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scribed in the section on the pyrolysis. The chromatography 
column was wrapped in aluminum foil to keep out light. 

The course of the reaction usually was followed by the produc- 
tion of benzil, and the concentration of monothiobenzil can be 
determined spectrophotometrically. B e n d  was recovered by 
the flash evaporation of the chloroform at room temperature 
followed by extraction with hot 95% ethanol and filtration. 

The benzil yield was determined either by weight or by ultra- 
violet spectroscopy. Data on yields are given in Table I and 
Table I1 and results with various quenchers and sensitizers are 
summarized in Table I. 
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The photolysis of bis[p-(l,1,3,3-tetramethylbutyl)phenyl] terephthalate in various solvents resulted in two 
consecutive photo-Fries rearrangements, whose quantum efficiencies were much lower than for simple aryl 
esters. Changes in solvent polarity and moderate changes in viscosity had little effect on the photolysis, but the 
efficiency in a rigid matrix was lowered considerably. In  aqueous dioxane, the chief reaction was a photohy- 
drolysis to give p-(l,1,3,3-tetramethylbutyl)phenol and terephthalic acid. 

The photolysis of aryl esters has recently been re- 
viewed.' The course of the reaction is well estab- 
lished, but whether the photo-Fries rearrangement in- 
volves a separated free-radical intermediate2 or a 1,3- 
sigmatropic shift3 is not known. The quantum effi- 
ciency for ketone f ~ r m a t i o n , ~ ~ ~  &, is usually 0.15-0.20, 

0 

OC-R 
I ?H Q 

x x X 

and the quantum efficiency, 4p, for phenol production, 
is about 0.05-0.16 in nonviscous, inert  solvent^.^ The 
effect of solvents on this photolysis is poorly under- 
stood. An increase in solvent polarity was reported to 
be without effect on either C#Jk or +p in the photolysis of 
p-tolyl acetate3 but was reported t o  increase both (bk and 
4p in the phoitolysis of 3,5-di-tert-butylphenyl ben~oa te .~  
Increased solvent viscosity reduced In  fluid sol- 
vents the yield of ketone is only 10-50~0, and much of 
the ester is converted to unknown products; however, 
photolysis of aryl benzoatcs in a polymeric matrix has 
been reported to proceed without side  reaction^.^,^ 
Many aryl esters of aromatic monocarboxylic acids 
have been studied; however, the photo-Fries rearrange- 
ment of nonpolymeric esters of aromatic dicarboxylic 
acids has not been reported. Photolysis of polymeric 
esters such as poly(isopropy1idenedi-p-phenylene iso- 
phthalate) resulted in the formation of 2-hydroxy- 
benzophenone moieties in the polymer.6 

We report here the results of the photolysis of a non- 
polymeric diester, bis [p-( 1 , 1,3,3-tetramethylbutyl)- 
phenyl] terephthalate (l) ,  in a number of fluid solvents 
and in a rigid, polymeric matrix. 
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Results and Discussion 

Photolysis of 1 in anhydrous solvents gave four prod- 
ucts which could be separated by glc: 2, 3, 4, and 5 .  
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Each of these was also isolated and characterized by 
other means. In the presence of water, terephthalic 
acid was also a major product. Table I gives the prod- 
uct distribution, as determined by glc, for photolysis 
of 1 in various solvents. 

Approximate quantum efficiencies for some of the 
reactions are given in Table 11. These values were 
determined by using polychromatic light; loss of 1 was 
10% or less. Because of the complexity of the mixture, 
the values are not corrected for absorption of light by 
the products. 

For further information on the effect of solvent 
polarity and viscosity, photolyses were carried out in 
mixtures of dioxane and acetonitrile. The results are 
shown in Table 111. 

R = CH,-C-CH,-C 
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Figure 1.-Absorption spectra in methylene chloride of 1 

(0.07 g/l.), 2 (0.10 g/l.), and 4 (0.07 g/l.). Cell length, 0.25 cm. 

TABLE I 

IN VARIOUS SOLVENTS 
DISTRIBUTION O F  PRODUCTS FROM PHOTOLYSIS O F  1 

Time, y - - C o m p d ,  10-5 mol-----i, 
Solvent hr la a S 4 6  

Benzene 4 6 .7  2 .6  2 .6  0 .4  0 .2  
12 b 4.9  3 . 3  2 . 3  1.1 
75 b 0 .6  4 .5  6 .2  1 . 9  

12 b 1 . 7  4 . 8  4 .6  0 . 4  
75 b b 8 . 2  6 . 5  0 . 4  

Dioxane 4 6 .0  3 . 5  2 . 5  0 . 7  b 

Dioxane-water, d 4 7 .3  3.9 4 .7  1 . 3  b 
50: 1 

12 0 . 1  1 . 0  23.6 3 .6  0 . 5  
75 b b 23.8 3 . 8  0.9 

Dioxane-1-octanol, 12 1 . 0  3 .1  15.2 3 .7  b 

Polystyrenee 48 6 . 6  2.6 b 1 . 0  b 
BenzeneE 20 8.0 

1:l 

 initial charge of 1 was 19.4 X mol. b N o t  detected 
by glc. c Contained 50-75 ppm of water. Terephthalic acid 
found in significant quantity. e Irradiation in Rayonet reactor. 

TABLE I1 
APPROXIMATE QUANTUM EFFICIENCIES FOR PHOTOLYSIS OF 1 

----Quantum efficiencyn------ 
Solvent $2 $8 $4 

Benzene 0.02 0.004 0.01 
Dioxane 0.02 0.010 b 
Dioxane-water, 0.01 0.034 b 

50: 1 
a 4% is for appearance of 2;  43 is for appearance of 3;  44 is for 

2 -+ 3 in the absence of 1. * Not determined. 

TABLE I11 
PRODUCTS FROM PHOTOLYSIS~ OF 1 IN 

DIOXANE-ACETOKITRILE SOLUTION 
Aceto- 
nitrile, Viscosity, 
vol % cp (30”) 

0 1.087 
1 
5 

10 
20 0.793 
a Time was 9.4 hr. 

-----p ,ompd, 10-5 mol------- 
l* 2 S 4 6 

2 . 7  5 .0  7 .6  3 .3  0 . 9  
3 . 0  5 . 3  8 .2  3 . 5  1 .0  
2 . 8  5 .0  8 . 2  3 . 5  1 . 0  
2 .2  4 .7  8 . 0  3 . 5  1.1 
2 .2  4 .7  9 . 5  3 . 3  1 . 2  

mol. Initial charge of 1 was 22 x 

Aryl terephthalates can undergo two consecutive 
photo-Fries rearrangements. Because there appears 
to be no appreciable substituent effect in the photo- 
Fries rearrangement, the first reaction (1 + 2) should 
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proceed as efficiently as the rearrangement of an aryl 
benzoate. However, 2 has a possible means of self- 
stabilization by energy transfer between the two chro- 
mophores. If excitation energy were transferred from 
the ester moiety to  the 2-hydroxybenzophenone moiety, 
2 should be resistant to further photochemistry.* 

d R  t- 

internal 
transfer I 

OH 
\ 

When 2 was irradiated at  360 nm (Rayonet reactor, 
360-nm lamps), where only the 2-hydroxybenzophe- 
none carbonyl absorbs, as seen in Figure 1, it was recov- 
ered unchanged; hence, only light absorbed by the ester 
group leads to rearrangement. The absorption of 
polychromatic ultraviolet light by 2 will be divided be- 
tween the two chromophores and, in the absence of 
efficient energy transfer from the ester carbonyl to  the 
ketone carbonyl, the quantum efficiency for rearrange- 
ment of 2 would be somewhat lower than that for 1. 

(8) N. J. Turro, “Molecular Photochemistry,’’ W. A .  Benjamin, New 
York, N. Y., 1967, p 150. 
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However, if energy is efficiently transferred in this di- 
rection, the quantum efficiency for rearrangement of 2 
would be greatly decreased. The observed value is 
about half that for the rearrangement of 1 and supports 
the hypothesis that energy transfer from the ester car- 
bonyl to the ketone carbonyl is not an efficient process. 

Both 42 and 43 are about an order of magnitude lower 
than @k and 4p for aryl benzoates. We believe that the 
inefficiency of the photoreactions of 1 results from the 
extended conjugation of the terephthalate system, 
which may offer facile routes for internal conversi~n.~ 

In accord with the findings of Sandner, Hedaya, and 
T r e ~ k e r , ~  solvent polarity was without effect on either 
the photo-Fries reactions of 1 or its cleavage to the 
phenol. Photolysis in dioxane-acetonitrile mixtures of 
varying polarity gave identical product ratios. Solvent 
viscosity, over a moderate range in fluid solvents, was 
also without effect on the photolysis of 1. However, in 
a rigid medium, polystyrene, the production of the 
phenol 3 was completely suppressed, as would be ex- 
pected in a1 highly viscous medium.3 Unexpectedly, 
the rate of the photo-Fries rearrangement was reduced 
twofold in this rigid matrix. Earlier workers3 reported 
that 4 k  for the photolysis of p-tolyl acetate was the 
same in Carbowax 600 poly(ethy1ene glycol) as in 
ethanol, which differ in viscosity by a factor of 100. 
The bulky alkyl groups in 1 may hinder the mobility 
required for rearrangement in a rigid medium. 

In anhydrous solutions, the conversion of 1 to the 
isolated products was low; less than half of the p-alkyl- 
phenyl content was accounted for. The nature of the 
major product of the photolysis of 1, and of most other 
aryl esters reported, remains unknown. The data in 
Table I show that the production of 3 continues at  a 
significant rate after its isolable precursors, 1 and 2, 
have nearly disappeared; hence, the unknown product 
must retain the ester group. 

The photolysis of 1 in polystyrene gave the same low 
conversion to  the 2-hydroxybenzophenones as was ob- 
tained in fluid solvents. The major product of this 
reaction was an insoluble, fibrous, apparently polymeric, 
yellow substance. This finding is in contrast to pre- 
vious reports6,’ that no side reactions accompanied the 
the photo-Fries rearrangement in a polymeric matrix. 
In  these eairlier investigations, the hydroxybenzophe- 
none product was determined by ultraviolet absorption 
analysis. Elecause an ultraviolet-absorbing major prod- 
uct of unknown structure was formed, ultraviolet anal- 
ysis is unreliable in this application. 

The most dramatic and unexpected solvent effect was 
that of water in dioxane. It was reported3 that ben- 
zene and aqueous dioxane solutions gave the same re- 
sults in the photolysis of p-tolyl acetate. However 1 
showed a large increase in 48 for aqueous dioxane as com- 
pared to benzene. Furthermore, after 12 hr of irradia- 
tion, more than 60% of the p-(lj1,3,3-tetramethyl- 
buty1)phenyl content was recovered as p-(l,l,3,3-tetra- 
methylbutyl)phenol(3). Significantly, only 4.7 X 10-j 
mol of 3 was formed in the first 4 hr of irradiation but 
about four times this amount, 18.9 X mol, was 
produced in the next 8 hr, even though the precursors of 
3 were decreasing via the photo-Fries rearrangement. 
A considerable amount of terephthalic acid was also pro- 

(9) We found tha t  bis(2,4,6-trimethylphenyl) terephthalate, which can- 
not undergo a photo-Flies rearrangement, is very resistant t o  photolysis. 

duced in aqueous dioxane, but none was formed in anhy- 
drous solvents. No hydrolysis occurred when solutions 
of 1 and its various photoproducts in aqueous dioxane 
were kept in the dark for several days. These results 
show that some photoexcited species is involved in the 
hydrolysis but direct reaction of an excited state of 1 
with water does not occur. The first excited singlet of 
a phenol is a relatively strong acid;’O hence, we believe 
the hydrolysis is catalyzed by the excited singlet of 3. 
The effect of water is so pronounced that we believe the 
increased yield of 3 in “dry” dioxane (50-75 ppm water) 
is due to hydrolysis rather than to any effect of dioxane. 
Photolysis of 1 in dioxane-1-octanol solution also gave a 
considerably greater yield of 3 than expected. A sim- 
ilar result, attributed to a photochemical solvolysis, was 
observed3 when p-tolyl acetate was photolyzed in eth- 
anol. A catalyzed solvolysis, similar to the hydrolysis 
reported here, might also be involved when esters are 
photolyzed in alcohol solutions. Further work is under 
way to elucidate the mechanism of the apparent photo- 
chemical hydrolysis and solvolysis of 1. 

Experimental Section 
Preparation of Bis[p-( 1,1,3,3-tetrarnethylbutyl)phenyl] Tereph- 

thalate (1).-To a cooled solution of 20.6 g (0.1 mol) of p -  
(1,1,3,3-tetramethylbutyl)phenol and 4.0 g of sodium metal 
in 250 ml of ethanol was added slowly 10.2 g (0.05 mol) of tereph- 
thaloyl chloride dissolved in 150 mi of ether. The mixture 
was then chilled and filtered. The product was dissolved in iso- 
octane, and the solution was filtered. The filtrate was cooled 
at 5 ” ,  and the precipitate was collected by filtration. The 
product was then dried to obtain 25 g (95%) of white crystals, 
mp 174-175’, ir (KBr) 1742 cm-1 (C=O). 

Anal. Calcd for CS6H4~04: C, 79.68; H, 8.54: 0, 11.80. 
Found: 

General Irradiation Procedure.-Solutions of 1 (1.0 wt %) in 
the appropriate solvent, contained in Vycor glass test tubes, 
were irradiated in a “merry-go-round” apparatus with a 550-W 
Hanovia medium-pressure arc light. Aliquots, 0.1 ml, were 
removed from time to time and treated with 0.9 ml of Tri-Si1 
trimethylchlorosilane. The mixture was allowed to stand 5 min, 
and then 40 pl of the resulting solution was injected onto a 1/4 
in. X 5 f t  15% SE-30 column. The column temperature was 
programmed from 85 to 340’ at a rate of 10’/min and held at  
the upper limit until the last fraction was eluted. Actinometry 
for the photolysis was done with the uranyl oxalate actinometer 
solution of Masson, Boekelheide, and Noyes.“ 

The quantum efficiency for the photolysis of 2 was similarly 
determined by using a 1.0% solution of 2 in dioxane. 

Attempted Photolysis of 2 with 3600-/j Light.-A ldOc%; solution 
of 2 in dioxane was irradiated for 24 hr with a 3660-A lamp (1.35 
X 10-1 einstein/min). 

Isolation of 2,2’-(p-Phenylenedicarbonyl)bis[p-( 1,1,3,34etra- 
methylbutyl)phenol] (4) and p-( 1,1,3,3-Tetramethylbutyl)phenol 
(3).-A solution of 2.0 g of 1 in 150 ml of anhydrous dioxane was 
irradiated for 144 hr with a 2.5-W 2537-A immersion lamp. 
The solution was evaporated to a paste. The residue was taken 
up in a small amount of acetone and cooled in dry ice. The 
yellow precipitate was collected and recrystallized twice from 
acetone-water to give a yellow crystalline product, mp 143-145“, 
identified as 4: ir (KBr) 1627 cm-1 (C=O); nmr (CDCla) singlet 
at 11.7 ppm ( 2  H, OH). 

Anal. Calcd for C8eH4e04: C, 79.68; H, 8.54: 0, 11.80. 
Found: 

The acetone filtrate from the above precipitation was evap- 
orated to a paste and sublimed at atmospheric pressure. Two 
recrystallizations of the sublimate from isooctane produced a 
white crystalline material, mp 73-75’, identified as 3 by mixture 

C, 79.56; H,  8.54; 0,11.90. 

Only 2 was detected by glc. 

C, 79.00; H, 8.55; 0, 12.45. 

(10) G. Jackson and  G .  Porter, Proc. Roy. Soc., Ser. A ,  260, 13 (1961). 
(11) C.  R. Masson, V. Boekelheide, and W. A.  Noyes, J r . ,  in “Technique 

of Organic Chemistry,” 2nd ed, Vol. 11, A. Weissberger, Ed., Interscience, 
New York, pi. Y., 1956, pp 294-298. 
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melting point and comparison of its ir spectrum with that of an 
authentic sample. 

Isolation of p-( 1,1,3,3-Tetramethylbutyl)phenyl p-[2-Hydroxy- 
5-( 1,1,3,3-tetramethylbutyl)benzoyl] benzoate @).-A solution 
of 2.0 g of 1 in 150 ml of anhydrous dioxane was placed in a 
Pyrex glass test tube and irradiated with a 550-W Hanovia 
mercury arc for 37 hr. The yellow solution was evaporated to 
a paste, and the residue was taken up in acetone. The insoluble 
material, 1.0 g, was filtered out and the filtrate was concentrated, 
cooled in dry ice, and filtered. Five recrystallizations of the 
yellow precipitate from acetone-water produced a material, mp 
156-157", identified as 2: ir (KBr) 1631 (C=O), 1743 cm-1 
(C=O); nmr (CDCla) singlet a t  11.7 ppm (1 H, OH). 

Anal.  Calcd for C86Ht6Ol: C, 79.68; H, 8.54; 0, 11.80. 
Found: C, 79.68; H,  8.54; 0, 11.48. 

Isolation of p-[2-Hydroxy-5-( 1,1,3,3-tetramethylbutyl)benz- 
oyllbenzoic Acid (5).-A solution of 12.0 g of 1 in 600 ml of 
dioxa:e (0*5% water) was irradiated for 26 hr with a 2.5-W 
2537-A immersion lamp. The yellow solution was evaporated 
to a paste and the residue was taken up in ether. The ether 
solution was filtered and then shaken with a 10% sodium hy- 
droxide solution. The yellow precipitate formed was dissolved 
in warm water, and the resulting solution was acidified with 
hydrochloric acid. The precipitate was collected and sublimed 
at  0.5 mm pressure and 206' bath temperature. The initial 
fraction was discarded and the yellow, crystalline material, mp 
196-197', was identified as 5: ir (KBr) 1628 (C=O), 1692 cm-1 
(C=O); nmr singlet at 11.8 ppm (2 H, OH and C02H). 

Anal.  Calcd for CZ~HMO~:  C, 74.70; H, 7.41; 0, 17.89. 
Found: 

Isolation of Terephthalic Acid.-A solution of 1.0 g of 1 in 
100 ml of 10: 1 dioxane-water solution was irradiated for 48 hr 

C, 74.92; H,  7.54; 0, 17.54. 

in several Pyrex glass tubes with a 550-W Hanovia mercury arc. 
The solutions were combined and evaporated to dryness on a 
steam bath. The residue was extracted with warm sodium bi- 
carbonate solution. The sodium bicarbonate solution was 
acidified with 6 N hydrochloric acid and filtered. The precipitate 
was washed with water and ether. The precipitate had a melt- 
ing point greater than 300' and its ir spectrum was identical 
with that of a known sample of terephthalic acid. 

Photolysis of 1 in Polystyrene.-A hot solution of 4.0 g of 
polystyrene and 0.08 g of 1 in 100 ml of methylene chloride was 
poured into a petri dish and allowed to stand until a hard film was 
obtained. The dish was then left overnight on a hot plate set 
a t  50". Half of the resulting film was irradiated in a Rayonet 
reactor (3100-i lamps) for 48 hr. Samples (approximately 0.50 
g) of the above films were dissolved in 50 ml of methylene chlo- 
ride containing 4.0 ml of a 0.30% solution of o-hydroxybenzo- 
phenone (glc internal standard). The resulting solutions were 
cooled, diluted with 200 ml of acetone, filtered, and evaporated 
to dryness in a rotary evaporator. The residue was taken up in 
2 ml of dioxane. A 0.2-ml portion of this solution was treated 
with 1.0 ml of Tri-Si1 and chromatographed as previously de- 
scribed. As a control, a solution of l in benzene at the same 
concentration was photolyzed under the same conditions. 

Registry No.-l,3637-39-6; 2,26157-65-3; 4,26157- 
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The photolysis of 2,2,5,5-tetramethyldihydro-3-furanone in methanol gives methyl 3-isopropoxy-3-methyl- 
butanoate, methyl 3-methyl-2-butenoate1 isopropyl 3-methyl-2-butenoate1 methyl 3-methy1-3-butenoatel and 
isopropyl alcohol. These products are all considered to arise via the ketene formed by Norrish type I cleavage 
of the dihydrofuranone followed by intramolecular hydrogen abstraction. Corroboration for this view is pro- 
vided by the observation that photolysis of 2,2,5,5-tetramethyldihydro-3-furanone-Q-d~ in methanol gives 
methyl 3-(isopropoxy-l-d)-3-methylbutanoate-W-d and methyl 3-methyl-2-butenoate-W-d. 

Although the photolysis of cyclic ketones has been 
studied extensively, the only previous investigation of 
the photolysis of an oxacycloalkanone appears to be 
that of Hammond and  coworker^,^ who found that 
2,2,4,4-tetramethyl-3-oxetanone (1) undergoes both 
decarbonylation and cleavage to a ketene and ketone 
(eq 1). These reactions are closely analogous to  

1 

* Author to whom correspondence should be addressed. 
(1) Taken from dissertations presented by J. P.  Wasacz and G .  R. 

Hagens in partial fulfillment of the requirement8 of the Ph.D. degree a t  
the University of Pennsylvania, 1969, and the University of Toronto, 1970, 
respectively. 

(2) Part  of this work was discussed a t  the Second IUPAC Symposium on 
Photochemistry, Enschede, Holland, 1967; P.  Yates, Pure A p p l .  Chem., 16, 
93 (1968). 

(3) P. J. 'Wagner, C. A. Stout, S. Searles, Jr., and 0 .  S. Hammond, J .  
Amer. Chem. Soc.,  88, 1242 (1966). 

reactions observed in the case of cycl~butanones,~ and 
were interpreted as involving initial Norrish type I 
cleavage of the oxetanone. 

We report now a study of the photolysis of the related 
2,2,5,5-tetramethyldihydro-3-furanone (2) in methanol. 
This investigation was undertaken (1) to extend our 
knowledge of the photochemistry of oxacycloalkanones, 
and (2) as part of the search for new cases of the photo- 
chemical conversion of cyclic ketones to cyclic acetals. 
With respect to the latter quest, it was considered that 
the absence of hydrogen atoms at the ring atoms bearing 
a ,B relationship to the carbonyl group might inhibit 
alkenal formation5 and that the circumstance that the 
ring is five membered might inhibit ketene formationU6 
It was hoped that if these two pathways were thus made 
more difficult, an oxacarbenez might be formed, leading 
to the formation of a cyclic acetal. In  the event, how- 
ever, this goal was not achieved. 

(4) N. J. Turro and R .  M. Southern, Tetrahedron Lett . ,  545 (1967); D. R.  
Morton, E .  Lee-Ruff, R .  M.  Southam, and N .  J. Turro,  J. Amer. Chem. 
Soc., 92, 4349 (1970). 

(5) R. Srinivasan, i b id . ,  81, 1546 (1959). 
(6) G. Quinkert, Pure A p p l .  Chem., 9, 607 (1964). 


