
3082 

Chemical Consequences of Orbital Interactions. II. 
Ethylene and Butadiene Bridged Polycyclic Hydrocarbons 
Containing Three- and Four-Membered Rings1 

William L. Jorgensen 

Contribution from the Department of Chemistry, Harvard University, 
Cambridge, Massachusetts 02138. Received November 2, 1974 

Abstract: Orbital interactions are shown to have significant influence on the chemical behavior of unsaturated, polycyclic hy
drocarbons containing small rings. A comparison of the 7r-type orbital interactions between small ring and ethylene bridge in 
bicyclo[2.1.0]pent-2-ene and bicyclo[2.2.0]hex-2-ene provides insight into the thermal rearrangements of the compounds as 
well as cyclopropyl vs. cyclobutyl edge participation in the retro-Diels-Alder reactions of polycyclic azo compounds and in 
the solvolyses of substituted 7-norbornyl tosylates. Bicyclo[2.1.0]pent-2-ene and bicyclo[2.1.1]hex-2-ene are found to be 
unique among the compounds studied in having net antibonding interactions between their small ring and bridge w orbitals, 
reminiscent of the ir interactions in cyclobutadiene. The benzene isomers, benzvalene and Dewar benzene, are found to be 
stabilized by similar interactions, while the 1,3 interactions between the x bonds in Dewar benzene do not appear to have im
portant energetic impact. The butadiene bridged counterparts of the ethylene bridged systems are also analyzed and found to 
represent the more energetically favorable bridging arrangement in each case. The degree of preference does, however, vary 
considerably and provides insight into the Diels-Alder reactivities of the dienes. Predictions are also made concerning hyper
conjugative stabilizations for a series of related, polycyclic cations. The qualitative arguments are supported by bond orders, 
energies, and orbital drawings calculated by the EH method, in addition to numerous comparisons with other theoretical and 
experimental work. 

Cyclopropyl and cyclobutyl rings have been found to sta
bilize adjacent vinyl groups and cationic centers to a degree 
intermediate between the stabilization obtained from for
mally saturated and unsaturated systems.2 In the same way 
that analogies may be made between the stabilizing IT inter
actions in 1,3-butadiene and vinylcyclopropane or allyl and 
cyclopropylcarbinyl cations, analogies should also be sought 
between the destabilizing 7r interactions in cyclobutadiene 
(1) and bicyclo[2.1.0]pent-2-ene (2). Although the elusive-

ness of 1 is primarily ascribed to its 4x-electron antiaroma-
tic character,3 the similar importance of electronic interac
tions in determining the stabilities of small ring polycycles 
has been overshadowed by concern with their angle strain. 

In previous studies,1,4 the experimentally observed5,6 en
ergetic preference for cyclobutane being 1,3-bridged by bu
tadiene rather than ethylene was shown to be consistent 
with orbital interactions between ring and bridge. Further
more, the relative importance of orbital interactions be
tween small rings and unsaturated bridges was shown1'4 to 
be reflected in bond orders and heats of reaction calculated 
by molecular orbital methods that include overlap. 

The work described in this paper was undertaken to as
sess the importance of orbital interactions in determining 
the stabilities and reactivities of the experimentally known, 
ethylene bridged polycyclic hydrocarbons containing three-
and four-membered rings, 2-6. In addition to obtaining a 

*? Ĉ ^ ^ 
better understanding of the chemistry of these compounds, 
insight is also gained in the area of cyclopropyl vs. cyclo
butyl edge participation in the solvolyses of substituted 7-
norbornyl tosylates and retro-Diels-Alder reactions of poly
cyclic azo compounds. Another outcome of the study is the 
prediction of the relative hyperconjugative stabilizations of 
polycyclic cations related to 2-6. The butadiene bridged 

counterparts of 1-6 are also analyzed in order to determine 
the ethylene vs. butadiene bridging preferences of the three-
and four-membered rings. Insight into the Diels-Alder 
reactivities of the butadiene bridged systems is a straight
forward consequence. The available experimental data on 
the analyzed compounds are seen to be in agreement with 
the results of the calculations reported here. 

Cyclobutadiene and 3,4-Dimethylenecyclobutene 

It is instructive to pursue the cyclobutadiene analogy 
since the same type of orbital interactions that destabilize it 
will be sought in the ethylene bridged polycycles. The x-or-
bital interactions in rectangular cyclobutadiene are schema
tized in Figure 1 as the interaction of two ethylene frag
ments. When the two occupied ethylenic orbitals interact 
they form a more bonding molecular orbital and a less 
bonding one. The important feature of the interaction is 
that the less bonding level has been raised to a greater ex
tent than the more bonding level has been lowered. The re
sult of the four-electron interaction is net destabilization.7 

If, however, the ethylenic bonding levels were only half-
filled, a net stabilizing, two-electron interaction would re
sult, i.e., in forming the cyclobutadienyl dication. It is sig
nificant that there are no unoccupied -K orbitals of the same 
symmetry as the filled ones in cyclobutadiene to help stabi
lize the system via two-electron interactions. 

The magnitude of the destabilization caused by the mix
ing of two filled orbitals is proportional to their overlap.7'9 

As a consequence the destabilization can be detected by 
molecular orbital methods that include overlap, as in ex
tended Hiickel (EH) or ab initio calculations. The currently 
popular, semiempirical MO methods that neglect differen
tial overlap (NDO)1 0 predict equal raising and lowering of 
interacting levels which implies no net interaction of two 
filled levels. 

The net destabilization caused by the interaction of two 
filled orbitals, in the absence of low-lying unfilled orbitals 
of the same symmetry, can be detected in bond orders1 ' and 
energies12 calculated by the EH method.1 Thus, the 2p-ir 
bond order calculated by the EH method between carbons 2 
and 3 or 1 and 4 (P2.*) in rectangular cyclobutadiene is 
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Figure 2. Schematic interaction diagram for the T orbitals of 3,4-di-
methylenecyclobutene. 

Table II. Hybrid Angles and Charges'* >b 

Figure 1. Schematic interaction diagram for the ir orbitals of rectangu
lar cyclobutadiene. 

Table I. Bond Lengths'* and EH Bond Orders 

Compd 

1 
2 
3 
4 
5 
6 
7 

16 
17 
18 
19 
20 

'a. A 

1.51 
1.51 
1.51 
1.537 
1.497 
1.51 
1.51 
1.51 
1.51 
1.537 
1.497 
1.51 

>"b.A 

1.34 
1.34 
1.34 
1.332 
1.339 
1.34 
1.483 
1.483 
1.483 
1.483 
1.483 
1.483 

Parr 

-0 .183 
-0.015 

0.073 
-0.007 

0.098 
0.060 
0.158 
0.089 
0.067 
0.078 
0.121 
0.057 

ar3 is the length of the bond connecting small ring to unsaturated 
bridge in the polycycles. rj, is the length of the bond between the 
sp2 hybrid carbons in the unsaturated bridge. 

found to be negative. The P3* value of —0.183 for 1 record
ed in Table I must be considered a lower bound since con
figuration interaction has not been included in the EH cal
culations.13 Nevertheless, the number provides a useful ref
erence value for calculations on the polycycles, 2-6. 

When a butadiene fragment is substituted for one of the 
ethylene units in 1, 3,4-dimethylenecyclobutene (7) is ob-

Xl 
L 

tained. The orbital interaction scheme for this molecule 
shown in Figure 2 is more complex than for 1. It should first 
be noticed that the highest occupied MO's of the two frag
ments are now of opposite symmetry and cannot interact. 
However, the ethylenic -K HOMO will be destabilized by its 
interaction with the lower lying butadiene orbital, xi- Since 
the two interacting orbitals are of different energy, and xi 
is more delocalized than ir, they do not interact as strongly 
as the two filled w orbitals in l.7c Furthermore, the destabi-
lization of ir is mitigated by its interaction with X3*. The 
net interaction of T, XI, and X3* is, in fact, stabilizing ac
cording to the EH MO coefficients for the resultant delo
calized orbitals in 7.14 The butadiene HOMO, X2, is also 
stabilized via its interaction with the ethylenic LUMO, TT*, 
and X4*. It is not surprising, therefore, to find that the 2p-7r 
bond order between carbons 1 and 4 in 7 determined by an 
EH calculation is +0.158. 

The fact that butadiene has low-lying antibonding orbit
als of opposite symmetry makes it a very accommodating 
bridging group. It cannot only interact favorably with sym
metric HOMO's of another molecular fragment, e.g., ir in 
7, but also with antisymmetric HOMO's in an analogous 
three-way fashion involving X2, X4* and the HOMO of the 
other fragment. This is supported by the calculations on the 
butadiene bridged polycycles described below. 

Compd 

Ethylene 
Cyclopropane 
Cyclobutane 

es 

S, deg 

90.0 
46.7 
18.3 

"C, 

1.00 
0.85 
0.42 

ea 

S, deg 

90.0 
84.7 
71.7 

PC1 

1.00 
0.40 
0.42 

aEH results. 6In ethylene, % and ea correspond to rr and n*, 
respectively. 

Bicyclo[2.1.0]pent-2-ene and Bicyclo[2.2.0]hex-2-ene 

Replacement of an ethylenic unit in 1 by an edge of a cy-
clopropyl or cyclobutyl ring yields bicyclo[2.1.0]pent-2-ene 
(2) or bicyclo[2.2.0]hex-2-ene (3). A comparison of the or
bital interactions between small ring and ethylene bridge in 
these two molecules may be expected to yield some insight 
into the mechanism and relative extent of cyclopropyl and 
cyclobutyl edge participation in general. 

In a previous study,1 the important orbital interactions in 
2 were shown to occur between the degenerate pair of cyclo
propane HOMO's, es and ea, and the x and T* orbitals of 

es 
the ethylene bridge. In particular, a net repulsive interac
tion occurs between x and es which is unmitigated because 
of the lack of low-lying, antibonding component orbitals of 
the same symmetry. The ea orbital is, however, stabilized by 
its interaction with ir*. The stabilization of ea is not expect
ed to counterbalance the es-7r repulsion because: (1) there is 
a substantial energy separation between ea and ir*; and (2) 
ea is less localized on Ci than es and consequently interacts 
less strongly with opposing T orbitals. 

The second point is quantified in Table II where the elec
tron density on Ci in es of cyclopropane is shown to be more 
than twice that in ea.

15 Table II also records the directional
ity of the orbitals expressed as the hybrid angle 6 that is de
termined from eq 1, where Cx and cy are the 2px and 2py 

9 = tan-1 { cy/c% I (D 

coefficients on Ci in the orbitals. For x-like interactions, ea 

is seen to have an orientational advantage over es.
16-17 Nev-
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Figure 3. The HOMO of bicyclo[2.1.0]pent-2-ene (2). 

Figured The HOMO of bicyclo[2.2.0]hex-2-ene (3). 

.J 
ertheless, the dominance of the es-7r destabilizing interac
tion is verified by the negative 2p-x bond order between Ci 
and C 2 in 2 reported in Table I. 

In 3, the important orbital interactions between small 
ring and ethylene bridge should occur, by analogy to 2, be
tween the degenerate pair of cyclobutane HOMO's, e / and 
e a \ and the ir and 7r* orbitals of the ethylene bridge.20 Spe-

3«OC* ® 
cifically, the es'-ir, four-electron interaction is destabilizing, 
and the ea'-7r*, two-electron interaction is stabilizing. The 
es'-ir interaction in 3 is not expected to be nearly as strong 
as the es-ir interaction in 2. The calculations in Table II re
veal that pci in es' of cyclobutane21 is approximately half 
the Pc, value in es of cyclopropane. 

Furthermore, es ' in cyclobutane has little it directionality 
compared with es in cyclopropane in agreement with the 
adage that cyclopropane has roughly three times the bent-
bond character of cyclobutane.22 

The reduction of the destabilizing ir interactions between 
small ring and ethylene bridge in going from 2 to 3 is conve
niently illustrated by the accurate drawings of their 
HOMO's shown in Figures 3 and 4.23 '24 The strong interac
tion between 7r and es is witnessed by their nearly equal con
tributions to the HOMO in Figure 3 which bears a striking 
resemblance to the HOMO of rectangular cyclobutadiene 

^ , 

Figure 5. The HOMO of rectangular cyclobutadiene (1). 

shown in Figure 5. The ethylenic T component in the 
HOMO of 3 is comparatively subdued. The HOMO of 3 is, 
in fact, reminiscent of the HOMO to be expected from 
three parallel <r bonds, i.e., a\ — 2oi + 0-3 (unnormalized). 

In contrast, the value of 8 for the ea ' cyclobutane orbital 
reported in Table II suggests that it is well suited direction-
ally for interaction with the x* orbital of the ethylene 
bridge in 3. The calculations in Table I verify that this in
teraction dominates the es'-ir repulsion. Thus, the net 2p-ir 
interaction between Cj and C2 in 3 is attractive with a bond 
order of +0.073. 

It is tempting to assess the energetic preference of ethyl
ene as a cyclobutane rather than cyclopropane bridge by 
calculating the energy of the isodesmic27 reaction in eq 2. 

2 + cyclobutane 3 + cyclopropane (2) 

Although ab initio calculations accurately estimate the 
heats of reaction of isodesmic processes for, at least, un
strained systems,27 quantitative significance cannot be at
tributed to EH results for such reactions. Qualitative verifi
cation of the conclusions that have been drawn from the P3* 
values for 2 and 3 is, however, expected.28 An EH calcula
tion does find the heat of reaction for eq 2 to be exothermic 
by 9.7 kcal/mol. It is noted that M I N D O / 2 calculations26 

also find eq 2 to be exothermic, however, by a smaller 
amount, 3.9 kcal/mol. The e^-ir repulsion in 2 is ignored by 
NDO calculations, as discussed above, and the decreased 
exothermicity is consistent with this fact. 

The calculated energies for eq 2 have bearing on the 
question of the additivity of strain energies in small ring po
lycycles.30 If the component rings of 2 and 3 are considered, 
then the calculations indicate that the strain energy of 2 is 
greater than the composite strain energies of cyclopropane 
and cyclobutene, ca. 57 kcal/mol,31 and/or the strain ener
gy of 3 is less than the combined strain energies of cyclobu
tane and cyclobutene, ca. 56 kcal/mol.31 The differences 
may be attributed to the "electronic strain" or "electronic 
relief caused by the ir interactions between the small rings 
and ethylene bridges in 2 and 3. Unfortunately, the heats of 
formation of neither 2 nor 3 have been determined to enable 
the hypotheses to be tested. The rearrangement mechanism 
for 3 is also not well established.32 If the mechanisms for 
the rearrangements of 2 and 3 are similar, then the calcula
tions are consistent with the observed stabilities of the com
pounds;33 '34 2 rearranges to cyclopentadiene with a unimo-
lecular half-life of 40 hr at room temperature,33b while 3 re
mains unchanged after 48 hr under similar conditions.34 

Hopefully, the theoretical work described here will provoke 
further mechanistic and thermodynamic studies of 2 and 
3.3 5 

Cyclopropyl and Cyclobutyl Edge Effects 

Other manifestations of the differences between the va
lence orbitals of cyclopropane and cyclobutane can be 
found in some related polycycles. For example, the rate of 
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nitrogen extrusion for 8 is enhanced by a factor of 1013 rela
tive to 9.36 The activation energies for the two processes are 

te£y 0 & // 

14.9 and 39.2 kcal/mol, respectively.36 The decompositions 
of 8 and other azo compounds where the nitrogen leaves 
anti to the methylene group in the assisting cyclopropane 
ring have been found to be concerted.36'37 In contrast, the 
decomposition of 9 reportedly proceeds via a diradical,38a 

although other cyclobutyl-assisted nitrogen eliminations are 
apparently concerted.3815 The striking difference in cyclo
propyl vs. cyclobutyl edge participation in 8 and 9 may be 

0. 
rationalized in the context of the preceding observations 
concerning the orbital interactions in 2 and 3. 

To begin, the retro-Diels-Alder reactions are envisioned 
as promoted by the mixing of the es-type orbital in 8 or e/ 
in 9 with the symmetric combination of the unoccupied 
(TCN* orbitals. The electronic reorganization corresponding 
to these interactions agrees with the bonding changes neces
sary to proceed from reactant to product. It is also noted 

^ 
N, 

that the high-lying nature of es and es' facilitates their inter
action with the (TCN* orbitals. This point is emphasized by 
photoelectron studies on a series of molecules closely related 
to 8 which demonstrated that the activation energy for ni
trogen expulsion decreases as the energy of the es-type or
bital in the compounds increases.39'40 

The critical difference between the orbital interactions in 
8 and 9 is revealed in the charge and orientational factors of 
Table II. Just as the es-7r mixing in 2 was stronger than 
es'-7r in 3, the mixing of es with the symmetric combination 
of the (TCN* orbitals in 8 is much more facile than the corre
sponding interaction with es' in 9. As illustrated, this is the 
important interaction for the concerted nitrogen extrusion. 
Naturally, for cases where the cyclopropane ring is syn 
fused to the nitrogen moiety, the overlap of es with the 
(JCN* orbitals is markedly reduced, and the rate enhance
ment for nitrogen elimination is predicted and observed to 
be curtailed; e.g., fcgAio * 1014.36 

Another area where a significant discrepancy between 
cyclopropyl and cyclobutyl edge participation is apparent is 
in the solvolyses of 7-substituted norbornyl compounds.41'42 

Specifically, cyclopropyl and cyclobutyl fused compounds, 
e.g., 11 and 12, exhibit solvolyses rates that differ by rough-

. r 

Iy 109-7 at room temperature.41 The greater anchimeric as
sistance provided by the cyclopropyl ring is generally as
cribed to its increased bent-bond character22 relative to cy-
clobutane.43 In molecular orbital terms,the discrepancy is 
again consistent with the charge and orientational differ
ences between the cyclopropyl es and cyclobutyl es' orbitals. 
The cyclopropyl es orbital is more "bent" and more local
ized in the region where it may interact with the backside of 
the (rex* orbital. This interaction enhances the rate of leav-
ing-group expulsion. It is clear that the endo-anti configu
ration is essential for the interaction and assistance. The 
exo-anti and endo-syn analogs of 11 have solvolysis rates 
1012 to 1015 times slower than ll .4 1 

+ X © 

Bicyclo[2.1.1]hex-2-ene and Benzvalene 

For the purpose of analyzing orbital interactions between 
small ring and ethylene bridge, it is convenient to describe 
bicyclo[2.1.1]hex-2-ene (4) and benzvalene (5) as a 1,3-
ethylene bridged cyclobutane and bicyclobutane, respec
tively. Although 4 and 5 are closely related structurally, the 
effect of the additional CC bond in 5 on the orbital interac
tions between ring and bridge is profound. 

In the previous study,1 the ir interactions between ring 
and ethylene bridge in 4 were found to be destabilizing with 
a P^ of —0.007. The destabilization can be traced to the in
teraction of the bridge rr orbital with the high-lying Walsh 
cyclobutane orbital of the same symmetry. In Did symme
try with the cyclobutane ring puckered, the highest occu
pied Walsh orbitals of cyclobutane may be labeled a", es", 
and ea", with the latter pair being the degenerate HOMO's. 

8S8 # • 

Cyclobutane 

8 I 8 ' -
Bicyclobutane 

As the pucker is diminished, es" and ea" become an equiva
lent representation of the e/ and e / orbitals of planar cyclo
butane.44'45 The ea" HOMO does not have the proper sym
metry to take part in any it interactions with an ethylene 
bridge. The four-electron, destabilizing interaction between 
es" and v of the bridge dominates the two-electron, stabiliz
ing interaction between a" and -K*. 

The three highest lying filled orbitals of bicyclobutane 
are represented, in order of increasing energy, as b2, a2, and 
ai.4'46 The HOMO, ai, which is principally composed of the 
strained o\i bond orbital, is again prohibited by symmetry 
to interact in a -K fashion. On the other hand, &2 and b2 are 
very similar to a" and es", respectively. Concomitant with 
the reduction in symmetry and the increase in the pucker 
angle from 35° in cyclobutane21 to 58° in bicyclobutane,47 

the ordering of these corresponding orbitals has, however, 
been reversed. The reversal may be anticipated to be even 
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more pronounced for the &2 and b2 components in 5, where 
the pucker angle increases to 84° .48 Reducing the energy 
gap between &2 and IT* in 5 permits their stabilizing interac
tion to more effectively counteract the b2-x repulsion than 
in the analogous situation in 4. 

Furthermore, the strain on the Q - C $ bond in the bicy-
clobutane fragment of 5 provides an unusually low-lying, 
unoccupied orbital of the same symmetry as x. The orbital, 
b2*, is composed primarily of the o\e* bond orbital (en3* in 
bicyclobutane) but also contains significant components on 
C2 and C5 in 5.4 '46 The interaction of T, b2, and b2* miti
gates the repulsion of the filled orbitals as in the interaction 
of -K with xi and X3* in 7. Exchanging the cyclobutane frag
ment of 4 for the bicyclobutane ring in 5 is, therefore, ex
pected to produce a substantial alteration in the orbital in
teractions between small ring and ethylene bridge. That this 
is, in fact, the case is verified by the EH calculations re
ported in Table I. The 2p-7r bond order between C2 and C3 
in 5 is found to be +0.098, the largest value for any of the 
ethylene bridged compounds treated in this study.49 Thus, it 
can be concluded that the orbital interactions between bicy
clobutane ring and ethylene bridge in benzvalene enhance 
the thermodynamic stability of the compound. 

Directly comparing the kinetic stabilities of 4 and 5 is not 
fruitful because of the strain-energy difference in the com
pounds and the fact that their rearrangements involve dif
ferent mechanisms. Nevertheless, some mechanistic insight 
can be gained by considering the influence of the orbital in
teractions on the rearrangements. On heating, 4 readily iso-
merizes to bicyclo[3.1.0]hex-2-ene with E3 = 35.2 kcal/ 
mol.50 The reaction kinetics50 and studies on substituted 

compounds51 indicate the rearrangement is a „.2S + „2a con
certed process. It is interesting to note that, although the 
conversion is formally similar to a vinylcyclobutane rear
rangement, it also corresponds to a retro-vinylcyclopropane 
rearrangement.52 The facility of the rearrangement should 
be enhanced by the destabilizing orbital interactions be
tween small ring and bridge in 4. Not only do the orbital in
teractions destabilize the ground state of 1,3-ethylene 
bridged cyclobutanes like 4, but they also yield a high-lying, 
ir-type HOMO. The high energy of the HOMO facilitates 
its interaction with the antibonding MO's on distortion and 
enhances the molecules disposition for rearrangement.40 

The electronic destabilization becomes more pronounced in 
the bis ethylene bridged cyclobutane (13) which rearranges 
rapidly to semibullvalene at 25°.5 In contrast to the rear
rangement of 4 and theoretical proposals of a a 2 a + a 2 s con
certed mechanism for the rearrangement of 13,7 a '5 3 experi-

Z=O - & 
11 

mental evidence indicates that the rearrangement for an an
alog of 13 proceeds via a diradical mechanism.6b 

Although the isolation of 13 is difficult at room tempera
ture, benzvalene is found to have a half-life of 10 days 
under the same conditions.54 The stability of benzvalene is 
notable in this context as it is 35 kcal/mol more strained 
than 13,55 and the product of its isomerization (benzene) is 
much more stable than semibullvalene. Further comparison 
of the two systems is inhibited by a lack of reliable informa
tion on the transition states for the rearrangements. For ex

ample, benzvalene is expected to rearrange via the preful-
vene diradical (14),56 while a diradical mechanism for 13 
would involve the bis allylic diradical 15.5 '6b The extra al-

& CO 
V* Ii 

lylic unit in 15 favors it over 14 by an allylic resonance en
ergy, ca. 13 kcal/mol. The difference in strain relief in gen
erating the diradicals may, however, be estimated31 '553 to 
nullify the resonance-energy advantage of 15. 

In any event, the calculations and qualitative arguments 
presented here assert that the stability of benzvalene is en
hanced by favorable orbital interactions between its bicy
clobutane and ethylene fragments. Further comparison can 
be made with reference to its valence isomer, Dewar ben
zene, which is the last ethylene bridged polycycle to be 
treated. 

Dewar Benzene 

The interactions between highest occupied and lowest un
occupied orbitals in Dewar benzene (6) are expected to be 
similar to those in bicyclo[2.2.0]hex-2-ene (3) with the ad
dition of the mixing of the ethylenic ir orbitals. In the fash
ion of the previous analyses, it is convenient to treat Dewar 
benzene as an ethylene bridged cyclobutene. The critical in
teractions are then expected between the ethylenic TT and TT* 
orbitals of the bridge and the Walsh and ethylenic orbitals 
of the cyclobutene ring. The interaction between the Walsh 
and bridging orbitals is reflected in the P a

l r bond order pre
sented in Table I.57 The similarity of the P^ values for 3 
and 6 represents a balance of two effects. The ea ' analog for 
cyclobutene is at higher energy than the es' analog, so the 
ea ' analog can mix more constructively with the TT* orbital 
of the bridge in 6. The increased stabilization is, however, 
balanced by the greater concentration of the cyclobutene es' 
orbital on the C1-C4 bond in 6 than in the cyclobutane es ' 
orbital of 3.6 0 This yields increased es'-7r destabilization in 
6 relative to 3. 

The other important question in analyzing the frontier 
orbital interactions for Dewar benzene is the extent of the 
destabilization caused by the mixing of the two filled, ethyl
enic TT orbitals. One measure of the degree of interaction of 
two orbitals is the splitting of their delocalized MO's. For 
Dewar benzene, the less bonding and more bonding combi
nations of the filled, ethylenic IT orbitals differ in energy by 
only 0.38 eV according to an EH calculation, even though 
the more bonding combination is further depressed by inter
action with the (TH bond orbital. The EH number compares 
favorably with an ab initio value of 0.48 eV.59 As a model 
for a destabilizing interaction, the splitting between the 
more and less bonding combinations of es and ir in 2 should 
provide an appropriate reference. The EH value for this 
splitting is 1.7 eV, while an ab initio calculation yields a 
value nearly twice as large.61 On this basis, it is reasonable 
to predict that the destabilization due to the 1,3 interaction 
between the IT bonds in 6 is not nearly as significant as for 
the 1,2, x-type interactions in molecules like 2 and 4 that 
have been the focus of the present study. This assessment is 
further supported by the calculations on the butadiene 
bridged analogs of 2-6 discussed below. 

Benzvalene (5) and Dewar benzene (6) were the first 
(CH)6 structural isomers to be isolated after benzene. The 
stability of 5 and 6 is largely due to the fact that their con
certed aromatizations are symmetry forbidden. It is inter
esting to note that, although benzvalene is a higher energy 
isomer than Dewar benzene, the half-life of benzvalene54 is 
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10 days at room temperature as compared with 2 days for 
Dewar benzene.62,63 Similarly, the activation energy for 
the thermal aromatization of the hexatrifluoromethyl deriv
ative of benzvalene is 0.9 kcal/mol higher than for the cor
responding Dewar benzene.64 The difference in stabilities is 
small and is, no doubt, to a large extent attributable to dif
ferences in the transition states for the two aromatizations. 
Nevertheless, the relative stability of benzvalene is consis
tent with the highly favorable it interactions between its bi-
cyclobutane fragment and ethylene bridge. 

Butadiene Bridged Compounds. Diels-Alder Reactivities 

As in the transformation from 1 to 7, replacing the ethyl
ene bridges in 2-6 by butadiene is expected to have a pro
found effect on the Tr-type orbital interactions. The EH cal
culations reported in Table I for the resultant molecules, 
16-20, support the assertion that 1,3-butadiene is a very ac-

^J7 ^P S^ 

i2 20 

commodating bridging group. In each case, the calculated 
P a

x bond order is significantly positive.65 This may be at
tributed to the fact that butadiene has low-lying unfilled or-
bitals of opposite symmetry. Both high-lying symmetric and 
antisymmetric, 7r-type orbitals of the small rings are stabi
lized by their interactions with the unfilled bridge orbitals, 
X3* and X4*, in a manner analogous to the interactions ana
lyzed for 7 above. 

The energetic preference of butadiene over ethylene as a 
bridging group can, in principle, be estimated by calculat
ing the heats of reaction for isodesmic processes such as eq 
3.1 '4 The EH results for these reactions that relate the eth-

1 + e thylene —*• 7 + c i so td-butad iene (3) 

ylene bridged compounds 1-6 to their butadiene bridged 
counterparts are reported in Table III. Again, quantitative 
significance should not be attached to the EH heats of reac
tion.28 The results do, however, support the bond-order 
values for the compounds and the qualitative description of 
the orbital interactions that has been presented. 

Specifically, the most exothermic reactions in Table III 
are found, as expected, for the ethylene bridged compounds 
with unfavorable 7r-orbital interactions, i.e., 1, 2, and 4. The 
fact that the butadiene bridged compounds are energetical
ly favored in each reaction may be traced to two factors. 
First, the replacement of the shorter ethylene bond in the 
bridges of 1-6 with the longer central bond of butadiene 
provides some strain relief. For the reaction involving 4, the 
strain relief was previously calculated to account for ap
proximately 3 kcal/mol of the EH heat of reaction.1 Sec
ondly, the 1,3-7T interactions between ring and bridge are 
more favorable in the butadiene bridged systems. This re
sults from the butadiene LUMO, X3*> being symmetric, so 
when it mixes with filled ring orbitals net 1,3 bonding is 
produced as well as 1,2 bonding. The LUMO of ethylene is, 
however, antisymmetric, so when it interacts with filled ring 
orbitals, 1,3 antibonding is produced concomitantly with 
the 1,2 bonding.67 

The heats of reaction in Table III should provide some 
insight into the Diels-Alder reactivities of the butadiene 
bridged compounds, 16-20. The more exothermic the reac
tion, the more the diene bridge is preferred to ethylene, and 

Table III. Heats of Reaction0 for A + a'so/cM ,3-Butadiene -+ B + 
Ethylene 

A B AH 

1 7 -37.2 
2 16 -16.8 
3 17 -6 .1 
4 18 -17.1 
5 19 -8 .4 
6 20 -7.2 

0EH results in kcal/mol. 

the less receptive the diene should be toward dienophiles. 
From this standpoint, 16 and 18 are anticipated to be poor 
dienes as compared with 17, 19, and 20 which should have 
roughly comparable Diels-Alder reactivities. The situation 
is, however, complicated for 16, 17, and 20 which are all ex
pected to undergo facile disrotatory openings to stabilized 
bis allylic diradicals or for 20 to o-xylylene. This has been 
verified for the known molecules, 1768a and 20,68b which 
both open with activation enthalpies of approximately 17 
kcal/mol.68 Nevertheless, 17 and 20 may be trapped with 
the highly reactive dienophile, 1 -phenyl-1,3,4-triazoline-
2,5-dione at room temperature.68 Experiments with a series 
of less reactive dienophiles would be interesting. 

The Diels-Alder reactivities of molecules like 18 and 19 
are more easily contrasted since they are less prone to rear
rangement. In particular, 21, like another molecule contain-

21 I 22 \ 

ing a butadiene bridged cyclobutane,6b reacts sluggishly 
with TCNE, the reaction requiring 20 hr at 55° for comple
tion.69 On the other hand, the reaction of the butadiene 
bridged bicyclobutane 22 with TCNE proceeds in less than 
1 min at room temperature.69 These experimental observa
tions are in accord with the arguments and calculations pre
sented here that point out the thermodynamic disadvantage 
in replacing an ethylene for a butadiene as a 1,3-cyclobu-
tane bridging group as compared with a 2,4-bicyclobutane 
bridging group. Further support is gained from noting that 
the difference in n bond order between 5 and 19 and the en
ergy for their interrelation in Table III are very similar to 
the corresponding quantities calculated for unsaturatively 
bridged cyclopentane.' Since 2,3-dimethylenenorbornane 
readily undergoes a Diels-Alder reaction with maleic anhy
dride,70 the Diels-Alder reactivity of 22 is not surprising. 

Before leaving this section, another comment on the 1,3 
interaction between the tr bonds in Dewar benzene is in 
order. Particularly, the heat of reaction reported in Table 
III for the Dewar benzene (6) to Dewar xylylene (20) con
version is very close to the value for the 3 to 17 reaction and 
significantly smaller than the values for the reactions in
volving the ^-destabilized molecules 2 and 4. This reinfor
ces the conclusion made above based on orbital splittings 
that the 1,3 interactions between the unsaturated fragments 
in 6 are not nearly as energetically important as the l,2-7r 
interactions in 2 and 4. Otherwise, the exchange of the un
favorable l,3-7r interactions in 6 for the favorable ones in 20 
would produce a much more negative heat of reaction for 
their conversion in Table III. 

Related Cations 

The destabilizing ir interactions between small ring and 
ethylene bridge in 2 and 4 have been traced to the interac
tion of a high-lying, filled, symmetric orbital of the ring 
with the filled TT orbital of the bridge. If this four-electron, 
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destabilizing interaction were reduced to a two-electron in
teraction, significant stabilization could occur. The appro
priate transformation is achieved by replacing the ethylene 

bridges in 2 and 4 with a cationic center yielding 23 and 24. 
The filled IT orbital of the ethylene bridge is thereby sup
planted by the empty 2p orbital of the electron-deficient 
carbon. Although calculations on 23 and 24 are not re
ported here, both molecules may be anticipated to receive 
substantial stabilization via the interaction of their vacant 
2p orbitals with the es and es" ring orbitals, respectively. 

Little comment on 23 and 24 has been made in the litera
ture. Devaquet and Hehre have, however, performed an im
portant theoretical study on the mechanism of circumam-
bulation in 23.71 The hyperconjugative stabilization of 23 
should lower the energy of its ground state and reduce its 
tendency to rearrange. Devaquet's and Hehre's calcula
tions71 indicate, however, that a highly stabilized, symme
try-forbidden, cyclopropenylcarbinyloid transition state ex
ists for the circumambulation process. The activation ener
gy, if any, for disrotatory opening of 23 to cyclobutenyl cat
ion would be of interest but was not reported.71 Padwa and 
Alexander72 have also found the solvolytic reactivity of 2-
phenylbicyclo[l.l.l]pentan-2-ol p-nitrobenzoate to be ano
malously high when compared with a series of model com
pounds. Although it is tempting to attribute at least part of 
the enhanced reactivity to the stability of phenyl substituted 
24, it is possible that the anomaly results from differences 
in a participation accompanying the ionizations of the vari
ous compounds.72 

Similar transformations for the other ethylene bridged 
compounds, 3, 5 and 6, can be performed to yield cations 
25, 26, and 27, respectively. The cationic centers in these 
systems are, by analogy, not expected to receive substantial 

2J 26 27 

hyperconjugative stabilization since the stabilization in the 
parent olefins of 25-27 was dominated by the interaction of 
a high-lying, filled, antisymmetric ring orbital with the -K* 
orbital of the ethylene bridge. Loss of this interaction plus 
the lack of strong interactions between symmetric orbitals 
of ring and bridge for the cations is expected to result in lit
tle stabilization for 25-27. 

This proposition gains support from both semiempirical73 

and ab initio74 calculations that conclude that neither 26 
nor 27 represents minima on the (CH)5+ potential surface. 
Additional calculations to assess the extent of hyperconju
gative stabilization in 23-27 and the validity of the brief 
qualitative arguments in this section are warranted. 

Aromaticity 

In closing, it is appropriate to consider the relationship of 
the present study to other work in the area of homoaromati-
city and antihomoaromaticity.16 '75,76 Two of the ethylene 
bridged polycycles, 2 and 4, have been shown to be unique 
among the compounds studied here in having net antibond-
ing interactions between their small ring and bridge TT orbit
als reminiscent of cyclobutadiene. This has been rational
ized by the qualitative consideration of detailed orbital in
teractions. Hehre16 has found that Mobius-Hiickel descrip
tions76 of homotropylium cation and bicyclo[3.1.0]hexenyl 

cation are consistent with the homoaromatic and homoanti-
aromatic characters of the compounds. Applying the same 
orbital model to 2 and 4, it is predicted that both com-

<m electrons <•%/" \ f - >W •> ^ electrons 

Hlickel ' ^ A j £ 7 W t^K PA Mobius 
Antiaromatic W' " " ' ' W H ^ V ^ H Antiaromatic 

pounds have antiaromatic character, as Hehre previously 
indicated for 2. '6 The problem with the Mobius-Hiickel de
scription in the present context occurs with compounds 3 
and 5 for which Mobius-Hiickel diagrams could be con
structed similar to those for 2 and 4 with the same antiaro
matic conclusions. To rationalize the results presented in 
Tables I and III in a Mobius-Hiickel fashion, it would be 
necessary to propose different conjugative abilities for the 
four-membered rings in 3, 4, and 5. This is in essence what 
has been shown above by a more complete and classical de
scription of the orbital interactions in these compounds. The 
two approaches are, therefore, related. The Mobius-Hiickel 
method76 is, however, generally applied to reacting systems 
for which an aromatic-antiaromatic or forbidden-concert
ed answer is sought. It is not well suited to describe subtle 
differences in orbital interactions for molecules in their 
ground states. 

Perhaps a more general gauge of aromaticity may be for
mulated along the lines of P^ values or an energetic criteri
on. As illustrated below, increasing aromatic character is 

^J I-?" up CP O 
py -0 ,133 -0 .015 0.07J 0.119 0,i+90 

a n t i - hcmoanti- non- hono- aro.ma'uic 

reflected in increasing P^ values.77 Further work in this 
area is being pursued. 

Conclusion 

This study has been aimed at pointing out the importance 
of orbital interactions in determining the chemical behavior 
of polycycles containing small rings. Two of the ethylene 
bridged polycycles, 2 and 4, were found to be destabilized 
by antibonding interactions between their small ring and 
bridge T orbitals. On the other hand, the highly strained 
benzvalene (5) was found to be stabilized by similar inter
actions, while the 1,3 interactions between the IT bonds in 
Dewar benzene (6) were not found to have important ener
getic impact. The calculations and analyses have also led to 
a better understanding of numerous chemical phenomena 
from cyclopropyl vs. cyclobutyl edge effects to the Diels-
Alder reactivities of butadiene bridged, small ring poly
cycles and the stabilizations of some related polycyclic cat
ions. Nevertheless, further study on the molecules discussed 
here at the ab initio level is desirable to obtain accurate 
heats of reaction for the isodesmic processes that were con
sidered. A better quantitative estimate of the energetic in
fluence of the orbital interactions would then be obtained. 
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(76) M. J. S. Dewar, Angew. Chem., Int. Ed. Engl., 10, 761 (1971); H. E. Zim

merman, Ace. Chem. Res. 4, 272 (1971). 
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constant is dependent upon the nature of the quencher. In 
plots of the logarithm of the measured rate constant vs. the 
difference in triplet energy between sensitizer and quench
er, the final slope is that predicted by the Arrhenius equa
tion provided the quencher remains in its ground-state ge
ometry following its acceptance of excitation energy. With 
quenchers that can change their geometries concomitantly 
with the excitation process, the slopes of such plots are shal
lower than the Arrhenius equation predicts, provided that 
these geometrical changes lower the energy of the quencher 
triplet states and thus reduce the energy requirements for 
their excitation.3"5 "Nonvertical energy transfer" is the 
name assigned to this phenomenon.3-4'6'7 Triplet-energy lev
els normally refer to molecules in their ground-state geome
tries. 

Lamola reports the utility of the energy-transfer tech
nique for triplet-energy determination, particularly after 
other methods had either failed or yielded erroneous or 
equivocal results.8 Examples of molecules whose triplet 
energies were determined by energy-transfer measurements 
are biacetyl,9 some aliphatic and aromatic azides,10'11 as 
well as the geometric isomers of stilbene,3 a-methylstil-
bene,3 and some azastilbenes.12 Plots of the logarithm of 
the measured rate constant vs. the difference in triplet ener
gy between sensitizer and quencher yield slopes in accord 
with the Arrhenius equation when the quenchers are biace
tyl and /raw-stilbene.3 '5 Apparent deviations from this 
equation obtain for the remaining examples listed above by 
virtue of "nonvertical energy transfer". 

Results and Discussion 

Flash Kinetic Spectrophotometry. Flash kinetic spectro
photometry was the experimental technique employed for 
measurement of rates of energy transfer from a graded se-
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Abstract: Because the triplet-energy levels in azomethine dyes could not be observed directly, we attacked the problem of lo
cating the azomethine dye triplet levels by applying an indirect experimental method. Flash kinetic spectrophotometry was 
used to measure the rate constants for energy transfer from a graded series of triplet sensitizers to a variety of azomethine 
dyes. Triplet-energy levels in the dyes can be assigned near that point where the efficiency of the energy-transfer process be
gins to drop. The results unexpectedly revealed dye triplet states of very low energy. The yellow azomethine dyes derived 
from pivaloylacetanilide, benzoylacetanilide, dibenzoylmethane, diacetylmethane, and dipivaloylmethane all have triplet 
energies in the range between 40 and 50 kcal/mol. With sensitizers having triplet energies lower than the dyes, the rate of 
drop in the efficiency of the energy-transfer process is characteristic of molecules that can twist about an essential double 
bond in the lowest excited state. The triplet energies of the cyan dyes derived from phenol and 1-haphthol and the magenta 
dyes derived from 2-pyrazolin-5-one are so low that these dyes quench our lowest energy triplet sensitizers at the maximum 
rate. The cyan dyes have triplet energies of less than or equal to 21 kcal/mol and the magenta dyes of less than or equal to 23 
kcal/mol. Because of these low-energy triplet states in azomethine dyes, electronic energy transfer must be considered to be 
a contributor to the mechanism of the previously observed quenching of singlet oxygen by azomethine dyes.' 
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