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Abstract: The photochemistry of a variety of substituted acyclic 1,3-diene-p-quinone Diels-Alder adducts has been investi-
gated. Irradiation of these systems in their long wavelength absorption bands leads to novel tricyclic ring systems in moder-
ate to good yields. Derivatives of the following basic ring systems are produced in this way: tricyclo{4.4.0.0%8]decane, tricy-
clo{4.4.0.02%)decane, tricyclo{4.4.0.039)decane, and tricyclofS.3.1.027Jundecane. The ratio in which the products are
formed is generally solvent dependent. Deuterium labeling studies indicate that, in most instances, the major primary process
in the photochemistry of substituted butadiene-p-benzoquinone Diels-Alder adducts consists of abstraction of a 8-hydrogen
.atom by the excited carbonyl oxygen. The products are then derived from carbon-carbon bond formation in the bis(allylic)
radical so produced. For unsymmetrical adducts, in which the 8-hydrogen atoms are nonequivalent, abstraction occurs in ac-
cord with expectations based on the formation of the more stable diradical intermediate. However, exceptions to these reac-
tivity patterns are found when the adducts possess either (a) Cs and/or Cg substituents (R = Me or Ph) or (b) bridgehead
methyl substituents. In the former case, exclusive y-hydrogen abstraction by oxygen is observed when R = Me, and when R
= Ph the molecule is photochemically inert. In the case of the unsymmetrical piperylene-benzoquinone adduct (R = Me, R’
= H), §-hydrogen abstraction competes only poorly with y-hydrogen abstraction. On the other hand, bridgehead methyl
substitution brings about partial suppression of the B-hydrogen abstraction reaction in favor of a process tentatively conclud-
ed to involve y-hydrogen abstraction by excited enone carbon. In general, these reactivity differences are interpreted as being
due to the effects of the substituents on the ground state conformations of the basic tetrahydro-1,4-naphthoquinone ring sys-
tem involved. The tricyclic photoproducts found in this study are nearly all thermally and/or photochemically labile and un-
dergo unusual sigmatropic rearrangements whose mechanisms are discussed. In addition, the resemblance of the various tri-
cyclic photoproducts formed in these reactions to naturally occurring sesquiterpenes is noted, and, finally, possible explana-

tions are advanced for the variations in photoproduct ratios with solvent.

The endo Diels-Alder adducts of p-benzoquinone with
cyclic 1,3-dienes are well known* to give cage products
upon photolysis via internal 2 + 2 cycloaddition. However,
prior to our work, no determined effort had been made to
study the photochemistry of Diels-Alder adducts of p-ben-
zoquinone with acyclic 1,3-dienes.> We report in this paper
that these adducts, possessing the tetrahydro-1,4-naphtho-
quinone ring system, do not undergo intramolecular cy-
cloaddition upon photolysis but rather take part in a re-
markably general rearrangement leading to novel tricyclic
ring systems. In addition, we report experiments which es-
tablish that these rearrangements are initiated by the rarely
observed process of intramolecular 8-hydrogen atom ab-
straction, i.e,, abstraction through a five-membered transi-
tion state.

Results and Discussion

Photolysis of Diels-Alder Adducts of p-Benzoquinone
with Butadiene (1a) and 2,3-Dimethylbutadiene (1b), In
agreement with previous reports,® photolysis of the 1,3-bu-
tadiene-p-benzoquinone Diels-Alder adduct 1a (Scheme I)
through Pyrex in a variety of solvents led only to intractable
polymeric material. However, selective n — z* excitation
of 1a in benzene (UVpax 370 nm, € 67)¢ using a Corning
7380 glass filter (transmitting A =340 nm) gave material

Scheme [
0O
R hV
R A >340 nm
0
la (R=H)
1b (R = Me)

3a (R=H)
3b (R = Me)

(only for R =Me)

2a (R=H)
2b (R =Me)

whose crude ir spectrum showed weak absorptions in the 5.7
u region indicating the presence of the cyclopentanone
chromophore. This material was freed from polymer by
passage through a short chromatography column containing
neutral alumina (chloroform eluent) and the resulting mix-
ture analyzed by GLPC which showed the presence of two
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volatile components in the ratio of 1:7. These products com-
prised approximately 10% of the crude photolysate. The
volatile photoproducts were isolated by preparative GLPC
and shown (vide infra) to have the structures 2a (minor)
and 3a (major). Interestingly, photolysis of 1a in 80:20 tert-
butyl alcohol-benzene under otherwise identical conditions
led to a reversal of the 2a:3a ratio of 5:1. The use of hexane,
methanol, or acetonitrile led to vanishingly small quantities
of 2a and 3a,

The structure of photoproduct 2a, mp 67.5-68.5°, was
indicated by the following partial spectroscopic data: a 5.72
u carbonyl ir absorption, a two proton vinyl hydrogen multi-
plet centered at 7 4.15, and a broad uvm,x (MeOH) at 293
nm (e 17). Hydrogenation over palladium on charcoal gave
the noncrystalline dihydro derivative, ir (CHCI3) 5.71
(C=0) u; uVmax (MeOH) 288 nm (e 48). The structure of
2a was ultimately secured by a direct method, single-crystal
X-ray structure determination, the details of which have
been published elsewhere.”

The structure of photoproduct 3a, mp 147-150°, rests in
part on ir (KBr) carbonyl absorptions at 5.68 and 5.80 u
and uvpa.x (MeOH) at 296 (e 260) and 310 (e 230) nm
characteristic of 8,y-unsaturated ketones.® The 220-MHz
NMR spectrum, while complex, supports the structure. The
vinyl hydrogens appear essentially as triplets centered at 7
3.39 and 4.07 with a mutual coupling of 8 Hz. The C,
methylene protons (7 6.90 and 7.69) are near-doublets with
a geminal coupling of 17 Hz. The large exo-endo chemical
shift difference is similar to that observed for the a-methy-
lene protons of camphor.® The C9 methylene protons ap-
pear at 7 8.04 and 8.40 with a geminal coupling of 12 Hz;
both are essentially doublets with smaller vicinal couplings.
The C¢ methine appears as a clean triplet, J = 7 Hz at 7
6.66. The remaining methine protons give complex multi-
plets centered at = 6.81, 7.37, and 7.56. Hydrogenation of
3a over palladium on charcoal gave the dihydro derivative,
mp 151-152°, ir (CHCI3) 5.70 and 5.81 (C=0) u with no
NMR vinyl hydrogen signals. The uvpax (MeOH) of 292
nm (e 55) corroborates the assignment of a 8,y-unsaturated
ketone chromophore to 3a,

Irradiation of the 2,3-dimethylbutadiene-p-benzoqui-
none Diels-Alder adduct 1b under identical conditions led
to the analogous photoproducts 2b and 3b, In addition a
third product was isolated in this case, the novel enone alco-
hol 4, As before, the relative yields of these photoproducts
were solvent dependent; happily, the absolute yields were
much greater. In benzene products 3b (mp 77-78°) and 4
(mp 93-94°) were formed in yields of 35 and 22%, respec-
tively; photoisomer 2b was present in only trace amounts. In
tert-butyl alcohol, ene-dione 2b, mp 84-85°, was the major
(80% isolated yield) product while isomers 3b and 4 were
present in a combined yield of less than 5%. The quantum
yield for the appearance of photoisomer 2b in tert-butyl al-
cohol was determined to be 0.12 (ferrioxalate actinometry).

The structures of 2b and 3b follow from the similarity of
their spectra to the corresponding nonmethylated photo-
products 2a and 3a, Compound 2b showed the following: ir
(CHCl3) 5.72 u; NMR (CDCl3) 7 8,29 (m, 3, CH3), 8.41
(m, 3, CHj), and no vinyl hydrogens. Photoisomer 3b
showed ir (CHCI;) 5.69 and 5.81 (C=0) u; NMR
(CDCl;) 7 8.63 (s, 3, Co CH3), 8.13 (d, 3, J = 2 Hz, Cs
CH3), and 4.48 (m, 1, vinyl); uvinax (MeOH) 292 (e 220)
and sh 310 nm (e 200).% Photoproduct 4 exhibited the fol-
lowing spectra: ir (CCly) 2.8 (weak, OH), and 5.90 (C=0)
u; NMR (CCly) 7 8.90 (s, 3, Cg CH3), 8.50 (d,2,J =S
Hz), 8.20 (d, 3, J/ = 2 Hz, C3 CH3), 7.76 (m, 2, OH and
methine, OH disappears upon addition of D,0), 6.98 (d, 1,
J = 3 Hz, Cg methine), 4.38 (m, 1, C; vinyl), 4.15(d, 1, J
= 10 Hz, C; vinyl), and 3.35 (d, 1, J = 10 Hz, C4 vinyl);
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UVmax (MeOH) 242 (e 4000) and sh 330 nm (e 30).

The structures of photoproducts 2a and 3a as well as of
2b, 3b, and 4 were interrelated in a remarkable series of
thermal and photochemical reactions which are outlined in
Scheme II. These studies serve to confirm the assigned
structures.

Scheme I

HO
O )
/;g 0 \200
4 2b

\. A, A >340nm /S 0
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hv, A > 340 nm benzene —
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/}w 3b
Pyrex
0 benzene

Thus sealed tube thermolysis of 3b at 200° gave a high
yield of 2b, Similar thermolysis of 3a quantitatively afford-
ed 2a, These reactions did not occur under the GLPC con-
ditions used in analyzing and/or separating the photolysis
mixtures. These reactions represent formally disallowed
1,3-suprafacial sigmatropic rearrangements,!%!! and may
be interpreted in terms of either a diradical mechanism or a
concerted mechanism under the influence of subjacent or-
bital control.1? In addition, thermolysis of 4 at 200° for 5 hr
gave a 70% isolated yield of isomer 2b, the formal result of
an allowed [3,3] suprafacial sigmatropic rearrangement.!0
Again the evidence does not allow a decision to be made be-
tween concerted and diradical mechanisms although the re-
moteness of the ends of the 1,5-diene (oxy-Cope) system in
4 can be argued to favor the latter interpretation,!3

Interestingly, photolysis of 4 gives 2b in tert-butyl alco-
hol and 3b in benzene. That 3b is nevertheless a primary
photoproduct in the photolysis of 1b was demonstrated by a
time dependence study which showed the buildup of both 3b
and 4 at comparable rates without an appreciable induction
period for the formation of 3b, Similarly, the rate at which
enone-alcohol 4 is converted to 2b in tert-butyl alcohol (ap-
proximately Y5, the rate of the 1b to 2b conversion) indi-
cates that 4 is not an important intermediate in the forma-
tion of 2b from 1b in this solvent. The fact that the photo-
chemistry of 4 exhibits exactly the same solvent dependence
as in the case of 1b argues for a common intermediate in
both cases and mitigates against the likelihood that the pho-
tochemical conversion of 4 to 3b in benzene is concerted
even though this process represents an excited state symme-
try allowed 1,3-suprafacial shift.14

Finally we turn to the novel photochemistry of compound
3b, Irradiation (100-W Hanovia) of a 5 X 10~3 M benzene
solution of 3b through Pyrex slowly gave rise to a single new
photoproduct subsequently shown to have the structure 5,
After 8 hr, starting material had disappeared, and further
irradiation gradually led to a second new compound 6 at the
expense of 5 until, after 48 hr, the 5;6 ratio was time invari-
ant at 1:1.9. Photoproducts 5 and 6 were easily separable by
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preparative GLPC and could be isolated in this way in a
combined yield of 50%. That the final 5:6 = 1:1,9 ratio is
the result of a true photochemical equilibrium was shown
by irradiation of pure samples of both 5 and 6, Each gave
rise to the same 5:6 = 1;1,9 mixture within experimental
error; no 3b could be detected in either of these photolyses.

The structures of photoisomers 5 (sealed tube mp 166-
168°) and 6 (sealed tube mp 184-187° dec) were assigned
on the basis of the following spectral data: for §, ir (CCly)
5.73 (C=0) u; NMR (CCly) 7 4.07 (m, 1, Cg vinyl, col-
lapses to a doublet, J = 9 Hz upon irradiation of the C;
methine multiplet at 7 7.00), 4.78 (d, 1, J = 9 Hz, C,
vinyl), 7.00 (m, 1, C; methine), 7.71 (m, 3), 8.27 (m, 2),
8.88 (s, 3, CHj3), and 8.95 (s, 3, CH3); uvimax (MeOH) 292
(e 460), sh 285 (e 400), and sh 307 nm (e 410); for 6, ir
(CCly) 5.70 (C=0) u; NMR (CCly) 7 4.17 (m, 2, vinyls),
7.38-7.90 (m, 6), 9.04 (s, 3, CM3), and 9.07 (s, 3, CH3);
uVinax (MeOH) 290 nm (e 110). The uv spectra of 5 and 6
are again characteristic of the 8,y-unsaturated ketone chro-
mophore.® As is reasonable, ene-dione 5, which is doubly
B,y-unsaturated, has the more intense absorption. The uv
spectra of dihydro 5§ and 6 (see Experimental Section) are
in accord with these assignments.

The photochemical 3b — 5§ and 5 = 6 conversions have
ample literature precedent and are examples of a process
which appears to be remarkably general for §,y-unsatu-
rated ketones in their excited singlet states, namely, 1,3-
acyl migration.!® Singlet excited states are implicated in
our reactions as well since piperylene failed to significantly
affect their rates or product ratios, and the use of common
triplet energy sensitizers led either to no reaction or to poly-
mer formation. It is amusing to note that thermolysis and
photolysis of 3b give rise to isomers (2b and 6) coincidental-
ly possessing identical ring systems but with different meth-
yl substitution patterns and double bond positions.

Mechanism Studies, A possible mechanism for the con-
version of Diels-Alder adduct 1b into photoproducts 2b, 3b,
and 4 (as well as for the

hV
la. — 2a + 3a

conversion) is outlined in Scheme III. This mechanism in-
volves, as its primary photochemical step, the unusual and
(when this work was begun) virtually unprecedented pro-
cess of intramolecular 3-hydrogen abstraction. The bisallyl-
ic radical so produced can then undergo carbon-carbon
bond formation as indicated thanks to the cis ring junction
stereochemistry; this produces 4 directly and 2b and 3b
through their respective enol forms,

Thus in order to test for the intermediacy of enol-2b in
this reaction, adduct 1b (R’ = H) was irradiated in tert-
butyl alcohol-0-d.1¢ The ene-dione 2b obtained in this way
(80% yield of crystalline material) was 92% monodeuterat-
ed at the C4 exo position as shown by NMR and mass spec-
trometry. The NMR spectrum of the photochemically deu-
terated material was identical with the NMR spectrum ex-
hibited when ene-dione 2b (R’ = H) was treated with base
in D;0O. The preferential base-catalyzed exo deuteration of
bicyclo[2.2.11heptan-2-ones and 2,5-diones is now well
known, and the reasons for this stereoselectivity have been
discussed.!?

In order to provide evidence on the intermediacy of enol-
3b (ene-dione 3b is the major product of the photolysis of
1b in benzene), tetradeuterated Diels-Alder adduct 1b (R’
= D) (Scheme III) was prepared and photolyzed in anhy-
drous benzene, This photolysis resulted in a 60% yield of
crystalline 3b (R’ = D) after column chromatography; nei-
ther photoproduct 2b nor photoisomer 4 were isolated in
this experiment. The difference in total deuterium content

Scheme I
RR O T
J-hydrogen
abstraction
RRR O
Ib(R"=H or D)
R—O
L, 6-bonding R’
(0]
R/
R R’ R
4
3, 8-bonding 3. 6-bonding
R’ R’
R'—O RO
R R’
R’ R’

between 1b (R’ = D) and 3b (R’ = D) was 8.4% (mass
spectrometry), again strongly supporting the proposed
mechanism. The 8.4% deuterium loss corresponds to a 66%
deuterium incorporation at C4 of ene-dione 3b assuming no
deuterium is lost from the other positions; the observation
of an intramolecular deuterium incorporation of less than
100% is not unexpected.!® The NMR spectrum of 3b (R’ =
D) is in agreement with the mass spectral results and con-
clusions (see Experimental Section).

Photolysis of the 1,4-Naphthoquinone-2,3-Dimethylbuta-
diene Diels-Alder Adduct 7. In order to test the generality
of the photochemical reactions of 1a and 1b, we next turned
our attention to a study of the irradiation of the 1,4
naphthoquinone-2,3-dimethylbutadiene Diels-Alder ad-
duct 7 (Scheme IV). Photolysis of 7 in benzene gave a sin-

Scheme IV

O‘@

7

gle product, the keto alcohol 8, which could be isolated in
43% yield by column chromatography. This material, mp
126.0-126.5°, exhibited the following spectral data’ from
which its structure was deduced: ir (CHCI3) 2.80 (OH) and
5,91 (C==0) u; NMR (CDCl3) 7 1.94-2.72 (m, 4, aromat-
ics), 4.24 (broad s, 1 vinyl), 6.76 (d, 1, J = 3 Hz, C¢ meth-
ine), 7.20 (shift dependent on concentration, broad s, 1,
OH), 7.40 (d of d, 1, J = 3 and 11 Hz, C; methine), 8.14
{d, 3, J =15 Hz, Cs CH3),845 (d of d, 1, J=8 and 13

hv A >340 nm

benzene
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Hz, C;0 endo H), 8.66 (d of d, 1, J = 3 and 13 Hz, C;9 exo
H), and 8.97 (s, 3, Cg CH3). These assignments, with corro-
borating spin decoupling studies, are described more fully in
the Experimental Section, uvmax (MeOH) 247 (¢ 6700) and
286 nm (e 1900), As can be seen photoproduct 8 is analo-
gous to the product 4 obtained from the photolysis of 1b,
However, unlike 4, ketone-alcohol 8 was thermally stable
up to 245°. The exclusive formation of 8 from 7 is again
consistent with the mechanism shown in Scheme III in that
neither 3,6 nor 3,8 carbon-carbon bond formation would be
expected from the C,-C; benzo-substituted diradical inter-
mediate.

Photolysis of Unsymmetrical Diels-Alder Adducts, Sub-
stituent Effects, It was next of interest to determine the reg-
ioselectivity of 8-hydrogen abstraction by studying the pho-
tochemistry of unsymmetrical Diels-Alder adducts such as
9 and 13 (Scheme V). Considerations of methyl substituent

Scheme V

&%—?
=

effects on allyl radical stability!? indicated that 8-hydrogen
abstraction might be favored over 3’ abstraction in both 9
and 13, This was indeed found to be the case. Photolysis of
Diels-Alder adduct 9 in benzene or tert-butyl alcohol gave
high yields of photoproducts 10, 11, and 12 in the relative
ratios shown in Table 1. Reference to Table I indicates that
the products of B-hydrogen abstraction (10 and 11) are
formed in preference to 12, the product of 8’ hydrogen ab-
straction, in both benzene (10 + 11:12 = 4:1) and tert-
butyl alcohol (10 + 11;12 = 7:1), Similarly, photolysis of
the isoprene-1,4-naphthoquinone Diels-Alder adduct 13
gave isomer 14 as the sole isolable (preparative GLPC)
product in low yield. Again, 14 is the product derived from
8 rather than 8’ hydrogen abstraction,20

The structures of photoproducts 10, 11, 12, and 14 were
assigned on the basis of their spectral characteristics (see
Experimental Section) which were similar to those of the
analogous photoproducts obtained previously. Again indica-
tive of structure was the finding that sealed tube thermol-
ysis (168°, 16 hr) of ene-dione 10 quantitatively afforded
11, and similar thermolysis (185°, 22 hr) of 12 gave the
previously unobserved isomer 15 in 95% yield. These reac-
tions are outlined in Scheme VI.

The Effect of Substituents at Cs and Cg; §- vs, ~-Hydro-
gen Abstraction. Our initial efforts aimed at assessing the
influence of substituents at Cs and Cs on the photochemis-
try of these systems centered around the trans.trans-2.4-
hexadiene-benzoquinone Diels-Alder adduct 16,2! Irradia-

A > 340 nm

tert- bucyl alcohol
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Table I, Relative Product Ratios Obtained in Photolysis of 9
Solvent 10:11:12
Benzene 5 3 2
tert-Butyl alcohol 7 1
Scheme VI

T

10 (R, = H_RZ Me)
12 (R, = Me, R, =H)

MR, =
15(R, =

HR, Me)
Me, R, = H)

tion of this material proved to be unique; none of the pre-
viously observed photoproduct types was formed. Photolysis
of 16 in a variety of solvents with light of A 2340 nm led to
20-30% yields of the unusual ene-dione 17 (Scheme VII).

Scheme VII

hv, A >340 nm
———

0
(ﬁ A >340 nm @ %

}?h 0
Ph O
21

The structure of photoisomer 17 rests on spectral data, deu-
terium exchange studies, and on the spectra of its dihydro
derivative. Compound 17, mp 80-80.5°, showed ir 5.78
(C=0) u and uvmax (MeOH) 291 nm (¢ 56). Significant
features of the NMR spectrum were (a) a two proton multi-
plet at 7 4.1-4.6 due to the vinyl hydrogens and (b) a three
proton methyl doublet at 7 8.7 (J/ = 7 Hz). The stereochem-
istry at Cjo, while not known with certainty, is very likely as
shown since there is no reason to suspect epimerization of
the methyl groups of 16, Mild base-catalyzed deuterium ex-
change of compound 17 resulted in the replacement of two
hydrogens, and hydrogenation gave the dihydro derivative,
mp 84.5-85.0°, whose NMR spectrum showed a striking
one proton pentuplet at = 7.34. This signal is attributed to
the C3 methine which models reveal forms nearly equal an-
gles with its four nonequivalent neighboring protons.

The mechanism by which photoproduct 17 arises very
likely involves +y-hydrogen abstraction from one of the
methyl groups followed by intramolecular cyclization to the
enol form of 17 and ketonization. In agreement with this
mechanism photolysis of adduct 16 in tert-butyl alcohol-
0-d gave C4-deuterated 17, However, the deuterium incor-
poration was low (30%) as shown by mass spectrometry and
NMR spectroscopy. The reasons for this low value are not
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known although this result is not without precedent.2?

It was next of interest to determine the extent to which
B-hydrogen abstraction can compete with vy-hydrogen ab-
straction in these systems. To this end the irradiation of the
trans-piperylene-p-benzoquinone adduct 18 was investi-
gated. Photolysis of adduct 18 in either benzene or fert-
butyl alcohol resulted in the low yield formation of ene-
diones 19 and 20 in the ratio of 7:1 (Scheme VII). The
structures of 19 and 20 follow from the similarity of their
spectra to analogous systems previously prepared (see Ex-
perimental Section). Thus secondary §-hydrogen abstrac-
tion can apparently compete only poorly with the statistical-
ly favored process of y-hydrogen abstraction in adduct 18
despite the fact that the former should be electronically fa-
vored over the latter; here again factors other than the actu-
al hydrogen abstraction rate may influence the relative
yields of final products.20

In this regard it is interesting to note that in neither ad-
duct 16 nor in 18 were the products of tertiary 8 (allylic)
hydrogen abstraction observed. This was also found to be
the case for Diels-Alder adduct 21 (Scheme VII). This
molecule, which possesses no abstractable y-hydrogens, was
photochemically inert under a variety of conditions despite
the fact that its 8-hydrogens are tertiary, allylic, and ben-
zylic which should greatly facilitate their abstraction.20

Conformational analysis reveals a possible reason for the
failure of adducts 16 and 21 to take part in 8-hydrogen ab-
straction. The basic butadiene-benzoquinone Diels-Alder
adduct (X = Y = H) has five more or less well-defined con-
formers, A-E, shown in Scheme VIII. Also included in

Scheme VIII
32A

Scheme VIII are the “accessible” 8-hydrogen (X or Y) to
oxygen distances in each conformer as measured with
Dreiding models; those distances which are =3.5 A with an
unfavorable relative 8-hydrogen-oxygen geometry are not
shown. As can be seen, when X = H and Y = CH; or Ph
(as in 16 and 21, respectively), only in conformations A and
B is the X hydrogen accessible. However, for Diels-Alder
adducts 16 and 21, conformations A and B are destabilized
by Y-Y (i.e., methyl-methyl or phenyl-phenyl) nonbonded

Table II, Relative Product Ratios Obtained in Photolysis of 22
Solvent 23:24:25
Benzene 051
tert-Butyl alcohol .11
Acetonitrile 4 1
Methanol 13 1 2
1:1 dioxane—water 30 1 6

interactions, In addition, 8-hydrogen abstraction of X = H
in conformers A and B breaks a C-H bond which is nearly
orthogonal to the adjacent carbon-carbon double bond p
orbitals, thus eliminating incipient allyl radical stability. In-
stead, in the case of adduct 16 (X = H, Y = CH3), y-hy-
drogen abstraction from the methyl group occurs, likely
from either conformation D or E, since in these conformers
the methyl groups are pseudo-equatorial and the methyl hy-
drogen to oxygen distance can be as little as 1.4 A.23 Simi-
lar reasoning allows the tentative conclusion that, in the
Diels-Alder adducts which have no Cs or Cg substituents
(e.g., 1b), it is the Y hydrogen which is preferentially ab-
stracted, although evidence is lacking on this point at the
present time.

a,3-Unsaturated Double Bond Substitution and Bridge-
head Substitution; 3-Hydrogen Abstraction by Oxygen vs,
~v-Hydrogen Abstraction by Carbon, It was next of interest
to determine what effects, if any, methyl substituents in
other positions have on the photochemistry of these systems.
To this end the duroquinone-2,3-dimethylbutadiene Diels-
Alder adduct 22 was prepared and irradiated (Scheme IX).

Scheme IX

The photochemistry of 22 was again solvent dependent;
three products, 23, 24, and 25, were formed in varying
amounts depending on the solvent as outlined in Table II.
The total yield from preparative runs in benzene was 70%.

Photoproducts 24 and 25 were shown to be primary pho-
toproducts by appropriate control experiments. For exam-
ple, photolysis of 23 gave neither 24 nor 25 under conditions
which completely convert Diels-Alder adduct 22 into iso-
mers 23-25, Prolonged photolysis of 23 resulted in its disap-
pearance with, however, no GLPC volatile products being
formed.

Ene-dione 24 represents a novel and previously unob-
served photoproduct type in this study, Its structure was as-
signed on the basis of the following information: uvmax
(MeOH) 300 nm (e 70); ir (CCly) 5.67 (cyclobutanone)
and 5.85 (cyclohexanone) u; NMR (CCly) 77,57 (q, 1,J =
7.5 Hz, C4 methine), 7.9-8,1 (m, 3, C7; CH; and C;9 meth-
ine), 8,25-8.40 (m, 6, vinyl methyls), 8.78 (s, 3, CH3), 8.95
(s, 3, CH3), 8.95(d, 3, J = 7.5 Hz, C4 CH3), and 9.03 (s, 3,
CH3). In addition, the thermal rearrangement of 24 (vide
infra) is in accord with this assignment.

In view of the unusual structure of 24, it was deemed pos-
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sible that 23 might also possess a heretofore unobserved
structure, although the spectral data (see Experimental
Section) were in accord with the structure shown. Accord-
ingly a direct method, single-crystal X-ray structure deter-
mination was carried out on 23 which fully supported (R =
0.061 for 1774 observed reflections) the assignment given.24
The structure of ene-dione 25 was assigned on the basis of
its spectral properties (see Experimental Section) which
were similar to those of photoproducts 2a and 2b,

The thermochemistry of these photoproducts again
proved to be interesting and informative (Scheme X),

Scheme X
0]
-0
280° (arrows) HA A 280°
——— —_—
oXy-retro-ene 0 [33]
0 23
22
O,
0]
25
192°
-_ 22
0 0

24

Sealed tube thermolysis of enone-alcohol 23 at 280° re-
sulted in a formal [3,3] sigmatropic rearrangement and
gave ene-dione 25 in 53% isolated yield. This reaction is en-
tirely analogous to the 4 — 2b conversion and serves to veri-
fy the structure assigned to 25. A second product of this
reaction could also be isolated in 20% yield and proved to be
starting adduct 22, A variety of mechanisms are conceiv-
able for this latter transformation, one of which is the oxy-
retro-ene process®> shown by the arrows in Scheme X.

In addition, heating neat samples of ene-dione 24 at
192° for 16 hr afforded the interesting product 26 in 92%
yield. The structure of this material follows straightfor-
wardly from its spectra?® as well as from its quantitative
boron trifluoride catalyzed isomerization to the starting
Diels-Alder adduct 22, The reaction of 24 giving 26 may be
thought of as a novel example of a retro-ene reaction® (cf.
arrows), Models indicate the steric feasibility of this path-
way provided the hydrogen being transferred is syn to the
double bond as drawn. Although this position is likely epim-
erizable under the thermal reaction conditions, the configu-
ration of 24 shown is in accord with its probable mechanism
of photochemical formation from 22 (vide infra). Less con-
certed mechanisms for the 24 — 26 transformation may
also be readily envisaged.

The photochemistry of the duroquinone-2,3-dimethyl-
butadiene Diels-Alder adduct 22 thus diverges from that of
the adducts previously investigated, While the mechanism
shown in Scheme III can explain the formation of photo-
products 23 and 25, the production of 24 from 22 requires
further discussion. At least two mechanisms, A and B
(Scheme XI), appear conceivable. The first of these, path
A, again involves initial 8-hydrogen abstraction followed by
a prototropic shift to give intermediate 27,27 The rearrange-
ment is then completed by intramolecular bonding to give

2183
Scheme XI

Ghydrogen
abstraction

——

by oxygen

Y OH

B 28
\iemnizacim

vhydrogen

abstraction
e 5

by carbon

2, 8-bonding
_

24

enol 28 and ketonization. The second pathway, path B, in-
volves direct y-hydrogen abstraction from Cg by the excited
C; enone carbon atom. This process has analogy in the pho-
tochemistry of certain substituted cyclopentenones and cy-
clohexenones.?® In theory, pathways A and B should be dis-
tinguishable by deuterium labeling studies since path A in-
volves the intermediacy of enol 28 while path B does not.
Accordingly, Diels-Alder adduct 22 was irradiated in deu-
terated protic solvents. Photolysis of 22 in either tert-butyl
alcohol-0-d or 1:1 dioxane-D,0 led to ene-dione 24 con-
taining no trace of deuterium (NMR, mass spectrometry)
whereas, as expected, the photoproduct 25 isolated in these
runs contained exactly one deuterium atom per molecule in
the C, position. These experiments thus provisionally rule
out pathway A for the formation of 24, although caution
must always be exercised in interpreting such negative re-
sults.2d

Since the divergent photochemical behavior of Diels-
Alder adduct 22 appeared to be due to either (a) ene-dione
double bond methyl substitution or (b) bridgehead methyl
substitution, the photochemistry of Diels-Alder adduct 30,
which has only double bond substitution, was investigated
(Scheme XII). The interesting result was that irradiation of

Scheme XII
0O
hs, A >340 nm
—_——
0
30
HO 0.
+
(0]
31 0
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adduct 30 gave only the photoproducts 31 and 32 typical of
B-hydrogen atom abstraction by oxygen. As before, the 31:
32 photoproduct ratio was solvent dependent, In benzene,
enone-alcohol 31 was virtually the sole product, while in
tert-butyl alcohol, ene-dione 32 is the eventual major prod-
uct. However, by following the course of the photolysis of
30 in zert-butyl alcohol (GLPC) and by independent photo-
lyses of 31 in benzene and tert-butyl alcohol, it could be
shown (a) that photoproduct 32 arises mainly through sec-
ondary photolysis of 31 and (b) that 31 is photostable in
benzene. In the case of adduct 30, then, enone-alcohol 31 is
the primary photoproduct both in benzene and tert-butyl
alcohol, and the variation in product ratio with solvent
merely reflects the relative rate of rearrangement of 31 to
32 in the two solvents. This is not the case for the solvent ef-
fects described previously, for example, in the photolysis of
the 2,3-dimethylbutadiene-benzoquinone Diels-Alder ad-
duct 1b,

It thus appears, from a comparison of the photochemistry
of the Diels-Alder adducts 22 and 30, that bridgehead sub-
stitution, not ene-dione double bond substitution, plays a
major role in determining the nature of the photoproducts
produced in these systems. This reactivity may again be ra-
tionalized with the aid of conformational analysis. It seems
entirely reasonable that of the five conformers discussed
previously (Scheme VIII), conformer C will be favored by

bridgehead substitution since only in this conformation are
the bridgehead substituents noneclipsed. The result of con-
formation C is to bring the Cj enone carbon into relatively
close proximity (2.6 A) with the “inner” Cg allylic hydro-
gen thus facilitating the process of y-hydrogen abstraction
by enone carbon previously suggested for the formation of
photoproduct 24,

Solvent Effects. We have noted throughout this paper the
nearly general dependence of photoproduct ratio on solvent.
About the only safe generalization in this regard appears to
be that, for the Diels-Alder adducts of benzoquinone with
butadiene (1a), isoprene (9), and 2,3-dimethylbutadiene
(1b), Cq is the preferred ring A bonding terminus in nonpo-
lar solvents (benzene) while Cyg is the preferred bonding site
in tert-butyl alcohol.

The present evidence allows only speculation concerning
the possible reasons for these solvent effects. With regard to
the preference for C;-C¢ bonding in benzene following 8-
hydrogen abstraction, it is conceivable that this is the kinet-
ically preferred pathway while the nearly exclusive occur-
rence of C;-Cg bonding in tert-butyl alcohol represents
thermodynamic control. While there seems little doubt that
the final products of C;-Cs bonding are thermodynamically
more stable than the products resulting from C;-Cg bond-
ing (cf. the nearly quantitative thermal isomerizations of
3a, 3b, 10, and 12 to 2a, 2b, 11, and 15, respectively), this
explanation requires the unusual supposition that the for-
mation of the enol from C;-C¢ bonding is reversible in tert-
butyl alcohol and not in benzene.

A second explanation involves the possibility that in tert-
butyl alcohol, the ring A unpaired electron of the diradical
formed via 8-hydrogen abstraction is essentially “localized”
at Cg due to interaction (of an unspecified nature) with the
adjacent solvated hydroxyl group thus leading to preferen-
tial C3-Cg bonding. This explanation, shown schematically

in structure 33, has loose analogy in the work of Hart and
Love3® on the effect of “remote” hydroxyl and acetate sub-
stituents on the regiospecificity of the di-w-methane rear-
rangement, A related explanation would invoke the specifi-
cally solvated zwitterion 34.,3!

R . H R H. H
\Q/H‘O/ \Q/ 0
' 1
0 0
33 34

In accord with these ideas involving the solvation of an
intermediate diradical or zwitterion is the finding, previous-
ly discussed, that photolysis of enone-alcohol 4 (Scheme II)
leads to photoproduct 2b in terz-butyl alcohol and to pho-
toisomer 3b in benzene although at slower rates than when
adduct 1b is the starting material. The observation of iden-
tical solvent effects in the photolysis of both 1b and 4 argues
for a common intermediate in each solvent, i.e., the species
33 or 34 (with appropriate methyl groups) in tert-butyl al-
cohol leading to 3,8-bonding and the corresponding unsol-
vated species in benzene leading to preferential 3,6-bond-
ing.3?

Finally, the possibility that the solvent changes the na-
ture of the reactive excited states involved in these processes
in an unusual and yet unknown way cannot, at present, be
ruled out.

Concluding Remarks

The process of 8-hydrogen atom abstraction by carbonyl
oxygen is a surprisingly rare event in organic photochemis-
try, Prior to the initiation of this work, such hydrogen atom
transfers were virtually unknown.3? Recently Cormier,
Schreiber, and Agosta* have provided examples of such a
process in the photochemistry of some «-methylene ketones.
In these cases 3-hydrogen abstraction occurs only if the 8-
hydrogen atom is tertiary (or secondary and adjacent to an
ether functionality) and « to the methylene double bond.
The diradical resulting from abstraction is thus a derivative
of the very stable (~34 kcal/mol delocalization energy) tri-
methylene methane species. These facts, plus the work re-
ported in this paper, indicate that photochemical 3-hydro-
gen atom abstraction reactions proceed only when the dira-
dical species so formed is extensively resonance stabilized.
A further indication of this in the case of our Diels-Alder
adducts is the finding that the presence of the C,-C; ene-
dione double bond is apparently necessary for 8-hydrogen
abstraction to occur. Prolonged photolysis of cis-
2,3,4a,5,8,8a-hexahydro-1,4-naphthoquinone  (from the
zinc-acetic acid reduction of the butadiene-benzoquinone
Diels-Alder adduct33) results in no reaction. Presumably
the extra stabilization energy afforded the diradical inter-
mediate (Scheme III) by this double bond facilitates the
process of B-hydrogen abstraction. In addition, the altered
shape and flexibility of the dione six-membered ring may be
of consequence in this regard. Interestingly, photolysis of
the fully saturated system, cis-decalin-1,4-dione, has re-
cently been shown to result in y-hydrogen abstraction from
C¢ followed by cyclobutanol formation.¢ The relatively
high activation energy associated with five-membered tran-
sition state hydrogen atom abstraction reactions by oxygen
is further indicated by the fact that such processes have
never been observed in the ground state (e.g., the Barton
reaction) despite the apparent accessibility of suitable -
hydrogens.3?

The competition between photochemical v- and é-hydro-
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gen abstraction as well as the relative rates of «-hydrogen
abstraction in a variety of systems has been analyzed in
terms of transition state torsional strain and relative oxy-
gen-hydrogen distances.3® Similar arguments may be ap-
plied to the process of 8-hydrogen abstraction, For the case
of 2-pentanone, 8-hydrogen atom abstraction must occur
over ground state distances of 2,2 A (planar, eclipsed tran-
sition state) to 2.7 A (bisected transition state). The corre-
sponding +y-hydrogen to oxygen distances in 2-pentanone
are 1.1 i (eclipsed) and 1.8 A (skew).3®

In addition, 8-hydrogen abstraction in the case of the
Diels-Alder adducts reported in this paper may be facilitat-
ed by the relative rigidity of the ring systems involved which
leads to favorable entropic contributions to the transition
state for the abstraction process.??

Finally, we point out the similarity of many of the tricy-
clic photoproducts obtained in this study to existing natu-
rally occurring tricyclic sesquiterpenes. For example, the
basic tricyclo[4.4.0.02%]decane ring system of photoproduct
types 2b and 4 occurs in the sesquiterpenes copacamphor??
and sativene*! while the tricyclo[5.3.1.0%]undecane ring
system of photoproduct 17 is found in patchouli alcohol*?
and seychellene.** The potential synthetic utility of these
photochemical reactions is thus indicated.

Experimental Section??

Photolysis of the Butadiene-Benzoquinone Adduct 1a, The ad-
duct 1a was prepared by the method of van Tamelin et al.3% This
material (500 mg, 3.08 mmol) in 250 ml of benzene was irradiated
using apparatus 1.** The reaction was followed by uv which
showed the disappearance of the 370-nm n — =* band after 48 hr.
Removal of benzene in vacuo and passage of the crude mixture
through a short column of neutral alumina (chloroform eluent)
yielded a mixture of photoisomers 2a and 3a, Analysis of this mix-
ture by GLPC (column A, 170°, 140 ml/min) showed the 2a;3a
ratio to be 1:7 with 2a having the longer retention time. Prepara-
tive GLPC of this mixture (same conditions as above) afforded 50
mg (10%) of isomer 3a, mp 147-150° after recrystallization from
ether-hexane. Compound 2a was collected in very small quantities
(~1%) and recrystallized as above, mp 67.5-68.5°. Larger
amounts of 2a could be obtained by photolysis of 1a exactly as
above in tert-butyl alcohol-benzene (80:20 v/v). The photolysis
was complete in 10 hr. The 2a;3a ratio in this case was 5:1, and the
yield of crystalline 2a obtained via identical workup was 10%.

The full NMR data for ene-dione 2a is as follows: (CCly) 74.15
(m, 2), 7.00 (m, 1), 7.23 (m, 1), 7.34 (m, 1), 7.57 (m, 3), 7.72 (m,
1), and 7.90 (m, 1). Isomer 2a also showed a mass spectrum parent
(70 eV) at m/e 162.

Anal. Caled for C1gH;90;: C, 74.15; H, 6.17. Found: C, 74.04;
H, 6.22.

The spectral data for product 3a are given in the text. In addi-
tion 3a showed a mass spectrum parent (70 eV) at m/e 162.

Anal. Caled for C1oH1005: C, 74.15; H, 6.17. Found: C, 74.08;
H, 6.32.

Hydrogenation of Photoproduct 2a, Photoisomer 2a (45 mg,
0.28 mmol) in 10 ml of ethyl acetate was hydrogenated at atmo-
spheric pressure over 10% palladium on charcoal. Filtration, re-
moval of ethyl acetate in vacuo, and bulb to bulb Kugelrohr distil-
lation at 55° and 0.05 mm gave 37 mg (82%) of dihydro 2a as a
colorless oil, uvmax (MeOH) 288 nm (e 48); ir (CHCIl3) 5.71
(C=0) u; NMR (CCly) showed no vinyl hydrogens.

Anal. Caled. for C;gH202: C, 73.16; H, 7.31. Found: C, 72.86;
H, 7.32.

Hydrogenation of Photoproduct 3a, Compound 3a (35 mg, 0.22
mmol) was hydrogenated exactly as above. Filtration and removal
of ethyl acetate in vacuo gave solid dihydro 3a, Recrystallization
from low boiling petroleum ether afforded 30 mg (85%) of fine
white needles, mp 151-152°, uvy,,, (MeOH) 292 nm (e 55); ir
(CHCI3) 5.70 and 5.81 (C=0) u; NMR (CCly) showed no vinyl
hydrogens.

Anal. Caled for C\gH120,: C, 73.16; H, 7.31. Found: C, 73.23;
H, 7.41.

Photolysis of the 2,3-Dimethylbutadiene-Benzoquinone Diels—
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Alder Adduct 1b, This adduct was prepared by the method of Man-
delbaum and Cais.#® Irradiation of 1.0 g of 1b in 400 ml of ben-
zene (method 1) was complete after 35-40 hr. Removal of benzene
in vacuo and silica gel chromatography*4 of the residue (chloro-
form eluent) resulted in the clean separation of photoproducts 3b
and 4 which were isolated in the yields of 35 and 22%, respectively.

Ene-dione 3b was obtained as colorless crystals, mp 77-78°
from ether-hexane, mass spectrum parent (70 eV) m/e 190, spec-
tral data in text.

Anal. Caled for C13H1405: C, 75.76; H, 7.42. Found: C, 75.52;
H, 7.27.

Enone alcohol 4 gave colorless crystals, mp 93-94° from ether-
hexane, mass spectrum parent (70 eV) m/e 190, spectral data in
text.

Anal. Caled for C12H405: C, 75.76; H, 7.42. Found: C, 75.77;
H, 7.44.

Irradiation of 1.0 g of 1b in 400 ml of 80:20 (v/v) tert-butyl al-
cohol-benzene for 30-35 hr in apparatus | followed by removal of
solvent in vacuo gave | g of an oily residue. Short path Kugelrohr
distillation of this material at 88-90° and 0.05 mm gave 0.80 g
(80%) of crystalline photoproduct 2b, mp 84-85° (ether-hexane),
ir (CHCl;) 5.72 (C=0) u; NMR (CDCl;) 7 6.88 (m, 1), 7.22 (m,
1), 7.45(m, 2),7.53(dof d, I, J = 18 and 5 Hz), 7.61 (m, 2), 7.81
(dofd, I, J = 18 and 2 Hz), 8.29 (m, 3, CH;), and 8.41 (m, 3,
CH3); mass spectrum parent (70 eV) m/e 190.

Anal. Caled for C12H1405: C, 75.76; H, 7.42. Found: C, 75.72;
H, 7.30.

Thermolysis of Photoproducts 3a and 3b, Ene-dione 3a (15 mg)
was heated in a sealed Pyrex tube at 200° for 4 hr. GLPC (column
A, 170°, 140 ml/min) of the dark reaction mixture showed 2a as
the only volatile product. A collected sample was identical (ir) with
photochemically generated 2a,

Ene-dione 3b (15 mg) was thermolyzed as above for 3 hr. Chlo-
roform elution through a short column of neutral alumina and
evaporation of the solvent gave a crystalline residue. Recrystalliza-
tion (ether-hexane) afforded 9.5 mg (62%) of pure material which
was identical (GLPC retention time, mp, mmp, and ir) to the pho-
toproduct 2b,

Thermolysis of Photoproduct 4, The enone-alcohol 4 was ther-
molyzed as above at 200° for 5 hr. GLPC showed only one volatile
product corresponding in retention time to isomer 2b, Passage of
the crude thermolysate through a neutral alumina column with
chloroform and removal of chloroform in vacuo gave 70% of a
crystalline compound which proved to be 2b (mp, ir).

Photolysis of Enone-Alcohol 4, Enone-alcohol 4 (50 mg) in 25
ml of benzene was irradiated (apparatus 1) for 40 hr and followed
by GLPC. A new peak corresponding in retention time to that of
3b was observed to grow throughout the photolysis. Removal of
benzene in vacuo followed by silica gel column chromatography
(chloroform) gave 39 mg (78%) of crystalline 3b identical in every
respect (mp, mmp, ir) with previous samples.

Identical photolysis of 4 (50 mg) in 25 ml of tert-butyl alcohol
slowly gave rise to isomer 2b as shown by GLPC. Some 4 remained
even after 40 hr. Removal of tert-butyl alcohol in vacuo followed
by Kugelrohr short path distillation (88-90°, 0.05 mm) gave 40
mg (80%) of crystalline material which was identical (mp, mmp,
ir) with authentic 2b,

Photolysis of Ene-Dione 3b, A solution of 30 mg of this material
in 30 ml of benzene was irradiated through Pyrex by method 2
(100-W Hanovia) and followed by GLPC (column B, 150°, 150
ml/min). During 8 hr, starting material gradually disappeared and
was replaced by a new GLPC peak due to photoisomer §, Contin-
ued irradiation led to a second new GLPC peak, that of 6, at the
expense of 5 until after 48 hr the 5;6 ratio was time invariant at 1:
1.9.

Simultaneous irradiation of 23 mg of 3b in 10 ml of benzene in
one Pyrex tube and 23 mg of 3b dissolved in 10 ml of 8:2 (v/v)
benzene-piperylene in another gave identical results.

Irradiation of 27 mg of 3b in 20 ml of benzene containing 102
mg of benzophenone through a number 3850 Corning glass filter
(transmitting A >355 nm) for 65 hr resulted in the formation of
traces of 5 (GLPC). However, identical results were obtained in a
parallel experiment in which the benzophenone was omitted. Irra-
diation of 3b in 20 ml of acetone using a 253.7-nm mercury lamp
resulted in the complete disappearance of starting material within
3 hr with no GLPC volatile products being formed.
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Compounds 5 and 6 could be easily isolated in 50% overall yield
by preparative GLPC (column C, 170°, 120 ml/min) of solutions
photolyzed so as to give a 1:1 = 5:6 ratio. The physical and spec-
tral data for § and 6 are given in the text. Both 5 and 6 showed
mass spectral parent peaks (70 eV) at m/e 190.

Anal. Caled for compound § (C15oH;402): C, 75.76; H, 7.42.
Found: C, 75.59; H, 7.45.

Anal. Caled for compound 6 (Cy,H1402): C, 75.76; H, 7.42,
Found: C, 75.88; H, 7.43.

Irradiation of Isomers 5 and 6, Ene-dione § (22 mg) in 18 ml of
benzene was irradiated through Pyrex by method 2 (450-W Hano-
via). After 3 hr the 5;6 ratio was constant at 1:1.8 as shown by
GLPC. The ir and NMR spectra of collected samples were identi-
cal with previous spectra. Photolysis of ene-dione 6 (27 mg) in 20
ml of benzene exactly as above also led to a 5:6 ratio of 1:1.8. Ir
and NMR spectra were again superimposable.

Hydrogenation of Photoisomers 5 and 6, Ene-dione § (30 mg) in
15 ml of ethyl acetate was hydrogenated at atmospheric pressure
over 10% palladium on charcoal. Filtration, removal of the ethyl
acetate in vacuo, and recrystallization of the solid residue from
ether-hexane gave pure dihydro 8§, mp (sealed tube) 225° dec,
uvmax (MeOH) 293 nm (e 54); ir (CHCl3) 5.72 (C=0) u; NMR
(CCly) no vinyl hydrogens.

Anal. Caled for C3H1605: C, 74.97; H, 8.39. Found: C, 74.71;
H, 8.25.

Identical hydrogenation of photoproduct 6 and workup as above
afforded pure dihydro 6, mp (sealed tube) 211-212.5°, Uvp,y
(MeOH) 292 nm (e 39); ir (CHCl3) 5.70 (C=0) u; NMR (CCla)
no vinyl hydrogens.

Anal. Caled for C1,H 1602 C, 74.97; H, 8.39. Found: C, 74.69;
H, 8.43.

Photolysis of the Benzoquinone-2,3-Dimethylbutadiene Diels-
Alder Adduct 1b in tert-Butyl Alcohol-O-d, Diels-Alder adduct 1b
(50 mg) was dissolved in 5 ml of tert-butyl alcohol-O-d and photo-
lyzed by method 1 until no starting material remained. Workup as
previously described gave 40 mg (80%) of colorless photoproduct
2b; mp 82-83°, ir (CHCl;) 5.72 (C=0) u; NMR (CDCl3) 7 7.0
(broad s, 1), 7.33 (m, 1), 7.45 (m, 1), 7.62 (m, 1), 7.75 (m, 2), 7.87
(broad t, 1, C4 endo H), 8.31 (m, 3, CH3), and 8.41 (m, 3, CH3).
The doublet of doublets at 7 7.53 in undeuterated 2b, likely due to
the C4 exo proton, was absent. The mass spectrum parent (70 eV)
appeared at m/e 191, the relative intensity of which indicated
92.2% deuterium content.*® Photolysis of 2b exactly as above gave
only recovered undeuterated 2b,

A mixture of 10 mg of photoproduct 2b, 3 mg of potassium hy-
droxide, 4 drops of deuterium oxide, and 0.7 ml of CDCl; was
placed in an NMR tube, and the contents were shaken at room
temperature for 3 hr. The NMR spectrum of this mixture was
found to be identical with that reported above.

Preparation of 2,3-Dimethylbutadiene-1,1,4,4-ds, This material
was prepared by the general method of Cope, Berchtold, and
Ross*” which involves sulfolene formation, base-catalyzed deutera-
tion, and thermal cleavage to the deuterated diene. The requisite
3,4-dimethyl-2,5-dihydrothiophene 1,1-dioxide was prepared by
the method of Grummit, Ardis, and Fick,48 mp 135° (lit.#8 135°).
The deuteration was carried out as follows. A mixture of sulfolene
(3.6 g, 0.05 mol), dioxane (30 ml), deuterium oxide (5 ml), and po-
tassium tert-butoxide (0.56 g, 0.005 mole) was refluxed for a peri-
od of 20 hr. The reaction mixture was cooled and acidified with hy-
drochloric acid. The volume was reduced to about 10 ml by evapo-
ration in vacuo and the reaction mixture was then extracted with
chloroform twice in 30-ml portions. The dried (Na;SO4) chloro-
form extract was concentrated in vacuo to give a white solid which
recrystallized from water to yield 3.4 g (94%) of colorless crystals:
mp 129-130°; NMR (CDCls) 7 6.30 (s, 0.5, unexchanged CH»)
and 8.30 (s, 6, CH3). Mass spectrometry (70 eV) indicated a total
deuterium content of 89%.%6

Thermal cracking of this material to the deuterated butadiene
was accomplished as follows. The deuterated sulfolene from above
(1.5 g, 0.01 mol) was placed in a long-necked round-bottom flask
which was in turn connected to a U-tube immersed in an ice bath.
The flask together with its long neck was heated to 170° in a Ku-
gelrohr apparatus oven. The desired deuterated butadiene was
trapped in the U-tube in the form of a colorless liquid while sulfur
dioxide escaped. Distillation of the trapped residue at 74-75° gave
0.67 g (80%) of tetradeuterio-2,3-dimethyl-1,3-butadiene whose

NMR showed peaks at 7 5.0 (d, 0.5, unexchanged vinyl H) and
8.18 (s, 6, CH3).

Preparation and Photolysis of the 2,3-Dimethylbutadiene-
1,1,4,4-d4 Benzoquinone Diels-Alder Adduct 1b (R’ = D), Fol-
lowing the procedure of Mandelbaum and Cais,*> Diels-Alder ad-
duct 1b (R’ = D) was obtained from the tetradeuteriobutadiene
prepared above and benzoquinone as pale yellow needles, mp
110-111°. The NMR spectrum showed 7 3.40 (s, 2, vinyl), 6.85 (s,
2), and 8.40 (s, 6, CH3). From the mass spectrum (70 eV, parent
mfe 194), the extent of deuteration was determined?6 to be 88.2%.
A second preparation gave material with 83.5% total deuterium
content.

A sample (100 mg) of this latter material in 80 ml of benzene
(pretreated with D0, azeotropically distilled, and redistilled from
sodium) was photolyzed to completion by method 1. Workup as
previously described gave 60 mg (60%) of crystalline photoproduct
3b (R’ = D), NMR (CDCl3) 7 6.71 (d, |, J = 7 Hz), 7.0 (d of d,
0.4,J = 18 and 2 Hz, C4-exo H), 7.33 (d, 1, J = 7 Hz), 7.67 (d of
d, 1,J = 18 and 5 Hz, C4-endo H), 7.95 (m, 1), 8.12 (s, 3, CH3),
and 8.62 (s, 3, CHj). In agreement with these NMR data, the
mass spectrum of 3b (R’ = D) indicated a total deuterium content
of 75.1%.

As expected, photolysis of 1b (R’ = D) (88.2% total deuterium
content) in tert-butyl alcohol gave photoproduct 2b (77%) with a
total deuterium content of 68.2% and the C4-exo proton intact.

Photolysis of the 1,4-Naphthoquinone-2,3-Dimethylbutadiene
Diels-Alder Adduct 7, Diels-Alder adduct 7 was prepared by the
method of Allen and Bell.49 A solution of 1.0 g of 7 in 400 ml of
benzene was irradiated (method 2) for 15 hr. The reaction mixture
was concentrated under vacuum and subjected to silica gel column
chromatography with 5% acetone-chloroform elution. In this way
410 mg of adduct 7 and 257 mg (43% based on unrecovered start-
ing material) of keto alcohol 8 were isolated. Recrystallization
(hexane) and sublimation (100°, 0.02 mm) of the latter gave ma-
terial melting at 126.0-126.5°. With reference to the NMR re-
ported in the text, the following spin decoupling experiments were
carried out: Irradiation of the C; vinyl proton (r 4.24) led to a col-
lapse of the C¢ proton doublet (7 6.75) to a singlet. Irradiation of
the C; methine signal (7 7.4) converted the signals at = 8.45 and
8.66 (Cyo endo and exo protons, respectively) to an AB quartet
with J = 13 Hz, Mass spectrum parent (70 eV) m/e 240.

Anal. Caled for C14H160,: C, 79.96; H, 6.71. Found: C, 80.01;
H, 6.90.

Photolysis of the Isoprene-Benzoquinone Diels-Alder Adduct 9,
A solution of 515 mg of adduct 930 in 250 ml of benzene was irra-
diated by method 2 and followed by the decrease in intensity of the
350-nm uv absorption band which indicated nearly complete reac-
tion after 15 hr. Analysis of the resulting mixture on GLPC (col-
umn D, 157°, 150 ml/min) indicated the presence of three prod-
ucts subsequently shown to have structures 10, 11, and 12 in the
ratio of 5:3:2, respectively. An otherwise identical photolysis in
tert-butyl alcohol gave only ene-diones 11 and 12 in the ratio 7:1.
The photoproducts were isolated in the form of colorless liquids by
preparative GLPC (column C, 145°, 150 ml/min), and analytical
samples were prepared by short path Kugelrohr distillation.

Ene-dione 10 exhibited ir (CHCl3) 5.68 (C=0) and 5.80
(C=0) u; NMR (CDCl3) 7 3.69 (d of d, |, J = 8 and | Hg,
vinyl), 4.11 (d of d, I, J = 8 and 6 Hz, vinyl) 6.63 (broad t, 1),
6.80 (dofd, 1,/ = 18 and 2 Hz, Csexo H), 7.18-7.38 (m, 1), 7.65
(broad d of d, 1, J = 18 and 5 Hz, C4 endo H), 7.83-7.97 (m, 1),
8.34 (broad d, 2, J = 1.5 Hz), and 8.60 (s, 3, CH3): uvmax
(MeOH) 296 (e 300), 310 nm (shoulder);*! mass spectrum parent
(70 eV) m/e 176.

Anal. Caled for C H203: C, 74.98; H, 6.86. Found: C, 74.80;
H, 6.79.

Photoproduct 11 showed ir (CHCl;) 5.72 (C=0) u; NMR
(CDCl3) 7 4.3-4.5 (symmetric m, 1, vinyl), 6.9-7.0 (symmetric m,
1),7.1-7.3 (m, 2), 7.4-7.5 (m, 1), 7.56 (d of d, |, J = 18 and 4 Hz,
C4 exo H, exchangeable), 7.6-7.7 (m, 2), 7.78 (d of d, 1, J = 18
and 1 Hz, C4 endo H), and 8.35 (broad s, 3, CH3); uvmax (MeOH)
288 nm (e 61); mass spectrum parent (70 eV) m/e 176.

Anal. Caled for C11H2,05: C, 74.98; H, 6.86. Found: C, 74.75;
H, 6.70.

Photoproduct 12 gave the following data: ir (CHCl3) 5.70
(C=0) and 5.84 (C=0) u; NMR (CDCl3) r 4.47 (symmetric m,
1, vinyl), 6.67 (broad t, 1, J = 7 Hz), 6.0-7.8 (m, 6), 8.06 (d, 3, J
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= 1.5 Hz, CH3), and 8.39 (broad d, 2, J = 12 Hz). Irradiation of
the 7 4.47 vinyl multiplet caused the collapse of the 7 6.67 triplet
to a doublet with J = 7 Hz and conversion of the methyl doublet to
a singlet. The uv spectrum (MeOH) was again indicative’! with a
max at 295 nm (e 330) and a shoulder at 305 nm. The mass spec-
trum parent (70 eV) appeared at m/e 176.

Anal. Caled for C11H,03: C, 74.98; H, 6.86. Found: C, 75.08;
H, 6.84.

Thermolysis of Ene-Diones 10 and 12, Thermolysis (168°) of 10
mg of ene-dione 10 in a sealed Pyrex tube for 16 hr followed by fil-
tration through a small column of neutral alumina (chloroform el-
uent) gave 10 mg of ene-dione 11 (identical NMR spectrum).

Photoproduct 12 (15 mg) was similarly heated at 185° for 22 hr.
Filtration through silica gel with chloroform yielded 14 mg (95%)
of ene-dione 15 as a colorless liquid: ir (CHCl3) 5.70 (C=0) p;
NMR (CDCl;) 4.62 (m, 1, vinyl), 6.8-6.9 (m, 1), 7.16-7.27 (m,
1),7.33-7.65(m, 5),7.78 (d of d, 1, J = 18 and 1 Hz, C4 endo H),
and 8.23 (m, 3, CH3); uvmax (MeOH) 290 nm (e 80); mass spec-
trum parent (70 eV) m/e 176.

Photolysis of the Isoprene-1,4-Naphthoquinone Diels-Alder Ad-
duct 13, Diels-Alder adduct 13 was prepared according to the pro-
cedure of Diels, Alder, and Stein.52 A solution of 315 mg of this
material in 135 ml of tert-butyl alcohol and 15 ml of benzene was
irradiated (method 2) for 21 hr. Silica gel column chromatography
(chloroform) gave 80 mg of material consisting largely of photo-
product 14, A small sample of this material, isolated with diffi-
culty (due to thermal instability) by preparative GLPC showed the
following spectral data: ir (CCly) 5.86 (C=0) u; NMR (CCly)
2.0-2.8 (m, 4, aromatic), 3.6-4.0 (m, 2, vinyls), 6.6-6.8 (m, 1), 7.4
(s, 1, OH, exchangeable with addition of D,0), 7.6 (d of d, |, J =
8 and 3 Hz), 8.3-8.6 (m, 2) and 8.9 (s, |1, CHj3); mass spectrum
parent (70 eV) m/e 226.

Photolysis of the trans,trans-2,4-Hexadiene-Benzoquinone
Diels-Alder Adduct 16, A solution of 1.0 g of Diels-Alder adduct
16, prepared by the method of Euler, Hasselquist, and Glaser,?C in
400 ml of benzene was irradiated using method 1 for 121 hr after
which time the 371-nm uv absorption of 16 had disappeared.
GLPC (column D, 170°, 150 ml/min) of the dark brown reaction
mixture revealed only one major volatile product. Chromatography
of this material on neutral alumina (chloroform eluent) gave pho-
toproduct 17 as a yellow oil. Crystallization from hexane afforded
274 mg (26%) of 17, mp 75.5-78.5°. Two recrystallizations gave
analytically pure material melting at 80.0-80.5°: ir (CCls) 5.78
(C=0) u; NMR (CDCl3) 7 4.1-4.6 (m, 2, vinyls), 7.2-7.7 (m, 7),
7.7-8.4 (m, 2), and 8.7 (d, 3, J = 7 Hz, CH3); uvax (MeOH) 291
nm (e 56); mass spectrum parent (70 eV) m/e 190.

Anal. Caled for C12H1403: C, 75.76; H, 7.42. Found: C, 75.50;
H, 7.32.

Hydrogenation of Photoproduct 17, A solution of 93 mg of ene-
dione 17 in 25 ml of ethyl acetate was hydrogenated over 20 mg of
10% palladium on charcoal at atmospheric pressure. Hydrogen up-
take was complete within 1 hr. The reaction mixture was filtered
through Celite to give 92 mg (99%) of crystalline dihydro 17, mp
84.5-85.0° after recrystallization from low boiling petroleum
ether: ir (CCly) 5.80 (C=0) u; NMR (CCl4 and CDCl;) 7 7.34
(pentuplet, 1, J = 3 Hz, C3 methine), 7.5-7.8 (m, 5), 7.8-8.8 (m,
7), 8.82 (d, 3, J = 6.5 Hz, CH3); uvpmax (MeOH) 293 nm (e 51);
mass spectrum parent (70 eV) m/e 192.

Anal. Caled for C;H;605: C, 74.96; H, 8.39. Found: C, 74.86;
H, 8.52.

Photolysis of the trans,trans-2,4-Hexadiene-Benzoquinone
Diels-Alder Adduct 16 in tert-Butyl Alcohol-O-d. A solution of 89
mg of Diels-Alder adduct 16 in 7.5 ml of tert-butyl alcohol-O-d
was irradiated using method 2 and the reaction monitored by uv at
371 nm which showed the disappearance of starting material after
2.5 hr. Passage of the crude photolysate through a 4 X 1 cm col-
umn of neutral alumina (chloroform eluent) resulted in the isola-
tion of 28 mg of crystalline photoproduct 17 whose NMR spec-
trum was consistent with partial deuteration at C4 as shown by the
decrease of the integral of the multiplet at r ~7.5. (Base-catalyzed
deuterium exchange of proteo-17 resulted in the exchange of two
hydrogens at 7 ~7.5.) From the mass spectrum (70 eV), the extent
of photochemical deuterium incorporation was determined?é to be
30%.

Photolysis of the Piperylene-Benzoquinone Diels-Alder Adduct
18, A solution of 0.75 g of Diels-Alder adduct 1833 in 200 ml of
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tert-butyl alcohol was irradiated using method 1 and the reaction
followed by TLC (15% ethyl acetate-benzene) which showed the
disappearance of starting material after 12 hr. GLPC analysis
(column A, 160°, 120 ml/min) indicated the presence of two pho-
toproducts in the ratio of 7:1 which were assigned structures 19
and 20, respectively, on the basis of the spectral data given below
(isolation by preparative GLPC, column E, 170°).

Ene-dione 19, mp 75-76° (ether-hexane), showed ir (CCls)
5.79 (C=0) u; NMR (CCly) 7 4.0-4.6 (m, 2, vinyl), 7.2-7.8 (m,
8), 7.9-8.2 (m, 2); uvpax (MeOH) 285 nm (e 60); mass spectrum
parent (70 eV) m/e 176.

Anal. Caled for C,;H;,03: C, 74.98; H, 6.86. Found: C, 75.17,
H, 7.01.

Photoproduct 20, a colorless liquid, showed ir (CCls) 5.67 and
5.79 (C=0) u; NMR (CDCl;) 7 3.3 (broad t, |, J = 8 Hz, vinyl),
4.1 (broad t, 1, J = 7 Hz, vinyl), 6.4-6.8 (m, 1), 6.8-8.4 (m, 6),
and 9.0 (d, 3, J = 8 Hz, CH3); uvmax (MeOH) 296 nm (e 440);5!
mass spectrum parent (70 eV) m/e 176.

Anal. Caled for C11H1202: C, 74.98; H, 6.86. Found: C, 74.72;
H, 7.00.

Attempted Photolysis of Diels-Alder Adduct 21, Diels-Adler ad-
duct 21 was prepared by the method of Lepage.>* Photolysis
(method 1) of 250-mg samples of this material in either benzene or
tert-butyl alcohol for periods of up to 48 hr resulted in no product
formation, and in each case over 90% of the starting material could
be recovered unchanged.

Photolysis of the Duroquinone-2,3-Dimethylbutadiene Diels—
Alder Adduct 22, Diels-Alder adduct 22 was prepared by the
method of Ansell, Nash, and Wilson.35 A solution of 0.80 g of this
material in 300 ml of benzene was irradiated using method 1 for 6
hr. Silica gel column chromatography (8% ethyl acetate-benzene
eluent) gave 182 mg (23%) of enone alcohol 23, mp (hexane)
101-102°, and 369 mg (46%) of liquid ene-dione 24, Photolysis of
22 in other solvents gave the results shown in Table II of the text
(GLPC analysis with column A, 145°, 150 ml/min plus spectra of
collected samples). The enone alcohol 23 was irradiated in zerz-
butyl alcohol under identical conditions and shown to be photosta-
ble for periods of time during which Diels-Alder adduct 22 reacted
completely. Prolonged photolysis of 23 led to nonvolatile polymer-
like material.

Photolysis of adduct 22 in methanol or water-dioxane mixtures
led to small quantities of a third photoproduct, ene-dione 25,
which could also be isolated by silica gel column chromatography
as above.

Photoisomer 23 exhibited the following spectra: ir (CCly) 2.69
(OH) and 5.98 (C=0) u; NMR (CCly) 7 4.62 (m, 1, vinyl), 7.79
(broad, s, 1, OH, disappears with D,0), 8.12-8.16 (m, 3, CH;),
8.20-8.26 (m, 6, CH3), 8.43 (d, |, J = 12.5 Hz, CyoH), 8.92 (s, 3,
CH3),9.03 (d, 1, J = 12.5 Hz, CyoH), 9.14 (s, 3, CH3), and 9.20
(s, 3, CH3); uvmay (MeOH) 251 (e 7.42 X 103), 325 nm (e 58);
mass spectrum parent (70 eV) m/e 246.

Anal. Caled for C,sH»,05: C, 78.01; H, 9.00. Found: C, 77.80;
H, 9.02.

The spectral data for photoproduct 24 are given in the text.
Mass spectrum parent (70 eV) m/e 246.

Anal. Caled for C1¢H»,0,: C, 78.01; H, 9.00. Found: C, 77.80;
H, 9.13.

Minor photoproduct 25, a colorless liquid, showed ir (CCly) 5.72
(C=0) u; NMR (CCls) 7 7.93 (broad s, |, C7 methine), 7.99 (q,
1, J = 7 Hz, C4 methine), 8.05-8.15 (m, 2, C;o CH>), 8.24-8.34
(m, 3, CH3), 8.39 (broad s, 3, CH3), 8.87 (s, 3, CH3), 9.05 (s, 3,
CH3),9.17 (d, 3, J = 7 Hz, C4 CH3), and 9.28 (s, 3, CH3). Deute-
rium exchange in the NMR tube (CCls-D20-KOH) led to the
disappearance of the quartet at + 7.99 and to the formation of a
broad singlet at 7 9.17, Uvmax (MeOH) 292 nm (e 70); mass spec-
trum parent (70 eV) m/e 246.

Anal. Caled for C,sH»;0,: C, 78.01; H, 9.00. Found: C, 77.78;
H, 8.98.

Thermolysis of Enone Alcohol 23, Photoproduct 23 (60 mg) was
heated for 2 hr at 280° in a sealed Pyrex tube. Silica gel column
chromatography (8% ethyl acetate-benzene) afforded 12 mg
(20%) of Diels-Alder adduct 22 plus 32 mg (53%) of ene-dione
25, All spectra were identical with those of previously prepared
samples.

Thermolysis of Ene-Dione 24, Photoproduct 24 (26 mg) was
heated (192°) for 16 hr in a sealed Pyrex tube. The slightly brown
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product was chromatographed (silica gel-chloroform) to yield 24
mg (92%) of a homogeneous (GLPC, column A, 150°, 150 ml/
min) yellow oil. Crystallization from hexane gave compound 26 as
yellow needles, mp 53.0-53.5°, whose spectra are described in the
text.26 Mass spectrum parent (70 eV) m/e 246.

Anal. Caled for C¢H,,02: C, 78.01; H, 9.00. Found: C, 77.99;
H, 9.03.

Boron Trifluoride-Catalyzed Isomerization of 26, A solution of
21 mg of diene-dione 26 in 4 ml of methylene chloride was satu-
rated with gaseous boron trifluoride and stirred for 30 min at room
temperature. Water (5 ml) and excess solid sodium bicarbonate
were then added to the brown reaction solution, and the resulting
mixture was extracted with chloroform. Removal of chloroform in
vacuo gave 21 mg (100%) of partially crystalline Diels-Alder ad-
duct 22, Recrystallization from hexane gave material whose ir and
NMR spectra were identical with those of an authentic sample.

Photolysis of the Duroquinone-2,3-Dimethylbutadiene Diels-
Alder Adduct 22 in Deuterated Protic Solvents, A solution of 91 mg
of Diels-Alder adduct 22 in 7 ml of anhydrous dioxane and 5 ml of
deuterium oxide was irradiated using method 2 for 5.9 hr. Three
products, corresponding in TLC behavier and GLPC retention
times to photoisomers 23, 24, and 25, were observed in the ratio of
33:1:6, respectively (column A, 170°, 60 ml/min). Photoproducts
24 and 25 were isolated in small amounts by silica gel column
chromatography using 8% ethyl acetate-benzene as the eluting sol-
vent. The NMR spectrum of photoproduct 25 obtained in this way
was identical in every respect with the spectrum observed when
proteo-ene-dione 25 was subjected to base-catalyzed deuterium
exchange as previously described. The NMR $pectrum of photo-
product 24, however, showed no trace of deuterium incorporation
and was identical with that previously observed.

Irradiation of adduct 22 (110 mg) in 8 ml of tert-butyl alcohol-
0-d and 1 ml of benzene followed by identical workup gave 21 mg
of ene-dione 24 whose NMR and mass spectra showed absolutely
no deuterium incorporation.

Photolysis of the 2,3-Dimethylbutadiene-2,3-Dimethyl- p-benzo-
quinone Diels-Alder Adduct 30, Diels-Alder adduct 30 was pre-
pared as described by Fieser and Chang.5¢ This material (0.60 g)
in 200 ml of benzene was irradiated by method 2 and followed by
GLPC (column A, 165°, 150 ml/min) which showed the forma-
tion of essentially only one photoproduct. After 6.5 hr the reaction
was stopped and the crude photolysate subjected to column chro-
matography on silica gel (eluting solvent 20% ethyl acetate-ben-
zene). This procedure gave 137 mg (23%) of material, mp 55-56°,
which was assigned the structure 31 on the basis of the following
data: ir (CHCl3) 2.80 (weak, OH) and 6.00 (C=0) u; NMR
(CDCl3) 74.42 (m, 1, vinyl), 7.13 (d, 1, J = 3 Hz), 7.70 (s, 1, OH,
disappears on adding D,0), 7.84 (m, 1), 8.15 (s, 3, vinyl CH3),
8.25 (broad s, 3, vinyl CH3), 8.30 (s, 3, vinyl CH3),8.59(d, 1,J =
3 Hz), 8.65 (s, 1), and 8.93 (s, 3, CH3); uvpax (MeOH) 252 (e
8600) and 325 nm (e 80); mass spectrum parent (70 eV) m/e 218.

Anal. Caled for C4H,30,: C, 77.03; H, 8.31. Found: C, 77.10;
H, 8.44.

Irradiation of 150 mg of adduct 30 in 25 ml of zert-butyl alcohol
as described above led to the formation of enone-alcohol 31 plus a
new photoproduct subsequently assigned the structure 32, The 31;
32 ratio decreased with increasing length of irradiation indicating
that ene-dione 32 was being formed at the expense of enone-alco-
hol 31, After 19 hr, the 31:32 ratio was ca. 1:5.5. Both products
were isolated by preparative GLPC (column A, 165°, 150 ml/min)
and identified by their spectra. Photoisomer 32, mp 78-80°,
showed ir (CHCl3) 5.73 (C=0) u; NMR (CDCl;) = 7.37 (m, 1),
7.70 (m, 4), 7.85 (m, 1), 8.25 (s, 3, vinyl CH3), 8.37 (s, 3, vinyl
CH3), 8.88 (s, 3, CH3), 9.13 (d, 3, J = 7 Hz, C4 CH3); mass spec-
trum parent (70 eV) m/e 218.

Anal. Caled for C14H1805: C, 77.03; H, 8.31. Found: C, 76.80;
H, 8.36.

Photolysis of enone-alcohol 31 under conditions identical with
those described above led to ene-dione 32 in tert-butyl alcohol
(proved by GLPC retention time); irradiation in benzene led to.no
measurable (GLPC) reaction.
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