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The photolysis of l-substituted 1la,7b-dihydro-1H-cyclopropafa]naphthalenes in the presence of Michler’s
ketone leads principally to 5-substituted 5H-benzocycloheptenes as primary products via a stepwise mechanism.
The reaction proceeds smoothly with inversion of the migrating carbon if there is no steric hindrance, but it pro-

ceeds predominantly with retention if the inversion course is severely suppressed by steric hindrance.

The marked

difference in the exo-endo ratio of the secondary photocyclization products depending on the irradiation conditions
was also recognized for 1-methoxycarbonylmethyl derivative.

The stereochemical course of the photochemical
Berson-Willcott rearrangements had been reported by
us for l-methoxycarbonylmethyl-la,7b-dihydro-1H-cy-
clopropa[a]naphthalene (la) under direct irradiation?
and by Klirner for 7-cyano- and 7-methoxycarbonyl-
2,7-dimethyl-1,3,5-cycloheptatriene (2) under sensitiz-
ed irradiation.? In both cases, the rearrangements
proceeded principally by way of inversion at the mi-
grating carbon center. In the former case, in par-
allel with a result for the 4-i-butyl derivative of 1a,9
we suggested a concerted mechanism controlled by the
Woodward-Hoffmann rule, while in the latter, Klarner
proposed a biradical pathway.

In the course of a photochemical study of 1-exo-
methoxycarbonyl derivative (1b) in the presence of
several sensitizers, 5-methoxycarbonyl-5H-benzocyclo-
heptene (3b)% was obtained as a primary product
but 7-methoxycarbonyl-7H-benzocycloheptene or the
secondary photo-products derived from it were not de-
tected. This and the results by Kliarner® suggest that
the reaction course and the stereochemistry under such
photolytic conditions might be different from the re-
sults of direct irradiation. Interest has also been fo-
cused on the effect of a substituent on C-1, i.c., elec-
tron-attracting or releasing, which would affect the
bond strength of the three-membered rings not only
in their ground state® but also in the excited states.®)
In order to clarify these points, we studied the stereo-
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chemical course of sensitized reactions of a scries of
l-substituted 1a,7b-dihydro-1H-cyclopropa[a]naphtha-
lenes (1) using their racemic and optically active forms.
The substituents chosen were methoxycarbonylmethyl
as an electron-releasing group, and methoxycarbonyl
and cyano as electron-attracting groups with large and
small steric requirement, respectively.

Photochemistry of I-exo-Methoxycarbonyl Derivative (15).
Irradiation in the Presence of Michler’s Ketone: Irradiation
of 1b in benzene with 4,4’-bis(dimethylamino)benzo-
phenone (Michler’s ketone) for 2.5h gave a recovery
of material corresponding to 759, of the initial weight
of 1b, from which 1b (309%,), 3b (309%,), and 8a (10%,)
were separated. Under these conditions, the cycliza-
tion products from 3b were negligible but prolonged
irradiation gave a small amount of an exo-endo mixture
of  7-methoxycarbonyl-2a,7a-dihydro-7H-cyclobut[a]-
indene (4b), which was not detected under direct ir-
radiation.

When we used 1b-1-d; for photolysis, we obtained
only 3b-5-d; as new products; this result supports the
regiospecific rearrangement at C-1.

In the same experiment, (4-)-1b ([«], +124°) gave
3b ([¢], —2.82°) in addition to a recovery of 1b
([x]p +114°).

Identification of the Products: 3b was identical with
a sample obtained by alcoholysis of the corresponding
nitrile (3¢) reported previously.?) An exo-endo mixture
of 4b was separated by VPC. The mass spectra of
the two components showed very similar fragmentation
patterns except for their relative intensities: peaks at
mfe 200 (M+), 174 (M+—C,H,), 141 (base peak, M+—
COOCHjy), 115 (M+—CHCHCOOCH,).

The UV spectra of exo-4b and endo-4b are very
similar and are characteristic of benzocyclopentenes.?)
The NMR spectra of both compounds could be ac-
counted for by structure 4b (Aromatic H: aliphatic
H: olefinic H: OCH;=4:3:2:3) and the coupling pat-
terns between the olefinic protons and H,’s of exo-
and endo-4b were quite similar to those of known exo-
and endo-4a, respectively.8:9)

Irradiation of YOptically Active 1-Methoxycarbonylmethyl
Derivative (1a): Because of its facile double epimeriza-
tion above room temperature, the exo-ester (la), care-
fully obtained below 3 °C from the known (+)-(1R)-
1dY ([e]p, +147°, >959%, optically pure), was irradiat-
ed in dichloromethane in the presence of Michler’s
ketone below 0 °C for 5 min. After chromatographic
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separation of the products from the sensitizer, they
were identified and estimated to consist of 1la (53%),
3a (389,),% and 4a (endo (6%)texo (1.5%)).®) Re-
peated chromatography on silica gel of the mixture
gave 3a and endo-4a in optically active forms (3a,
[e]p +65° (769 enantiomer excess (e.e.); endo-4a,
[x]lp, +81° (769, e.e.)).

In a separate experiment, (+)-(5S)-3a ([«], +86°,
>959, optically pure) was similarly photolyzed in
benzene to give a product (309%) consisting of exo-
and endo-4a (1:5) which retained their optical ac-
tivities [endo-4a, [«]y; —107° (>959, optically pure);
exo-4a, [a], -+180°]; these determined the (7§)-con-
figuration for both (4)-exo-4a and (—)-endo-4a.

Therefore, the stereochemistry of the rearrangement
of exo-1a to 3a under the above conditions is deduced
to be 889% retention of the C-1 configuration; this
result is opposite to the one for the same rearrange-
ment under direct irradiation.2:3 When we use (+)-
la (exo:endo=2:1; [o], -+24.7°) after thermal equi-
libration as the starting material, we obtain (--)-3a
in 169, e.e. (589 retention) after 209, conversion.
In this case, if a rearrangement starting from exo-la,
which forms 679, of the starting ester, proceeds with
889, retention as observed above, the calculated per-
centage of retention originating from exo-la will be
599, in the total rearrangement, which is well co-
incident with the observed value (589,). Therefore,
the endo-la, composing 339, of the starting material,
is supposed to rearrange solely to (—)-3a through in-
version of the C-1 configuration. The longer irradia-
tion time (729, conversion) using an exo-endo mixture
of optically active la (2:1) gave endo-4a, instead of
3a, as the main product with the same enantiomer
excess within the experimental error (199, e.e.; 599,
retention).

Photochemistry of 1-Cyano Derivative (1c). Syn-
thesis of (IR)-(— )-I-endo-Cyano Derivative (I-endo-Ic):
Because of the double epimderization of exo-la, éndo-1a,
and endo-1b,5 we could not make clear the stereo-
chemistry of the photochemical exo-¢ndo isomerization
for these compounds under the above conditions. In
hopes of obtaining a thermally stable and optically
active le, we synthesized it from an optically active
acid 1d under mild conditions. Thus, from (+)-1d
([¢]p +143°) we obtained (4)-1e as colorless crystals
([e]p +-103°, mp 76 °C) by dehydration with trifluoro-
acetic anhydride'® via the amide,'V) le ([«], +201°,
mp 261—262 °C). The obtained nitrile 1¢ showed a
characteristic 1-endo proton triplet ( Jj=4.3 Hz) at 6
0.69 ppm. Upon heating this nitrile 1¢ at 130 °C for
20 min, an exo-endo (2:3) mixture of le was obtained,
from which endo-le was isolated as colorless crystals,
mp 153 °C, [a]p, —579°. In the NMR spectrum, the
latter showed a triplet of C-1 proton at § 2.19 ppm
with a cis vicinal proton coupling ‘( /=8.3 Hz) char-
acteristic to the cyclopropane ring.?:12 The UV spec-
trum was very similar in shape to that of exo-1e, but
the maximum (270 nm (log ¢ -3.89)) appeared at a
shorter wavelength than that of exo-le¢ (273 nm (log ¢
3.89)). From the absolute configuration. of the start-
ing (4)-1d, the absolute configuration of (+)-exo-lc
must be (1R). Therefore, the configuration of (—)-
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endo-1c corresponds to (1R), because the latter should
be formed wvia a symmetry-allowed double Cope re-
arrangement from the former.13% The minus sign
in endo-lc is coincident with the existence of an en-
antiomeric benzonorcaradiene moiety against (1R)-
(+)-exo-1¢.15

Irradiation of Ic: Solutions of racemic exo- and of
endo-1c in benzene were irradiated for 15 min in the
presence of Michler’s ketone to give 689, and 889,
recovery of the initial amount of the starting material,

respectively.  The products were exo-1e¢, endo-1lc, and

7b-cyano-la,7b-dihydro - 1 H - cyclopropa[a]naphthalene
(52)'® in 34.99, 6.2%, and 25.49%, respectively from
exo-1c and 44.89%,, 15.7%, and 25.09%,, respectively
from endo-1c.

In an independent experiment, we observed that
5-cyano-5H-benzocycloheptene (3c) rearranged readi-
ly to 5a under the same conditions. Therefore, both
isomers of le interconvert with each other and prob-
ably rearrange to 5a via 3c.

In order to test the possibility of trapping 3e, if
it were formed from le, an authentic sample of 3¢
was irradiated with Michler’s ketone in furan as a
solvent instead of benzene; we obtained, in addition
to 5a (259%), a 1:1 adduct (adduct-1; 239,) composed
of furan and 3¢ as expected. In the direct irradiation
of 3¢ in furan, we obtained two kinds of 1:1 adducts
(40%,): one was identical with the above adduct-1 and
the other was an isomer (adduct-2).

The Structures of Adduct-1 and -2: The NMR spectra
of these two adducts showed quite similar coupling
patterns over all the region; therefore, it is reasonable
to suppose that they have the same molecular frame-
work. The ‘confirmation of the existence of vicinal
couplings by the stepwise decoupling experiment on
the NMR signals of the adduct-1 revealed a carbon
skeleton (A) and a 2,3-dihydrofuran moiety (B)' in
adduct-1.  As the two fragments contain all of the
carbons and hydrogens in the molecule, we can ob-
tain the structures 6 and 7 from their spectral analysis.
Of 6 and 7, the latter, in which the proton H,, is lo-
cated in proximity to the oxygen of the furan ring,
was chosen for the adduct by considering its NMR
spectrum. The syn structures, 7a and 7e, rather than
the anti, 7b and 7d, were selected because their NMR
spectra, taken with a shift reagent, showed an extra-
ordinary lower field shift of H,, and the least shifts
of H,, and Hj; signals. The larger lower field shifts
of Hy; as well as H,, signals in adduct-1 compared
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THE INDUCED SHIFTS IN NMR siGNALS
OF THE FURAN ADDUCT-1 AND -2 OBSERVED

TaBLE 1.

BY THE ADDITION OF Eu(fod),

Observed proton chemical shifts (d)
Added Eu(fod), . S
H, H, H; H, H,, Hp

Adduct-1 (2.2 mg/0.4 mL CDCI)

0.0 mg 4.98 6.20 4.43 4.55 6.07 6.7l
3.5 mg 5.17 6.31 4.50 4.81 6.20 6.77
ASH,/AMH,, 3.17 1.83 1.16 4.33 2.17 1.00
Adduct-2 (1.2 mg/0.4 mL CDCI,) '

0.0 mg 5.04 6.15 4.45 4.22 6.08 6.57
3.0 mg 5.26 6.43 4.58 4.58 6.21 6.71
ASH,/ASH,, 1.57 2.00 0.98 2.57 0.93 1.00

with those of the same proton signals in adduct-2 sug-
gested the structure 7a for adduct-1 and 7c¢ for adduct-2.
Irradiation of (IR)-exo-(+ )-Ic in Furan: Irradiation
of exo-(+)-1e, [a], +103°, in furan in the presence
of Michler’s ketone was performed as mentioned above.
The isolated products were, in addition to exo-(4)-le
([e]p -+110°; 56%), endo-(+)-1c ([al, +572°; 19%),
5a (139%), and adduct-1 ([a], —0.8°; 129%,).
Photockemistry of 1f-1,1-d,. Synthesis of 1f-1,1-d,:
In all the above-mentioned examples of the sensitized
irradiation of l-substituted 1, the products detected
were only the ones derived from the rearrangement
of C-1 toward C-7a. This fact was quite different
from the results obtained under direct irradiation. In
order to test whether such regioselectivity of rearrange-
ment under sensitized conditions is available in the
simplest case, we studied the rearrangement of 1f-
1,1-d,. Though 1f-1,1-d, was previously prepared from
naphthalene with dideuteriocarbene,'® the yield and
deuterium content were unsatisfactory. So we prepar-
ed it starting from 1,2-dihydronaphthalene as follows:
addition’ of dibromocarbene, reduction with tributyltin
deuteride,®-20 and NBS bromination followed by de-
hydrobromination with calcium hydrogen phosphate
in DMF.2) The deuterium content of C-1 of 1f-1,1-
d, was estimated to be 979% by HNMR spectrum.
Irradiation of 1f-1,1-d,: 1f£-1,1-d, dissolved in ben-
zene was irradiated with Michler’s ketone for 15 min
to give a mixture of 1£-4,!® (C), 5H-benzocycloheptene-
d, (mainly 3d-5,5-d,)'® (D), and 1-(methyl-d,)naph-
thalene. (11b-d,) in a ratio of 11.2:9.0:1.0; this was
estimated by a combination of VPC and NMR meas-
urements. A longer irradiation time did not increase
the amount of 3d, because the latter was found to
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be transformed back to 1f under the same conditions
in an independent experiment.

The deuterium distribution in compound C was
studied carefully with use of the FT-NMR spectrum.
Thus the integrated area of the signal of the proton
bound to C-la did not change compared with that
of the olefinic proton signals (2H). On the other
hand, the area due to the proton bound to C-7b de-
creases, in compensation for the increase of those due
to the exo- and endo-protons on C-1. The results al-
lowed us to estimate that compound C contained 1f-
1,1-d, and 1£-1,7b-d, in a ratio of 3.2:1.

Similar irradiation of 7H-benzocycloheptene (12a)
gave a mixture of 9a, 1f, 3d, and 8b in a ratio of 73.5-
20:6.5:trace, respectively. From this experiment, it is
clear that 9a-7,7-d,, if it were formed from 1£-1,1-d,
in the above experiment, should partly survive and
partly give 1f-1,1a-d, by [1,7]D-shift from C-7 to C-6
and simultaneous bond formation between C-5 and
C-7.

The fact that no deuterium incorporation was found
in C-la of compound C shows that the rearrangement
proceeds through one direction, similar to other cases
mentioned above. It is noteworthy that, while I-
methylnaphthalene was identified, neither naphthalene
nor 2-methylnaphthalene was detected in the sensitized
reaction.

Formation of the Furan Adducts of 1a and 1Ff. Ir-
radiation of la and 1f in furan in the ‘presence of
Michler’s ketone gave adduct-3 and -4, respectively.
Their similarities in the proton NMR spectral pattern
to those of adduct-1, except for the signals due to sub-
stituent and/or H,, determined the structures: 10a and
10b, respectively. Adduct-3 was obtained in 449 yield
from the irradiation of 3a in furan in the presence
of the sensitizer.

Discussion

The photochemical Berson-Willcott rearrangement
of benzonorcaradiene was initially reported by Ciganek
on l,l-dicyano-la,7b-dihydro-1H-cyclopropa[a]naph-
thalene in 1968.22 The stereochemical course of the
photochemical rearrangement of tropilidenes was stud-
ied by Klarner® under benzophenone sensitized con-
ditions on 1,3-dimethyl-2,4,6-cycloheptatriene-1-carb-
oxylic ester and nitrile (2a and 2b), which proceed
mainly with inversion at the migrating carbon center
of their norcaradiene tautomers. They proposed a
stepwise mechanism through the biradical intermedi-
ates keeping the substituents exo in order to relieve
the repulsion between z-electrons to predict inversion
and partial racemization.

In the above experiment, we found that the stereo-
chemical course of the rearrangement of la under
Michler’s ketone-sensitized irradiation was quite differ-
ent in nature from that under direct irradiation. Fukui
deduced as follows: “In a triplet-state reaction each
bond, which is to be newly forined through the over-
lapping of AO’s of the two parts where the orbital
interaction 1s considered, should be formed so as to
result in a structure having two unpaired electrons
not in conjugation with each other by virtue of that
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bond. Excited singlet-state reactions are not neces-
sarily subject to such a limitation.”23)

There are many examples in which different prod-
ucts are produced under sensitized irradiation from
those under the direct type,*¥ but little is known con-
cerning the case which gives the same products with
different stereochemistry depending on the irradiation
conditions. Mariano reported that the di-n-methane
rearrangement of 11 gives stereospecifically c¢is prod-
uct (12¢) from its excited singlet but mainly ¢rans (12t)
on sensitized irradiation.?” Swenton described the dif-
ferent behavior of 13 under direct irradiation and un-
der 2-acetonaphthone sensitization.?®) These examples
are not similar to our case precisely in the sense of
whether the migrating carbon changes the stereochem-
istry or not. Our results obtained on exo-1a are unique
because of its completely opposite stereochemistry to-
ward 3a depending on the irradiation conditions. It
is noteworthy that the optical purities of the products
from direct irradiation are the same within the ex-
perimental error and hence stereochemistry is not al-
tered whether we use exo-1a, obtained below 3 °C from
pure (1R)-(-+)-1d, or an thermally equilibrated exo-
endo mixture (2:1) of 1a obtained from the same acid.?”
This means that, under the direct irradiation, the exo-
1a and e¢ndo-1a follow the same stereochemistry, 809,
inversion and 209, retention of the configuration at
the migrating center. These facts suggest the presence
of different mechanisms for the two modes of irradia-
tion; under direct irradiation, both exo- and endo-la
follow mainly the same symmetry-allowed suprafacial
[1,5]sigmatropic shift with inversion at the migrating
center, but under sensitized conditions, they follow a
stepwise process with either the stereochemistry gov-
erned by the principle of the least motion or that of
releasing the steric hindrance in the process. Thus,
under the sensitized irradiation, the rearrangement of
endo-1a proceeds with inversion at the migrating center
in accordance with the principle of least motion2®)
with little change in spatial environment, while that
of the e¢xo-la proceeds mainly with retention at the
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center, avoiding the steric hindrance caused by the
substituent on C-1 and a hydrogen on C-7 in the
least motion movement. Borden reported such a least
motion pathway for the thermal [1,5]sigmatropic shift
of 16, contrary to the prediction of the Woodward-
Hoffmann rule. Direct irradiation of 16 also affords
17 with high stereoselectivity.2?)

The suppression of the reaction by steric repulsion
was recognized in the case of a kinetic study on the
rearrangement of 3-isopropyl derivative of exo-la com-
pared with that of endo-la under direct irradiation.3®
Swenton found, in addition to the path ii products,
the presence of path i products in the case of direct
irradiation of 5b. He attributed this to the steric
hindrance between a peri-hydrogen and the methoxy-
carbonyl group present in the intermediate (18). Such
obstruction to path ii is not seen in the case of photo-
lysis of 5a.1%)

In the study of 1a, it was difficult to recover exo-la
without contamination of endo-la owing to its thermal
instability; even so, the stepwise mechanism under sen-
sitized conditions was supported by the findings that
(1R)-exo-1c was recovered from the reaction mixture
without racemization and at the same time (15)-endo-
lc was obtained with high optical rotation3) when
(1R)-exo-1c was irradiated in furan. Simple Hickel
calculations predict the resonance energy of l-phenyl-
allyl radical (19) composed of a part of 20 to be larger
than that of o¢-vinylbenzyl radical (21) composed of
a part of 22. Thus the cleavage of a bond C-1 to
C-la in 1 is expected to be easier than that of C-1
to C-7b.3»

The adduct of (1R)-(+4)-1c to furan was found to
be optically inactive. We could not detect any of
9b in the reaction mixture, so the possibility of race-
mization of an initially formed optically active 3c
under reaction conditions is rather low. The fact that
the absolute configuration of C-7b on exo-lc is con-
served in endo-1c obtained by the sensitized irradiation
shows the existence of diradical intermediates 23¢ and
24¢33:3%) during the epimerization. But it is difficult
to explain why the endo-le rearranges to exo-le much
faster than the exo-lc does to endo-1c¢ in the comparative
study.3”

The occurrence of biradical intermediates 23c¢ and
24c clarifies the production of 3¢ in an optically in-
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active form.

The stereochemical results of the rearrangement of
(+)-1b are explained as follows. In this case, as is
expected from the fact that 1b exists solely in its exo
form and endo-1b, when it is prepared by photolysis
of 3b,% isomerizes readily at room temperature, the
steric repulsion between methoxycarbonyl group and
m-electrons in the ring 24b is too large to get close
enough to endo-1b; therefore, the loss of the optical
activity of (4-)-1b is found to be quite small (89,)
during irradiation. For the rearrangement to 3b, the
closure of 23b and 24b to position C-7a is expected
to have the same order of large steric repulsion, be-
cause the steric requirement of methoxycarbonyl group
is larger than that of cyano group. Therefore, we
may obtain 3b at a rate rather slower than those of
3a or 3c and in almost racemic form. However, an-
other explanation for the occurrence of racemic 3b
from (1R)-1b is possible: that is the racemization of
initially formed optically active 3b under the reaction
conditions. This possibility has not been investigated
yet.

Next, we must deal with the mechanism of cyclo-
addition of le¢, 1a, and 1f to furan. Generally, the
photochemical [4ns +2ns]-addition is not allowed under
the control imposed by the orbital symmetry rule.
Two mechanistic alternate pathways may serve to pre-
dict the adducts. One is the successive photochem-
ically allowed processes, [27s-+2ns] or [4ns-+4as] cy-
cloaddition, as observed in the photochemical addition
of furan to benzene,3® followed by [1,3]sigmatropic
shift to give products. The other is a stepwise biradical
or the equivalent process. As the latter cannot ex-
plain the regioselectivity of the adduct, the former
mechanism assisted by the overlap of the secondary
orbitals may satisfactorily predict the selectivity. The
stereoselective formation of exo-adducts shows that a
steric factor is playing an important role as the con-
trolling factor.

Finally, the fact that the exo-endo ratio of the cycliza-
tion products 4a formed from 3a is quite different
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depending on the irradiation conditions is also inter-
esting. Under direct irradiation, 3a gives mainly exo-
4a (exo:endo=95:5) in various solvents, but under sen-
sitized conditions, it gives 4a in variable ratios of 10:
90 to 40:60 (exo:endo) depending mainly on the reac-
tion temperature. These facts suggest the existence
of two different cyclization mechanisms depending on
the conditions used. It was reported that, under di-
rect irradiation, such cyclization often proceeds by the
concerted disrotatory mode®” but under the sensitized
conditions and/or from easily attained excited triplets,
the reaction procceds with initial cis-trans isomeriza-
tion followed by the thermally allowed conrotatory
ring closure.?3% Tt is possible to assume that these
two modes of mechanisms might have played a role
in the above case, and from each of their favored
conformations, they will give the exo-endo mixture of
4a in different ratios following the ‘‘accordant rule”
discussed by Dauben.49

Experimental

General Procedure. UV, IR, H-NMR, and Mass spec-
tra were recorded according to the methods given in the
previous paper. C-13 NMR spectra were recorded on a
JNM FX-100 spectrometer (25.05 MHz) in CDCI, and the
chemical shifts are expressed in ppm to the middle peak
of the solvent-carbon as a standard (6 77.1 ppm). A Varian
Aerograph model 90P was used for the preparative VPG
(helium flow rate; 30—40 mL/min) and a Shimazu Gas
Chromatograph GC-4BM was used for the analytical pur-
poses (Hydrogen flame ionization detector). The columns
used for separation are ¢ 3.2 mmx 1.8 m columns charged
with: A, 109 Silicone DC QF-1; B, 5% Silicone OV-17;
C, 3% Silicone OV-17; D, 59 Silicone SE-30, on Chro-
mosorb WAW.

For irradiation of more than 100 mL volume, a solution
charged in a vessel fitted with a quartz cooling jacket was
purged with dry nitrogen for 5 min and internally irradiated
with an Ushio High Pressure mercury arc (UM-452) through
a Pyrex filter. For small scale irradiation (less than 15
mL), unless otherwise described, a solution charged in a
drum-shaped Pyrex vessel with a ground glass joint fitted
with a three-way cock, was purged with dry nitrogen for
5min and dipped in ice water in a quartz Dewar bottle
with a flat quartz window. The solution was then irra-
diated externally with an Ushio lamp (USH-500D) through
a Toshiba filter (UV-31). After irradiation, the solvent was
evaporated under reduced pressure and the residue taken
in chloroform was chromatographed on silica gel to remove
the sensitizer. The product mixture was then purified by
the appropriate method.

Photolysis of Ib. A solution of 1b (233 mg, 1.2 mmol)
and Michler’s ketone (1.31 g, 4.9 mmol) dissolved in ben-
zene (400 mL) was irradiated for 2.5 h. The usual work-
up gave a mixture (175 mg, 75%, of the starting material)
mainly composed of 1b and 3b. They were purified by
chromatography on silica gel (5 g) using hexane-ether (95:
59f/v) as an eluent. A mixture (139 mg, 60%) composed
of 1b and 3b (1:1), in addition to 8a (23 mg, 10%), was
separated and each was identified by direct comparison with
the authentic samples.” For further identification, the mix-
ture in ethyl acetate was hydrogenated over 109, palladium
on carbon at room temperature to give two products (1:1):
one was identified with known 2,3-dihydro-1b%) and the
other was tetrahydro-3b. They were separated by VPC
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TABLE 2. PRODUCT DISTRIBUTIONS FOR THE PHOTOLYSIS OF 1b IN THE PRESENCE OF SEVERAL SENSITIZERS

Products’ ratio

. Eq
Sensitizer —
kJ mol ™ 1b 3b 8a exo-4b endo-4b
Acetophenone 308.3 54.5 Trace 37.0 2.2 6.3
Benzophenone 287.0 84.1 6.9 4.9 2 2
Michler’s ketone 259.4 45 30 15 5 5
B-Acetonaphthone 248.5 79 4.7 4.7 3.1 8.2
«-Acetonaphthone 248.5 50 Trace 3.6 3 10.1
Benzil 223 .4 100 0 0 0 0
Pyrene 201.2 100 0 0 0 0
(column A, 152 °C: refention time; 23.1 min, 14.2 min, re- H, 6.049%,.

spectively). 3b NMR (CDCl,) é: 3.62 (1H, d, J=5 Hz),
3.74 (3H, s), 5.9—6.2 (2H, m), 6.38—6.6 (2H, m), 6.9—
7.4 (4H, m). Mass mfe (rel intensity, 9): 200 (M,
15), 141 (100), 115 (25). Tetrahydro-3b NMR (CCl,) 4:
2.77 (2H, m), 3.67 (3H, s), 3.78 (1H, d,d, J=2.2, 6.4 Hz),
1.48—2.13 (6H, m), 6.84—7.13 (4H, m). UV (CH,OH)
Amax: 256.5 (sh), 264, 272 nm, Mass mfe (%): 204 (MH,
18), 172 (10), 145 (100), 117 (20), 91 (16). Found: C,
76.41; H, 7.87%,. Calcd for C,;H,;0,: C, 76.44, H, 7.90%.

Photolysis of 1b-7-d,. A solution of 1b-1-4; (198
mg, 0.99 mmol) and Michler’s ketone (1.01 g, 3.8 mmol)
dissolved in benzene (400 mL) was irradiated for 3h at
0—5 °C. After work-up as above, a product mixture (182
mg) was chromatographed on silica gel (6g, 5% ether—
hexane) to give a mixture (151 mg) of 1b-d; and 3b-d; (1.1:
1.0). Careful examination of the proton NMR spectrum
and comparisons with those of 1b and 3b revealed that
(1) the area ratio of proton signals for H, (6: 0.74 ppm),
H,, (6: 2.49 ppm, d,d, J=8.2, 4.2 Hz), and H,, (6: 2.92
ppm, d, /=8.2 Hz) on 1b-d, is equal to 7:100:98, which
corresponds to the ratio observed in the starting 1b-1-d;
within the experimental error, and that (2) the signal due
to H; for 3b-d, was very feeble compared with those of olefinic
protons (6: 5.9—6.2 ppm, 2H; §: 6.38—6.6 ppm, 1H), which
fits those for 3b-5-d,.

Photolysis of 1b in Benzene with Several Sensitizers. The
irradiation was carried out in benzene solution (150 mg,
0.75 mmol/300 mL) in the presence of 4 equiv. mol of sen-
sitizer for 2 h. The yields of the products were assayed by
VPC (column A, 162 °C; exo-4b (relention time, 9.6 min),
endo-4b (r.t., 12 min), 1b-3b (r.t., 20.8 min), 8a (r.t., 24.4
min)) and NMR spectroscopy (Table 2).

Characterization of 4b: After evaporation of the solvent,
the residue taken in methanol was treated with sodium
borohydride (4 equiv. mol) to make separation of the prod-
ucts from ketonic sensitizer easier. The usual work-up fol-
lowed by chromatography (silica gel/10%, ether~hexane) gave
exo- and endo-4b together with 8a. They were further pu-
rified by preparative VPC (column A, 162 °C) as mentioned
above, exo-4b NMR (CCl,) 6: 3.65 (3H, s), 3.78—3.95
(2H, m), 4.31—4.40 (1H, m), 6.12 and 6.31 (2H, AB type
d, /=2.8Hz), 7.07—7.38 (4H, m). UV (cyclohexane)
Amax (loge): 255.5 (2.71), 262 (2.89), 268 (3.06), 275 (3.11)
nm. IR (liq. film) wu,.: 1731, 1486, 1442, 1251, 1178,
772, 747 cm~1. Mass m/e (rel intensity, %): 200 (M+, 12),
185 (11), 174 (7), 141 (100), 115 (10). Found: C, 77.91;
H, 6.15%,. Calcd for C,H,,0,: C, 77.98; H, 6.049%,. endo-
4b NMR (CCl,) 6: 3.73 (3H, s), 3.89, 4.04 (AB part of ABX,
Ja=10, J..=3.6 Hz), 4.24 (1H, X part of ABX, J.x=3.6
Hz), 6.04 and 6.38 (2H, AB type, J=2.8 Hz), 7.08—7.36
(4H, m). UV (cyclohexane) Amay: 263, 268, 275.5 nm.
Found: C, 77.96; H, 6.12%,. Calcd for C;3H;,0,: C, 77.98;

Photolysis of (TR )-1b. A solution of (1R)-1b ([o]3
+-124° (¢ 1.16, CH,OH); 228 mg, 1.14 mmol), prepared
from (1R)-1d ([«]p+ 143°), and Michler’s ketone (1.84g,
6.84 mmol) dissolved in benzene (120 mL) was irradiated
under ice-cooling for 2 h. The usual work-up gave a mix-
ture (102 mg, 45%,) composed of mainly 3b and 1b, in ad-
dition to small amounts of exo- and endo-4b and 8a (VPC,
column C, 165 °C). The mixture was separated by medium
pressure liquid chromatography (Kieselgel 60, 23 g/5%, ether—
hexane) into 60 fractions of 5 ml each. Fractions 20—23
contained 3b (22.7 mg, [«]s —2.82° (¢ 1.13, 95% C,H;OH))
and fractions 27—30 contained recovered 1b (23.3 mg, [«]3
+114° (¢ 1.16, CH,OH)). .

Synthesis of Optically Active 1a. (1R)-1d (522 mg, [o]p
+143°, optical purity >959,) was transformed to the cor-
responding diazo ketone (yellow silky crystals, 578 mg, 98%,;
Vmax: 2120, 1600 cm~1), wvia the acid chloride (solid, 599
mg; -0 1760 cm=!) by the usual method.® The diazo
ketone dissolved in anhydrous methanol was irradiated at
ca. 2°C untl 809 of the theoretical amount of nitrogen
had evolved (22 min) and then concentrated below 3 °C
under reduced pressure. The residue taken in cold chloro-
form was chromatographed on silica gel below 5 °C to give
an optically active l-exo-(+4)-la (300 mg; no contaminants
other than la, by TLC).

For the synthesis of exo-endo mixture (2:1) of (1R)-la,
the above photolysate was purified by chromatography on
silica gel at room temperature with 109, ether-hexane as
an eluent. Then the product (393 mg, 65% of the the-
oretical amount) was thermally equilibrated by heating it
at 95°C for 5 min ([«]y +24.7° (¢ 1.2, CH;OH)).

Photolysis of exo-endo Mixture of (7R)-1a. A solution
of (1R)-1a ([«]p +24.7°; 118 mg, 0.55 mmol) and Michler’s
ketone (888 mg, 3.31 mmol) dissolved in dichloromethane
(130 mL) was irradiated under nitrogen below 5 °C for 30
min. After the usual work-up, the product was rechro-
matographed on silica gel (12 g/benzene) to give an exo-
endo mixture of 4a (43.6 mg). VPC separation (column B,
150 °C) of it gave (—)-endo-4a ([«]3°® —28° (¢ 0.35, CHCL,)
19%, enantiomer excess) and (- )-exo-4a ([«]% +56° (¢ 0.35,
CHCl,)).»

Similarly, a solution of (1R)-la (228 mg, 1.07 mmol) and
Michler’s ketone (1.72 g, 6.42 mmol) in benzene (110 mL)
was irradiated at 40+1°C for 5 min. The usual work-up
and repeated chromatography gave a mixture (182 mg, 80%),
which was estimated to be composed of 1la (80%) and 3a
(209,), in addition to a minor amount of 4a. A pure sample
(3.5 mg) of 3a was isolated by medium pressure liquid chro-
matography (Kieselgel 60, 23 g) and estimated to be 169,
enantiomer excess by NMR measurement in the presence
of  tris[3-(2,2,3,3,4,4,4-heptafluoro-1-hydroxybutylidene)-d-
camphorato]europium (III).
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Photolysis  of (TR )-cxo-Ia. (1R)-exo-1a, obtained
above, was photolyzed in dichloromethane (5 min) below
3 °C as described in the case of (1R)-la (exo-endo mixture)
and gave (+4)-3aV ([«]} -+65° (¢ 0.63, 95% C,H,OH);
76% enantiomer excess (chiral NMR shift reagent)) and
endo-4aV) ([«]5 —81° (¢ 0.21, CHCL); 769, enantiomer
excess) in addition to a recovery of 1la ([a]d —3.1° (¢ 1.04,
‘CH,OH).

Synthesis of . Optically Active 3a. (58)-(+)-3a ([«]¥
4-86° (¢ 0.88, 959, C,H;OH)) was prepared from benzo-
tropylium tetrafluoroborate as described previously.?

Photolysis of (+ )-3a. A solution: of (+)-3a (128 mg,
0.60 mmol; [a]p +86° 95% optically pure) and Michler’s
ketone (802 mg, 2.99 mmol) dissolved in benzene (110 mL)
was irradiated under nitrogen for 40 min at 40 °C. Afler
the usual work-up, an exo-endo mixture (1:4.8; 39 mg) of
4a was obtained. VPQC separation (column B, 150 °C) of
the mixture gave (—)-endo-4a ([«]¥ —107° (¢ 0.38, CHCL,))
and (4 )-exo-4a ([«]¥ <+ 180° (¢ 0.08, CHCI,)).

Synthesis of Optically Active Ie. Into the acid chloride,
obtained from (1R)-(4)-1d ([o],, +143°, optical purity
>959%; 1.16 g, 6.24 mmol) and dissolved in anhydrous ether
(170 mL), was passed gaseous ammonia at 0 °C for 25 min
until the pH of the solution reached 10 against a wet test
paper. After stirring for 1 h at room temperature, water
(150 mL) was added to the solution. The aqueous solution
was separated and extracted three times with dichloromethane
and- the combined organic layer was washed successively
with water and saturated brine, and then dried. The crude
amide (1.11 g, 96%) was recrystallized from methanol. 1le
colorless crystals (775 mg, 67%), mp 261—262 °C; [«]3
+201° (¢ 0.51, dioxane). IR (Nujol mull) wp,.: 3420,
3230, 1645, 1605, 775, 735 cm~1. NMR (DMSO-d;) 6: 0.72
(IH, t, J=4.0Hz), 2.5 (H,,, m), 2.83 (1H, d,d, J=8.3,
4.0 Hz), 6.2—6.5 (2H, m) 7.0—7.5 (4H, m). Found: C,
71.76; H, 5.99; N, 7.52%,. Calcd for C,H,,NO: C, 77.81;
H, 5.99; N, 7.56%.

Synthesis of Optically Active Ic. To a solution of the
amide ([a]p +201°; 519 mg, 2.81 mmol)' and anhydrous
pyridine (445 mg, 5.62 mmol) in anhydrous dioxane (12 mL)
was added dropwise a solution of trifluoroacetic anhydride
(649 mg, 3.1 mmol) in dioxane (5mL) in a period of 25
min. After stirring for 3h at room temperature, chloro-
form (50mL) was added to the mixture. The organic
layer was then washed successively with water (three times),
and with saturated brine and dried. Evaporation of the
solvent gave a crude nitrile (487 mg, 1009%). Chromato-
graphic separation (silica gel (12 g)/10%, ether-hexane), fol-
lowed by recrystallization from hexane gave le as colorless
crystals (280 mg, mp 76.5 °C; [«]¥ +103° (¢ 0.95, CH,OH)).
exo-le TR (Nujol mull) w»y,.: 2225, 770, 730 cm~t. UV
(CH30H) A,ax (log &): 273 nm (3.89): (cyclohexane) Apay:
273 nm (3.89). H-NMR (CDCl,).é: 0.69 (1H,.t, J=4.3
Hz), 2.69 (1H, d,d,d, J=8.3, 4.3, 4.2 Hz), 3.10 (1H, d,d,d,
J=83, 43, 0.7 Hz), 6.25 (IH, d,d,d, J=9.8, 4.2, 0.7 Hz),
6.39 (1H, d, J=9.8 Hz), 7.0—7.5 (4H, m). , C-13 NMR
(CDCl,) 6:.130.5 (s), 130.0 (s), 129.0 (d), 128.4 (d), 128.1
(d), 127.7 (d), 126.8 (d), 123.9 (d), 121.5 (s), 28.8 (d, J=
168 Hz), 25.7 (d, /=171 Hz), 7.6 (d, /=178 Hz). Found:
C, 86.32; H, 5.48; N, 8.36%. Calcd for C;,H,N: C, 86.20;
H, 5.43; N, 8.389%,.

Thermal Conversion of (+ )-exo-Ic to endo-Ic. (+)-
exo-le ([«]3 +103°; 16.6 mg) dissolved in DMSO-d, (0.4
mL) was heated in an NMR tube at 130 °C for 20 min.
The mixture (exo:endo=2:3) was separated by chromatog-
raphy. on silica gel (10 g) and 37 fractions (fr. 1—30; 109,
ether-hexane: fr. 31—37; CH,CI,) of 8 mL each were col-
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lected. Fractions 6—10 contained 8 mg of (4 )-exo-le, mp
76.5 °C, [a]y +4-103° (¢ 0.21, CH;OH), and fraction 35,
(—)-endo-le, mp 153 °C, {a]¥ —579° (¢ 0.17, CH;OH).
IR (Nujol mull) »pax: 2217 cm=t. UV (CH;OH) 2.«
(log ¢): 270 nm (3.89): (cyclohexane) A,y 270 nm (3.88).
NMR (CDCl,) é: 2.19 (H,,'t, J=8.3 Hz), 2.63 (H,,, d,t,
J=8.3, 5.1 Hz), 3.03 (Hy, td, Jj=8.3, 0.7 Hz), 6.12 (H,,
dd,d, j=9.7, 5.1, 0.7 Hz), 6.70 (H,, d, J=9.7 Hz), 7.2—
7.4 (4H, m).

Photolysis of 7-exo-Ie in Benzene. A solution of exo-le
(64.5 mg, 0.39 mmol) and Michler’s ketone (486 mg, 1.81
mmol) in benzene (40 mL) was irradiated with HPL (100
W) through a Pyrex filter under ice cooling for 15 min.
The usual work-up gave a mixture (44.0 mg, 68.29%), which
was separated by column chromatography into endo-le (4.0
mg, 6.2%) and a mixture (7:5) of exo-le and 5a (39 mg,
60%,). The latter was estimated by VPC (column C, 165
°C: retention time; B3a, 3.5 min; le 5.7 min).

Photolysis of endo-Ic in Benzene. The same experi-
ment as that of exo-lc¢ was carried out using endo-lc (63.6
mg, 0.38 mmol). We obtained a mixture of products (55.7
mg, 889%,) which was revealed by VPC and NMR spec-
troscopy to contain endo-le (10 mg, 15.7%), exo-le (28.5
mg, 44.8%), and 5a (15.9mg, 25.0%).

Photolysis of Optically Active exo-l¢ in Furan. A solu-
tion of (+)-exo-Ie ([o]p +103°, 133 mg, 0.80 mmol) and
Michler’s ketone (1.28 g, 4.77 mmol) dissolved in furan (110
mL) was irradiated below 5 °C under nitrogen for 15 min.
After furan was recovered by distillation, the residue was
chromatographed on silica gel (90 g/chloroform) to give an
adduct-1 (12.1 mg), (—)-endo-1c (17.2 mg), and 5a (10.8 mg)
in addition to the recovered (+)-exo-le (50.9 mg, [«]}
+110°, mp 74.5 °C). (- )-endo-1c Colorless needles, mp 153
°C; [o]y +572° (¢ 0.8, CH,OH). NMR (CDCl,) §: 2.19
(1H, t, Jj=8.3Hz), 2.63 (lH, td, J=8.3, 5.1 Hz), 3.03
(1H, td, Jj=8.3, 0.7 Hz), 6.12 (1H, d,d,d, J=9.7, 5.1, 0.7
Hz), 6.70 (1H, d, J=9.7 Hz), 7.4—7.21 (4H, m). Adduct-1
Colorless needles, mp 107—109 °C; [«]3 —0.8° (¢ 0.25,
CHCl;). IR (Nujol mull) »y,,: 2230, 1615, 1140, 1070,
1015 cm~t. NMR (CDCl,) §: 3.42 (1H, d,d, J=6.8, 2.9
Hz), 3.51, (1H, broad d, J/=2.4Hz), 3.62 (1H, m), 4.43
(1H, t, j=2.3 Hz), 4.56 (l1H, d, /=3.2 Hz), 5.00 (1H, d,d,

=11.7, 6.8 Hz), 6.08 (1H, d,d, /=2.9, 2.0 Hz), 6.21 (1H,
d, /=7.1 Hz), 6.72 (1H, m), 7.35—6.9 (4H, m). Found:
C, 81.66; H, 5.53; N, 5.88%. Calcd for C,¢H;;NO: C,
81.68; H, 5.57; N, 5.959%,. Mass mfe (rel intensity): 235
(M+, 0.38), 206 (2.73), 168 (46.9), 167 (100). 5a IR (liq.
film) »p..: 3030, 2920, 2235, 1490, 1455, 1215, 1045, 955,
900, 855, 778, 740 cm™1,

Photolysis of 3e. A solution of 3¢ (58 mg, 0.35 mmol)
and Michler’s ketone (465 mg, 1.73 mmol) in benzene (13
mL) was irradiated externally for 3 h under ice-cooling to
give, in addition to 3¢ (7.5 mg, 13%), 5a (19.5 mg, 349%)
after chromatographic separation followed by preparative
VPC (column A, 150 °C: retention time; 3c, 10.3 min; 5a,
11.4 min).

Photolysis . of 3¢ in Furan. A solution of 3¢ (17 mg,
0.1 mmol) and: Michler’s ketone (136 mg, 0.81 mmol) dis-
solved in furan (13 mL) was irradiated externally for 2:h.
The solution was concentrated and the residue taken in
benzene was chromatographed on silica gel to give 10 mg
of material composed of 5a (52%) and adduct-1 (48%,) es-
timated by VPC (column D, 169 °C: retention time; 5a, 2.4
min; adduct-1, 9.6 min).

Synthesis of 1a,2,3,7b- Tetrahydro-TH-cyclopropa[a]naphthalene-
1,1-d,. To a stirred solution of 1,2-dihydronaphthalene
containing 209 of naphthalene (12 g, 92 mmol) dissolved



3530

in tribromomethane (60 g, 0.24 mol) was added dropwise
509% aq sodium hydroxide (20 mL) in the presence of tetra-
butylammonium iodide (0.35 g, 0.95 mmol) under ice-cooling
in a period of 10 min. Then the solution was vigorously
stirred for 0.5 h. Then it was gradually warmed and stirred
for 24 h at 40 °C. After cooling, water was added to the
mixture and the aqueous layer was extracted with chloro-
form. The combined organic layer was washed with water
and dried. Separation by chromatography (silica gel/hex-
ane) of the product gave 1,1-dibromo-1a,2,3,7b-tetrahydro-
1 H-cyclopropa[a]naphthalene (17.3 g, 63%) as a yellow oil.
A mixture of the bromide (5.8 g, 19 mmol), 409, tributyltin
deuteride (32 g; contaminated by tributyltin chloride) and
a catalytic amount of 2,2’-azobis(2-methylpropionitrile) (60
mg) was stirred at 954:5°C for 26 h. The mixture was
separated by column chromatography (Woelm neutral alu-
minium oxide, 300 g/hexane) to give 2,3-dihydro-1f-1,1-d,
(2.5g, 17mmol, 899%). For analysis, it was purified by
preparative VPC (column A, 99 °C; retention time, 12 min).
Found: C, 90.36; H, 8.44% (H,O as D,0). Calcd for
CuHy: G, 90.35; H, 9.65%: for C,,H,D,: C, 90.35; H,
8.27%. NMR (CCl,) §: 1.7—2.85 (6H, m), 6.85—7.5 (4H,
m).

Synthesis of If-1,7-d,. A solution of 2,3-dihydro-1f-
L,1-d, (1.1g, 7.7 mmol) and N-bromosuccinimide (1.4 g, 7.9
mmol) in carbon tetrachloride (70 mL) was refluxed in the
presence of 2,2’-azobis-(2-methylpropionitrile) (60 mg) for 2.5
h. The solution was filtered and the filtrate was concen-
trated to dryness to give a yellow liquid, which was taken
in N,N-dimethylformamide (40 mL). The solution was stir-
red with calcium hydrogen phosphate (1.38 g, 10.1 mmol)
at 80—90 °C for 16 h. After cooling, the solution was di-
luted with water (100 mL) and extracted with cther. The
combined ether solution was washed with water and dried.
Evaporation of the solvent in vacuo left a crude product,
which was purified by column chromatography (silica gel,
15 g/hexane). 1£-1,1-d, (626 mg, 449,) was obtained as a
colorless liquid. For photolysis, it was further purified by
preparative VPC (column A, 100 °C; retention time, 14 min).
NMR (CCl,) é: 1.93 (1H, broad; when irradiated on 6.18
ppm it becomes a broad doublet, /=8 Hz), 2.36 (1H, broad
d, /J=8Hz), 6.18 (2H, two sharp signals), 6.9—7.35 (4H,
m). The proton area ratio of exo-H, to olefinic 2H is 2:
167=1:83.5 (purity 979).

The same experiments as above were carried out using
1,1-dibromo-1a,2,3,7b-tetrahydro - 1H - cyclopropa[a]naphtha-
lene and tributyliin hydride in place of tributyltin deuteride.
We obtained 1f as a colorless liquid. UV (95% C,H;OH)
Amax (log¢): 274.5 (3.87), 306 (3.11). H-NMR (CCl,)
6: —0.3 (IH, d,t, J=3.8, 5Hz), 1.50 (1H, d,t, J=3.8, 9
Hz), 1.96 (IH, m), 2.40 (1H, d,d,d, /=9, 7, 5 Hz), 6.20
(2H, m), 6.9—7.4 (4H, m). C-13NMR (CDCl,) &: 9.45
(t, Jeu=164Hz), 17.7 (d, Jeu=165Hz), 20.6 (d, Jeu=
163 Hz), 123.6, 125.7, 127.1, 127.7, 128.2, 129.0, 130.7,
135.5.

Photolysis of IF. A solution of 1£(34 mg, 0.24 mmol)
and Michler’s ketone (318 mg, 1.9 mmol) dissolved in ben-
zene (130 mL) was irradiated under ice-cooling for 30 min.
The usual work-up and VPC separation left a mixture of
products (6 mg). Careful examination of the NMR spec-
trum revealed that the mixture contained mainly 5H-benzo-
cycloheptene (3f) in addition to a minor amount of 1f. 3f
NMR (CCl,) é: 3.02 (2H, d, J=6.5 Hz), 5.73 (1H, m),
6.03 (1H, m), 6.43 (1H, d,d, J=11, 6 Hz), 7.04 (1H, d,
J=11 Hz).

Photolysis of 1f-7,7-d,. A solution of 1f-1,1-d, (23
mg, 0.16 mmol) and Michler’s ketone (230 mg, 0.86 mmol)
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dissolved in benzene (100 mL) was irradiated for 15 min.
The NMR spectrum of the isolated mixture (12 mg) was
compared with that of the products from 1f. They were
quite similar, but in the former, the signal due to H; of 3f
were very weak and that of Hy appeared as a broad doublet
at 5.8 ppm. Further, the signal due to H, of 1f appeared
as weak as that of Hy on 3f. VPC (column A, 100 °C) of
the mixture showed 4 peaks: peak-1 (unknown; retention
time, 18.4 min; 7.1%), peak-2 (3f; 21.6 min; 39.4%), peak-
3 (1f; 25.6 min; 49.1%), and peak-4 (8b-d,; 33.2 min;
4.4%,). In the NMR spectrum of peak-3, the peak area
ratio for Hgp:H,,:endo-H;:H,+H, is equal to 32:42:5:83.
These results define unambiguously that 1f-d, is composed
of 1£-1,1- and 1,7b-d, in a ratio of 3.2:1.

Photolysis of 9a. A solution of 9a (33.5mg, 0.24
mmol) and Michler’s ketone (31.9 mg, 1.18 mmol) dissolved
in benzene (100 mL) was irradiated for 30 min. The prod-
uct (9 mg), isolated as above, showed 5 peaks in the VPC
(column A, 100 °C) with a area ratio for an unknown, naph-
thalene, a mixture (1:2) of 3d and 9a, 1f, and 8b was 1:
6:125:96:2, respectively. The NMR spectrum of the mix-
ture also supports these assignments.

Photolysis of 1a in Furan. A solution of la (15 mg)
and Michler’s ketone (80 mg) dissolved in furan (12 mL)
was irradiated externally for 3h. The product was sep-
arated as above by chromatography (silica gel 5 g/benzene
followed by benzene—ethyl acetate (9:1 v/v)) to give a product
mixture (6.5 mg). This was estimated by VPC (column
B, 165 °C) to contain the adduct-3 (30%,).

Photolysis of 3a in Furan. A solution of 3a (40 mg,
0.19 mmol) and Michler’s ketone (450 mg, 1.68 mmol) dis-
solved in furan (75 mL) was irradiated with a medium pres-
sure mercury lamp (500 watts) for 0.5 h in a Pyrex jacket.
After separation of the mixture by the usual method, the
products were purified by preparative TLC (silica gel/20%,
ether-hexane) to give adduct-3 (23 mg, 43%,). Adduct-3 IR
(lig. film) w»py.,: 3050, 2925, 1735, 1616, 1250, 1140, 1075,
760, 740, 725 cm~'. UV (95% GC,H;OH) Amax (g): 220
(end absorp., 9990), 260 (648), 267 (678), 275 (617) nm.
NMR (CDCl,) 4: 2.5—2.9 (2H, m), 3.0—3.56 (3H, m),
3.82 (3H, s), 447 (1H, t, J=2.5 Hz), 5.10 (1H, d,d, J=7,
11 Hz), 6.1—6.3 (2H, m), 6.78 (1H, d,d, /=7, 8 Hz), 6.9—
74 (4H, m). C-13NMR (CDQl) 4: 36.7 (d), 38.6 (d),
419 (t), 45.6 (d), 49.3 (d), 51.8 (q), 82.5 (d), 101.4 (d),
1259 (d), 126.6 (d), 128.3 (d), 129.6 (d), 131.0 (d), 138.4
(d), 138.6 (s), 140.8 (s), 146.6 (d), 173.0 (s). Mass mfe (rel
intensity): 250 (1.78, M+—OCH,), 215 (11.3), 214 (64.3,
M+—furan), 155 (14.9), 154 (59.5), 142 (12.5), 141 (100).
Found: C, 77.04; H, 6.529,. Calcd for C,H,;0,: C, 76.57;
H, 6.43%.

Photolysis of If in Furan. Irradiation of 1f (94 mg,
0.67 mmol) and Michler’s ketone (888 mg, 3.3 mmol) in
furan (80 mL) for 45 min gave a product (76 mg) after
chromatography (silica gel, 20 g/hexane). VPC separation
(column D, 170 °C) of the product gave 1f (23.5 mg; retention
time, 1 min) and adduct-4 (5.2 mg; r.t., 4.8 min). Adduct-4
UV (95% GC.H;OH) A,,x (¢): 220 (end absorp. 8900),
260 (599), 267 (751), 275 (723) nm. IR (lig. film) vy ,:
3050, 2925, 1616, 1140, 1075, 1017, 745, 720, 710 cm-1,
NMR (CDCl,) 6: 2.83 (exo-H,,, d,d, J=4, 20 Hz), 2.9—
3.15 (Hg, m), 3.3—3.8 (endo-H,,, H,, H,, m), 4.27 (Hj, ¢,
J=2.5Hz), 5.0 (H,, dd, J=6.5, 10.5 Hz), 6.10 (H,,, d.d,
J=6, 8Hz), 622 (H,, t, J=2.5Hz), 6.6 (Hy,, d,d, /=6,
8 Hz), 6.86—7.2 (4H, m). Mass m/e (rel intensity): 210
(Mt, 0.55), 165 (3.1), 142 (100, M+—furan). Found: C,
86.00; H, 6.789%,. Calcd for C;;H,,0: C, 85,68; H, 6,71%,.
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