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herent in other calculations,2-3 which utilized either the 
"half-electron model" 3 or the Nesbet method of symmetry 
and equivalence restrictions.2 Both these methods can lead 
to spurious results for open-shell molecules.4 

The two lowest states for the bisected geometry corre­
spond to the resonant state of allyl coupled in a triplet way 
(3B2) or in a singlet way (1Bi) to the rotated p orbital. The 
next two states correspond to the antiresonant state of allyl 
(coupled both ways to the p orbital). As expected, the exci­
tation energies for bisected trimethylenemethane, 80 and 81 
kcal, are comparable with the separation (74 kcal) of the 
resonant and antiresonant states of allyl.10 

These results indicate that the ground state of 1 is a pla­
nar triplet state while the lowest singlet state of 1 should 
twist to a bisected form. Both the singlet and triplet states 
should be reactive species, although their chemistry could 
be different. These results agree well with experimental 
work" by Dowd and by Berson and with the theoretical 
studies of Yarkony and Schaefer.1 Dowd has shown by ESR 
experiments that trimethylenemethane, prepared from the 
photolysis of 4-methylene-A'-pyrazoline (3), probably has a 
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triplet ground state.12 In 1974, Berson and co-workers13 

showed that the trimethylenemethane analogue 4 has at 

Jb N ^ •$' 
least two reactive electronic states, only one of which is a 
triplet. In fact, Berson suggests that the reactive singlet 
should have bisected geometry. 

For the planar geometry we calculate that the vertical 
transition energy from ground state 3A2 ' to 3E' (3B2 and 
3Ai) corresponds to Xmax 266 nm with an oscillator strength 
off = 1.7 x 10 - 3 . For the bisected geometry we find that 
the first vertical transition energy from the lowest singlet 
state (1A2 — 1Bi) corresponds to Xmax 359 nm w i t h / = 7.9 
X 1O-4. For the planar geometry the first absorption of the 
singlet state is calculated as \m ax 289 nm w i t h / = 0.10. 
This planar singlet state, however, may be too short lived 
for sufficient population to observe the transition in absorp­
tion experiments. Berson and Platz14 are attempting to ob­
serve these transitions in the low-temperature ultraviolet 
spectrum. 

A possibly significant difference between 1 and 4 is that 
the lowest 1E state of 1 splits into two nondegenerate states 
(1Ai and 1B2) of 4. Of these, the 1Ai state seems more like­
ly formed. If 1A, is lower than 1B2 for the planar geometry 
(only the 'B 2 state prefers twisting to the bisected form), 
the 1A) state may live long enough to do some chemistry or 
to convert (intersystem cross) directly to the lower triplet 
state. In this circumstance there could be three reactive 
forms of trimethylenemethane (planar 3B 2 and 1Ai and bi­
sected 1B2). With proper substituents on 4 it may be possi­
ble to stabilize planar 1Ai lower than bisected 1B2 so that 
all the chemistry would involve the two planar states. Such 
possibilities could be probed by observing the absorptions at 
266 (planar 3B2), 359 (bisected 1B,), and 289 nm (planar 
1A)) as a function of reaction conditions and time for vari­
ous substituents. 
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Spectroscopic Studies of Bicyclo[2.2,2]octa-2,5,7-triene. 
Magnetic Circular Dichroism Spectrum in the 
Region 200-350 nm1 

Sir: 

Bicyclo[2.2.2]octa-2,5,7-triene (barrelene, I) has been of 
considerable theoretical interest, even prior to its synthesis 
in I960.2 Most theoretical studies have focused on the prob­
lem of predicting features of the excited electronic states of 
j^a.3-9 though the availability of high resolution photoelec-
tron spectrometers has stimulated interest in the dominant 
mechanism (through-bond vs. through-space) of coupling 
among the three ir subunits.10-11 Spectral data have been 

A? 
i 

sparse, on the other hand, with only two maxima in ethanol 
having been reported:2 N —• V2, 208 nm (5.96 eV, t at 
1100); N — V1, 239 nm (5.19 eV, t « 300). Now barrelene 
occupies a critical position in relation to semiempirical 
spectral calculations. It may serve as (1) a probe for the 
limits of T-(T separability based on the success or failure of 
x-electron (Pariser-Parr-Pople, or PPP) calculations, and 
(2) an important benchmark for gauging the reliability of 
semiempirical all-valence-electron (AVE) calculations. It is 
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Figure 1. The magnetic circular dichroism spectrum and absorption 
spectrum of bicyclo[2.2.2]octa-2,5,7-triene in cyclohexane: (a) 260-
350 nm; (b) 200-300 nm. 

essential, therefore, that the electronic spectrum of I be un­
derstood as thoroughly as possible. 

Magnetic circular dichroism (MCD) spectroscopy has 
been successfully employed for the extraction of details re­
garding electronic excited states.12 A general theoretical 
analysis of the phenomenon has been presented some time 
ago13 with more recent considerations focusing on the con­
sequences of perturbations, both static and dynamic, of the 
active chromophore.14'8b In addition, the problem of mag­
neto-optical activity of singlet-triplet transitions is current­
ly being addressed.15 The theoretical results pertinent to 
barrelene will be summarized. 

For a molecule characterized by a nondegenerate elec­
tronic ground state the MCD spectrum corresponding to a 
given absorption line may exhibit two kinds of wavelength 
dependence: (1) the MCD curve may be bell-shaped (simi­
lar to that observed in natural CD), corresponding to a non-

e 2oo . 

A (nm) 

Figure 2. The absorption spectrum of bicyclo[2.2.2]octa-2,5,7-triene in 
cyclohexane (- - -), and perfluoropentane( ). The units for t are the 
same as in Figure 1. 

zero B term; (2) the MCD curve may be S-shaped (similar 
to that observed in natural ORD) indicating a nonzero A 
term. The observed MCD spectrum arises as the sum of the 
A and B terms. A nonzero A term always implies degenera­
cy for the electronic excited state, i.e., the molecule contains 
a symmetry axis of at least order 3. It should be noted, how­
ever, that the apparent absence of an A term suggests, but 
does not require, nondegeneracy for the electronic excited 
state. Since barrelene belongs to the symmetry point group 
D3/,, degenerate excited states are a distinct possibility in 
the experimentally accessible region. All reported PPP cal­
culations that have documented excited state symmetries 
assign the first excited state to the irreducible representa­
tion E" under O3*.-3"9 Further, the only available AVE cal­
culation9 predicts several low-lying E" states. Hence an 
MCD study of this molecule may permit possible verifica­
tion of the assignment for the first excited state and, at the 
same time, give insight into the density of states in the near-
uv region. 

Barrelene was prepared by a modification113 of the origi­
nal synthesis,2 and isolated by preparative vapor phase 
chromatography (VPC) on an 80 X 1 in. column. Spectro­
scopic samples were prepared by distillation followed by an­
alytical VPC on a 200 X 0.65 cm column. The packing for 
these columns was 15% Apiezon L on acid-washed Chromo-
sorb P. Purity checks were carried out via VPC experiments 
using the analytical column described above as well as a 
610 X 0.65 cm column packed with 25% FFAP on Chromo-
sorb W. Based on these experiments we consider our sam­
ples to be >99.9% pure. 

The MCD measurements (Figure 1) were carried out 
using a Jasco Model ORD-UV-5 spectrapolarimeter which 
had been modified to perform circular dichroism measure­
ments and to accept a superconducting magnet (Lockheed 
Palo Alto Research Laboratories, Model OSCM-103, 49.5 
kG).16 Wavelength calibration was performed with a hol-
mium oxide solution (4%, in perchloric acid). Molar mag­
netic ellipticities are given in units of deg cm2 mol-1 G - 1 . 
The absorption spectra were obtained on a Cary 14M spec­
trophotometer (Figure 1), and a Cary 15 spectrophotometer 
(Figure 2). No attempt has been made to extract the usual 
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parameters (A/D, B/D, etc.) from the MCD spectra. There 
is substantial overlapping of bands due to the different ab­
sorption lines, usually of about the same molar ellipticity. In 
such a case, in our judgement, values for these parameters 
cannot be obtained (with meaningful accuracy) by the 
usual ad hoc analysis. The more general moment analysis 
approach17 should overcome this difficulty, but is being for­
gone until a more complete spectrum can be obtained. Our 
spectra (vide infra) suggest bands of high molar ellipticity 
immediately below 200 nm. 

In Figure 1 we display the MCD and uv spectra of barre-
lene. Figure la spans the region 260-350 nm, displaying the 
results of runs at higher concentration. A transition is evi­
dent at ca. 4.2 eV (296 nm). No such feature has been pre­
viously reported in this region, nor have the previous calcu­
lations3-9 of singlet excitation energies predicted such a 
low-energy band. The molar ellipticity for this band is low 
([d]m m 10-4), two orders of magnitude smaller than that 
observed for the known singlet (vide infra). Further, the 
molar extinction coefficient is no greater than 2. (This is 
obviously a generous estimate of its magnitude (see Figure 
Ia).) These factors lead us to consider this feature as possi­
bly a singlet —• triplet excitation. The obvious presence of 
an A term implies degeneracy of the upper electronic state, 
but does not distinguish, a priori, between orbital degenera­
cy and spin degeneracy. We have carried out PPP triplet 
state calculations which predict the lowest triplet state to be 
of E" symmetry. We postulate, therefore, that this spectral 
feature arises from the N -* T, (1A/ — 3E") excitation in 
barrelene. 

Figure lb displays the MCD and uv spectra of barrelene 
at lower concentration in the region 210-290 nm. In keep­
ing with all theoretical predictions, the two long-wavelength 
MCD extrema are taken to be associated with the N —• Vi 
(1A/ — 1E") state in barrelene. It should be noted that, 
based on this interpretation, the singlet and triplet for this 
excitation are both characterized by a positive A term and 
negative B term. 

A surprising feature of the MCD spectrum (Figure lb) is 
the extremum at 225 nm, as no excited state was originally 
reported in this energy range (~5.5 eV).2 Further, as this 
region is on the low-energy side of a band with appreciable 
intensity, plots of e vs. X in cyclohexane (Figures lb, 2) are 
inconclusive in this regard. The solvent-induced red shift of 
the more intense transition is diminished in perfluoropen-
tane (PFP). Comparison of the absorption spectra in these 
two solvents (Figure 2) suggests that the band in question, a 
shoulder in PFP, shifts relatively little upon changing sol­
vent, while the next higher transition is apparently subject 
to significant perturbation by solvent changes. The shoulder 
appears at ca. 210 nm, substantially (~15 nm) removed 
from the MCD extremum in question. This discrepancy has 
its origin in the relative phases of the uv and MCD bands 
for N - V 2 and N -* V3. Our studies using idealized band-
shapes show that it is quite reasonable to find a ~10 nm dis­
crepancy in the apparent Xmax based on phase factors alone. 
Hence we feel justified in associating these two features 
with a distinct, heretofore unreported, excited state, actual­
ly N - • V2. (This feature also persists in the ethanol spec­
trum, but was not considered of primary importance at that 
time.18) 

Viewed in this light the MCD for this absorption line is 
characteristic of a positive B term, with the absorption 
spectra suggesting that the transition is probably forbidden. 
Since the MCD suggests that the excited state is nondegen-
erate, we tentatively identify this transition as 1 A/ — 1Ai". 
Other symmetry assignments for the upper state, namely 
1Ai' or 1A2', are possible but such assignments would re­
quire that this excitation be ir ** a in character, as must be 

the formally allowed E' excited states. PPP calculations 
which include transannular /39b generally place the Ai" 
state at much higher energy, while exclusion of them results 
in an accidental degeneracy with the low-lying A2" state. 
Only AVE calculations move this state down into the ap­
propriate energy range.9" This latter formalism has not 
been proven completely reliable, but we feel justified in 
using it to assess qualitative effects. In summary, we cur­
rently favor the assignment 1Ai' -»• 1A," for the N — V2 
excitation. We cannot rule out ir ** a excitations complete­
ly, but the available calculations93 lend no support to this 
type of assignment. 

Instrumental limitations do not permit any MCD data to 
be used for analyzing the ca. 200-nm band, now better des­
ignated a s N - » V3. All calculations seem to place an 1Ai' 
—• 1A2" transition near this region, but disagree regarding 
the predicted oscillator strength,/. In PPP calculations the 
calculated values range from identically zero (no transan­
nular $) to 0.15 (cross-0's included). The AVE treatment 
reduces the / value to 1O-4. We suspect the 1Ai' -» 1A2" 
assignment is correct, but this is a matter for further inves­
tigation. 

It should be noted that there is no indication of any vi-
bronic structure in the spectra presented. Although these 
are solution spectra, it is not uncommon for vibrational 
structure to persist in solution for molecules with high sym­
metry. This lack of structure precludes making firm assign­
ments for the nondegenerate forbidden transition. Thermo-
chemical data19 indicate that there is substantial "strain en­
ergy" associated with the ground state of this molecule. For 
such a molecule the equilibrium nuclear configurations for 
the various excited states tend to be markedly different 
from that of the ground state. Estimates of the geometry 
changes associated with the photoionization process suggest 
that such is the case of barrelene.I0b Our current feeling is 
that solvent-induced line broadening results in a "natural" 
line width of the same order as the spacings in the nonequi-
librium regions of the upper state potential surface. 

The N —• V2 transition merits further discussion, pre­
suming our tentative assignment to be correct. This state 
arises from the 5e' —- 4e" excitation which generates states 
of symmetries Ai", A2", and E". The AVE calculation rep­
resents the 4e" orbital as predominantly (95%) n in charac­
ter, but the 5e' level contains substantial (36%) a character. 
A similar composition of the 5e' orbital is implied in the dis­
cussion of the photoelectron spectrum of I.10b The failure of 
PPP calculations to place any excited state in this region 
may be taken as evidence for the breakdown of ir ** a sep­
arability.20 The shifting of this band does not appear to be a 
consequence of a reorganization as manifested through con­
figuration interaction, but associated with ir-a mixing in­
curred in building up the e' MO's.9a 

There are apparently only three singlet excited states in 
the region X >200 nm. This is contrary to the AVE predic­
tions unless all but the lowest of the E" excited states (vide 
supra) have vanishingly small A and B terms. As this is 
rather unlikely we conclude that the AVE formalism em­
ployed, while useful for assessing qualitative effects, may 
not be sufficiently reliable for quantitative predictions. Its 
principal failing seems to be a tendency to shift (CH — ir*) 
excitations to low energy regions. 
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