pounds have an enhanced n-7* transition at 4.02 eV.!
The lowest excited singlet state is composed primarily
of n-7* (n + wec = T¥co — m*cc) (54 %) and alkene-
carbonyl charge transfer (mcc — n = 7*co — 7*cc)
(329) configurations, in agreement with the traditional
explanation of the enhancement of absorption of n-7*
transitions in 8,y-unsaturated ketones.!

The lowest triplet state calculated by this method is
not an n-7* state, but consists instead mainly of a
m-m* configuration (mecc — n— m¥cc + m*co) (76 %).
This state is predicted to lie 2.17 eV above the ground
state. Although the calculated excited state energies
are too low, the relative energetic ordering of states
seems secure. For example, 'n-7* and 3n-7* states
of simple ketones lie about 3.64 and 3.38 eV above the
ground state, respectively, while !m-7* and 37-7*
states of cyclic alkenes lie about 6 and 3.2 eV above
the ground state, respectively.’® Furthermore, phos-
phorescence from trans-5-hepten-2-one occurs from an
alkene m—m* triplet indicating that a disubstituted alkene
triplet is lower in energy than a carbonyl ®n-7* state.!!

These calculations provide a reasonable qualitative
rationalization for the differing behavior of 8,y-un-
saturated ketone singlets and triplets. By noting bond
order differences between the ground state and an
excited state, probable bonding changes in the excited
state can be predicted.!? Thus, the first excited singlet
state (n—-7*) involves removal of an electron from a
strongly « (C-2-C-3) bonding orbital and occupation
of an orbital which has no « bonding and is weakly
C-2-C-5 bonding, but C-2-C-4 antibonding. Clearly,
« cleavage and/or C-2-C-5 bonding, leading ultimately
to a 1,3-shift product, will be favored from the excited
singlet state. The n-=* triplet state is similar in con-
figurational composition to the n-r* singlet state and,
due to neglect of differential overlap in this calculation,
lies at 3.27 eV. Reactions from these two states should
be similar.

By contrast, the lowest excited triplet state (7~7*)
involves little weakening of the a bond since mainly
mwee-n is vacated, and an electron fills an orbital which
is C-2-C-4 bonding, but C-2-C-5 antibonding. Ini-
itial bonding changes in the triplet state would
lead to diradical 3 as an intermediate or as one species
on the concerted reaction surface. Another bonding
change which is present in the triplet state is strong
weakening of the mcc bond. This bond order charge
is much smaller in the excited singlet state. Thus, in
addition to undergoing oxa-di-r-methane rearrange-
ment, the triplet state might be expected to undergo
cis,trans isomerization and, in cyclic cases, reactions
characteristic of perpendicular or highly strained trans-
cycloalkenes.

(10) N, J. Turro in “Energy Transfer and Organic Photochemistry,”
A. A, Lamola and N. J. Turro, Ed,, Wiley-Interscience, New York,
N. Y, 1969.

(11) S. R. Kurowsky and H, Morrison, J. Amer. Chem. Soc., 94, 507
(1972). After submission of this manuscript, phosphorescences from
a number of 8,v-unsaturated ketones were reported: K. G. Hancock
and R. O. Grider, J. Chem. Soc., Chem. Commun., 580 (1972). The
assignment of these phosphorescences to emission from »-7* states
based on relatively long triplet lifetimes (5.4-210 msec) is in complete
accord with the calculations reported herein.

(12) R. Daudel, Advan. Quantum Chem., 3, 161 (1967); 5, 1 (1970);
J. P. Malrieu, Photochem. Photobiol., 5, 291, 301 (1966); G. Feler,
Theor. Chim. Acta, 10, 33 (1968); H. E. Zimmerman, Photochem.
Photobiol., 7, 519 (1968); H.E.Zimmerman and A. A. Baum, J. Amer.
Chem. Soc., 93,3646 (1971), and references therein.
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All of the experimental evidence obtained for a wide
variety of B,y-unsaturated ketones is compatible with
this model. Thus, B,y-unsaturated ketone singlets
generally undergo [1,3] sigmatropic shifts, but « cleav-
ages have been detected in a few cases.®*!%!4 Closely
related a-phenyl ketones undergo « cleavage from a
3n-* state,!® but these molecules should have a lowest
n-m* triplet since the triplet energy of benzene is
about 3.65¢V.

B,v-Unsaturated ketone triplets generally undergo
the oxa-di-r-methane rearrangement, and, in some
cases, other reactions characteristic of alkene w-7*
triplets such as intra-'4!% or intermolecular® [2 + 2]
cycloaddition, cis,trans isomerization,’®* and photo-
reduction.” In addition, phosphorescence from a
rather long-lived (w—m*) triplet has been observed with
one f3,vy-unsaturated ketone. 31!

Further support for the validity of this rationaliza-
tion may be found in our use of the Jaffé CNDO method
to explain differences in 3,5-cycloheptadienone photo-
chemistry resulting from subtle structural changes.!®
These kinds of arguments, which appear not to have
been applied to nonplanar = systems previously,
may prove of more general applicability in considera-
tions of photochemical reactivity.
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Intramolecular Thermal Cycloadditions of
1,8-Divinylnaphthalene and 1,8-Distyrylnaphthalene
Sir:

As an extension of our studies of the intramolecular
photochemical cycloaddition reactions of 1,8-divinyl-
naphthalene (I1a) and trans,trans-1,8-distyrylnaphthalene
(I),»2 we have examined the corresponding thermal
ring closures of these compounds. Thermal [2 + 2]
cycloadditions of simple olefins are not common,? and

(1) J. Meinwald and J. W. Young, J. Amer. Chem. Soc., 93, 725 (1971).

(2) J. Meinwald, J. W. Young, E. J. Walsh, and A. Courtin, Pure
Appl. Chem., 24, 509 (1970).

(3) J. D. Roberts and C. M., Sharts, Org. React., 12, 1 (1962); see also
ref 4,

(4) S. F. Nelsen and J. P, Gillespie, J. Amer. Chem. Soc., 94, 6237
(1972),
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the constraints imposed upon such reactions by orbital
symmetry factors® make them of more than usual
mechanistic interest.

Heating Ia in solution above 150° gave a nearly
quantitative yield of two isomeric products, peri-
naphthobicyclo[3.1.1]heptene (I1Ila) and peri-naphtho-
bicyclo[3.2.0lheptene (IVa) in a ratio of about 3:1.
The same two products are obtained from the ir-
radiation of Ia in cyclohexane, but in a ratio of about
10:1.' As in the photochemical process, the product
ratio from the thermal reaction was unaffected by
changes in solvent (a-chloronaphthalene, triethylene
glycol, bromobenzene, and dimethyl maleate).

The effects of substituents on the rate and course of
the cycloreaction were probed using 3- and 4-bromo-
1,8-divinylnaphthalene (Ib and Ic) prepared by the
method of Mitchell and Sondheimer® from the corre-
spondingly substituted 1,8-naphthalic anhydrides.”s

7/ Ph Ph ‘
9@ _C 4@
* 0 X
Y Y
I I 11
a,X=Y=H
b,X=Br;Y=H
¢ X=H;Y=Br
' Ph H Ph Ph
C’O oI o%
OO 4@
Y
v \" VI
Ph Ph H H
a4 Ph ‘ Ph
VII VIII

The anticipated cycloadducts (IIIb,IVb and Illc,IVc)
were obtained on heating, and product ratios and
kinetic data, measured by nmr (in pentadeuterio-
bromobenzene at 136.0 = 0.5°), are presented in
Table I. The modest shifts in the product ratios
for the 4-bromo case could arise from resonance
interactions, conformational distortions due to a second
pair of peri interactions,® or, in the photochemical
reaction, an internal heavy atom effect.?®* The
minuscule rate effects are in the direction expected for
reactions leading to an electron-deficient center.

Since the photochemistry of trans,trans-1,8-distyryl-
naphthalene (II) is closely related to that of the un-
substituted 1,8-divinylnaphthalene (I),-? and since the

(5) R. B. Woodward and R. Hoffmann, “The Conservation of Or-
bital Symmetry,”’ Academic Press, NewYork, N. Y., 1970.

(6) R. H. Mitchell and F. Sondheimer, Tetrahedron, 24, 1397 (1968).

(7) H. G. Rule and S. B. Thompson, J. Chem. Soc., 1764 (1937).

(8) W.J. Mitchell, R. D, Topson, and J. Vaughan, ibid., 2526 (1962).

(9) V. Balasubramaniyan, Chem. Ret., 66, 567 (1966).

(10) N. J. Turro, “Molecular Photochemistry,” W. A. Benjamin,
New York, N. Y., 1965.

Table 1

Product ratio II/IIT
Starting  Photo-

material chemicale  Thermal® Rate’
Ia 10 2.5 1.19 +£0.03 X 1073
Ib 11 2.5 0.98 = 0.07 X 10°¢
Ic 7 6.0 1.07 £ 0.06 X 1073

e In cyclohexane (0.002 M) using a 450-W Hanovia lamp with
Pyrex filter. b In triethylene glycol at 200°. ¢ Thermal reaction in
pentadeuteriobromobenzene, min~!, at 136,0 = 0.5°,

phenyl substituents in II provide an opportunity to
follow the steric course of these reactions, we turned
next to the thermal reactions of 1I. Heating II in
triethylene glycol at 160° was found to give but a single
monomeric product, V. This is in marked contrast to
the photochemical reaction of 11, which yields V (40 %),
along with VI (389) and VII (59).! At temperatures
above 180°, small amounts of still another isomer are
also obtained. Spectral evidence (nmr, ir, mass
spectrometry) and chemical degradation (ozonolysis
and esterification to give cis,cis,cis-1,2,3,4-tetracarbo-
methoxycyclobutane?) are consistent with structure VIII
for this additional isomer.

The clean transformation of II to V at 160° might
result either from a stereospecific, concerted s,a cyclo-
addition,® or from the generation of a long-lived 1,4
biradical!! (IX-A) from the sterically favored anti
conformation of II (II-A), since rotation of the terminal

CHPh

Ph Q Ph
II-A IX-A

benzylic site into the sterically most expeditious con-
formation for ring closure would lead to V. At
higher temperatures, a 1,4 biradical might also arise
from the energetically less favored syn conformer
I1-S.:2 Ring closure to give the 1,4 biradical 1X-S,
followed by ring inversion, could yield both isomer V
and the minor product VIII,

H
Q . _+Ph — V + VI
s St o

1I-S IX-S

The thermal ring closure of II is some four times
faster than that of I, conmsistent with the increased
stability that the phenyl substituent should confer upon
intermediates of type IX. The absence of the “head-
to-head” isomer VII among the thermal products
produced from 1I (while IVa comprises over a quarter
of the thermal cycloadducts from la) could reflect the
reduced importance of the requisite conformer II-S

(11) No radical intermediate could be intercepted by carrying out the
reaction in dimethyl maleate or dimethyl fumarate. However, isom-
erization of dimethyl maleate to the cis diester at 180° was accelerated
in the presence of II. In the nmr at 200° in a-chloronaphthalene or a
biphenyl melt, the transformation of II was accompanied by a persis-
tent, strong, complex absorption at about é 4 ppm.

(12) For evidence that this pathway may indeed dominate the ther-
mal ring closure of Ia, seeref 4.
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resulting from larger nonbonding interactions in II
compared to I. Alternatively, either preferential
cyclization to IX rather than X (which has much less
favorable interaction of the radical sites with the aro-
matic system) or the steric inhibition to ring closure
and hence slower rate of reaction of the highly stabilized
biradical XI could accommodate our observations. In
the case of I, thermal closure to form the unsubstituted
analogs of IX and X appears to be almost comparably

Q . Ph
' Ph

good. While a detailed picture of these reactions is
not yet available, our results may be most simply
interpreted on the basis of an unusually easy, sterically
facilitated bond formation between unsaturated 1,8
substituents on a naphthalene nucleus, producing 1,4
biradicals which collapse to the observed cycloadducts.

CHPh
% CHPh

XI
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Thermal Rearrangements of
1,6-(1/,8’-Naphthalene)-1,5-hexadienes
Sir:

The title compound 1 is of particular interest be-
cause of the large amount of 7 strain! expected since
the peri bridge holds the olefinic frameworks roughly
perpendicular to the plane of the naphthalene ring,
and hence forces the olefinic = clouds against each
other. Attempted preparation of 1 by reaction of the
Wittig reagent derived from 1,4-dibromobutane (2)?
with 1,8-napthaldehyde (3)? in refluxing ether-benzene
gave a 209 yield of cis-divinylacenaphthene (4), mp
79.5-80.5°, as the major isolated hydrocarbon. For
4, the following characteristics were observed: nmr
(CDCl;) 8 4.07 (m, 2 benzylic H), 5.0-6.2 (m, 6 vinyl H),
7.1-7.9 (m, 6 H); uv (hexane) Auax 218 nm (log € 4.77),
229 (4.88), 266 (3.65), 277 (3.85), 288 (3.93), 299 (3.76),
305 (3.56), 315 (3.16), 319 (3.16); mass spectrum m/e
206 (M+, 45), 152 (100). The cis stereochemistry of 4
was proven by its formation in 9497 yield by the rert-
butyllithium cleavage of the cyclobutane derivative 5,
which was prepared from the photoadduct of maleic
anhydride and acenaphthalene.*

When the reaction of 2 and 3 was carried out at room
temperature, in addition to 4, two thermally labile

(1) S. F. Nelsen and J. P. Gillespie, J. Amer. Chem. Soc., 94, 6238
(1972).

(2) A. Mondon, Justus Liebigs Ann. Chem., 603, 115 (1957),

(3) J. K. Stille and R. T. Foster, J. Org, Chem., 28, 2703 (1963).

(4) J. Meinwald, G. E. Samuleson, and M. Ikeda, J. Amer. Chem.
Soc., 92 7604 (1970).
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1 2 3 CHO CHO
@ CH=CH—-C|3H2 CH==PPh,
Ssp=n-tn. (. OO
6 5 4 CH==PPh,
1a, cis,cis 2 3
b, cis,trans
{ 1
CH, CH,
/A : B
i

isomers of 1 were formed; they were separated on
silver nitrate impregnated silica gel tlc plates. The
isomer with the higher R; factor [nmr (CCl.) & 1.8-2.6
(m, 4 allylic H), 5.15-5.7 (m, 2 vinyl H), 6.82 (d, J =
11, 2 Hz, vinyl H), 6.9-7.8 (m, 6 H); ir (CCl,) 3030,
1449, 694, 675 cm~!; uv (hexane) Amax 234 nm (log ¢
4.44), 305 (3.89)] was assigned as the cis,cis isomer (1a)
on the basis of the nmr and ir spectra, and this was
verified by epoxidation with m-chloroperbenzoic acid.
The bisepoxide had a 4.0-Hz coupling of the protons
attached to the epoxide ring, within the range expected
for a cis epoxide.® The more thermally labile, lower R;
isomer was never completely separated from 4, but is
clearly the cis,trans isomer 1b from the nmr spectrum
of the vinyl hydrogens next to the ring, which appear
as two doublets at § 6.58 (/ = 16 Hz, trans) and 6.67
(/ = 11.5Hz,cis). Theratio of 1a to 1b was about 2:1.

Acceleration of Cope rearrangements by forcing the
olefinic = systems into each other is well documented by
the work of Wharton and coworkers® on trans,trans-
cyclodeca-1,5-dienes. The parent compound rear-
ranges to ftranms-divinylcyclohexane, which has a 6.7
kcal/mol lower heat of formation, with a half-life of
144 min at 40°.6>

Evidence for the reverse Cope rearrangement, i.e.,
for the process 4 — 1, was obtained from the high-
temperature pyrolysis of 4. Upon heating, 4 is con-
verted to a mixture of starting material, the trans isomer
6, a 2 + 2 cycloadduct 7, and a hydrogen migration

/vy R A
bbb &

product; the relative amounts of these products are
shown in Table L.

The major product 7, mp 136-137°, clearly has the
crisscross structure given from its spectral data [nmr
(CCly) 6 1.97 (s, 4 H), 2.67 (s, 2 H), 2.86 (s, 2 H), 6.8~
7.6 (m, 6 H); uv (hexane) Ama.x 231 nm (log ¢ 4.53),

(5) F. A. Bovey, ‘“Nuclear Magnetic Resonance Spectroscopy,”
Academic Press, New York, N. Y., 1969, p 361.

(6) (a) P. S. Wharton and R, S. Kretchmer, J, Org, Chem., 33, 4258
(1968); (b) D. J. Johnson, Ph.D. Thesis, University of Wisconsin,
1968.
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