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Abstract: The mechanism of the photochemical rearrangement of 4-phenyl-3-chromanone to 4-phenyldihydrocoumarin has 
been investigated. The rearrangement was shown to proceed via the small amount of enol present in tautomeric'equilibrium 
with the keto form. Electronic excitation of the enol results in a photochemical ring opening to give an o-quinoneallide interme
diate which undergoes a novel intramolecular Michael addition to form an o-hydroxyphenylcyclopropanone. This species is 
in tautomeric equilibrium with an oxabenzobicyclo[3.1.0]hexene. The oxabicyclohexene undergoes a subsequent ring opening 
to give the observed dihydrocoumarin. Evidence for the proposed sequence was obtained by studying the photochemistry of 
the closely related 3-acetoxy- and 3-methoxy-4-phenylchromene systems. The excited state behavior of 4-carbomethoxy-3-
chromanone was also examined. In this case, the transient cyclopropanone was trapped with furan to give an oxabicy-
clo[3.2.1]octene derivative. The results obtained establish the significant role which the small amount of enol can play in car
bonyl group photochemistry. 

One of the most active areas, of organic photochemistry 
has been the study of systems which possess a carbonyl 
group.2-8 As a result of these studies, the photochemical 
transformations of organic molecules containing this functional 
group have been categorized into a number of primary pho
tochemical processes.6 Despite the fact that the photochemical 
behavior of the carbonyl group has received much scrutiny in 
the past decade, relatively little is known about the photo
chemistry of the small amount of enol tautomer which exists 
in equilibrium with the keto form. Outside of several examples 
of intermolecular photocycloaddition of conjugated enols,9-14 

the behavior of excited state enols has not been studied in any 
detail.15 Of special significance and interest is the possibility 
of observing further photochemistry from the excited enol (or 
enolate) when the keto tautomer is the absorbing species. 
Recently, a number of widely scattered and isolated re
ports '6 - 2 1 have appeared which indicate that 1,3-tautomeri-
zation of certain ketones can occur upon electronic excitation. 
Whether this tautomerization can be viewed simply as an al
lowed [l,3]-sigmatropic shift is currently an unanswered 
problem. Usually, the enol and enolate anions formed from the 
excited state either emit phosphorescence or undergo reke-
tonization.15-21 It should be noted that the much larger ex
tinction coefficients and bathochromically shifted absorption 
maxima of enols or enolates,22 in comparison with their car
bonyl progenitors, make them particularly strong competitors 
for absorption of the incident light. Significant concentrations 
of the enol tautomer of the original carbonyl compound may 
also be present in solution, particularly when polar solvents are 
employed. Consequently, it should be possible to selectively 
excite the keto and enol tautomers with light of different 
wavelength and observe different types of photochemistry from 
each form. 

The small amount of enol present in tautomeric equilibrium 
with the keto form occasionally plays an important role in in
fluencing the chemical reactivity of the carbonyl group in the 
ground state. An interesting example of this effect was reported 
by Gassman and co-workers.23"25 These workers found that 
in rigid bicyclic systems, where participation of the x and 
nonbonding electrons of the carbonyl group is stereochemically 
prohibited from interacting with an incipient carbonium ion 
center, the enol content is the overriding factor in determining 
the rates and products of solvolysis. As part of our continuing 
studies dealing with carbonyl group photochemistry,26 we 
became interested in determining whether the enol content can 
contribute in controlling the photochemical behavior of the 
carbonyl chromophore. The present paper describes the excited 

state behavior of some model compounds which allow an 
evaluation of this possibility. 

Results and Discussion 

Photoisomerization of 4-Phenyl-3-chromanone to 4-Phen-
yldihydrocoumarin. A recent report dealing with the photo
isomerization of 4-phenyl-3-chromanone (1) to 4-phenyl
dihydrocoumarin (2) led us to speculate that the small amount 

Ph Ph 
1 2 

of enol tautomer 3 present in solution plays an important role 
in this unusual rearrangement.27 The above transformation 
was initially rationalized in terms of a mechanism in which two 
critical steps involve intramolecular hydrogen abstraction 
through a five-membered transition state.27 It seemed to us 
that a more viable explanation involved the prior enolization 
of chromanone 1 into its enol tautomer 3, which undergoes 
photochemical ring opening to o-quinoneallide 4.28 Closure 
of 4 either by photochemical or thermal means29 would give 
l-hydroxy-5-phenyl-2-oxabenzobicyclo[3.1.0]hex-3-ene (5) 
which would be expected to ring open to the observed dihy
drocoumarin (Scheme I).30 

Scheme I 
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Since it was the 4-phenyl-3-hydroxychromene (3) tautomer 
of 1 which was suspected of giving rise to dihydrocoumarin 2, 
we sought to permanently lock 1 into its enol form (i.e., 3) and 
examine the behavior of the resulting system. This was ac
complished by synthesizing the corresponding enol acetate 6 
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and studying its photochemical behavior. Irradiation of a 
methanolic solution (Fisher Scientific reagent grade) of 6 with 
Pyrex-filtered light gave a single compound (77%) whose 
structure was identified as 2-methyl-4,5-dihydro-4-methyl-
ene-5-phenyl-2,5-epoxy-l,3-benzodioxepin (7) on the basis of 
its spectroscopic and chemical properties [NMR T 8.10 (s, 3 
H), 5.86 (d, I H 1 J = 3.0 Mz), 5.55 (d, 1 H, J = 3.0 Hz), 
2.1-3.2 (m, 9 H)]. On thermolysis, photoproduct 7 regenerated 
enol acetate 6. Additional evidence for the assigned structure 
was obtained by ozonization of 7 to 2-methyl-4,5-dihydro-
4-oxo-5-phenyl-2,5-epoxy-l,3-benzodioxepin (8) which was, 
in turn, converted to methyl 2-methoxy-2-(o-hydroxy-
phenyl)phenylacetate (9) on treatment with acidic methanol 
(Scheme II). Structure 7 was further supported by catalytic 

Scheme II 

+ CH3CO2H 

reduction to 2,4-dimethyl-4,5-dihydro-5-phenyl-2,5-epoxy-
1,3-benzodioxepin (10). Treatment of 10 with p-toluenesul-
fonic acid gave 2-methyl-3-phenylbenzofuran (11) in excellent 
yield. 

The formation of epoxybenzodioxepin 7 from the photolysis 
of enol acetate 6 is a rather unique process and can be explained 
in terms of an initial photochemical ring opening of the chro-
mene ring to give an o-quinoneallide intermediate (12). This 
reactive species undergoes a subsequent acid-catalyzed cy-
clization to afford 7. The thermal conversion of 7 —• 6 can be 
rationalized as proceeding via intermediate 12. Previous work 
in the literature has shown that o-quinoneallide intermediates 
are readily transformed to the thermodynamically more stable 
chromene form28 '31-33 thereby providing good analogy for the 
last step of the thermal isomerization of epoxybenzodioxepin 
7. 

H 3 C ^ 0 

I CH2 
Ph 

12 

Ph C H 2 

The irradiation of enol acetate 6 was also carried out in 
methanol which had been rigorously purified. Under these 
conditions, the photolysis of 6 produced a mixture of five 
compounds which could be readily separated by preparative 
vapor-phase chromatography. The three minor products ob
tained from the photolysis of 6 were identified as 4-phenyl-
3-chromanone (1) (3%),34 3-acetoxy-4-methoxy-4-phenyl-
chroman (13) (8%), and 4-acetyl-4-phenyl-3-chromanone (14) 
(10%) while the two major products were identified as 4-
phenyldihydrocoumarin (2) (18%) and 2-acetoxy-2-me-
thoxy-4-phenylchroman (15) (30%). The structures of 13,14, 

+rY°r° 

and 15 are based on the following observations. The NMR 
spectrum of 14 consisted of two singlets at T 8.02 (3 H) and 
5.74 (2 H) in addition to the aromatic multiplet at r 2.8 (9 H). 
Treatment of 14 with methanolic sodium methoxide afforded 
4-phenyl-3-chromanone (1) in high yield. Structure 15 showed 
peaks at T 7.50 (s, 3 H), 7.05 (2 H, d, J = 8.0 Hz), 6.48 (s, 3 
H), 5.36 (1 H, t, J = 8.0 Hz), and 2.85 (m, 9 H) in the NMR 
spectrum and was readily converted to 2 when exposed to a 
slightly acidic aqueous solution. Structure 13 was assigned on 
the basis of its spectral properties: ir (CCU) 5.68 /x; m/e 298 
(M + ) ; NMR (100 MHz) r 7.45 (s, 3 H), 6.96 (2 H, dd, J = 
8.0 Hz), 6.47 (s, 3 H), 5.08 (1 H, t, J = 8.0 Hz), and 2.8 (m, 
9 H ) . 

It is particularly interesting to note that no detectable 
quantities of epoxybenzodioxepin 7 were found in the crude 
photolysate when the solvent was rigorously purified or when 
small amounts of sodium bicarbonate were added to the sol
vent. This observation clearly establishes that the formation 
of 7 from 12 is an acid-catalyzed process. Control experiments 
showed that enol acetate 6 can be recovered unchanged from 
an acidic methanolic solution which had been allowed to stand 
in the dark for 24 h. The salient features of our data indicate 
that three distinct transformations occur on irradiation of 6. 
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The two minor paths involve (1) a 1,3-acyl shift of enol acetate 
to give 1435 and (2) addition of methanol across the C-C 
double bond of 6. Both of these paths are well documented in 
the literature.35,36 The major photochemical route, which 
ultimately leads to the formation of 2 and 15, can be readily 
understood on the basis of an oxabicyclohexene (16) inter-

OCCH3 

O 

OCCH3 

./TH, 

Ph 
16 

O^ JQ 

Ph H(D) 

mediate. This transient species collapses to 2 and 15 on reaction 
with methanol. Examination of the reaction as a function of 
time demonstrated that dihydrocoumarin 2 was also derived, 
in part, from the hydrolysis of 15 on workup. 

Additional evidence for the mechanism outlined in Scheme 
I was obtained by studying the photochemistry of 6 in deut-
eriomethanol. NMR analysis of products 2 and 15 obtained 
from the reaction clearly indicates that one atom of deuterium 
has been exclusively incorporated into the 4 position of both 
products. This is to be expected for an intermediate corre
sponding to 16 (or 5). It should be pointed out that a similar 
result was obtained when chromanone 1 was irradiated in 
deuteriomethanol. In this case, dihydrocoumarin 2 contained 
one deuterium atom in the 4 position of the coumarin ring. 

We have also examined the photobehavior of the related enol 
ether 17. Unlike the complex photochemistry observed with 
6, in which a plethora of products is obtained, the photo
chemistry of 17 was relatively simple. Irradiation of 17 in 
methanol produced a mixture of two compounds, 18 and 19, 

OCH3 

CH3OH 

in nearly equal amounts. The two components were separated 
by fractional crystallization. Elemental analysis, the ultraviolet 
spectrum (methanol 285 and 278 nm (« 2500 and 2900), and 
the NMR spectrum [100 MHz, T 8.36 (s, 3 H), 7.00 (s, 3 H), 

6.85 (s, 3 H), 2.5-3.2 (m, 9 H)] suggested 2,3-dimethoxy-2-
methyl-3-phenyldihydrobenzofuran (18), mp 109-110 0 C, as 
the structure of the more insoluble photoproduct. Chemical 
confirmation was obtained by treating 18 with hydriodic acid 
and isolating 2-methyl-3-phenylbenzofuran (11) in quanti
tative yield. Spectral and analytical data for 19 showed that 

19 

(a) it was isomeric with 17, (b) it possessed a cyclopropane 
ring, and (c) its NMR spectrum consisted of a pair of doublets 
at r 9.12 and 7.83 (J = 7.0 Hz), a methoxyl singlet at 6.60, and 
nine aromatic protons at T 2.5-3.2. That the actual structure 
of 19 was l-methoxy-5-phenyl-2-oxabenzobicyclo-
[3.1.0]hexene was established by its ready conversion to 4-
phenyldihydrocoumarin (2) on treatment with acid. Structure 
19 was the only product formed when the irradiation of 17 was 
carried out in benzene. 

The isolation of oxabenzobicyclohexene 19 from the irra
diation of 17 provides strong support for the sequence of re
actions outlined in Scheme I. With regard to the mechanism 
of formation of 18, photochemical ring opening of 17 to o-
quinoneallide 20 followed by 1,4 addition of methanol and 
cyclization nicely accommodates the formation of the observed 
product. Control experiments showed that 19 is not converted 
to 18 on further irradiation. 

Based on the results obtained with enol acetate 6 and enol 
ether 17, we propose that the photoisomerization of 1 —«• 2 
proceeds via photoreaction of the enol (or enolate) tautomer 
of 1 (i.e., 3). To test this conclusion, we have studied the pho
tochemistry of the corresponding enolate anion. Addition of 
sodium methoxide to a methanolic solution of 1 caused a very 
rapid change in the absorption spectra with new maxima ap
pearing at 314 and 239 nm. The extinction coefficients for 
these new maxima were on the order of 104. The sodium eno
late of 1 could also be generated by addition of sodium meth
oxide to solutions of enol acetate 6. When a thoroughly dear-
eated methanolic solution of 6 (or 1) was first treated with 
sodium methoxide and then irradiated with light of wavelength 
>300 nm, an extremely rapid and clean conversion to methyl 
3-(2-hydroxyphenyl)-3-phenylpropionate (21) was observed. 

The identity of 21 was determined by its straightforward 
spectral characteristics as well as its facile conversion to 2 on 
heating. Structure 21 is not the primary photoproduct of the 
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reaction but rather is derived by attack of methoxide on 
dihydrocoumarin 2. A control experiment clearly demonstrated 
that when trace amounts of sodium methoxide were added to 
a methanolic solution of 2, ester 21 was formed in quantitative 
yield. In addition to being a cleaner reaction than that observed 
with either 1 or 6, the base-catalyzed photolysis of 6 proceeded 
with a much higher quantum efficiency (i.e., $(6-.2)base = 
0.24; $ ( i^2) = 0.007; $ ( 6 - i5) = 0.001). The difference in re
action efficiency must be related to the high concentration of 
the reactive enolate tautomer present in solution during the 
photolysis of 6 in basic methanol. 

Photorearrangement in the 4-Carbomethoxy-3-chromanone 
System. As was pointed out elsewhere,28 irradiation of 3-alkyl-
or 3-aryl-2//-chromenes produces o-quinoneallide interme
diates which do not undergo an intramolecular [4 + 2] pho-
tocycloaddition reaction,37 but rather are attacked by methanol 
to give phenolic ethers. This observation indicates that the 
rearrangement of o-quinoneallides 4, 12, and 20 to oxaben-
zobicyclohexenes 5,16, and 19 is not an excited-state reaction. 
The results show that only those 2//-chromenes which possess 
electron-donating substituents in the 3 position of the ring are 
capable of rearranging to the bicyclic intermediate. From a 
first approximation, it would appear as though the more 
electron donating the 3-substituent group is, the more facile 
is the rearrangement (i.e., CT » OCH 3 ~ OH > OCOCH3) . 
This in turn suggests that the initially formed o-quinoneallide 
intermediate undergoes a novel intramolecular thermal Mi
chael addition to form the oxabenzobicyclohexene. There is 
no reason to invoke a photo-Diels-Alder reaction37 to account 
for the formation of the oxabicyclohexene intermediate in these 
systems. 

OR' 

Ph 

R' = H; CH3; CCH3 

Evidence supporting the above hypothesis was obtained by 
studying the photochemical behavior of 4-carbomethoxy-3-
chromanone (22). Using procedures similar to those described 
for the preparation of other chomanones,38 4-carbomethoxy-
3-chromanone (22), mp 35-36 0 C, was prepared in high yield. 
The NMR spectrum of 22 indicates that this /3-ketoester exists 
predominantly (>98%) in the enol form [T 5.98 (s, 3 H), 5.24 
(s, 2 H), 2.0-3.1 (m, 4 H), and - 3 . 0 (s, 1 H, exchanged with 
D2O)]. When a thoroughly deaerated methanolic solution of 
22 was treated with sodium methoxide and then irradiated with 
light of wavelength >300 nm,39 an extremely rapid and clean 
conversion to methyl 3:(o-hydroxyphenyl)-3-carbomethoxy-
propanoate (23), mp 101 -102 0 C was observed. The identity 
of 23 was determined by its straightforward spectral charac
teristics as well as its facile conversion to 4-carbomethoxy-
dihydrocoumarin (24), mp 79-80 0 C, on heating in the pres
ence of a trace of acid. The structure of dihydrocoumarin 24 
was established by comparison with an independently syn
thesized sample as shown above. A control experiment snowed 
that when trace amounts of sodium methoxide were added to 
a methanolic solution of dihydrocoumarin 24, diester 23 was 
formed in quantitative yield. This observation suggests that 
structure 23 is not the primary photoproduct of the reaction 
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22 
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but rather is derived by attack of methoxide on 24. 
When the irradiation of 22 was carried out in acetonitrile 

for 14 h under a nitrogen atmosphere with Pyrex-filtered light, 
a 3:1 mixture of 4-carbomethoxydihydrocoumarin (24) and 
o-hydroxy-a-carbomethoxystyrene (25) was isolated. The two 
photoproducts could be easily separated by thick-layer chro
matography. Elemental analysis, the ultraviolet spectrum, and 
the NMR spectrum suggested o-hydroxy-a-carbomethoxy-
styrene (25), mp 76-77 0 C, as the structure of the minor 
photoproduct. Chemical confirmation was obtained by (a) 
catalytic reduction to methyl 2-(o-hydroxyphenyl)propionate 
(26) and (b) conversion to o-methoxy-a-carbomethoxystyrene 
(27), which was, in turn, independently synthesized. It is 

CO2CH3 

CO2CH8 

especially interesting to note that when the irradiation of 22 
was carried out in benzene, the only product detected was 0-
hydroxy-a-carbomethoxystyrene (25).40 

The formation of these products (see Scheme III) is readily 
explicable in terms of a photoinduced ring opening of chro-
manone 22 to an o-quinoneallide intermediate (i.e., 28). Clo
sure of 28 by thermal means gives 2-carbomethoxy-2-(o-
hydroxyphenyl)cyclopropanone (29) as a transient interme
diate. This species exists in tautomeric equilibrium with 1-
hydroxy-5-carbomethoxy-2-oxabenzobicyclo[3.1.0] hex-3-ene 
(30). In polar solvents such as methanol or acetonitrile, the 
oxabicyclohexene (30) is rapidly opened to give the observed 
dihydrocoumarin (i.e., 24).30 Opening of the cyclopropanol 
ring would be expected to proceed at a much slower rate in 
benzene, however, since the developing charges are not sig-
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nificantly solvated in this medium. Consequently, the tauto
meric mixture of 29 and 30 can exist for a sufficient period of 
time in benzene41 to allow the system to extrude carbon 
monoxide. It is not clear whether the loss of carbon monoxide 
proceeds from an electronically excited state or from some high 
ground-state vibrational level of 29. Cyclopropanones are 
known to extrude carbon monoxide on thermal4 2 - 4 4 and pho
tochemical45 excitation providing reasonable analogy for both 
possibilities. Presumably the tautomeric equilibrium lies 
mainly in the direction of 30 since the high strain energy (/ 
strain)46 associated with the sp2 center in tautomer 29 is re
leased on going to 30. 

Supporting evidence for the above scheme was obtained by 
carrying out the irradiation of 22 in the presence of furan. 
Turro and co-workers had previously demonstrated that cy
clopropanones undergo ready (3 + 4 —• 7) cycloadditions with 
furan.42'47 This type of cycloaddition has been suggested to 
proceed from a transient "bidentate 1,3-dipole".42 When the 
irradiation of 22 was carried out in benzene in the presence of 
a large excess of furan, a new photoproduct was isolated (47%). 
On the basis of its spectroscopic and chemical properties, this 
material is assigned the structure of methyl 2-(o-hydroxy-
phenyl)-3-oxo-8-oxabicyclo[3.2.1]oct-6-ene-2-carboxylate 
(31), mp 66-69 0 C. The NMR spectrum of 31 was very similar 

I « . n u r u V 
CO2CH3 

22 

BF3-CX CH 3 h 

O ^ 
CO2CH3 o-OHQ 

CO2CH3 

31 

JH2(Pd/C) 

CO2CH3 
33 32 

to related cycloadducts47 and showed signals at r 7.60 (2 H, 
d), 6.08 (s, 3 H), 5.02 (m, 1 H), 4.85 (d, 1 H, J = 2.0 Hz), 4.65 
(dd, 1 H, J = 6.0 and 2.0 Hz), 3.82 (dd, I H , / = 6.0 and 2.0 
Hz), 2.6-3.4 (m, 4 H). Addition of incremental amounts of 

Eu(fod)348 to solutions of adduct 31 caused a downfield shift 
of the signal at r 7.60 and its conversion into an AB quartet 
(JAB = 14.5 Hz, low-field half split J = 4.5 Hz, high-field half 
split J = 1.2 Hz). Cycloadduct 31 was also characterized by 
catalytic hydrogenation to oxabicyclo[3.2.1]octane 32, mp 
113-114 0 C. Treatment of cycloadduct 31 with acid at room 
temperature gave methyl 7,10-dihydro-7,10-epoxy-10a//-
benzo[£]cyclohepta(y]furan-10a-carboxylate (33), mp 35-36 

H+ 
O. 

OH 

O' 
/ 

CO2CH3 

0 
/ 

CO,CH, 

33 
0 C, in high yield. The structure of 33 was based on its spectral 
properties (see Experimental Section) and an elemental 
analysis which indicated the molecular formula C15H12O4. The 
formation of 33 is envisaged to occur by protonation of the 
carbonyl oxygen, followed by addition of the neighboring 
phenol group and loss of water. 

The isolation of cycloadduct 31 and the complete absence 
of 24 and 25 provide compelling evidence for the intermediacy 
of a cyclopropanone in the photolysis of 22. In this case, the 
initially formed o-quinoneallide intermediate (28) undergoes 

f ^ O H 
CO2CH3 

22 

h> 

^ ^ < > C H 2 

CO2CH3 

28 

-O Ck furan 
>• *- 31 

CO2CH3 

29 
a novel homoconjugative intramolecular Michael addition to 
give cyclopropanone 29, which is subsequently trapped by 
furan. 

It is interesting to note that the closely related 3-acetoxy-
4-carbomethoxychromene (34) followed a different path and 
gave 2-methyl-4,5-dihydro-4-methylene-5-carbomethoxy-
2,5-epoxy-l,3-benzodioxepin (36) as the major photoproduct 

H3C. >4 
V 

CO2CH; 

36 

'CH2 
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(53%) . 4 9 Suppor t ing evidence for this s t ruc ture was obtained 
by ozonization and catalyt ic reduction exper iments as well as 
by regenerat ing chromene 34 on thermolysis. This reaction is 
identical with tha t previously encountered with chromene 6 
and undoubtedly involves the intermediacy of o-quinoneallide 
35 . The presence of the acetoxy group provides the o-qui
noneallide in termedia te with an a l te rna te path from that en
countered with chromene 22. 

In conclusion, we have shown tha t the photoisomerizat ion 
of 4-phenyl-3-chromanone (1) to 4-phenyidihydrocoumarin 
(2) proceeds via the small amount of enol present in tautomeric 
equil ibrium with the keto form. Electronic excitation of the 
enol t au tomer results in a photochemical ring opening to give 
an o-quinoneall ide in termedia te . The subsequent products 
obtained from the o-quinoneallide depends on the substituent 
groups present and the par t icular solvent employed. These 
results establish the significant role which the small amount 
of enol can play in carbonyl group photochemistry. It is an
ticipated that carbonyl group photochemistry which proceeds 
via the enol form should be a general phenomenon in systems 
where the enol concentrat ion is significant. The results ob
tained also indicate tha t the tau tomer ic forms of certain car
bonyl derivatives undergo diverse and interesting photo
chemistry. W e are cont inuing to examine wavelength and 
solvent effects in enol photochemistry and will report additional 
findings at a later da te . 

Experimental Section^0 

Irradiation of 3-Acetoxy-4-phenylchromene in Acidic Methanol. 
A solution containing 400 mg of 3-acetoxy-4-phenylchromenesl (6) 
in 450 ml of Fisher Scientific reagent methanol was irradiated using 
a 550-W Hanovia lamp equipped with a Pyrex filter sleeve for 10.5 
h. Removal of the solvent under reduced pressure gave a pale-yellow 
oil which was chromatographed on a thick-layer plate using a 10% 
ether-pentane mixture as the eluent. The major band contained 273 
mg (77%) of a colorless oil whose structure was assigned as 2-
methyl-4,5-dihydro-4-methylene-5-phenyl-2,5-epoxy-l,3-benzodi-
oxepin (7) on the basis of the following spectral and chemical prop
erties: ir (neat) 6.19, 6.28, 6.74, 6.84, 7.13, and 7 .51M; UV (methanol) 
283 and 276 nm (e 1625 and 1785); NMR (CDCl3) T 8.10 (s, 3 H). 
5.86 (d, I H , ; = 3.0 Hz), 5.55 (d, 1 H, J = 3.0 Hz), 2.1-3.2 (m, 9 H); 
m/e 266 (M + ) , 225, 224 (base). 207, 195,165, and 152. The photo-
product could easily be reconverted to 3-acetoxy-4-phenylchromene 
(6) under a variety of conditions. Thus, a 35-mg sample of 7 in 10 ml 
of chloroform was stirred with 1 g of Brinkmann PF254 silica gel for 
4 h. Filtration of the silica gel followed by removal of the solvent af
forded a quantitative yield of 6. Similarly, a 30-mg sample of 7 in 0.5 
ml of chloroform was heated at 75 0 C for 15 h. Removal of the solvent 
produced a quantitative yield of 3-acetoxy-4-phenylchromene (6). 

Further support for the structure of photoproduct 7 was obtained 
from hydrogenation and ozonization experiments. A 50-mg sample 
of 7 in 25 ml of ethyl acetate was hydrogenated over platinum oxide 
for 20 min. Filtration of the catalyst followed by removal of the solvent 
gave a quantitative yield of 2,4-dimethyl-4,5-dihydro-5-phenyl-
2,5-epoxy-l,3-benzodioxepin (10); ir (neat) 6.21,6.31. 6.74,6.88, 7.14, 
7.25, 7.63, 7.83, and 8.56 n; N M R (CDCl3) T 8.73 (d, 3 H, J = 7.0 
Hz), 8.15 (s, 3 H), 5.28 (q, 1 H, J = 7.0 Hz), and 2.4-3.6 (m, 9 H). 
The above material (43 mg) was dissolved in 5 ml of chloroform which 
contained a trace of p-toluenesulfonic acid. The mixture was heated 
at 70 0 C for 40 h, and then the solvent was removed under reduced 
pressure. The crude oil obtained was chromatographed on a thick-
layer plate using a 10% ether-pentane mixture as the eluent to give 
2-methyl-3-phenylbenzofuran (11) as the major product (90%). This 
material was identical with an authentic sample.52 

A 85-mg sample of photoproduct 7 was dissolved in 200 ml of 
methylene chloride and cooled to —78 0C. Ozone was bubbled through 
the solution until the solution turned pale blue. The solution was al
lowed to stand at —78 0C for 20 min and then warmed to —20 0C. The 
excess ozone was removed with a nitrogen stream, and then dimethyl 
sulfide was added dropwise until a colorless solution resulted. This 
solution was washed with water, dried over sodium sulfate, and con
centrated under reduced pressure to give 78 mg (92%) of a white solid. 

mp 82-84 0 C, whose structure was assigned as 2-methyl-4,5-dihy-
dro-4-oxo-5-phenyl-2,5-epoxy-l,3-benzodioxepin (8); ir (CCl4) 5.51, 
6.23,7.10,7.81,8.69,9.18,9.35,9.86, 10.65,11.30, 12.12, 13.28 and 
14.25 n; NMR (CDCl3) r 7.97 (s, 3 H), 2.0-3.3 (m, 9 H); m/e 268 
(M + ) , 226, 210, 198 (base), 152, 105, and 77. A 70-mg sample of the 
ozonolysis product was stirred in 5 ml of methanol which was pre
viously saturated with hydrogen chloride gas for 1.5 h. The solvent 
was removed under reduced pressure, and the crude residue was taken 
up in ether. The ethereal solution was washed with water and dried 
over sodium sulfate. Removal of the solvent left a pale-yellow oil which 
was recrystallized from hexane to give 58 mg (81%) of methyl 2-
methoxy-2-(o-hvdroxyphenyl)phenylacetate (9) as a white solid: mp 
119-121 0 C; ir (KBr) 2.97 and 5.74 M; NMR (CDCl3) T 6.76 (s, 3 H), 
6.21 (s, 3 H), 2.4-3.3 (m, 9 H), and 1.93 (s, 1 H, exchanged with 
D2O). 

Irradiation of 3-Acetoxy-4-phenylchromene in Purified Methanol. 
A solution containing 302 mg of 3-acetoxy-4-phenylchromene (6) in 
170 ml of purified methanol was deaerated with argon and irradiated 
with a 450-W Hanovia mercury arc lamp equipped with a Corex filter 
sleeve. Aliquots were periodically removed and analyzed by vapor 
phase chromatography. A 10-ml aliquot was removed from the irra
diated solution after 285 min, and a standardized solution was added 
for calibration. The mixture was concentrated in a stream of nitrogen 
and subsequently analyzed by GLC using a 6 ft X 0.25 in. copper 
column packed with 10% FS-1265 on Diatoport S (60/80 mesh) at 
180 0 C with a Hewlett-Packard Model 5750 gas chromatograph. The 
three minor products obtained from the photolysis of 6 were 4-phe-
nyl-3-chromanone (1, 3%), 3-acetoxy-4-methoxy-4-phenylchroman 
(13, 8%), and 4-acetyl-4-phenyl-3-chromanone (14, 10%). Structure 
13 was assigned on the basis of its spectral properties: ir (CCU) 5.68 
ix\ m/e 298 (M + ) ; NMR (100 MHz) T 7.45 (s, 3 H), 6.96 (2 H, dd, 
J = 8.0 Hz), 6.47 (3 H, s), 5.08 (1 H, t, J = 8.0 Hz), and 2.80 (m, 9 
H). The NMR spectrum of 14 consisted of two singlets at T 8.02 (3 
H) and 5.74 (2 H) in addition to the aromatic multiplet at <5 2.8 (9 H). 
A 8.2-mg sample of 14 was treated with 1 ml of a methanolic sodium 
methoxide solution (2%) for 3 h at room temperature. At the end of 
this time the solution was taken up in ether, washed with water, dried 
over magnesium sulfate, and concentrated under reduced pressure 
to give 7.4 mg of 4-phenyl-3-chromanone (I).5 1 

The two major components in the G LC chromatogram were iden
tified as 4-phenyldihydrocoumarin (2, 18%) by comparison with an 
authentic sample53 and 2-acetoxy-2-methoxy-4-phenylchroman (15, 
30%): ir (CCl4) 3.30, 5.73, 8.31, 9.02, 9.11, 10.93, and 14.34 M; NMR 
(CDCl3) T 7.50 (s, 3 H), 7.05 (d, 2 H, J = 8.0 Hz), 6.48 (s, 3 H), 5.36 
(t, I H , ; = 8.0 Hz), and 2.85 (m, 9 H); m/e 298 (M + ) , 253, 224 
(base), 196, 195, 183, and 181. A 15.3-mg sample of 15 was dissolved 
in 3 ml of tetrahydrofuran which contained 0.5 ml of a 10% hydro
chloric acid solution. The solution was allowed to stand at room 
temperature for 12 h. At the end of this time the mixture was taken 
up in ether and washed with a 5% sodium bicarbonate solution fol
lowed by water. The ethereal extracts were dried over magnesium 
sulfate, and the solvent was removed under reduced pressure to give 
12.6 mg of a pale-yellow oil. Analysis of the oil by NMR and GLC 
showed it to be 4-phenyldihydrocoumarin (2). The irradiation of 6 
(70 mg) was also carried out in deuteriomethanol (10 ml) using a 
quartz tube for 14 h. Removal of the solvent followed by preparative 
gas chromatographic isolation of the two major products showed that 
one atom of deuterium had been exclusively incorporated into the 4 
position of both 2 and 15. The NMR spectrum of 2 showed a two-
proton singlet at r 7.03 but was devoid of a signal for the tertiary 
proton at r 5.80. Similarly, the NMR of 15 showed a singlet at T 7.50 
(3 H), a two-proton singlet at T 7.05, a singlet at 6.48 (3 H), and a 
multiplet at T 2.85 (9 H). The signal at T 5.36 had completely disap
peared. 

Irradiation of 3-Acetoxy-4-phenylchromene in Methanol Containing 
Sodium Methoxide. In a typical experiment, 90 mg of 3-acetoxy-4-
phenylchromene (6) was dissolved in 110 ml of purified methanol and 
irradiated through Pyrex with a 450-W Hanovia lamp. Prior to irra
diating the sample, a small amount (ca. 5 mg) of sodium hydride was 
added to the solution. At the termination of the photolysis, 20 ix\ of 
glacial acetic acid was added to the reaction mixture. Removal of the 
solvent followed by GLC and NMR analysis indicated that better than 
95% of methyl 3-(2-hydroxyphenyl)-3-phenylpropionate (21) had 
formed. A small amount (3%) of unrearranged 4-phenyl-3-chroma-
none was also present. The structure of 21 was verified by comparison 
with an authentic sample prepared by the procedure described below. 
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A solution containing 45 mg of 4-phenyldihydrocoumarin in 20 ml 
of methanol which contained a catalytic amount of sodium methoxide 
was stirred at room temperature for 15 min. The solution was then 
neutralized with a saturated aqueous ammonium chloride solution 
and extracted with ether. The ether layer was dried over magnesium 
sulfate and concentrated to a clear oil whose spectral properties were 
identical with the material obtained from the irradiation of enol ac
etate 6: NMR (CDCl3) T 6.90 (d, 2 H, J = 8.0 Hz), 6.44 (s, 3 H), 5.13 
(t, I H , ; = 8.0 Hz), 3.60 (broad s, 1 H), 2.60-3.30 (m, 9 H); ir (neat) 
2.95, 3.39, 5.82, 6.22; m/e 225, 207, 196, 181 (base), 165, 91, and 77. 
When a sample of ester 21 was heated in toluene it was quantitatively 
coverted to 4-phenyldihydrocoumarin (2). 

Preparation of 3-Methoxy-4-phenylchromene. Into a dry 100-ml 
3-necked flask flushed with argon was injected 6 ml of freshly distilled 
dimethoxyethane and 6 ml of a 1.7 M solution of methyllithium. The 
reaction vessel was cooled in an ice bath, and 2.0 g of 3-acetoxy-4-
phenylchromene (6)51 in 10 ml of dimethoxyethane was added 
dropwise. The resulting yellow solution was allowed to warm to room 
temperature and then 1.5 g of freshly distilled dimethyl sulfate was 
added. The solution was stirred for an additional 12 h at room tem
perature. At the end of this time water was added, and the mixture 
was extracted with ether. The ethereal extracts were washed with 
water, dried over magnesium sulfate, and concentrated to a pale oil 
which was recrystallized from 95% ethanol to give 950 mg (53%) of 
3-methoxy-4-phenylchromene (17) as a white solid, mp 66-67 0 C; 
ir (KBr) 6.10 ^; uv (methanol) 301 and 276 nm (« 4830 and 6080); 
NMR (CDCl3) T 6.58 (s, 3 H), 5.24 (s, 2 H), 3.42-3.04 (m, 4 H), and 
2.76 (s, 5 H). All attempts to obtain a proper analysis failed since this 
material was unstable when allowed to stand at room temperature for 
several days. 

Irradiation of 3-Methoxy-4-phenylchromene. A 100-mg sample of 
3-methoxy-4-phenylchromene (17) in 175 ml of methanol was irra
diated for 12 h using a 550-W Hanovia lamp equipped with a Pyrex 
filter sleeve. Removal of the solvent left a pale-yellow oil which con
sisted of two components. The major component (41 mg, 36%) could 
be obtained in pure form by fractional crystallization of the photoly-
sate from methanol. This material was identified as 2,3-dimethoxy-
2-methyl-3-phenyldihydrobenzofuran (18), mp 109-110 0 C, on the 
basis of its chemical and spectroscopic properties: ir (KBr) 6.18,6.23, 
6.79,6.85,7.24,7.92,9.25, 10.38, 11.39 and 13.30 M; uv (methanol) 
285 and 278 nm (e 2500 and 2900); NMR (CDCl3) T 8.36 (s, 3 H), 
7.00 (s, 3 H), 6.85 (s, 3 H), 2.5-3.2 (m, 9 H). 

Anal. Calcd for Ci7Hi8O3 : C, 75.53; H, 6.71. Found: C, 75.68; H, 
6.79. 

A 50-mg sample of photoproduct 18 was dissolved in 5 ml of acetic 
acid which contained 1 ml of 57% hydriodic acid. The resulting solu
tion was stirred at room temperature for 20 min and was then taken 
up in ether. The ethereal solution was washed with water, 5% sodium 
bicarbonate, 10% sodium thiosulfate, and then with water. The 
ethereal solution was dried over magnesium sulfate and concentrated 
under reduced pressure. The pale-yellow oil obtained (37 mg, 96%) 
was identified as 2-methyl-3-pheny!benzofuran (11) by comparison 
with an authentic sample.52 

The minor component (32 mg, 32%) of the above photolysis mixture 
could be more easily obtained by carrying out the irradiation of 17 in 
benzene. A solution containing 60 mg of 17 in 190 ml of benzene was 
irradiated for 6 h using a 550-W Hanovia lamp equipped with a Pyrex 
filter. Removal of the solvent left a yellow oil which was chromato-
graphed on a thick-layer plate using a 5% ether-pentane mixture as 
the eluent. The only component isolated (32 mg, 53%) was a colorless 
oil whose structure was assigned as l-methoxy-5-phenyl-2-oxabenzo-
bicyclo[3.1.0]hexene (19): ir (neat) 6.26, 6.65, 6.76, 6.88, 7.03, 7.34, 
7.47, 7.81, 8.21, 8.72, 9.0, 9.45, and 9.76 M; UV (methanol) 284 and 
277 nm (t 2200 and 2300); NMR (CDCl3) r 9.12 (d, 1 H, J = 7.0 
Hz), 7.83 (d, 1 H, J = 7.0 Hz), 6.60 (s, 3 H), and 2.5-3.2 (m, 9 H); 
m/e 238 (M + ) , 237, 223, 207, 178, 161 (base), and 77. 

Anal. Calcd for Ci6Hi4O1 : C, 80.64; H, 5.92. Found: C, 80.38; H, 
5.95. 

A solution containing 47 mg of oxabenzobicyclohexene 19 in 5 ml 
of acetic acid which contained 1 ml of a 57% hydriodic acid solution 
was heated at reflux for 45 min. The cooled solution was diluted with 
water and extracted with ether. The ethereal extracts were washed 
with water, 5% sodium bicarbonate, 10% sodium thiosulfate, water, 
and dried over magnesium sulfate. Removal of the solvent gave 40 mg 
(91%) of 4-phenyldihydrocoumarin (2), mp 83-84 0 C, which was 
identified by comparison with an authentic sample.51 

Preparation of 4-Carbomethoxy-3-chromanone. A mixture con
taining 10.0 g of o-hydroxyphenylacetic acid and 10.0 ml of thionyl 
chloride was refluxed for 30 min. The brown mixture was concentrated 
under reduced pressure and was then cooled to 0 0C. To the ice-cooled 
mixture was added 30 ml of methanol, and the resulting mixture was 
heated at reflux for 20 min. After cooling, the residue was dissolved 
in 300 ml of ether, washed twice with 10-ml portions of water and a 
saturated sodium chloride solution. The ethereal solution was dried 
over magnesium sulfate and then concentrated to give a brown solid. 
The solid was recrystallized from cyclohexane to give methyl o-hy-
droxyphenylacetate as a white crystalline solid: mp 68.5-70 0 C (9.7 
g, 90%); ir (KBr) 2.98, 5.82, 6.28, 6.90, 7.00, 7.40, 8.22 and 13.4 /*; 
NMR (CDCl3, 100 MMz) r 6.33 (s, 2 H), 6.24 (s, 3 H), and 3.2-2.7 
(m, 4 H ) . 

To a mixture of 9.7 g of methyl o-hydroxyphenylacetate and 0.2 
g of tetra-«-butylammonium chloride in 25 ml of methylene chloride 
at 0 0 C was carefully added 2.0 g of sodium hydroxide in small por
tions. After stirring at room temperature for 30 min, 10.0 g of methyl 
bromoacetate was added dropwise, and the solution was allowed to 
stand for 8 h at room temperature. At the end of this time the solution 
was washed with water and a saturated ammonium chloride solution, 
dried over magnesium sulfate, and concentrated to give a pink solid, 
mp 61-67 0 C. The resulting solid was purified by distillation at 120 
°C (0.01 mm) to give 9.8 g (71%) of methyl o-carbomethoxy-
methoxyphenylacetate: mp 68-69 0 C; ir (KBr) 5.76, 6.27, 6.70, 7.0, 
8.24, and 13.1 /x; NMR (CDCl3, 100 MHz) T 6.32 (s, 3 H), 6.25 (s, 
3 H), 5.38 (s, 2 H), and 3.35-2.60 (m, 4 H). 

Under a nitrogen atmosphere, 2.5 g of methyl o-carbomethoxy-
methoxyphenvlacetate was heated at reflux with 300 mg of metallic 
sodium in 40 ml of anhydrous toluene. After cooling, the dark mixture 
was taken up in 100 ml of ether, washed with a saturated ammonium 
chloride solution, dried over magnesium sulfate, and concentrated 
under reduced pressure. The crude oil obtained was distilled at 93-94 
0 C (0.07 mm) to give 1.5 g (69%) of a crystalline solid, mp 34.5-36.5 
0 C. The spectral and analytical data obtained are compatible with 
4-carbomethoxy-3-chromanone (22): ir (CCU) 3.0, 6.05, 6.2, 6.72, 
6.95, 7.5, 8.18, 9.55, and 13.3 M; uv (methanol) 293 (t 4650) and 233 
nm (t 8800); NMR (CDCl3, 100 MHz) r 5.98 (s, 3 H), 5.24 (s, 2 H), 
3.1 -2.6 and 2.2-2.0 (m, 4 H), and -3 .0 (s, 1 H, exchangeable); m/e 
206 (M + ) , 148, 120, 119, 91 (base), 78, 77, 63 and 44. 

Anal. Calcd for C, , H I 0 O 4 : C, 64.07; H, 4.89. Found: C, 63.92; H, 
4.75. 

Irradiation of 4-Carbomethoxy-3-chromanone in Methanol Con
taining Sodium Methoxide. A 200-mg sample of 4-carbomethoxy-
3-chromanone (22) in 400 ml of methanol which contained 8 ml of 
a 0.2 N sodium methoxide solution was irradiated for 1Oh using a 
450-W Hanovia lamp equipped with a Pyrex filter. After the irra
diation was completed, 2.0 g of ammonium chloride was added. The 
solution was filtered and concentrated under reduced pressure. The 
crude residue was chromatographed on a thick layer plate using a 15% 
acetone-cyclohexane mixture as the eluent. The major band contained 
182 mg (80%) of a white solid, mp 101-102 0 C, whose structure was 
assigned as methyl 3-(o-hydroxyphenyl)-3-carbomethoxypropanoate 
(23): ir (KBr) 3.0, 5.77, 5.85 M; NMR (CDCl3) T 7.26 (dd, 1 H, J = 
16.0 and 7.0 Hz), 6.68 (dd, 1 H, J = 16 and 9.0 Hz), 6.32 (s, 3 H), 
6.28 (s, 3 H), 5.70 (dd, I H , / = 9.0 and 7.0 Hz), 2.6-3.3 (m, 4 H); 
m/e 206, 174, 146 (base), 133,118, and 77. 

Anal. Calcd for C 2 H i 4 O 5 : C, 60.50; H, 5.92. Found: C, 60.18; H, 
5.86. 

Further proof for the structure of 23 was obtained by its facile 
conversion to 4-carbomethoxydihydrocoumarm (24), mp 79-80 0 C, 
on heating in the presence of a trace of acid. A 15-mg sample of 23 
was dissolved in 5 ml of glacial acetic acid which contained two drops 
of water and 0.5 ml of concentrated sulfuric acid. The mixture was 
heated at 75 0 C for 15 min. After cooling to room temperature, the 
mixture was diluted with ether, washed several times with water, 
followed by a saturated sodium bicarbonate solution. The ether ex
tracts were dried over magnesium sulfate, and the solvent was removed 
under reduced pressure. The resulting residue was chromatographed 
on a preparative thick-layer plate using a 12% acetone-cyclohexane 
mixture as the eluent. The major band contained 8 mg (61%) of a 
white solid, mp 79-80 0 C, whose structure was assigned as dihydro-
coumarin 24: ir (KBr) 5.70, 5.80 M; NMR (CDCl3) T 7 . 1 8 (dd, 1 H, 
J= 17.0 and 6.0 Hz), 6.84 (dd, 1 H, J = 17.0 and 3.0 Hz), 6.28 (s, 
3 H), 6.05 (dd, 1 H, J = 6.0 and 3.0 Hz), 3.0-3.6 (m, 4 H); m/e 206 
(M + ) , 174, 146 (base), 118, 103, 91, and 77. 
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Anal. Calcd tor C n H i 0 O 4 : C, 64.07; H, 4.89. Found: C, 64.19; H, 
4.79. 

The structure of 4-carbomethoxydihydrocoumarin (24) was un
ambiguously established by comparison with an independently syn
thesized sample. To a mixture containing 0.4 g of isopropylcyclo-
hexylamine and 1.3 ml of n-butyllithium (2.4 M, in hexane) in 20 ml 
of anhydrous ether at —78 0 C was added 0.4 g of methyl o-methox-
yphenylacetate in 2 ml of ether. After stirring for 1 h at —78 0 C, 0.4 
g of methyl bromoacetate was added, and the solution was allowed 
to warm to room temperature. The mixture was poured onto 15 ml 
of a 10% hydrochloric acid solution and was then extracted with ether. 
The ethereal extracts were washed with water, followed by a saturated 
sodium bicarbonate solution. The solution was dried over magnesium 
sulfate and then the solvent was removed under reduced pressure. 
Chromatographic separation of the crude oil by thick-layer chroma
tography (15% acetone-cyclohexane) gave two major bands. The first 
band (110 mg) was recovered starting material (27.5%). The second 
band contained 205 mg (37%) of a clear oil, which was identified as 
methyl a-carbomethoxy-o-methoxyphenylacetate on the basis of its 
spectral properties: ir (CCl4) 5.72 u; NMR (CDCl3, 100 MHz) T 
6.8-7.6 (d of q, 2 H, J A B = 5, JBC = 9 Hz), 6.45 (s, 6 H), 6.30 (s, 
3 H), 5.70 (d of d, 1 H, JAC = 5, / B c = 9 Hz), and 3.4-2.95 (m, 4 H). 

A mixture containing 7 ml of 47-50% hydriodic acid, 7 ml of acetic 
anhydride, 0.5 g of amorphorous phosphorus, and 80 mg of the above 
diester was refluxed for 2 h. After cooling, the solution was filtered 
and ether was added. The ethereal extracts were washed several times 
with water, followed by a saturated sodium chloride solution and then 
dried and concentrated under reduced pressure. The light-brown oil 
obtained was assigned the structure of 4-carboxydihydrocournarin. 
This material was used without further purification. The crude car-
boxylic acid was heated at reflux in the presence of 1 ml of thionyl 
chloride for 20 min. The excess thionyl chloride was removed under 
reduced pressure, and excess methanol was carefully added. After 
refluxing for 15 min, the excess methanol was removed under reduced 
pressure. The crude residue was subjected to thick-layer chroma
tography (15% acetone-cyclohexane), and two major bands were 
isolated. The faster moving band contained 15 mg of a solid which was 
identical in all respects with 4-carbomethoxydihydrocoumarin (24) 
derived from the acid-catalyzed cyclization of diester 23. The second 
band contained 24 mgof a solid, mp 101-102 0 C, which was identical 
with methyl 3-(o-hydroxyphenyl)-3-carbomethoxypropanoate (23) 
obtained from the irradiation of 4-carbomethoxy-3-chromanone (22). 

Irradiation of 4-Carbomethoxy-3-chromanone in Acetonitrile, A 
solution containing 400 mg of 4-carbomethoxy-3-chromanone in 400 
ml of acetonitrile was irradiated for 14 h under a nitrogen atmosphere 
using a 450-W Hanovia lamp equipped with a Pyrex filter. The solvent 
was removed under reduced pressure, and the crude oil was chroma-
tographed on a thick-layer plate. Development of the plate with a 3% 
acetone-carbon tetrachloride mixture as the eluent resulted in the 
separation of three major bands. The first band contained 51 mg 
(12.8%) of starting material. The second band contained 56 mg (14%) 
of a crystalline solid, mp 79-80 0 C , whose structure was assigned as 
4-carbomethoxydihydrocoumarin (24) on the basis of its physical 
properties and by comparison with the authentic sample previously 
synthesized. 

The third band isolated from the thick layer plate contained 21 mg 
(5.5%) of a white crystalline solid, mp 76-77 0 C, whose structure was 
assigned as o-hydroxy-a-carbomethoxystyrene (25). This same ma
terial could be more easily obtained by carrying out the irradiation 
of 22 in benzene. A 250-mg sample of 22 in 400 ml of benzene was 
irradiated for 9 h using a 550-W Hanovia lamp equipped with a Pyrex 
filter. Removal of the solvent left a clear oil which was subjected to 
thick-layer chromatography. The only component isolated from the 
thick-layer plate (115 mg, 53%) was o-hydroxy-a-carbomethoxy-
styrene (25), mp 76-77 0C: ir (KBr) 2.97, 5.87, 6.25, and 13.20 u; UV 
(methanol) 295 (e 470), 263 (e 4700), 252 (e 6300), and 243 nm (e 
6500)" NMR (CDCl3) r 6.28 (s, 3 H), 4.05 (d, 1 H, / = 1.2 Hz), 3.55 
(d, 1 H, J = 1.2 Hz), 2.70-3.20 (m, 4 H), and 2.50 (s, 1 H, exchanged 
with D2O). 

Anal. Calcd for Ci0H1 0O3 : C, 67.40; H, 5.66. Found: C, 67.76; H, 
5.84. 

Chemical confirmation of the structure of o-hydroxy-a-carbo-
methoxystyrene (25) was obtained by catalytic reduction to methyl 
2-(o-hydroxyphenyl)propanoate (26) and conversion to o-methoxy-
a-carbomethoxystyrene (27), which was, in turn, independently-
synthesized. A 43-mg sample of o-hydroxy-a-carbomethoxystyrene 

in 20 ml of methanol containing a catalytic amount of 5% palladium 
on charcoal was hydrogenated under 10 psig of hydrogen for 2 h. The 
catalyst was removed by filtration, and the filtrate was concentrated 
under reduced pressure. Separation of the crude oil by thick-layer 
chromatography (15% ether-cyclohexane) gave a major band (34 mg, 
78%) whose spectral properties were perfectly compatible with methyl 
2-(o-hydroxyphenyl)propanoate (26); ir (CCl4) 3.00, 5.85, 6.25 n\ 
uv (methanol) 275 (e 2520) and 215 nm (« 6830); NMR (CDCl3, 100 
MHz) T 8.50 (d, 3 H, J = 7.5 Hz), 6.30 (s, 3 H), 6.15 (q, 1 H, J = 7.5 
Hz), 3.3-2.8 (m, 4 H), and 2.5 (s, 1 H, exchangeable). The structure 
of this material was further confirmed by an independent synthesis. 

A mixture containing 0.45 g of purified isopropylcyclohexylamine 
and 1.5 ml of n-butyllithium (2.4 M) at - 7 8 0 C was stirred for 2 h 
in 20 ml of dried tetrahydrofuran under a nitrogen atmosphere. To 
this mixture was added 0.55 g of methyl omethoxyphenylacetate in 
2 ml of tetrahydrofuran. After stirring for an additional 2 h, 2 ml of 
methyl iodide was added, and the mixture was allowed to warm to 
room temperature. The solution was diluted with 100 ml of ether, 
washed with 20 ml of a 10% hydrochloric acid solution, 60 ml of water, 
followed by a saturated sodium bicarbonate solution. The solution was 
dried over magnesium sulfate and concentrated to give 0.75 g of an 
oil. Chromatography of this oil on a thick-layer plate afforded a major 
band which contained 180 mg (31%) of methyl 2-(omethoxyphen-
yOpropanoate; ir (neat) 5.75, 6.25, 6.72, and 13.25 M; NMR (CDCl3, 
] 00 MHz) T 8.5 (d, 3 H, J = 7.0 Hz), 6.4 (s, 3 H), 6.22 (s, 3 H), 5.95 
(q, 3 H, J = 7.0 Hz), and 3.3-2.7 (m, 4 H). 

A 110-mg sample of the above methyl ester in 1 ml of acetic an
hydride was added dropwise to a mixture which contained 5 ml of 
47-50% hydriodic acid and 1.0 g of amorphous phosphorus. The 
mixture was then refluxed for 2 h, cooled, filtered, and diluted with 
100 ml of ether. The ethereal solution was washed with water and 
saturated sodium bicarbonate, dried over magnesium sulfate, and 
concentrated under reduced pressure. Isolation of the product was 
accomplished by thick-layer chromatography using a 15% ether-
cyclohexane mixture as the eluent. The major band contained 41 mg 
(49%) of an oil whose spectral properties are compatible with 3-
methyl-2-benzofuranone: ir (CCl4) 5.50, 6.18, 6.75, 9.7, and 11.35 
n; NMR (CDCl3, 100 MHz) T 8.35 (d, 3 H, J = 8 Hz), 6.18 (q, 1 H, 
J = 8 Hz), and 2.9-2.5 (m, 4 H). 

A 21-mg sample of the above lactone was refluxed for 2 h with 20 
ml of dried methanol containing a catalytic amount of metallic sodium. 
After cooling, the methanolic solution was diluted with 100 ml of 
ether, washed with saturated ammonium chloride, dried over mag
nesium sulfate, and concentrated to give a clear oil (21 mg, 83%). This 
material was identical in every respect with methyl 2-(ohydroxy-
phenyljpropanoate (26) obtained from the catalytic hydrogenation 
of ohydroxy-a-carbomethoxystyrene (25). 

Preparation of o-Methoxy-a-carbomethoxystyrene. To a sodium 
methoxide solution prepared by dissolving 50 mg of sodium in 50 ml 
of methanol at 0 0 C was added 85 mgof ohydroxy-a-carbomethox-
ystyrene (25) in 1 ml of methanol. After stirring for 30 min, 0.5 ml 
of methyl iodide was added, and the resulting solution was stirred for 
an additional 3 h at room temperature. The mixture was then diluted 
with 100 ml of ether and was washed with a saturated ammonium 
chloride solution, dried over magnesium sulfate, and concentrated 
under reduced pressure. The crude reaction mixture was purified by 
thick-layer chromatography using a 10% acetone-cyclohexane mix
ture as the eluent. The major band contained 75 mg (85%) of o-me-
thoxy-a-carbomethoxystyrene (27); ir (neat) 5.82, 6.3, 6.85, 7.05, and 
13 .3 M; N M R (CDCl3, 100 MHz) T 6.29 (s, 3 H), 6.24 (s. 2 H), 4.31 
(d, 1 H, 7 = 1 Hz), 3.78 (d, 1 H J = 1 Hz), and 3.24-2.64 (m, 4 H). 
This material was further verified by comparison with an authentic 
sample which was synthesized by the procedure outlined below. 

To a mixture containing 5.2 ml of n-butyllithium (2.4 M) and 1.25 
g of diisopropylamine in 20 ml of dried tetrahydrofuran at —78 0 C 
was added 1.13 g of methyl omethoxyphenylacetate in 2 ml of tet
rahydrofuran. The solution was stirred at —78 0 C for 1.5 h and was 
then allowed to warm up to —20 0C. A 1.0-g sample of formaldehyde 
was passed into the above solution using a stream of nitrogen gas. The 
solution was stirred for an additional 30 min and was then poured into 
20 ml of dilute hydrochloric acid and extracted with ether. The ex
tracts were washed with water and a sodium bicarbonate solution, 
dried, and concentrated to give 1.26 g of a clear oil. This material was 
used without further purification for the next step. A 1 50-mg sample 
of the above methyl omethoxy-a-hydroxymethylphenylacetate in 
5 ml of dried yridine at 0 0 C was treated with 100 mg of meth-
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anesulfonyl chloride. After stirring at 0 °C for 40 min, the mixtura 
was heated at reflux for 1 h, cooled, then poured onto ice and extracted 
with ether. The extracts were washed with water, followed by a sat
urated sodium bicarbonate solution, then dried over magnesium sul
fate and concentrated under reduced pressure. The crude material 
showed one major spot on a thin-layer plate. This component was 
isolated by thick-layer chromatography with 10% acetone-cyclo-
hexane as the eluent (85 mg, 62%) and was identical in every respect 
with the o-methylation product of o-hydroxy-a-carbomethoxystyrene 
(25). 

Irradiation of 4-Carbomethoxy-3-chromanone in the Presence of 
Furan. A mixture containing 400 mg of 4-carbomethoxy-3-chroma-
none (22) and 40 g of furan in 400 ml of benzene was irradiated for 
15 h under a nitrogen atmosphere using a 450-W Hanovia lamp 
equipped with a Pyrex filter. The solvent was removed under reduced 
pressure, and the crude residue was purified by thick-layer chroma
tography. The major band obtained (250 mg, 47%) was identified as 
methyl 2-(o-hydroxyphenyl)-3-oxo-8-oxabicyclo[3.2.1 ]oct-6-ene-
2-carboxylate (31), mp 66-69 0C. This material showed the following 
spectral properties: ir (CCl4) 3.00, 5.80, 6.25, 6.80, 8.00, and 9.60 M; 
NMR (CDCl3, 100 MHz) T 7.60 (d, 2 H), 6.08 (s, 3 H), 5.02 (m, 1 
H),4.85 (d, I H , ; = 2.0 Hz), 4.65 (dd, 1 H, J = 6.0and2.0 Mz), 3.82 
(dd, I H , ; = 6.0 and 2.0 Hz), and 2.6-3.4 (m, 4 H). Addition of in
cremental amounts of Eu(fod)348 to solutions of adduct 31 caused a 
downfield shift of the signal at T 7.60 and its conversion into an AB 
quartet (JAB = 14.5 Hz, low-field half split J = 4.5 Hz, high-field half 
sp l i t ; = 1.2 Hz). 

The structure of the trapped photoadduct 31 was further established 
by catalytic hydrogenation. A mixture containing 63 mg of pho
toadduct and a catalytic amount of 5% palladium on charcoal in 20 
ml of methanol was hydrogenated at 10 psig hydrogen for 6 h. The 
catalyst was removed by filtration, and the filtrate was concentrated 
under reduced pressure. Chromatography of the crude mixture on a 
preparative thick-layer plate (15% acetone-cyclohexane) led to the 
isolation of the dihydro photoadduct (32) which amounted to 38 mg 
(59.8%): mp 113-114 0 C; ir (KBr) 3.05, 5.83, 6.28, 6.85, 8.90, and 
13.4 M; NMR (CDCl3, 100 MHz) T 8.9-7.9 (m, 4 H), 7.65 (d, 2 H), 
6.10 (s, 3 H), 5.40 (m, 2 H), and 3.3-2.7 (m, 4 H). 

Anal. Calcd for C1 5Hi6O5: C, 65.21; H, 5.84. Found: C, 65.14; H, 
5.88. 

Reaction of Methyl 2-(o-Hydroxyphenyl)-3-oxo-8-oxabicyc-
lo[3.2.1]oct-6-ene-2-carboxylate with Boron Trifluoride. A 60-mg 
sample of photoadduct 31 in 20 ml of methylene chloride was treated 
with 1 ml of distilled boron trifluoride etherate. After stirring for 10 
min, the light-brown mixture was washed with several portions of a 
saturated sodium bicarbonate solution and was then dried and con
centrated under reduced pressure. The mixture was chromatographed 
on a thick-layer plate using a 15% acetone-cyclohexane mixture as 
the eluent. The major band contained 39 mg (65%) of methyl 7,10-
dihydro-7,10-epoxy-10a//-benzo[fe]cyclohepta [d] furan-1 Oa-carbo-
xylate (33) as an oil which solidified on standing. The solid was re-
crystallized from pentane to give a white crystalline solid: mp 35-36.5 
0 C; ir (CCl4) 3.0, 5.80, 6.29 M; uv (methanol) 383, 276, 260, and 220 
nm (t 5940, 7290, 8530, and 20 700); NMR (CDCl3, 100 MHz) T 
6.01 (s, 3 H), 5.42 (s, 2 H), 3.60 (d, 1 H, J = 3.0 Hz), 3.80 (d, 1 H, 
J = 3.0 Hz), 2.0-2.8 (m, 5 H); m/e 256 (M + , base), 224, 196, 168, 
139, 114, and 84. 

Anal. Calcd for Ci5Hi2O4 : C, 70.30; H, 4.72. Found: C, 70.06; H, 
4.88. 

Preparation of 3-Acetoxy-4-carbomethoxychromene. A solution 
containing 150 mg of 4-carbomethoxy-3-chromanone, 15 drops of 
acetic anhydride, and a catalytic amount of perchloric acid was stirred 
overnight. The mixture was then diluted with ether, washed with a 
saturated sodium bicarbonate solution, dried over magnesium sulfate, 
and concentrated under reduced pressure to a crude oil. Recrystalli-
zation of this material from hexane gave a crystalline solid (100 mg, 
56%), mp 72-73 °C, which was assigned as 3-acetoxy-4-carbo-
methoxychromene (34) on the basis of its spectral properties; ir (KBr) 
5.66, 5.85. and 6.18 M; uv (methanol) 305, 275, and 220 nm (t 1980, 
3280, and 8530); NMR (CDCl3, 100 MHz) T 7.82 (s, 3 H), 6.22 (s, 
3 H), 5.38 (s, 2 H), and 3.4-2.7 (m, 4 H). 

Anal. Calcd for C n H 1 2 O 5 : C, 62.90; H, 4.87. Found: C, 63.08; H, 
4.91. 

Irradiation of 3-Acetoxy-4-carbomethoxychromene in Methanol. 
A solution containing 250 mg of 3-acetoxy-4-carbomethoxychrom-
ene (34) in 450 ml of reagent grade methanol was irradiated under 

a nitrogen atmosphere using a 550-W Hanovia lamp equipped with 
a Pyrex filter for 55 h. Removal of the solvent under reduced pressure 
left a crude oil which was purified by thick-layer chromatography 
using a 15% acetone-cyclohexane mixture as the eluent. The major 
band contained a clear oil (132 mg, 53%), which was identified as 
2-methyl-4,5-dihydro-4-methylene-5-carbomethoxy-2,5-epoxy-l,3-
benzodioxepin (36) on the basis of its physical and chemical properties: 
ir (CCl4) 5.68, 6.17, 6.27, 7.10, 8.62, and 11 .0 M; UV (methanol) 283 
and 275 nm (e 2740 and 2840); NMR (CDCl3, 100 MHz) r 8.04 (s, 
3 H), 6.04 (s, 3 H), 5.68 (d, 1 H, J = 3 Hz), 5.46 (d, 1 H, J = 3 Hz), 
and 3.2-2.5 (M, 4 H); m/e 248 (M + ) , 206, 174 (base), 118, and 43. 

Anal. Calcd for C 3 H 1 2 O 5 : C, 62.90; H, 4.87. Found: C, 62.99; H, 
5.19. 

Further support for the structure of photoproduct 36 was obtained 
from hydrogenation and ozonization experiments. A 35-mg sample 
of 36 in 20 ml of ethyl acetate was hydrogenated over platinum oxide 
for 20 min. Removal of the catalyst followed by evaporation under 
reduced pressure gave a pale-yellow oil. The residue obtained was 
chromatographed on a thick-layer plate to give 31 mg (89%) of 2,4-
dimethyl-4,5-dihydro-5-carbomethoxy-2,5-epoxy-l,3-benzodioxepin 
as a clear oil: ir (neat) 5.68, 6.15, and 6.27 M; NMR (CDCl3, 100 
MHz) T 8.84 (d, 3 H, J = 6 Hz); 8.16 (s, 3 H), 6.10 (s, 3 H), 5.45 (q, 
1 H , ; = 6 Hz), and 3.3-2.7 (m, 4 H); m/e 250 (M+) , 190, 176 (base), 
134, 106, 91,77, and 43. 

Anal. Calcd for C13H14O5: C, 62.39; H, 5.64. Found: C, 62.38; H, 
5.87. 

The structure of the photoadduct was further supported by an 
ozonization experiment. A stream of ozone was passed into a solution 
containing 40 mg of 36 in 30 ml of methylene chloride at —78 0 C until 
a light-blue color appeared. After standing for 20 min, the temperature 
of the mixture was raised to —20 0C. A stream of nitrogen was passed 
through the solution to purge away the excess ozone. To this solution 
was added 0.5 ml of dimethyl sulfide. The mixture was then washed 
with water, followed by a saturated sodium chloride solution, then 
dried over magnesium sulfate and concentrated under reduced pres
sure to give a solid, mp 94-103 0 C. The solid showed signals at 5.53 
and 5.77 n in the infrared (KBr) and was homogeneous as judged by 
NMR spectroscopy; (CDCl3, 100 MHz) r 8.0 (s, 3 H), 6.04 (s, 3 H), 
and 3.25-2.4 (m, 4 H). On the basis of the above data, the solid was 
assigned the structure of 2-methyl-4,5-dihydro-4-oxo-5-carbome-
thoxy-2,5-epoxy-l,3-benzodioxepin. This material was somewhat 
unstable on standing under laboratory conditions and decomposed 
on attempted purification. 

The photoproduct was converted to 4-carbomethoxy-3-chromanone 
(22) under basic conditions. Thus, a 36-mg sample of 36 was dissolved 
in 10 ml of methanol which contained 15 mg of metallic sodium. The 
mixture was heated at reflux for 2 h. At the end of this time, the 
mixture was poured onto a saturated ammonium chloride solution and 
extracted with ether. The extracts were washed with water, followed 
by a saturated sodium chloride solution, then dried over magnesium 
sulfate and concentrated under reduced pressure. Purification of the 
crude residue by thick-layer chromatography gave a clear oil (29 mg, 
100%), whose structure was established as 4-carbomethoxy-3-chro-
manone by comparison with an authentic sample. 

The thermolysis of photoproduct 36 afforded 3-acetoxy-4-carbo-
methoxychromene (34) in quantitative yield, thus providing additional 
supporting data for the structure assignment. A 100-mg sample of 36 
in 0.5 ml of deuteriochloroform was heated at 120 0 C in a sealed 
NMR tube. Analysis of the mixture after 15 h showed that 36 was 
quantitatively converted to 3-acetoxy-4-carbomethoxychromene (34). 

Quantum Yield Determinations. Quantitative measurements were 
made on a rotating assembly with a series of 2537- or 3130-A lamps 
in a Rayonet reactor. Samples in 13-mm Pyrex or Quartz ampules 
were placed in holders on the assembly approximately 6 cm from the 
light source. All studies were made at room temperature. Samples 
were degassed to 10~4 mm in several freeze-pump-thaw cycles and 
then sealed. Cyclopentanone solutions were used as the chemical ac-
tinometer (a quantum yield of 0.38 was used).54 After irradiation, the 
degree of reaction was determined by quantitative NMR or vapor 
phase chromatography. The conversions were run to 15% or less. 
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photorearrangements of thiophenes was suggested by the 
isolation of tetrakis(trifluoromethyl)cyclobutadiene episulfide 
from the vapor phase photolysis of tetrakis(trifluoromethyl)-
thiophene.3 

In 1969, Corey and Block reported that, on quartz-filtered 
irradiation, divinyl sulfide underwent polymerization; more 
interestingly, bis(/3-phenylvinyl)sulfide (1) gave trans-2,1-
diphenyl-5-thiabicyclo[2.1.0]pentane (2) in moderate yield 
and trace amounts of 2,3-dihydro-3,4-diphenylthiophene (3).4 

We felt a reasonable mechanism for this transformation was 
that 1 underwent photocyclization to thiocarbonyl ylide 4, 
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Abstract: Naphthyl vinyl sulfides 8-13 undergo regiospecific photocyclization to thiocarbonyl ylides. These reactive interme
diates rearrange to [2,l-fe]dihydrothiophenes 14, 21, 22, 24, 25, and 26, and cycloadd to A'-phenylmaleimide to give multicy-
clic adducts in high yield (e.g., 16a, 16b, and 23). Conversion of 8 to 21 has been shown to occur by conrotatory photocycliza
tion of 8 to thiocarbonyl ylide 29 (stereochemistry determined by isolation and x-ray analysis of adduct 23); subsequent supra-
facial hydrogen migration in 29 gives highly strained trans-fused dihydrothiophene 21. 
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