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Abstract: Irradiation of 3-carbomethoxyisochromanone (4) in methanol under an argon atmosphere produced a mixture of 1-
hydroxy-3-carbomethoxyisochromene (7) and 2-hydroxy-2-carbomethoxyindanone (6) in high yield. A study of the product 
distribution as a function of time showed that indanone 6 was produced initially. On further irradiation 6 was quantitatively 
transformed into 7. When the irradiation of 4 was carried out in the presence of oxygen, 3-hydroxy-3-carbomethoxyisochroma-
none was the major product formed. The photochemical rearrangement of 4 —>• 6 has been rationalized by a ring opening reac
tion of the excited enol tautomer followed by an internal aldol cyclization. The conversion of 6 —* 7 involves a Norrish type I 
reaction followed by a 1,4-hydrogen transfer and subsequent cyclization. The excited-state behavior of the 3-phenylisochroma-
none system was also examined. In this case, the major photochemical path resulted in photoreduction and occurred from the 
n-ir* triplet state of the keto tautomer. In the presence of a triplet quencher, the photoreduction route was suppressed and the 
system reacted from the singlet state of the enol tautomer. 

Introduction 

Photoenolization of carbonyl compounds is a reaction of 
considerable importance and current interest.2-19 The concept 
of internal photoactivated hydrogen transfer (photoenoliza
tion) was originally postulated to explain the apparent lack of 
bimolecular photoreduction of 2-alkyl-, 2-amino-, and 2-
hydroxybenzophenones.2-5 Yang2"4 and other workers5"8 have 
provided chemical and physical evidence which demonstrate 
that the photoenolization process is an intramolecular photo
chemical reaction analogous to the Norrish type II process.20 

Enols generated in this fashion have relatively long lifetimes4'8 

and can be trapped with dienophiles.2-15 The remarkable sta
bility of these enols is probably due principally to the absence 
of catalytic ionic contaminants which are generally present in 
nonphotochemical reactions. Recently, a number of widely 
scattered and isolated reports have appeared which indicate 
that 1,3-tautomerization of certain ketones can also occur upon 
electronic excitation.21-26 In earlier reports from this labora
tory,27 evidence was presented which demonstrated that the 
enol content can be an overriding factor in determining the 
excited-state behavior of a carbonyl group. Particular attention 
was focused on relativly acidic ketones28-32 and esters27 and 

the question as to whether it is possible to observe photo
chemistry from an excited enol (or enolate) when the carbonyl 
tautomer is the absorbing species. As part of a program di
rected toward determining the scope and limitations of enol 
photochemistry, we studied the photorearrangement of 4-
substituted-3-chromanones (1) to 4-substituted dihydrocou-

marins (3) and found that the reaction involves the prior con
version of 1 into its enol tautomer 2, which is subsequently 
converted to 3 on exposure to uv light.27--*3-34 In view of the 
fascinating rearrangement uncovered with this system, we 
thought it of considerable interest to determine if comparable 
photochemistry might occur with the closely related 3-sub-
stituted isochromanone system. In order to probe this possi
bility, the excited-state behavior of 3-carbomethoxyisochro
manone (4) was examined.32 
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Scheme I. Synthesis of 3-Carbomethoxyisochromanone (4) 
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Results 

The synthesis of 4 began with methyl o-toluate. The se
quence of reactions used is indicated in Scheme I. 

The NMR spectrum of 4 in a carbon tetrachloride solution 
indicates the existence of an equilibrium between the keto 
(47%) and enol (53%) forms. The NMR spectrum showed 
signals at r 6.25 (s, 3 H), 5.2 (s, 1 H), 4.7-5.25 (q, 2 H, / = 
14.0 Hz), and 2.0-3.2 (m, 4 H) for the keto form. The enol 
tautomer contained signals at r 6.18 (s, 3 H), 4.9 (s, 2 H), 
2.0-3.2 (m, 4 H), and -0 .2 (s, 1 H, exchanged with D2O). As 
the polarity of the solvent increased, the concentration of the 
enol form also increased (i.e., acetone-^, enol/keto = 1.86). 
The uv spectrum of 4 in methanol showed absorption maxima 
at 342 (e 4500) and 247 nm (e 9250) suggesting that, even in 
a dilute solution, the concentration of the enol form is sub
stantial. The n-7r* absorption associated with the keto tau
tomer of 4 should resemble acetophenone and consequently 
would be expected to have a very low extinction coefficient at 
342 nm. 

Irradiation of 4 in methanol at 25 0 C for 8 h under an argon 
atmosphere with Pyrex-filtered light gave a 95% yield of a 
mixture of two compounds, 6 and 7, in nearly equal amounts. 
The two components were separated by thick-layer chroma
tography. Spectroscopic analysis (see Experimental Section) 
suggested l-hydroxy-3-carbomethoxyisochromene (7), mp 

CCCH3 

CCCH3 

110-111 0C, as the structure of the slower moving component. 
Chemical confirmation was obtained by oxidation of 7 to 1-
oxo-3-carbomethoxyisochromene (8) which was, in turn, in
dependently synthesized.35 Spectral and analytical data for 
6, mp 131 -132 0C, showed that (a) it was isomeric with 7, (b) 
it also possessed a hydroxyl function, and (c) its NMR con
sisted of a pair of doublets at r 6.75 and 6.25 ( / = 18.0Hz), 
a methyl ester singlet at T 6.28, an exchangeable proton at r 
6.02, and four aromatic protons at r 2.1-2.7. That the actual 
structure of 6 was 2-hydroxy-2-carbomethoxyindanone was 
established from the independent synthesis outlined in Scheme 
II. This svnthesis led to material identical with photoproduct 
6. 

Scheme II. Synthesis of Photoproduct 6 
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The ratio of 6:7 varied as a function of time. With short 
exposures, 2-hydroxy-2-carbomethoxyindanone (6) accounts 
for nearly all of the product produced. At longer exposures, 
owing to a secondary photoreaction of 6, the amount of 7 in
creased. This was independently demonstrated by the quan
titative conversion of 6 to 7 in methanol under comparable 
photolytic conditions. Jhe quantum yield of formation of 6 on 
direct irradiation of 4 was found to be $ = 0.32 and that for 
7 from 6 was 0.08. 

During our studies with isochromene 7 we found that this 
material reacted with a variety of nucleophilic reagents to give 
isochromene derivatives 9 with different substituents in the 1 
position of the ring. This transformation can be rationalized 
in terms of intermediate 10, which is formed by loss of hy
droxide from 7. In the absence of a nucleophilic reagent, iso
chromene 7 was converted to dimer 11 in high yield. This di-
meric compound could be converted to the corresponding 
methoxy derivative on treatment with methanol (see Scheme 
III). 

Another point meriting comment is that the photochemistry 
of 4 was found to depend on the reaction conditions. In the 
presence of oxygen it is initially converted to 3-carbome-
thoxy-3-hydroxyisochromanone (12) in high yield. Control 
experiments show that although isochromene 4 is converted 
to 12 in an aerated methanol solution in the dark, the dark 
reaction required a much longer period of time. On further 
irradiation 12 is converted to a mixture of lactone 13 and 
methyl 2-carboxybenzyl oxalate (14). Evidence for the above 
structures was derived from elemental analysis, spectral in
formation, and degradation studies. Supporting evidence for 
the structure of 13 was obtained by its reduction to o-hy-
droxymethylbenzyl alcohol with lithium aluminum hydride.36 

Corroborative evidence for structure 14 was obtained by its 
thermal degradation to phthalide and monomethyl oxalate. 

Since it was the 4-hydroxy-3-carbomethoxyisochromene 
tautomer of 4 which was suspected of giving rise to hydroxy-
indanone 6, we sought to totally lock 4 into its enol form and 
examine the behavior of the resulting system. This was ac
complished by synthesizing the corresponding enol acetate 15 
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and studying its photochemical behavior. I r radia t ion of a 
benzene solution of 15 with Pyrex-filtered light gave a single 
compound whose s t ruc ture was assigned as methyl 1,6-dihy-
dro-4-methyl -6-oxo-2 ,5-benzodioxocin-3-carboxyla te (16) , 

O CO2CH3 

'CO2CH3 

OCCH3 

O 

15 

16 
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^ r ^ Y " ° CO2CH3 

17 

m p 106-107 0 C . T h e mass spec t rum of 16 showed the molec
ular ion at m/e 248 and had an elemental analysis consistent 
with the empirical formula C13H12O5. The infrared spectrum 
showed two different carbonyls at 5.68 and 5.81 fim. The 
N M R spectrum contained singlets at r 7.61 (3 H ) , 6.18 (3 H ) , 
and 4.79 (2 H) in addition to the aromat ic protons. Ozonolysis 
of 16 followed by an aqueous workup gave a 6 5 % yield of 
methyl 2-carboxybenzyl oxalate (17) . 

The s t ruc ture of 16 was unequivocally established by an 
x-ray single-crystal s t ruc ture analysis. T h e s t ruc ture was de
rived from Patterson and Fourier synthesis and refined by least 
squares to an R value of 0.0514 for all the da ta . T h e overall 
geometry of the molecule is shown in Figure 1. 

W e next turned our a t tent ion to the related isothiochro-
manone system in order to assess the generali ty of the photo-
rea r rangement . I r radiat ion of 3-carbomethoxyisothiochro-
man-4-one (18) in a basic methanol solution using a 550-W 

CO2CH3 CO2CH3 

Hanovia mercury arc with a Pyrex filter gave 2-carbo-
methoxyindanone (19) in 96% yield. It is par t icular ly inter
esting to note tha t isothiochromanone 18 exists predominant ly 
( > 9 5 % ) in the enol form as judged by N M R analysis. 

At this stage of our studies we considered another facet of 
the problem, namely an examinat ion of the photochemist ry 
of a 3-substituted isochromanone which possessed a negligible 

Av. C-H bond-length 
0.97 1Q.04A 

016 

Figure 1. A general view of methyl 1,6-dihydro-4-methyl-6-oxo-2,5-ben-
zodioxocin-3-carboxylate (16). 

concentration of the reactive enol form. For this aspect of the 
study 3-phenylisochromanone (20) was selected. Using pro
cedures similar to those described for the preparation of other 
isochromanones, 3-phenylisochromanone (20), mp 34-36 0 C, 
was prepared in good yield.37 The NMR spectrum of 20 in 
carbon tetrachloride indicates that only small quantities of the 
enol tautomer (i.e. ~1%) are present in solution. Photolysis of 
3-phenylisochromanone (20) in 2-propanol produced a rela

tively complex reaction mixture. The product mixture was 
readily separated by thick-layer chromatography into four 
components. The two major products were identified as the 
epimeric pinacols 21 and 22. Lead tetraacetate cleavage of 
these pinacols regenerated 3-phenylisochromanone, not only 
providing a structure proof, but also a method for assaying 
pinacol. Further evidence for the structure of 22 was obtained 
by its synthesis from 3-phenylisochromanone (20) by reductive 
dimerization with aluminum amalgam. The structure of the 
third component from the chromatography plate was assigned 
as the reduced alcohol 23 on the basis of its spectroscopic data 
and by comparison with an authentic sample prepared by the 
sodium borohydride reduction of 3-phenylisochromanone. The 
last component isolated from the thick-layer plate (13%) was 
identified as 2-hydroxy-2-phenylindanone (24). Conclusive 
evidence for structure 24 was obtained by comparison with an 
authentic sample prepared by treating 2-phenylindanone with 
molecular bromine followed by reaction with aqueous silver 
perchlorate. 

During the course of our investigations we found that 2-
hydroxy-2-phenylindanone (24) also exhibits some interesting 
photochemistry. Irradiation of 24 in methanol for 7 h gave a 
mixture of l-methoxy-3-phenyl-l//-2-benzopyran (25) and 
«-benzoyl-o-tolualdehyde dimethylacetal (26). The yield of 
these two products was found to be markedly dependent on the 
reaction conditions and the work-up procedure used. When the 
crude photolysate was washed with aqueous acid and then 
chromatographed, two new compounds were obtained and 
identified as l-hydroxy-3-phenyl-l//-2-benzopyran (27) and 
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a-benzoyl-o-tolualdehyde (28). Purification of this mixture 
by thick-layer chromatography resulted in the isolation of only 
aldehyde 28. Additional studies showed that (a) 27 rearranges 
to 28 on contact with silica gel, (b) 25 is formed from 28 in the 
presence of acidic methanol, and (c) 26 is converted to 25 and 
28 on standing under atmospheric conditions in the dark. A 
summary of the results obtained is outlined in Scheme IV. 

Discussion 

The first point to be made is that the photochemical rear
rangement of 3-carbomethoxyisochromanone (4) to 2-hy-
droxy-2-carbomethoxyindanone (6) proceeds through the enol 
tautomer of 4. The reaction is initiated by a photochemical 
ring-cleavage reaction analogous to the well-known ring 
openings of pyrans, chromenes, isochromenes, and other re
lated benzo-heterocyclic olefins.38~44 The resulting interme
diate (29) has the appropriate structural elements to undergo 

CO2CH3 

a rapid internal aldol condensation to give hydroxyindanone 
6. The rearrangement proceeds via the singlet excited state of 
4, since the reaction could not be sensitized (acetophenone) 
or quenched (piperylene). The formation of 6 from 4 is very 
similar to the reaction encountered on irradiation of benzo-
pyrylium oxide 32 in ethanol.45 Ullman and Henderson had 
previously reported that the irradiation of 32 produced 2,3-
diphenyl-3-ethoxy-2-hydroxyindanone (35) as a mixture of 
stereoisomers.45 This transformation was rationalized in terms 
of a transient enol intermediate (i.e., 33) which undergoes 
photochemical ring opening followed by a subsequent internal 
aldol reaction. 

The cyclization of o-quinone methide 29 to 6 also finds ex
cellent analogy in the known photocyclization of l-(o-tolyl)-

1,2-propanedione (36) to 2-hydroxy-2-methylindanone 
(38).12 '1315 This transformation has been rationalized in terms 
of an initial photoenolization followed by a subsequent internal 
cyclization.13,15 Enol 37-Z was trapped by dimethylacetylene 
dicarboxylate and afforded cycloadduct 39. The absence of 
deuterium incorporation into 38 or recovered 36 on irradiation 
of 36 in deuteriomethanol12-13 was attributed to the formation 
of a mixture of stereoisomeric enols (i.e., 37-Z and 37-£) . 1 3 

aCH2 

OH 

J^ ^ 
'? -C 
O H 

37-Z 

I CH3O2CC=CCO2CH3 

^ . .CO 2 CH 3 

I L V 
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38 

.OH 
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^ ^ ^ C H 3 - C OH 
CH3 ^ O I! 
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39 

Enol 37-E was suggested to revert very rapidly to 36 by an 
int ramolecular 1,5-hydrogen shift, while 3 7 - Z cyclized to 38 
by a fast concerted process requiring little a tomic reorgani
zation. The fact that we were unable to detect diketoester 30 
from the irradiat ion of 4 is perfectly consistent with these ob
servations. In this case, ring opening of the enol t au tomer of 
4 will produce a single stereoisomer (i.e., 29) corresponding 
to 37 -Z . This stereoisomer would have to undergo isomeriza-
tion about the enol double bond before it could be converted 
to 30. Our inability to t r ap 29 with dimethylacetylene dicar
boxylate could also be attributed to the rapid cyclization of 29. 
The presence of an a-ketoester function should enhance the 
ra te of internal cyclization and would account for t he failure 
to trap a bimolecular cycloadduct. It should be pointed out that 
the photodesulfurization of i sothiochromanone (18) to 2-
carbomethoxyindanone (19) can also be explained by a similar 

CO2CH3 

OH 

18 

CO2CH3 

-s 

CO,CH3 
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mechanism to that outlined with 4. In this case, the initially 
formed intermediate readily loses sulfur to give 19. 

Our results also show that the fate of excited enol 4 depends 
on the reaction conditions. In the presence of oxygen 4 is 
trapped to give a transient hydroperoxide, which is subse
quently converted to 3-carbomethoxy-3-hydroxyisochroma-
none (12). The formation of 12 can be attributed to the reac
tion of ground-state oxygen with the excited enol (or enolate) 
tautomer of 4. Bordwell and others46 have previously shown 
that related ketones undergo oxidative processes in the dark 
in the presence of base and oxygen. The facility with which the 
photooxidation occurs may be related to the studies of Forster47 

and Weller,48 who demonstrated that phenols show enhanced 
acidity in the electronically excited state. A similar explanation 
with enols could explain the enhanced activity of 4 toward 
oxidation.49 In the absence of oxygen, the excited enol (or 
enolate) rearranges to an o-quinone methide (i.e., 29), which 
cyclizes to give the final product. The conversion of the initially 
formed hydroxyisochromanone 12 into lactone 13 can be ex
plained by a 1,3 shift of the ketone carbonyl group. 

Evidence concerning the mechanism of formation of iso-
chromene 7 from 6 was obtained by carrying out the photolysis 
of 6 in dueteriomethanol. In this case, the final product was 
found to have incorporated 50% deuterium in the vinylic po
sition. This observation is consistent with a mechanism in
volving an initial Norrish type I scission followed by a 1,4-
hydrogen transfer from the benzylic carbon. In order to ac
count for the distribution of deuterium in the final product, it 

vents is a well-documented photoreaction50-54 and provides 
excellent precedent for the formation of photoproducts 21-23. 

transfer 

CO, CH3 

.CO2CH, 

is necessary to assume that the initially produced enol under
goes ketonization at a faster rate than it cyclizes. The lack of 
deuterium incorporation in the 1 position of the isochromene 
(7) eliminates the alternative 1,6-hydrogen atom transfer 
process. Control experiments demonstrated that isochromene 
7 does not undergo deuterium exchange under the reaction 
conditions. 

The nature of the products obtained from the photolysis of 
3-phenylisochromanone (20) in 2-propanol suggests that the 
photochemistry of this system proceeds via two distinct paths. 
The major path involves hydrogen abstraction from the n-7r* 
triplet state of the keto tautomer to give a ketyl radical. This 
radical can couple to form pinacols 21 and 22 or dispropor
tionate to give carbinol 23 and starting ketone 20. The photo-
reduction of related aromatic ketones in hydrogen-donor sol-

OH 
40 

Ph 

The reactive state generally responsible for the abstraction of 
hydrogen from an aryl ketone is an n-T* triplet state.52 That 
this is also the case in this system was shown by carrying out 
the irradiation of 20 in the presence of a good triplet quencher 
(i.e., piperylene). Under these conditions, the yield of pinacols 
21 and 22 and carbinol 23 was significantly diminished. 

The minor photochemical path which ultimately leads to the 
formation of 2-hydroxy-2-phenylindanone (24) is best ra
tionalized as proceeding via the enol tautomer of 20. The 
electronically excited enol undergoes ring opening to give an 
o-quinoidal intermediate (40), which subsequently cyclizes 
to generate 24. This route is identical with that previously 
suggested to rationalize the excited-state behavior of 3-car-
bomethoxyisochromanone (4). As was pointed out earlier, the 
photochemical reactions of 3-carbomethoxyisochromanone 
proceed via the singlet-excited state. This was also shown to 
be the case with the 3-phenylisochromanone system. Irradia
tion of 20 in the presence of excess cw-piperylene resulted in 
a substantial increase (300%) in the yield of 2-hydroxy-2-
phenyliridanone (24). The ability of m-piperylene to quench 
the photoreduction of 20 but not affect the conversion of 20 —* 
24 provides convincing evidence for the involvement of a singlet 
state in the observed rearrangement. 

It is especially interesting to note that the photorearrange-
ment of 20 —»• 24 occurs through the enol tautomer even though 
the tautomeric composition is heavily weighted in favor of the 
keto form (i.e., keto/enol > 98:2 by NMR analysis). This could 
be construed to mean that the absorption maximum of the enol 
possesses a much larger extinction coefficient than the corre
sponding keto form and consequently makes the enol a strong 
competitor for absorption of the incident light (Pyrex filtered). 
Another possibility is that photoenolization of 20 first occurs 
on irradiation. Ample precedence for the enolization of excited 
carbonyl compounds can be found in the literature21-26 and 
provides reasonable analogy for the above suggestion. 

The formation of the various products produced from 24 on 
further irradiation is envisaged to occur via an initial type 1 
scission of 24 followed by a 1,4-hydrogen transfer to produce 
the enol tautomer of 28. This reactive enol produces the ob-

1 Ph ^ ^ C H O 

OH 

Ph 

41 

1 
25-28 

served products via a series of acid-catalyzed ground-state 
reactions. This sequence is analogous to the path previously 
suggested to account for the formation of l-hydroxy-3-car-
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bomethoxyisochromene (7) from 3-carbomethoxyisochro-
manone (4). 

The last point to be made concerns the photorearrangement 
of enol acetate 15 to benzodioxocin 16. We originally assumed 
that the photochemistry of 15 would serve as an appropriate 
model for the excited-state behavior of the enol form of 4. Ir
radiation of 15 did not result in opening of the isochromene 
ring, however, but instead produced benzodioxocin 16. This 
transformation may be envisioned as proceeding via an initial 
1,3-acyl shift to produce diketoester 42 as a transient inter
mediate which undergoes a subsequent Norrish type I cleavage 
followed by recombination of the resulting diradical. Previous 
workers have found that enol acetates undergo 1,3-acyl shifts 
when subjected to uv irradiation,55 thereby providing good 
analogy for the first step of the above transformation. The 
rearrangement of 15 —• 16 apparently proceeds via the singlet 

CO2CH, 

16 
state, since the reaction could not be sensitized (acetophenone) 
or quenched (piperylene). The quantum efficiency of the 
photorearrangement ($15^16 = 0.003) is significantly less than 
that obtained with the corresponding 3-carbomethoxyiso-
chromanone system ($4^6 = 0.32). This is probably related 
to the fact that the o-quinoidal intermediate formed in these 
reactions can also undergo ring closure to regenerate starting 
material. With a hydroxyl substituent present in the 4 position 
of the isochromene ring, the transient o-quinoidal intermediate 
generated undergoes a rapid internal aldol condensation. When 
the 4 position of the isochromene ring is substituted with an 
acetate group, the initially formed o-quinoidal intermediate 
cannot undergo an internal aldol reaction and instead reverts 
back to starting material. Only on prolonged irradiation does 
the 1,3-acyl shift occur. Another possibility which can account 
for the lower quantum efficiency in the enol acetate system is 
that the formation of the final product (i.e., 16) requires two 
photons of light. The absorption characteristics of intermediate 
42 may be such that it cannot compete for the additional in
cident light. The net effect will be a substantial reduction in 
the quantum yield for product formation. 

Conclusion 

The photochemistry of 3-substituted isochromanones was 
found to be markedly influenced by the tautomeric composition 
of the ketone in solution. The triplet quenching effects which 
we have noted with 20 suggest that it may be possible to se
lectively suppress the photochemistry of the more predominant 
keto tautomer and be left with residual photochemistry from 
the enol form. Our results also indicate that enolic forms of 
certain carbonyl derivatives may yield diverse and interesting 
photochemistry. We are continuing to examine wavelength and 
solvent effects in these systems and will report additional 
findings later. 

Experimental Section56 

Preparation of 3-Carbomethoxyisochromanone. A 28-g sample of 
ethyl glycolate was added dropwise to a solution of sodium methoxide, 

prepared by dissolving 3.3 g of sodium in 55 ml of methanol. After the 
reaction has stirred for 4 h at - 5 0C, the mixture was concentrated 
under reduced pressure to give a white solid. This solid was dissolved 
in 120 ml of anhydrous dimethyl sulfoxide. To this solution was added 
33 g of methyl a-bromo-o-toluate in 20 ml of dimethyl sulfoxide. The 
mixture was stirred at 50 0C for 12 h, poured onto ice, and extracted 
with ether. The ethereal extracts were washed several times with water 
followed by a saturated sodium chloride solution, dried over magne
sium sulfate, and concentrated under reduced pressure. The crude 
dark oil obtained was distilled at 136-138 0C (0.05 mm) to give 17.0 
g (50%) of a clear liquid whose structure was assigned as methyl 0-
carbomethoxybenzyloxyacetate (5): ir (neat) 5.70 and 5.78 fim; NMR 
(CDCl3, 100 MHz) T 6.32 (s, 3 H), 6.18 (s, 3 H), 5.90 (s, 2 H), 5.12 
(s, 2 H), and 2.0-3.1 (m, 4 H). 

A sample of 2.0 g of sodium hydride (99%) was allowed to stir in 
50 ml of anhydrous dimethyl sulfoxide for 1.5 hand then 8.0g of the 
above methyl o-carbomethoxybenzyloxyacetate in 20 ml of dimethyl 
sulfoxide was added. After the reaction had stirred for 16 h at 50 0C, 
the mixture was cooled, acidified with dilute hydrochloric acid, poured 
onto ice, and extracted with ether. The extracts were washed several 
times with water followed by a saturated sodium chloride solution, 
dried over magnesium sulfate, and concentrated under reduced 
pressure to give a yellow liquid (5.2 g). This crude material was dis
tilled at 132-133 0C (0.18 mm) to give 3.5 g (50%) of a yellow solid, 
mp 47-48 0C, identified as 3-carbomethoxyisochromanone37 (4). 
Spectral data showed that this compound existed in both the keto and 
enol forms: ir (neat) 3.0, 5.70. 5.88, 6.02, and 6.22 Mm; NMR (CDCI3, 
100 MHz) T 6.25 (s, 3 H), 5.25 (s, 1 H), 4.7-5.2 (q, 2 H, J = 14Hz), 
and 2.0-3.2 (m, 4 H) for the keto form and T 6.18 (s, 3 H), 4.90 (s, 2 
H), 2.0-3.2 (m, 4 H), and -0.2 (s, 1 H, exchangeable with D2O) for 
the enol form; m/e 206 (M+), 14/, 118 (base), 105, 90, 77, 63, and 
44; uv (methanol) 342 (t 4500) and 247 nm (e 9250). 

Irradiation of 3-Carbomethoxyisochromanone. A solution con
taining 200 mg of 3-carbomethoxyisochromanone (4) in 60 ml of 
methanol was irradiated under an argon atmosphere for 8 h using a 
Rayonet reactor equipped with 3000-A lamps. The solution was 
concentrated under reduced pressure and the crude solid obtained was 
shown to contain two components by thin-layer analysis. The crude 
solid was chromatographed on a thick-layer plate using a 20% ethyl 
acetate-methylene chloride mixture as the eluent. The fastest moving 
band contained 105 mg (52.5%) of a crystalline solid, mp 131-132 
0C, which was assigned the structure of 2-hydroxy-2-carbomethox-
yindanone (6) on the basis of its spectral properties and by comparison 
with an independently synthesized sample: ir (KBr) 2.90, 5.72, 5.82, 
6.21,6.85,6.97,8.00,8.95, 10.5, and 13.36 ^m; uv (methanol) 249 
and 294 nm (t 11 200 and 2300); NMR (CDCl3, 100 MHz) T 6.75 
(d, 1 H, J = 18Hz), 6.28 (s, 3 H), 6.25 (d, 1 H, J= 18.0Hz), 6.02 
(s, 1 H, exchangeable), and 2.1-2.7 (m, 4 H); m/e 206 (M+), 147, 135, 
118 (base), and 91. 

Anal. Calcd for C, ,HI 0 O 4 : C, 64.07; H, 4.89. Found: C, 64.06; H, 
4.92. 

The slower moving band contained 80 mg (40%) of a white solid, 
mp 110-111 0C, whose structure is assigned as l-hydroxy-3-carbo-
methoxyisochromene (7) on the basis of the following spectroscopic 
data: ir'(KBr) 2.90, 5.84, 6.12, 7.05, 7.25, 7.70, 8.38, 9.62, 10.10, 
10.96, 11.85, 12.55, and 13.15 ̂ m; uv (methanol) 227, 233, and 296 
nm (t 8900, 7980, and 16 300); NMR (CDCl3, 100 MHz) r 6.15 (s, 
3 H) 5.20 (br s, 1 H, exchangeable), 3.43 (s, 1 H, sharpened with 
D2O addition), 2.90 (s, 1 H), and 2.65 (m, 4 H); m/e 206 (M + )J 47, 
119, and 91 (base). 

Anal. Calcd for C,, Hi0O4: C, 64.07; H, 4.89. Found: C, 63.65; H, 
4.99. 

Chemical confirmation of structure 7 was obtained by oxidation 
to l-oxo-3-carbomethoxyisochromene (8), which was, in turn, inde
pendently synthesized. A solution containing 50 mg of 7 in 10 ml of 
anhydrous methylene chloride was added to a mixture containing 150 
mg of chromium trioxide and 230 mg of pyridine in 15 ml of anhy
drous methylene chloride. After the reaction had stirred for 30 min 
at room temperature, the solution was decanted into 50 ml of meth
ylene chloride and washed with a 10% sodium hydroxide solution, 
water, and a saturated sodium chloride solution. The organic solution 
was dried over magnesium sulfate and concentrated under reduced 
pressure to give a white solid. Recrystallization of this solid from ac-
etone-cyclohexane gave 27 mg (54%) of a white solid, mp 173-174 
0C. This material was identified as l-oxo-3-carbomethoxyisochro-
mene (7) on the basis of its spectral properties and by comparison with 
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an authentic sample:57 ir (KBr) 5.80, 6.25, 6.50, and 7.7 fim\ uv 
(methanol) 315 (e 6370), 291 (13 500), 281 (1000), 251 (13 100), and 
231 mm (21 900); NMR (CDCl3, 100 MHz) r 6.06 (s, 3 H) and 
1.5-2.5 (m, 5H). 

Anal. Calcd for CnH8O4: C, 64.70; H, 3.95. Found: C, 64.80; H, 
4.34. 

1 -Oxo-3-carboxyisochromene was prepared in good yield according 
to the procedure.of Johnston and co-workers,58 mp 237-240 0C (lit. 
242-244 0C).58 A mixture containing 150 mg of l-oxo-3-carboxy-
isochromene and 2 ml of thionyl chloride was heated at 140 0C for 2 
h in a Carius tube. After cooling, the excess thionyl chloride was re
moved under reduced pressure. The residue was diluted with 10 ml 
of anhydrous methanol and the solution was refluxed for 5 min. The 
product obtained upon removal of excess methanol was a white solid 
(120 mg, 80%), mp 173-174 0C (lit. 173 0C),57 whose spectral 
properties were identical with the compound obtained from the oxi
dation of l-hydroxy-3-carbomethoxyisochromene (7). 

Independent Synthesis of 2-Hydroxy-2-carbomethoxyindanone. The 
structure of the major photoproduct obtained from the photolysis of 
3-carbomethoxyisochromanone (4) was unequivocally established 
by comparison with an authentic sample synthesized in the manner 
described below. A 2.0-g sample of ocarboxyhydrocinnamic acid, 
prepared according to the method of Page and Tarbell,59 was added 
to 5 ml of thionyl chloride and the resulting mixture was heated at 
reflux for 30 min. The excess thionyl chloride was removed under 
reduced pressure. The residue was diluted with 20 ml of anhydrous 
methanol and the mixture was refluxed for 20 min. The white solid 
(mp >300 0C, 0.6 g) which initially formed was filtered and the fil
trate was concentrated to give 1.4 g of an oil whose spectral properties 
are compatible with methyl o-carbomethoxyhydrocinnamate: ir (neat) 
5.78, 6.20, 6.30, 6.95, 7.90. 8.80, 9.21, 13.20, and 14.0 urn; NMR 
(CDCl3, 100 MHz) T 7.35 (t. 2 H, J = 8 Hz), 6.75 (t, 2 H. J = 8 Hz), 
6.40 (s, 3 H), 6.15 (s, 3 H), and 2.1-2.85 (m, 4 H). 

A 0.8-g sample of methyl o-carbomethoxyhydrocinnamate in 10 
ml of dimethyl sulfoxide was added to a mixture which contained 0.13 
g of sodium hydride (99%) in 25 ml of dimethyl sulfoxide. The mixture 
was maintained at 50 0C for 12 h. After this time, the mixture was 
poured onto 100 g of crushed ice, acidified with 10% hydrochloric acid, 
and extracted with 300 ml of ether. The ethereal layer was washed 
with water, saturated sodium chloride solution, dried over magnesium 
sulfate, and concentrated under reduced pressure to give a brown oil 
(0.62 g). A 200-mg sample of this oil was chromatographed on a 
thick-layer plate using a 20% acetone-cyclohexane mixture as the 
eluent. The major band contained 120 mg of a clear liquid, whose 
spectral properties are consistent with 2-carbomethoxy-l-indanone: 
ir (neat) 5.80, 5.89, 6.25, 7.0, 8.30, 10.12, and 13.15 urn; NMR 
(CDCl3, 100 MHz) T 6.13 (s. 3 H), 6.20-6.80 (m, 3 H), and 2.2-2.7 
(m, 4H). 

A stream of oxygen was passed through a solution which contained 
120 mg of 2-carbomethoxy-1 -indanone in 20 ml of methanol which 
also contained a few grains of sodium hydride (99%). After the re
action had stirred for 12 h at room temperature, 3 ml of a saturated 
ammonium chloride solution was added and the mixture was extracted 
with 100 ml of methylene chloride. The organic extracts were washed 
with a saturated sodium chloride solution, dried over magnesium 
sulfate, and concentrated under reduced pressure to give a clear oil. 
Isolation of the major reaction component was accomplished by 
thick-layer chromatography using a 20% ethyl acetate-methylene 
chloride mixture as the eluent. This band contained 40 mg of a white 
solid, mp 131-132 0C, whose spectral properties were identical in 
every detail with 2-hydroxy-2-carbomethoxyindanone (6) obtained 
from the photolysis of 3-carbomethoxyisochromanone (4). 

Irradiation of 2-Hydroxy-2-carbomethoxyindanone. A solution 
containing 40 mg of 2-hydroxy-2-carbomethoxyindanone (6) in 20 
ml of anhydrous methanol was irradiated under an argon atmosphere 
with a Rayonet reactor using 3000-A lamps. The photoreaction was 
monitored as a function of time. The results obtained showed that as 
2-hydroxy-2-carbomethoxyindanone (6) gradually disappeared, 1-
hydroxy-3-carbomethoxyisochromene (7) was formed. After 24 h, 
hydroxyindanone 6 was completely converted into l-hydroxy-3-car-
bomethoxyisochromene (7). The irradiation of hydroxyindanone 6 
was also carried out in deuteriomethanol. Examination of the N MR 
spectrum of the solid obtained after 20 h of irradiation showed that 
50% of the deuterium was incorporated into the C-4 position of 1-
hydroxy-3-carbomethoxyisochromene (7). The singlet at T 2.90 in 7 
was also found to be diminished by 50%. A control experiment showed 

that isochromene 7 does not undergo deuterium exchange in the dark 
under similar reaction conditions. 

Thermal Reactions of l-Hydroxy-3-carbomethoxyisochromene. 
Isochromene 7 was found to react with a variety of alcohols, amines, 
and mercaptans to give isochromenes with different substituents in 
the 1 position of the ring. Thus, a solution containing 25 mg of 1-
hydroxy-3-carbomethoxyisochromene (7) in 0.5 ml of chloroform was 
heated in a sealed tube in the presence of 2 drops of benzyl alcohol for 
6 h. Removal of the excess chloroform and benzyl alcohol under re
duced pressure gave a quantitative yield of a white crystalline solid 
whose structure was assigned as l-benzyloxy-3-carbomethoxyiso-
chromene (9b), mp 87-88 0C: ir (KBr) 5.80, 6.12, 8.22, 9.42, 10.1, 
13.02, and 13.50 fim; uv (methanol) 307 (shoulder), 295, 234, and 227 
nm (c 8380, 11 350. 7280, and 8600); NMR (CDCl3, 100 MHz) r 
6.13 (s, 3 H), 5.25 (s, 2 H), 3.97 (s, 1 H), 3.06 (s, 1 H), and 2.90 (m, 
9 H); m/e 296 (M+), 205, 118. 91 (base), and 65. 

Anal. Calcd for C 8 H I 6 O 4 : C, 72.96; H, 5.44. Found: C, 72.82; H, 
5.65. 

A similar set of reactions was carried out with tert-butyl alcohol 
and methanol. The NMR spectrum of the /err-butyl ether displayed 
signals at T 8.60 (s, 9 H), 6.15 (s, 3 H), 3.78 (s, 1 H), 2.90 (s, 1 H), and 
2.4-2.80 (m, 4 H). Treatment of the tert-butyl ether in a sealed tube 
with 0.5 ml of methanol for 8 h at 130 0C gave l-methoxy-3-carbo-
methoxyisochromene. This same material could also be prepared by 
heating 7 with methanol under similar thermal conditions: ir (CCl4) 
5.80, 6.10, 6.98, 7.21, 7.68, 8.30, 9.30, and 9.98 Mm; uv (methanol) 
225, 232, 294, and 307 (shoulder) nm (e 7000, 6100, 10 600, and 
7800); NMR (CDCl3) T 6.40 (s, 3 H), 6.08 (s, 3 H), 3.90 (s, 1 H), 2.82 
(s, 1 H), and 2.2-2.8 (m, 4 H); m/e 220, 189 (base), 161, 118, 103, 
and 90. Both ethers were reconverted to hydroxychromene 7 on 
treatment with a 75% aqueous acetone solution. 

Isochromene 7 was also converted to the corresponding 1-benzylthia 
ether. A solution containing 25 mg of l-hydroxy-3-carbomethoxy-
isochromene in 0.5 ml of carbon tetrachloride was treated with 2 drops 
of benzyl mercaptan and the mixture was heated for 1.5 h at 130 0C 
in a sealed tube. Removal of the solvent followed by thick-layer 
chromatography using a 20% acetone-cyclohexane mixture as the 
eluent gave a white solid (22 mg, 64%), mp 84-85 0C, whose spectral 
properties are consistent with l-benzylthia-3-carbomethoxyisochro-
mene: ir (KBr) 5.80, 6.13, 6.98, 7.75, 8.29, 8.93, 9.15, 9.91, and 12.95 
Mm; uv (methanol) 311, 240, and 235 nm (t 12 900, 20 650, and 
25 100); NMR (CDCl3, 100 MHz) T 6.21 (s, 3 H), 5.95-6.95 (AB 
q, 2H,7 = 13.5 Hz), 3.65 (s, 1 H), and 2.4-3.3 (m, 10 H); m/e 312 
(M+), 189 (base), 157, 134, 102. and 91. 

Anal. Calcd for C8H i603S: C, 69.23; H, 5.16; S, 10.28. Found: C, 
68.93; H, 4.98; S, 10.73. 

Treatment of 7 with rert-butylamine at 130 0C gave 1- tert-ba-
tylamino-3-carbomethoxyisochromene: NMR (CDCl3) T 8.60 (s, 9 
H), 6.02 (s, 3 H), 3.72 (s, j H), 2.98 (s, 1 H), and 2.2-2.6 (m, 4 
H). 

Isochromene 7 could be converted to dimethyl 1,1 '-oxybis-1H-2-
benzopyran-3-carboxylate (11) on heating. Thus, a 50-mg sample of 
7 in 0.5 ml of benzene was heated at 130 0C for 16 h. Removal of the 
solvent left a white solid which was purified by thick-layer chroma
tography. The solid obtained was identified as 11 on the basis of its 
physical and chemical properties: ir (CCl4) 5.80, 6.10, 6.98, 7.68, 8.30, 
9.1 1, 10.60, and 10.95 ^m; NMR (CDCl3) r 6.03 (s, 3 H), 3.04 (s, 
1 H), 2.85 (s, 1 H), and 2.2-2.8 (m, 4 H1). A satisfactory elemental 
analysis could not be obtained due to the ready hydrolysis of the dimer 
back to isochromene 7. Dimer 11 could also be readily converted to 
the corresponding methyl ether on treatment with methanol at 130 
0C for 6 h. 

Irradiation of 3-Carbomethoxyisochromanone in the Presence of 
Oxygen. A solution containing 120 mg of 3-carbomethoxyisochro
manone (4) in 60 ml of methanol was irradiated in a Pyrex test tube 
under an oxygen atmosphere for 3.5 h using a Rayonet reactor 
equipped with 3000-A lamps. Concentration of the solution under 
reduced pressure resulted in an oil which was shown to contain several 
components by thin-layer analysis. The crude oil was chromato
graphed on a thick-layer plate using a 75% methylene chloride-cy-
clohexane mixture as the eluent. The fastest moving band contained 
unreacted starting material. The second band was a white solid, mp 
81-82 0C (13 mg, 12%), whose structure was assigned as 3-carbo-
methoxy-3-hydroxyisochromanone (12) on the basis of the following 
data: ir (neat) 2.91, 5.73, 5.88, 6.22, 6.94, 8.82, 9.35, 10.40, 12.52, 
and 13.60 Mm; NMR (CDCl3, 100 MHz) T 6.06 (s, 3 H), 6.10 (d, 2 
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H, J = 15 Hz), 5.62 (d, 3 H, J = 15 Hz), and 1.90-2.90 (m, 4 H); m/e 
223 (M + ) . 163 (base), 119, 105, 91, and 77. 

This same material could also be prepared by treating 7 with 
methanol in the presence of air in the dark. The dark reaction required 
3 days for starting material to be totally consumed, while the photo-
reaction was complete in a matter of hours. 

The third component isolated from the thick-layer plate contained 
15 mg (13%) and was assigned the structure of lactone 13, mp 
108-109 0 C, on the basis of the following data: ir (KBr) 5.69, 5.79, 
6.90, 7.95, 8.70, 9.55, 12.70, and 13.45 Mm; NMR (CDCl3) T 6.22 (s, 
3 H), 4.75-5.15 (q, 2 H, 7 = 12 Hz), 4.50 (s, 1 H), and 2.0-2.7 (m, 
4 H); m/e 213, 163 (base), 135, 119, 105, 95, and 77. 

Anal. Calcd for CnH 1 0 O 4 : C, 59.44; H, 4.54. Found: C, 59.16; H, 
4.72. 

The structure of this material was further supported by lithium 
aluminum hydride reduction to o-hydroxymethylbenzyl alcohol and 
by acid hydrolysis to phthalide. 

The fourth component obtained from the photooxidation reaction 
was present in highest yield (65%) and was identified as methyl 2-
carboxybenzyl oxalate (14), mp 132-133 0 C: ir (KBr) 3.3-4.3 (br), 
5.73, 5.93, 6.35, 7.09, 7.65, 8.25, 10.48, 12.40, and 13.55 nm; NMR 
(CDCl3, 100 MHz) T 6.12 (s, 3 H), 4.25 (s, 2 H), 1.8-2.8 (m, 4 H) 
and 0.4 (br s, 1 H, exchangeable with D2O); m/e 134, 105 (base), 77, 
and 50. 

Anal. Calcd for C, ,H1 0O5 : C, 55.46; H, 4.23. Found: C, 55.38; H, 
4.35. 

The presence of the carboxylic acid group in methyl 2-carboxy-
benzyl oxalate (14) was demonstrated by titrating a sample of this 
compound with standardized 0.0533 M aqueous sodium hydroxide 
solution to a methyl red end point. An average of 0.98 equiv of sodium 
hydroxide was required to neutralize one equiv of the acid. When 
methyl 2-carboxybenzyl oxalate (14) was injected onto a gas chro
matographic column (0.25 in. X 6 ft 10% SE-30) maintained at 120 
0 C, two peaks were observed and were identified as methyl monoox-
alate and phthalide by comparison with authentic samples. Similar 
results were obtained when 14 was heated at 130 0 C in deuter-
iochloroform for 32 h. In this case the products were identified by 
NMR analysis. A 14-mg sample of methyl 2-carboxybenzyl oxalate 
was also reduced with 10 mg of lithium aluminum hydride in 10 ml 
of ether. After the reaction had stirred at room temperature for 30 
min, 10 drops of a 5% sodium hydroxide solution was added. Removal 
of the ether left a clear oil, which was identified as o-hydroxy
methylbenzyl alcohol by comparison with an authentic sample. 

The formation of compounds 13 and 14 were shown to be secondary 
photoproducts derived from further irradiation of 3-carbomethoxy-
3-hydroxyisochromanone (12). 

Preparation of 3-Carbomethoxy-4-acetoxyisochromene. A mixture 
containing 95 mg of 3-carbomethoxyisochromanone (4) and 20 mg 
of sodium acetate in 10 ml of acetic anhydride was refluxed under a 
nitrogen atmosphere for 4 h. At the end of this time the mixture was 
poured onto ice water and extracted with ether. The ethereal extracts 
were washed with a saturated sodium bicarbonate solution, dried, and 
concentrated under reduced pressure. The clear oil obtained solidified 
on standing, mp 63-65 0 C, but was found to partially decompose on 
exposure to atmospheric conditions. The spectral data obtained in
dicated the solid to be 3-carbomethoxy-4-acetoxyisochromene (15): 
ir (CCl4) 5.62 and 5.80 ^m; uv (methanol) 313, 238, and 230 nm (t 
4800, 6750 and 7200); NMR (CDCl3, 100 MHz) T 7.60 (s, 3 H), 6.18 
(s, 3 H), 4.42 (s, 2 H), and 2.5-3.1 (4 H); m/e 248 (M + ) , 206, 174, 
149, 118 (base), 105, 70, 77, and 44. 

Irradiation of 3-Carbomethoxy-4-acetoxyisochromene. A solution 
containing 210 mg of 3-carbomethoxy-4-acetoxyisochromene (15) 
in 450 ml of benzene was irradiated under a nitrogen atmosphere for 
48 h using a 450-W Hanovia lamp equipped with a Pyrex filter. The 
solvent was removed under reduced pressure and the residue was 
subjected to thick-layer chromatography. The major band amounted 
to 90 mg (46%) of a white solid, mp 97-101 °C. Further purification 
by recrystallization from ether-hexane afforded white crystals, mp 
106-107 0 C, whose structure was assigned as methyl 1,6-dihydro-
4-methyl-6-oxo-2,5-benzodioxocin-3-carboxylate (16) on the basis 
of its physical and chemical properties: ir (CCl4) 5.81 and 5.68 ,urn; 
uv (methanol) 238 nm (c 7700); NMR (CDCl3, 60 MHz) T 7.61 (s, 
3 H), 6.18(s, 3 H), 4.79 (s, 2 H), 2.5-3.1 (m, 4 H); m/e 248, 206, 174, 
118 (base), 90, and 43. 

Anal. Calcd for C 1 3 HpO, : C, 62.90; H, 4.87. Found: C, 63.01; H, 
4.87. 

The structure of 16 was supported by an ozonization experiment. 
A stream of ozone was passed through a solution containing 50 mg 
of 16 in 30 ml of methylene chloride at - 7 8 0 C until a light blue color 
appeared. After 20 min, the temperature was raised to - 2 0 0 C and 
the solution purged with nitrogen. After the addition of 0.5 ml of di
methyl sulfide, the mixture was washed with water followed by a 
saturated sodium chloride solution, dried over magnesium sulfate, and 
concentrated under reduced pressure to leave 41 mg (75%) of methyl 
o-carboxybenzyl oxalate (14). 

X-Ray Crystal Structure Analysis of Methyl l,6-Dihydro-4-
methyl-6-oxo-2,5-benzodioxocin-3-carboxylate (16). The molecular 
structure of methyl l,6-dihydro-4-methyl-6-oxo-2,5-benzodioxo-
cin-3-carboxylate (16) was unequivocally determined by an x-ray 
crystal structure analysis. Colorless prisms belonging to space group 
P\ were obtained from ether-hexane solutions. The following pa
rameters were measured for these crystals: a = 8.881, b = 9.628, c 
= 7.747 A; Dm = 1.386, Dc = 1.397 g/cm3; Z = I molecules. 

The intensity data were collected by the stationary countersta-
tionary crystal technique60 on a General Electric XRD-6 diffracto-
meter equipped with a single-crystal orienter. Balanced filters for CuK 
radiation were utilized for the measurement of peak intensities and 
backgrounds, Ni against Co. The measurement range was from 0 to 
120° in 28, which gave 1751 independent reflections, of which 233 had 
intensities which were not significantly greater than their background 
counts; these were given zero weight through-out the computations. 
The intensities were corrected for absorption by applying a factor to 
correct for anisotropy of transmission of the x-ray beam. The other 
factors applied to convert the data to structure factor amplitudes, F's, 
were Lorentz polarization and a\ — <xi splitting corrections. The |F 's | 
were put on an absolute scale by use of Wilson statistics61 and then 
converted to their respective normalized structure factors, all having 
values of E greater than 1.6, determined using the Sayre equation,52 

which is the same as the S7 formula of Hauptman and Karle.63 A 
program written by Long was utilized for this purpose.64 An £-Fourier 
map was calculated from the solution with the highest consistency 
index (0.69). The whole molecule was recognized from this map. The 
positional and thermal parameters were refined by least squares using 
a block-diagonal approximation to the thermal equations. After an
isotropic temperature factors were introduced, the usual reliability 
index (R value) was found to be 0.149. The positions of the hydrogen 
atoms were found from a three-dimensional Fourier difference syn
thesis. These atoms were included in the final cycles of least squares 
and were refined to a final R value of 0.0514. The positional and 
thermal parameters obtained from the least-squares refinement are 
given in Tables 1 and II. (See paragraph at end of paper regarding 
supplementary material.) A view of the molecule along with the 
atomic labeling used is shown in Figure 1. There are no intermolecular 
contacts that suggest forces stronger than normal van der Waals are 
operative in the crystal. 

Preparation of 3-Carbomethoxyisothiochroman-4-one. To a solution 
containing 10.6 g of methyl thioglycolate in 300 ml of methylene 
chloride was added 3.0 g of anhydrous sodium hydride at 25 0C. The 
solution was stirred at room temperature for 30 min and then 1.0 g 
of tetra-rt-butylammonium chloride was added followed by 22.5 g of 
methyl a-bromo-o-toluate in 300 ml of methylene chloride. The 
mixture was stirred at room temperature for 17 h, poured onto ice, 
and extracted with ether. The ethereal extracts were washed several 
times with water, dried over magnesium sulfate, and then concentrated 
under reduced pressure. The crude oil obtained was distilled at 
135-138 0 C (0.1 mm) to give 18.4 g (74%) of methyl o-carbo-
methoxybenzylthioacetate as a clear liquid: ir (neat) 5.79 (im; NMR 
(CDCl3) T 6.93 (s, 2 H), 6.33 (s, 3 H), 6.14 (s, 3 H), 5.80 (s, 2 H), 
2.0-3.0 (m, 5 H ) . 

A 14.2-g sample of the above diester was dissolved in 750 ml of 
toluene and 1.5 g of metallic sodium was added. After the reaction 
had refluxed for 1.5 h, the mixture was cooled and 1 ml of methanol 
was added to destroy the excess sodium. The solution was then con
centrated under reduced pressure and taken up in ether. The ethereal 
solution was washed with 10% hydrochloric acid, water dried over 
magnesium sulfate, and concentrated to give 10.8 g (87%) of 3-car-
bomethoxyisothiochroman-4-one (18) as a crystalline solid after re
crystallization from ethanol, mp 87-88 0C: ir (KBr) 6.08, 6.22, 6.24, 
6.45, and 7.00 Mm; uv (methanol) 368 and 260 nm (e 5400 and 
10 300); NMR (CDCl3) r 6.28 (s, 2 H), 6.18 (s, 3 H), 2.20-3.0 (m, 
5 H), and -2.20 (s, 1 H, exchanged with D2O); m/e 164, 118 (base), 
and 90. 
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Anal. Calcd for C, ,Hi0SO3: C, 59.44; H, 4.54; S, 14.42. Found: 
C, 59.32; H, 4.55; S, 14.48. 

Irradiation of 3-Carbomethoxyisothiochromanone. A solution 
containing 200 mg of 3-carbomethoxyisothiochromanone (18) in 175 
ml of methanol which contained 15 mg of sodium hydride was irra
diated under an argon atmosphere for 3.5 h with a 550-W Hanovia 
mercury arc equipped with a Pyrex filter. At the end of this time, 1 
ml of acetic acid was added to the photolysate and the solution was 
concentrated under reduced pressure. The residue was taken up in 
ether, washed with water, dried over magnesium sulfate, and con
centrated to a yellow oil. Molecular distillation of this material (100 
0C (0.03 mm)) afforded 165 mg (96%) of 2-carbomethoxyindanone 
(19), mp 56-58 0C. This material was identical in all respects with 
an independently synthesized sample.65 

Preparation of 3-Phenylisochromanone. To a solution containing 
33.2 g of methyl mandelate and 1.0 g of tetra-n-butylammonium 
chloride in 500 ml of methylene chloride was added 5.1 g of 99% so
dium hydride followed by 46 g of methyl a-bromo-o-toluate. After 
the reaction has stirred for 3.5 h, the mixture was washed with several 
portions of water followed by a saturated ammonium chloride solution. 
The solution was dried over magnesium sulfate and the solvent was 
removed under reduced pressure. The crude oil obtained was distilled 
at 180-182 0C (0.15 mm) to give 26.7 g (43%) of methyl o-carbo-
methoxybenzyloxy-a-phenylacetate:37 ir (neat) 5.71, 5.80, 6.22, and 
6.32 tim; NMR (CDCl3, 100 MHz) r 6.25 (s, 3 H), 6.15 (s, 3 H), 4.95 
(d, 2 H, J = 1.5 Hz), and 1.9-2.8 (m, 5 H). A mixture containing 
anhydrous sodium methoxide (obtained by dissolving 2.5 g of sodium 
in 20 ml of methanol) and 26.7 g of the above diester in 200 ml of dry 
toluene was refluxed under a nitrogen atmosphere for 4 h. After 
cooling, the mixture was poured onto 50 ml of a 10% hydrochloric acid 
solution and extracted with ether. The ethereal extracts were washed 
with water and saturated sodium bicarbonate, dried over magnesium 
sulfate, and concentrated under reduced pressure. The crude oil ob
tained was distilled at 140-148 0C (0.15 mm) to give 11.0 g (58%) 
of a clear liquid whose structure was identified as 3-phenylisochro
manone (20) on the basis of its spectral properties: ir (neat) 5.90 and 
6.21 Mm; uv (methanol) 290 (e 2640) and 247 nm (e 10 400); NMR 
(CDCl3, 100 MHz) T 4.95 (s, 2 H), 4.62 (s, 1 H) 1.6-3.0 (m, 9 H); 
m/e 224 (M+), 134, 122, 118 (base), 105, 90, and 77. This clear oil 
solidified on standing, mp 34-36 0C, and was analyzed as its 2,4-
dinitrophenylhydrazone, mp 244-245 0C. 

Anal. Calcd for C2|Hi5N4Os: C, 62.37: H, 3.99. Found: C, 62.12; 
H,4.11. 

Irradiation of 3-Phenylisochromanone in Isopropyl Alcohol. A so
lution containing 300 mg of 3-phenylisochromanone in 450 ml of 
isopropyl alcohol was irradiated for 20 h under a nitrogen atmosphere 
using a 450-W Hanovia lamp equipped with a Pyrex filter. Removal 
of solvent left an oil which was separated into five bands on preparative 
thick-layer chromatography. The five major components obtained 
were isolated and identified. The first band (33 mg, 12%), mp 173-174 
0C, was assigned as pinacol 21 on the basis of its spectral properties 
and by chemical degradation with lead tetraacetate: ir (KBr), 2.96, 
6.22,9.45, 11.0, and 13.56 ^m; NMR (CDCI3, 100 MHz), T 5.5 (AB 
q, 4 H, J = 16 Hz), 4.65 (s, 2 H, exchangeable with D2O), 4.15 (s, 2 
H), and 2.6-3.4 (m, 18 H). 

Anal. Calcd for C30H76O4: C, 79.98; H, 5.82. Found: C, 80.08; H, 
5.92. 

The second band (20 mg) isolated from the thick-layer plate was 
identified as unreacted starting material. The third band contained 
48 mg (17%) of a white solid, mp 230-232 0C, whose structure was 
assigned as the epimeric pinacol 22 on the basis of its physical prop
erties and by an independent synthesis: ir (KBr) 3.0, 6.25, 9.45, 11.0, 
and 13.2Mm; NMR (CDCl3,'l00 MHz) r 5.58 (AB q, 4 H, J = 16 
Hz), 5.30 (s, 2 H, exchangeable with D2O). 4.20 (s, 2 H), and 2.4-3.3 
(m, 18 H). 

Anal. Calcd for C30H26O4: C, 79.98; H, 5.82. Found: C, 79.67; H, 
5.89. 

The structures of the two pinacols were supported by cleavage with 
lead tetraacetate. A mixture containing 20 mg of pinacol 21 (or 22) 
and 16 mg of lead tetraacetate was stirred in 10 ml of benzene at room 
temperature for 3 h. At the end of this time, the mixture was filtered 
and the filtrate was diluted with ether, washed with a saturated sodium 
bicarbonate solution, and dried over magnesium sulfate. Removal of 
the solvent left an oil whose spectral properties were identical in every 
detail with 3-phenylisochromanone (20). 

The structure of pinacol 22 was further supported by comparison 

with an authentic sample. A mixture containing 200 mg of 3-phen
ylisochromanone, 300 mg of aluminum foil, and 200 mg of mercuric 
chloride in 5 ml of benzene and 6 ml of absolute ethanol was refluxed 
for 7 h. After cooling, the solution was poured onto 10 ml of a 10% 
hydrochloric acid solution and was then extracted with ether. The 
ethereal extracts were washed with a saturated sodium bicarbonate 
solution, dried over magnesium sulfate, and concentrated under re
duced pressure to give a solid. The solid was purified by thick-layer 
chromatography and amounted to 110 mg (55%) of pinacol 22, mp 
173-174 0C. This material was identical in every detail with one of 
the pinacols obtained from the irradiation.of 3-phenyl-4-chromanone 
in isopropyl alcohol. 

The fourth band isolated from the thick-layer plate (56 mg, 25%) 
was assigned as 3-phenyl-4-hydroxyisochromane (23), mp 79-80 0C, 
on the basis of its spectral data and by an independent synthesis: ir 3.05 
and 6.25 Mm; NMR (CDCl3, 100 MHz) r 7.95 (s, 1 H, exchangeable 
with D2O), 5.0-5.7 (m, 4 H), and 2.4-3.4 (m, 9 H). A 50-mg sample 
of 3-phenylisochromanone in 10 ml of 95% ethanol was treated with 
20 mg of sodium borohydride. After standing for 12 h, the mixture 
was diluted with ether and washed with water and a saturated sodium 
chloride solution. The ether layer was dried over magnesium sulfate 
and the solvent was removed under reduced pressure. The residue was 
chromatographed on a thick layer plate using a 20% acetone-cyclo-
hexane mixture as the eluent. The major band contained 28 mg (55%) 
of 3-phenyl-4-hydroxyisochromane (23). This material was identical 
in every detail with the alcohol obtained from the photolysis of 20. 

The last band isolated from the photolysis of 3-phenylisochroma
none was assigned as 2-hydroxy-2-phenylindanone (24) (38 mg, 13%), 
mp 127-128 0C. This material was also independently synthesized: 
ir (KBr) 2.90, 5.90, and 6.23 ̂ m; uv (methanol) 285 (e 1680) and 249 
nm (t 9730); NMR (CDCl3, 100 MHz) r 6.70 (s, 1 H, exchangeable 
with D2O), 6.40 (s, 2 H), and 2.05-2.80 (m, 9 H). 

Anal. Calcd for Ci5Hi2O2: C, 80.33; H, 5.39. Found: C, 80.07; H, 
5.65. 

To a solution containing 200 mg of 2-phenylindanone66 and 130 
mg of triethylamine in 20 ml of chloroform was added a solution of 
bromine in chloroform until a red color persisted. After the reaction 
had stirred for 2 h, the mixture was concentrated under reduced 
pressure. The residue was taken up in 20 ml of acetone. To this solution 
was added 500 mg of silver perchlorate in 5 ml of water. After the 
reaction had stirred for 3 h, the precipitate was filtered and the filtrate 
was extracted with ether. The ethereal extracts were washed with 
water followed by a saturated sodium chloride solution and then dried 
over magnesium sulfate. Concentration of the solution left 156 mg 
(72%) of a white solid, mp 127-128 0C, whose spectral properties were 
identical with 2-hydroxy-2-phenylindanone (24) obtained from the 
irradiation of isochromanone 20. A mixture melting point was unde
pressed at 126-1270C. 

Irradiation of 2-Hydroxy-2-phenylindanone in Methanol. A solution 
containing 300 mg of 2-hydroxy-2-phenylindanone (24) in 450 ml of 
methanol was irradiated for 7 h under a nitrogen atmosphere using 
a 550-W Hanovia lamp equipped with a Pyrex filter. Removal of the 
solvent left an oil which was shown to contain two major components 
by thin-layer and NMR analysis. Chromatography of the oil on a 
preparative thick-layer plate resulted in the separation of the two 
bands. The faster moving band contained 130 mg (43%) of an oil 
whose structure was assigned as l-methoxy-3-phenyl-l//-2-benzo-
pyran (25) on the basis of its chemical behavior and spectral proper
ties: ir (CCl4) 6.05, 6.20, 6.70, and 10.45 nm; NMR (CDCl3, 100 
MHz) T 6.41 (s, 3H), 3.92 (s, 1 H), 3.45 (s, 1 H), and 2.2-3.1 (m, 9 
H). 

The second band contained 95 mg (32%) and was identified as a-
benzoyl-o-tolualdehyde dimethylacetal (26) on the basis of its 
chemical properties and spectral data: ir (CCl4) 5.90 jim; NMR 
(CDCI3, 100 MHz) T 6.78 (s, 6 H), 5.58 (s, 2 H), 4.70 (s, 1 H). and 
1.9-3.0 (m, 9H). 

In another irradiation experiment, 300 mg of 2-hydroxy-2-phen-
ylindanone (24) was photolyzed in 90% methanol for 7 h. The reaction 
mixture was concentrated under reduced pressure and the NMR 
spectrum of the photolysate showed the presence of two compounds, 
which were assigned as l-hydroxy-3-phenyl-l//-2-benzopyran (27) 
and a-benzoyl-o-tolualdehyde 28 in a ratio of 3:2. The NMR spectrum 
of 27 showed singlets at T 3.8 (1 H) and 3.7 (1 H) in addition to the 
aromatic protons and a broad hydroxyl proton. Chromatography of 
the mixture by thick-layer chromatography have only the aldehyde 
tautomer (28) (195 mg, 65%), mp 87-88 0C; ir (KBr) 5.93 Mm; NMR 
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(CDCh) T 5.24 (s, 2H), 1.7-3.0 (m, 9 H), and 0.2 (s, 1 H). 
Anal. Calcd for C ISH|202: C, 80.33; H, 5.39. Found: C, 80.21; H, 

5.35. 
Treatment of 40 mg of a-benzoyl-o-tolualdehyde with methanol 

at room temperature for 3 h in the presence of a trace of acid afforded 
a quantitative yield of l-methoxy-3-phenyl-l//-2-benzopyran (25). 
When this compound was allowed to stand in the presence of methanol 
for an additional 5 h it was partially converted to a-benzoyl-o-tolu-
aldehyde dimethylacetal. (26). 

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 1O-4 mm in several freeze-pump-thaw cycles and then 
sealed. Cyclopentanone solutions were used as the chemical acti-
nometer (a quantum yield of 0.38 was used).67 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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