720 J. Am. Chem. Soc. 1981, 103, 720-721

| )
13
[4+1]
double bond (13). The complete proposed mechanism follows:
DP + Ar,N* = Ar,N: + DP*
DP* + D > A*
A* +DP = A + DP*
D = diene, DP = dienophile, A = adduct

(4 +2]*

}propagation

The cation-radical Diels—Alder reaction appears to be of sub-
stantial synthetic, mechanistic, and theoretical interest. All of
these aspects are currently being pursued. Potential applications
to natural products synthesis seem especially promising.
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A challenging experimental and theoretical problem in the study
of biradicals' (or, more generally, of multiradicals) is the iden-
tification of the total electronic spin of the ground state. For those
conjugated = systems in which a degeneracy or near degeneracy
of singly occupied orbitals occurs,? qualitative theory customarily
has invoked Hund’s first rule,® which predicts the lowest energy
state of a given electronic configuration to be the one of highest
multiplicity. More recent theoretical approaches*® suggest that
violations of the rule may be expected in some cases.

Beyond that, no guidelines are available for systems in which
approximate MO calculations do not show the required degen-
eracy. An important group of such molecules may be constructed
hypothetically by heteroatom-for-carbon substitution in a non-
Kékulg alternant hydrocarbon.” Two such examples have been
realized experimentally. Platz and Burns® prepared 1-
methylene-8-naphthiminyl (1) and concluded that it has a triplet
ground state on the basis of a linear Curie plot of the intensity
of the electron paramagnetic resonance (EPR) absorption over
the temperature range 17-83.5 K.  Our group,’ by irradiation
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of 6-methylenebicyclo[3.1.0]hex-3-en-2-one (2) at 10 K, generated
the EPR signal of a triplet and assigned to the carrier species the
structure 3-methylenephenoxyl (m-quinomethane, 3) on the basis
of its mode of synthesis and its zero-field splitting parameter,
| D]/ ke = 0.0266 cm™, a value which was in agreement with that
calculated by a semiempirical method. However, the temperature
range between the onset of serious saturation of the transitions
(~15 K) and the irreversible disappearance of the signal (>40
K) was too narrow to permit an accurate determination of ad-
herence to the Curie law. This prevented the assignment of the
ground spin state.

We now report the synthesis and more complete characteri-
zation of the analogue 3-methylene- 1-naphthoxyl (m-naphtho-
quinomethane, 4). This work substantiates the previously reported®
structural assignment to 3 and provides information on the relative
energies of the triplet and lowest singlet states of 4.

The synthesis of 4 is inherently simpler than that of 3, because
the benzannelated ketal starting material 5!! already is at the
correct oxidation state to produce the precursor enone 6'° (Scheme
I).

Brief irradiation of a glassy (2-methyltetrahydrofuran) or
polycrystalline (benzene) matrix of the enone 6 with a mercury
arc at low temperature produces a bright orange color (compare
the yellow color observed upon irradiation of 2). When the re-
action is carried out in the cavity of a Varian E-9 EPR spec-
trometer (microwave frequency = 9.118 GHz), a signal charac-
teristic!? of a randomly oriented triplet species rapidly appears
(Figure 1). In addition to the diagnostic weak Am, = *£2
transition near 1621 G, the spectrum shows a six-line Am, = %1
pattern centered around 3250 G, which can be fitted to a spin
Hamiltonian'? with the zero-field splitting parameters (in cm™)
|D|/hc = 0.0204 £ 0.0002 and |E|/hc = 0.0052 % 0.0004.

The |D|/ ke value is significantly smaller than that observed®
for the monocyclic diyl 3, as would be expected. Diyl 4 has a larger
conjugated 7 system, which would favor a larger average sepa-
ration of the unpaired electrons and hence a smaller spin—dipolar
coupling. This comparison can be put on a quantitative basis by
a calculation of the |D|/hc value of 4 as 0.022 cm™, by using the
same semiempirical approach we applied® to 3 (CNDO wave
functions, neglect of a spin—orbit contribution to |D|, point-charge
approximation, and scaling factor of 0.5). The agreement between
the observed and calculated |D|/hc values lends credence to the
structural assignments to 3 and 4.1¢

Further support is provided by evidence that the carrier of the
EPR signal has substantial spin density on oxygen. The spectrum
of 4, like that of 3,° can be fitted only by the use of an anisotropic
g tensor. Shifts of g associated with spin—orbit perturbation by
heteroatoms are well-known.!S Moreover, oxygen hyperfine
splitting can be detected in a sample of 4-'70, generated by ir-
radiation of 6-70, ~40% enriched,!” which in turn is prepared
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Figure 1. EPR spectrum of the triplet species 4 generated by irradiation
of a 2-methyltetrahydrofuran matrix of enone 6 at 77 K. The small
absorption near 3245 G is due to cavity background.

by hydrolysis of the corresponding ketal with H,'"O/HCL!™ The
details of the splitting cannot be seen in the randomly oriented
sample, but increased line widths and altered line shapes, especially
of the lowest- and highest-field Am, = %1 transitions, are clearly
discernible in the EPR spectrum of the labeled material (Figure
2). Similar perturbations of the extreme Am, = %1 transitions
of the monocyclic analogue 3 now also have been observed.!®

In a polycrystalline matrix prepared by irradiation at 193 K
of a frozen 0.1 M benzene solution of 6, the EPR signal of 4 decays
to about 5% of its original intensity with a rate that can be fitted
to second-order kinetics. The remaining signal, which upon
rescanning is seen to be identical in form with the starting
spectrum, persists for a time equivalent to many additional
half-lives of the second-order reaction. We tentatively interpret
this behavior to mean that biradicals are generated in nonho-
mogeneous distribution in the matrix. Whether dimers corre-
sponding to the second-order process can be observed on a
preparative scale is not yet known.

A plot of the EPR signal intensity of 4 vs. reciprocal of absolute
temperature is linear in the range 16-85 K. Below 16 K, the plot
is convex, but at least part of this curvature is attributable to
saturation associated with slow restoration of the Boltzmann spin
distribution, as is clear from the nonlinear dependence of the signal
intensity 7 upon the square root of the microwave power.”® If
we ignore the contribution of this effect and assume that the
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Figure 2. (a) Expanded view of the high-field z transition of 4. (b) The
high-field z transition of 4-170, 40% isotopically enriched.

curvature in the experimental intensity I vs. 1/T plot is due solely
to thermal population of a triplet state from a hypothetical singlet
ground state, we may estimate an upper limit of the energy gap
between these states by matching the experimental points to a
curved plot calculated from eq 1 by using varying small values

I=(a/T)3exp(-AE/RT)]) /(1 + 3[exp(-AE/RD)]) (1)

of AE. Ineq 1, the constant a is determined empirically from
the linear portion of the plot (>30 K). By this procedure, we
conservatively estimate that the singlet cannot be lower in energy
than the triplet by more than 0.01 kcal/mol. Accordingly, either
the triplet and singlet are nearly degenerate or the triplet is the
ground state.

Detailed theoretical treatment of the spin states of such systems
would be valuable. In the meantime, the present and previous®?
empirical evidence suggests that heteroatomic analogues of non-
Kékulé hydrocarbons potentially constitute a large class of
molecules that have high-spin ground states, even when the
heteroatom substitution lifts the degenéracy of the Hiickel
NBMOs.®
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The levorotatory epoxy ester 1 has previously been synthesized
in this laboratory and applied to the preparation of leukotriene
A (2)! which is a synthetic? and biosynthetic? progenitor of the
slow reacting substances (SRS’s) leukotrienes C,* D,and E* In
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