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Figure 1. (A) Experimental trace for growth of transient absorbance (at
525 nm) upon 337.1-nm laser flash photolysis of a deaerated solution of
0.05 M o-methylacetophenone and 3.0 X 10 M §-carotene in toluene.
(B) Plots of the observed, first-order rate constant for the growth of
B-carotene triplet absorbance vs. (B-carotene concentration, with o-
methylacetophenone, (a) and 2,4,6-trimethylbenzaldehyde (b) as the
substrates in toluene.
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of 145 and 310 ns for the triplet energy donors derived from OMA
and TMB, respectively.

The only possible way in which the relatively slow formation
of B-carotene triplet can be explained is the energy transfer from
the biradicals IT formed via intramolecular hydrogen abstraction
in the carbonyl triplets. Note that the lifetime of 145 ns for the
triplet precursor in the case of OMA is comparable to that re-
ported? for the corresponding biradical enol, 130 ns in cyclohexane.
The carbony! triplets themselves are too short-lived’ to be iden-
tifiable as the donors. More importantly, addition of carbonyl
triplet quenchers (short-lived) such as 2,5-dimethyl-2,4-hexadiene
and styrene, each up to 0.3-0.4 M, does not make any difference
in the observed rate constant for the growth of g-carotene triplet
absorption (at a particular [B-carotene]). However, the yield of
the carotenoid triplet, measured in terms of plateau absorbance,
gradually decreases as the diene or styrene concentration is in-
creased. This proves conclusively that the precursor for the
carotene triplet is a product derived from the triplets of carbonyl
compounds. The possibility that the observed carotene-related
transient could be a reduction product formed by hydrogen or
electron transfer from the ketyl sites of biradicals is ruled out by
experiments in which p-methoxyacetophenone, an electron-rich
ketone, is flash photolyzed in the presence of $-carotene and excess
of triethylamine; the intense T-T absorption of 3-carotene observed
in the absence of triethylamine is nearly totally suppressed when
the latter is added in sufficiently large concentration to quench
the p-methoxyacetophenone triplet and thereby generate the (p-
methoxyphenyl)hydroxymethyl radical.

Using styrene as a carbony! triplet quencher over a wide range
of concentrations (<35 mM), we have obtained Stern—Volmer
plots for the quenching of 3-carotene triplet yields (at constant
[B-carotene]) with OMA and TMB as substrates. With TMB,

the plot is linear with a slope (k,77T) of 5.0 M, giving a lifetime
of 0.6 ns for the TMB triplet (on the basis of k,T = 8.0 X 10°
M s measured from benzophenone triplet quenching by sty-
rene). On the other hand, the plot in the case of OMA is bent
sublinearly, suggesting the involvement of more than one carbonyl
triplets as precursors of biradicals. Analysis® of the data in terms
of contributions from syn (short-lived) and anti (long-lived) forms
of OMA triplets, as proposed by Wagner,? gives the corresponding
k,TrT-values as 1.1 and 74 M™!, respectively, with the former
contributing to the extent of 75%. Thus, the lifetimes of the two
triplets are 0.14 and 9.3 ns, respectively (in toluene). A comparison
of the data concerning biradical and carbonyl triplet lifetimes
obtained in toluene by the present method to those for the same
systems measured in wet acetonitrile by paraquat reduction’ shows
that both biradical and triplet lifetimes in toluene are substantially
shorter. Pronounced solvent effect on biradical lifetimes has been
documented in previous studies.**

A few other carotenoids, namely, 5-apo-8'-carotenal (a polyenal
with 10 double bonds including C==0) and lycopene, are found
to accept triplet energy from the biradical derived from TMB,
in the same fashion as $-carotene does. The triplet energy of
B-carotene has been estimated!® within the limits of 21 and 25
kcal/mol. Since the rate constant for energy transfer to -carotene
is almost that of diffusion, the biradicals (triplet states of pho-
toenols) must have triplet energies as high as the carotene. In
view of this, the results of semiempirical calculations® that put
the triplet photoenol of OMA ~ 10 kcal/mol above the ground
state become subject to reevaluation.
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(8) The data were fit into an equation of the form

AOD,T/AODT = 1/ % afl + k,f77[QD), oa=1
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where AODT represents the plateau absorbance of S-carotene triplet at a
styrene concentration [Q], AOD,T represents the same in the absence of
styrene, and «;’s are fractional contributions of the two triplets.
(9) Small, R. D., Jr.; Scaiano, J. C. Chem. Phys. Lett. 1978, 59, 246~248.
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As a test! of theoretical predictions?™™ of the total electronic
spin of molecules, we have synthesized 3,6-dimethylene-
anthracenediyl-1,7-dioxy (1), a new type of m-conjugated non-
Kekulé system with four unpaired electrons. This species may

(1) For a related study, see: Seeger, D. E.; Berson, J. A. J. Am. Chem.
Soc. 1983, 105, accompanying article.

(2) (a) Wasserman, E.; Murray, R. W,; Yager, W. A ; Trozzolo, A. M.;
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Lett. 1967, 1, 235. (c) Itoh, K. Pure Appl. Chem. 1978, 50, 1251. (d) Huber,
R.; Schwoerer, M. Chem. Phys. Lett. 1980, 72, 10. () Schwoerer, M.; Huber,
R. A; Hartl, W. J. Chem. Phys. 1981, 55, 97. (f) Wasserman, E.; Schueller,
K.; Yager, W. A. Chem. Phys. Lett. 1968, 2, 259. (g) Breslow, R.; Jaun, B,;
Kluttz, R. Q.; Xia, C. Tetrahedron 1982, 38, 863. (h) Buchachenko, A. L.
Dokl. Akad. Nauk SSSR, Engl. Transl. 1970, 244, 1146. (i) Mataga, N.
Theoret. Chim. Acta 1968, 10, 372. (j) McConnell, H. J. J. Chem. Phys.
1963, 39, 1910 and references cited in ref. 1g. (k) Ovchinnikov, A. A. Theor.
Chim. Acta 1978, 47, 297. (1) Ovchinnikov, A. A.; Misurkin, I. A. Russ.
Chem. Rev. (Engl. Transl.) 1977, 46, 967. (m) Kertesz, M.; Koller, J;
Azman, A. A. Z. Naturforsch. 1979, 34a, 527. (n) For a review see: Borden,
W. E.; Davidson, E. R. Ann. Rev. Phys. Chem. 1979, 30, 125. (o) Teki, Y ;
Takui, T.; Itoh, K.; Iwamura, H.; Kobayashi, K. J. Am. Chem. Soc. 1982,
105, 3722.
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Figure 1. (A) Am, = | region of the primary EPR spectrum from
photolysis at 305 < X = 525 nm of a frozen 2-methyltetrahydrofuran
solution of 6 after 30 s. The triplet ZFS parameters are |D|/(hc) =~
0.020 cm™ and |E|/hc) =~ 0.005 cm™, (B) EPR spectrum from pro-
longed photolysis at A = 425 nm of the preparation shown in Figure 1A,
The X’s mark H atom resonances. For an explanation of the lines and
arrows, see text. The quintet ZFS parameters are |D}/(hc) = 0.01174
cm™ and |E|/(hc) = 0.00315 cm™.

be looked upon as a primitive prototype of a hypothetical extended
array in which an indefinitely large network of electrons with
parallel spins displays ferromagnetic properties.!™

The previously reported*® generation of the biradicals 2 and
3 by photolysis of the enone 4 and benzoenone § serves as models
for the synthesis of 1 from the pentacyclic diketone 6 by sequential
photolyses of the two bridge bonds.
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The synthesis® of the pentacyclic diketone 6 was achieved in
six steps from s-hyrindacene-1,7-dione, which in turn was prepared
by two independent routes from the known substances m-
benzenedipropionic acid® and s-hydrindacen-1-one.!?

(3) Mattis, D. C. “The Theory of Magnetism”; Springer-Verlag: West
Berlin, 1981; Vol. 1.

(4) Rule, M.; Matlin, A. R.; Hilinski, E. F.; Dougherty, D. A.; Berson, J.
A.J. Am. Chem. Soc. 1981, 101, 5098.

(5) Seeger, D. E.; Hilinski, E. F.; Berson, J. A. J. Am. Chem. Soc. 1981,
103, 720.

(6) Rule, M,; Matlin, A. R.; Seeger, D. E.; Hilinski, E. F.; Dougherty, D.
A. Berson, J. A. Tetrahedron 1982, 32, 787.

(7) Matlin, A. R,; Inglin, T. A.; Berson, J. A. J. Am. Chem. Soc. 1982,
104, 4954.

(8) (a) New substances were characterized by their elemental compositions
and spectroscopic properties (NMR, IR, MS). (b) Details are given by:
Seeger, D. E. Ph.D. Thesis, Yale University, New Haven, CT, 1983.

(9) Kipping, J. S. Chem. Ber, 1888, 21, 37.
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Irradiation (305 nm < \ < 525 nm) of a degassed frozen (77
K) solution of either stereoisomer of the pentacyclic diketone 6
at 36 K for 30 s in the microwave cavity of the electron para-
magnetic resonance (EPR) spectrometer (Varian E-9) produced
an orange color and an EPR spectrum (Figure 1A) very similar
to those previously observed®® in the irradiation of the tricyclic
model compound 5. In particular, the “forbidden” Am, = 2
transition diagnostic of a state with ' = 1 was observed at ~ 1620
G. The total spectral width (approximately 2D) of the Am, =
1 region was ~450 G, essentially the same as that observed** for
the triplet ground state of the model biradical 3. The synthetic
method and spectroscopic features permit the assignment to the
carrier of the main EPR signal, at the primary level of photolysis,
of a triplet state of structure 7, in which one of the two bridge
bonds of 6 has been opened.

The Am, = 1 region of the primary spectrum showed some
additional resonances (marked by arrows in Figure 1A). These
signals almost entirely replaced those of 7 (marked with lines in
Figure 1A) when the optical filter was changed to pass A = 425
nm and irradiation was continued for 180 m. The new spectrum
consisted of at least nine discernible, widely spaced lines that
spanned a range of nearly 800 G (Figure 1B). It persisted after
irradiation was stopped, and the shape was independent of tem-
perature over the range 15-80 K. A search at lower fields for
additional absorptions corresponding to Am;; = 2 was unsuccessful.
We assign this secondary spectrum to a quintet state of the tet-
raradical 1 on the following grounds.

The anisotropic electron spin dipolar interactions of a randomly
oriented quintet species with an applied magnetic field can give
rise to a maximum of 12 absorptions in the Am, = 1 region (four
for each canonical orientation of the molecular axes).2!"!2 The
nine lines observed here suggest three accidental superpositions
of resonant fields. Approximate values for the zero-field splitting
(ZFS) parameters D and E were obtained from the positions of
the two highest field transitions (H; and H,) combined with the
perturbational solution?® of the quintet Hamiltonian: D = (H,
- Hy)/3 and H, = Hy+ 3/,(D + 3E). The spectrum was then
simulated by diagonalization of the S = 2 approximate Hamil-
tonian matrix?®!112 for each of the three canonical orientations
at regular intervals over the magnetic field range, using as input
data the microwave frequency, D, E, and g. Intensities were not
calculated, and higher order spin—orbit terms!? were neglected.

The best fit to the turning points of the spectrum was obtained
with |D|/(hc) = 0.01174 cm™, |E|/(hc) = 0.00315 cm™, and g
= 2.0054. These parameters led to the calculated transitions
(dashed lines) shown in Figure 1B, which match all the observed
values with an error of 0.1-2.3% of the total spectral width. In
particular, the three anticipated coincidences are reproduced by
the calculation.

Because the number of spins doubles and because the quintet
signal is inherently ¢/ as intense per electron as the triplet signal, !¢
a quantitative conversion 7 — 1 would have increased the doubly
integrated signal intensity by a factor of 2.4. Actually, since 7
was not formed completely free of 1 in the initial photolysis and
since the 7 — 1 secondary photolysis reaction did not reach
completion because of the internal filter effect as 1 accumulated,
the observed increase was only 1.7. This was nevertheless sufficient
to demonstrate the net formation of a higher spin (quintet) signal
carrier from a lower spin (triplet) paramagnetic precursor.

(10) Arnold, R. T.; Rondestvedt, E. J. Am. Chem. Soc. 1945, 67, 1265.

(11) (a) Higuchi, J. J. Chem. Phys. 1963, 38, 1237; (b) Ibid. 1964, 39,
1847,

(12) Dowsing, R. D. J. Magn. Reson. 1970, 2, 332.

(13) (a) Huber, R. Ph.D. Thesis, Universitit Bayreuth, 1981, as cited in
ref. 2e. (b) Abragam, A.; Bleaney, B. “Electron Paramagnetic Resonance of
Transition Ions;” Oxford University Press: Oxford, 1970,

(14) (a) The probability of an EPR transition is proportional to AN, the
population difference between the sublevels of the paramagnetic state. If the
g factors for isomeric states of different multiplicity are similar, the AN and
hence the transition probability for each state will be inversely proportional
to the number of sublevels. Four electrons will be spread almost evenly over
five or six levels for the quintet and two triplets, respectively. Hence the
intensity factor per electron will be /5. (b) For an earlier discussion, see:
Platz, M. S.: Berson, J. A. J. Am. Chem. Soc. 1980, 102, 2358.
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Significantly, prolonged irradiation of the model triplet species
3 at A 425 nm produced no change in EPR signal intensity or line
shape.

The signal intensity of the quintet spectrum was linear (r =
0.988) with reciprocal temperature over the range 15-70 K. At
least part of the curvature observed at the lowest temperatures
was caused by saturation, as was demonstrated by a saturation
plot.

Although a thorough discussion®® of alternatives must be de-
ferred to a full paper, these data are most reasonably interpreted
to mean that the ground state of 1 is quintet and that no nearby
state is thermally populated within the experimental temperature
range. Strictly, Hund’s Rule does not apply here, because the
double heteroatom perturbation of the 7-electron!® system of 1
prevents degeneracies of half-occupied orbitals at the single-
electron theoretical level. That the state of highest multiplicity
nevertheless is favored demonstrates the powerful influence of
electron repulsion effects in non-Kekulé molecules.
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(15) For evidence that 2, 3, and hence probably 1 are - rather than
g-radicals, see: Hilinski, E F.; Seeger, D. E.; Matlin, A. R. J. Am. Chem.
Soc., submitted for publication.
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Theory predicts that disjoint biradicals, which have NBMO
wave functions confinable to separate spatial domains, are likely
to violate Hund’s Rule and have low-spin ground states as a
consequence of dynamic spin polarization.!”> Moreover, semi-
empirical valence bond considerations* suggest that for alternant
w-systems, the total spin of the ground state will be given by S
= (n* -n)/2, where n* and n are the numbers of starred and
unstarred w-centers. Non-Kekulé molecules with n* = n can be
shown! to be disjoint, so that both lines of argument favor a singlet
ground state in such cases. The present paper describes a test
of these theories.

The two non-Kekulé systems 1° and 2 illustrate the contrasting
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predictions evoked by a seemingly superficial alteration of atomic
connectivity.

(1) Borden, W. T.; Davidson, E. R. J. Am. Chem. Soc. 1977, 99, 4587.

(2) See also: Huckel, E. Z. Phys. Chem., Abt. B 1936, 34, 339.

(3) Kollmar, H.; Staemmler, V. Theor. Chem. Acta 1978, 48, 223.

(4) (a) Ovchinnikov, A. A. Theor, Chem. Acta. 1978, 47, 297. (b) Mi-
surkin, I. A.; Ovchinnikov, A. A. Russ. Chem. Rev. (Engl. Transl.) 1977, 46,
967. (c) Klein, D. J. Pure Appl. Chem. 1983, 55, 299. (d) Klein, D. J.; Nelin,
C. J.; Alexander, S.; Matsen, F. A. J. Chem. Phys. 1982, 77, 3101.

(5) For the synthesis of the tetraradical 1, see: Seeger, D. E.; Berson, J.
A. J. Am. Chem. Soc. 1983, 105, preceding article.

Table I. Experimental Refutations of Candidate Structures for
the Carrier of the Secondary EPR Signal®

experiment
1 2 3
candidate structure (solv.) (label) (intensity)

a [22-H- + ?R‘] X X XM
b ?[2-H: R:] X X
¢ ?[2-H] X
d ?[R"] X X X
e ®[2]

¢ A matrix element Xj; indicates refutation of structure i by
experiment j.

Methods similar to those employed in the companion paper?
led to two independent syntheses of a separable mixture of two
stereoisomers of the pentacyclic diketone 3, which is a precursor
of 2. Irradiation (high-pressure Hg arc) of a degassed, glassy
solution of either stereoisomer of 3 in 2-methyltetrahydrofuran
(2-MTHF) at 77 K in the cavity of the electron paramagnetic
resonance (EPR) spectrometer (microwave frequency 9.181 GHz)
for 30 s produced a persistent spectrum (Figure 1A) and a red-
orange color. The visual color, the magnitude of the zero-field
splitting, and the Am, = 2 transition near 1630 G were very similar
to those of 3-methylenenaphthalenyl-1-oxy® and suggest that the
signal carrier is the triplet biradical 6. Further irradiation at A
2 425 nm caused the primary triplet signal to disappear and be
replaced by a narrow intense secondary pattern (Figure 1B). We
assign the secondary pattern to a triplet state of the tricyclic
biradical 2 for the following reasons:

(1) The spectra observed in ethanol and perdeuterioethanol
glasses were identical with those in 2-MTHF. This suggests that
no part of the signal carrier is derived from the solvent.

(2) When the experiment was repeated with deuterium-labeled
diketone, 3-d,, the secondary pattern was markedly simplified
(Figure 1C) by the elimination of the hyperfine interaction. The
signal carrier thus must be structurally derived from 3.

(3) The doubly integrated intensities of the secondary and
primary spectra were the same within experimental error (£8%).
This is consistent with preservation of the total number of spins
during the photoconversion of the primary to the secondary signal
carrier.

The conceivable candidates for the carrier of the secondary
spectrum are (a) two doublet radicals, 2-H- and R+, formed, for
example, by hydrogen transfer from solvent RH to 2, (b) a triplet
radical pair, formed as in a, (c) a doublet derived from the 2-H.
portion of the pair a or b, (d) a doublet derived from the solvent
portion R. of the pair a or b, and (e) the triplet biradical 2. The
predicted changes in signal intensities’® for quantitative con-

(6) Seeger, D. E.; Hilinski, E. F.; Berson, J. A. J. Am. Chem. Soc. 1981,
103, 7120
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