results and the theoretical calculations. However, the possi
bility that a single determinant UHF approach or a mul
tideterminantal approach could render the cisoid approach 
lower in energy than the transoid approach remains present. 
Obviously, theoretical studies in that direction would be 
most welcome. 

Note Added in Proof. Since the submission of this manu
script, explicit potential surface calculations (J. Michl, Pure 
and Appl. Chem. 41, 507 (1975); A. Devaquet, ibid. 41, 
455 (1975)) on 2 + 2 cycloaddition model systems have 
provided striking support for (a) the validity of the 
LCFC-CI approach in constructing qualitative potential 
energy surfaces, and (b) the validity of our analysis of any 
thermal or photochemical reaction based on such diagrams. 
These new ideas are fully developed in a monograph enti
tled "Theory of Organic Reactions", currently in prepara
tion, as well as in upcoming papers by one of the authors 
(N.D.E.). 
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lap repulsion, contrary to any intuitive expectations, can 
destabilize the cyclic form less than the noncyclic one! 

We have chosen to compare five diverse Hiickel aromatic 
systems with their nonaromatic analogues and investigate 
by one-electron MO (OEMO) theory the origin of ir Hiick
el aromaticity in these systems. The comparisons involve: 
(a) benzene vs. r/-a«5,-l,3,5-hexatriene in its extended con
formation; (b) cis- vs. trans-1,2-difluoroethylene; (c) the 
methyl rotational barrier in cis- vs. frarts-l-fluoropropene; 
(d) the staggered and eclipsed conformations of dimethyl 
ether; (e) cis- vs. f/-a«5-2-butene in the staggered confor
mation. In all cases experimental results and ab initio calcu-
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