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Abstract - The most general photoreaction of L(3BiH)-furanones 1 

1 s  singlet mediated decarbonylat~on to vinyl ketones, although 

in some cases the formation of cyclobutane dlmers and onetanes 

has been observed. On the other hand, 2(5H)-furanones 2 

preferentially undergo dimerlzatlon, cycloadditlon or hydrogen 

abstraction from their trlplet states. For these compounds, 

decarboxylation or nucleophilic solvent addition have also been 

reported. Other processes, observed only in the presence of the 

approplate substituents, are stilbene-phenanthrene cyclizatlon 

or  substituent migrations [from 1 and 2), as well as chromone 

farrnatlon or fragmentation (from 11. 

The present revlew deals with the photochemical transformations of ZI3H)-furanOnes 

1 and Z(5Hl-furanones 2. 

1 2 

Scheme 1 

The main photochemical processes whlch have been described for these compounds are 

as below: 



A1 Decarbonylation 

B l  Decarboxylation 

C) Stilbene-phenanthrene-11ke cyclization 

D) Dimerlzation 

E) Cycloaddltlon 

F )  Hydrogen abstraction 

G )  Addltlon of nucleophiles 

H) Substituent migrations 

I) Chrornone formation 

J )  Fragmentation 

The results published so far are summarized below, arranged according to the above 

classification. When two or more processes are involved in the formatlo" of a 

product, the flrst one has been used for classification. 

A) DECARBONYLATION 

The photochernlcal decarbonylation of en01 lactones la-t has been reported to give 

the corresponding vinyl ketones 3a-t.'-' 

Scheme 2 
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  he irradiation of lu in ethanol gives the aryl vinyl ketone 3" and also 

2,i-d~methoxyphenyl-2-ethoxyethyl ketone 4 as the result of a secondary solvent 

addition. 
3 

Scheme 3 

In the case of the 3-benzyl derlvatlves lv-y decarbonylatron is followed by double 

bond lsomerlzatron t o  6v-y and/or cycllzatlon to furan derlvatlves 7v-y. 
8 

Fll 

Fll OH 

Scheme 4 



Chapman and Mclntosh9 have described a srmllar photodecarbonylatian of 

benzofuran-Z(3H)-one ( 8 )  which upon irradiation in methanol affords o-hydroxybenzyl 

methyl ether 10 via the intermediate 9. Analogous results have been obtained with 

substituted derivatives. 
10-14 

Scheme 5 

In general, decarbonylat~on of enol lactones 1 appears to occur from their lowest 

lying singlet states, through a primary cleavage of the carbonyl-oxygen bond, 

similar to that previously postulated in the case of en01 esters. 15-21 Thls leads 

to the formation of diradlcal 11, which can be stabilized by loss of carbon 

monoxide. 

Scheme 6 



HETEROCYCLES, Yo1 3 1 ,  No 4, 1990 

B) DECARBOXYLATION 

K r u l l  a n d  ~ r n o l d ~ ~  have  s t u d l e d  t h e  mercury s e n s i t i z e d  v a p o r  p h a s e  photochemistry 

of 2 ( 5 H ) - f u r a n o n e  ( 2 a l  a n d  4-methyl-215H)-furanone 1 2 b ) .  The p h o t o l y s i s  of 2 a  g i v e s  

m e t h y l a c e t y l e n e ,  a l l e n e  and c y c l o p r o p e n e .  However 2b l e a d s  t o  a complex m l x t u r e  o f  

p r i m a r y  a n d  s e c o n d a r y  p h o t o p r o d u c t s .  

Scheme 7 

I t  must be ment ioned  t h a t  2 ( 5 H ) - f u r a n o n e s  ( 2 )  do n o t  undergo  c l e a v a g e  o f  t h e  

ca rbony l -oxygen  bond ,  s i n c e  t h e  s p 3  h y b r i d i z e d  C - 5  d o e s  n o t  a l l o w  r e s o n a n c e  

s t a b l l l z a t i o n  of t h e  l n t e r r n e d i a t e  1 2 .  

Scheme 8 



me formation of 1-butyne and 1,2-butad~ene was first thought to be a secondary 

reaction of 1-methylcyclopropene. but this hypotesls was questioned after studylng 

the chemlcal ieactivlty of the latter compound, whlch gave rise only to propyne, 

acetylene and ethylene. 

CH3CgCH t HCzCH + C p C +  
conversion 

162.1%) 114.5XI 123.lX) 

Scheme 9 

~ e n c e  it can not be ruled out the posibllity of the formatlo" of some 1-butyne 

and/or 1.2-butadiene through a 1.2-methyl migration in the intermediate 13, 

previously postulated by Closs to account for the photodenrtrogenation of 

3H-pyrazoles. 2 3 

Scheme 10 

C) STILBENE-PHENANTHRENE-LIKE CYCLIZATION 

The photocyclization of cls-st~lbene 14 to phenanthrene 15 is a well known 

reaction. 2 4 . 2 5  
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Scheme 11 

4 5 6 Rio and ~ a r d y ~ ~ ,  Lohray et al. , Gopidas et 8.1. , and Pratapan et al. , have 

studied the photochemistry of lactones 2 ,  which posses a cis-stilbene moiety. Thus, 

when the lactones 2c-n are irradiated i n  the presence of oxygen, in chloroform or 

benzene as solvent, a cycllration to the corresponding phenanthrene derivatives 17 

is observed to take place. In these experiments a wood glass frlter (310nm<h<390nm) 

was used, in order to irradiate selectively at the absorption bands of compocnds 

2c-n. 

- - 
,- 

huor A 

Scheme 12 



If oxygen is slowly bubbled through the solutions, a photochromism phenomenon is 

observed, due to the intermediates 16. The filter does not allow to irradiate these 

intermedrates. However, in the absence of the filter, the production of 

phenanthrenes 17 is very slow, due to the reverse reactlon of the intermediates 16 

to the starting compounds 2. 

similar processes have been reported for Z(3H)-furanones. So, Lohray et found 

that the photolysis of 3.3.4.5-tetraphenyl-2(3H)-furanone (1Aa). 3-methyl- 

3.4.5-triphen~l-2(3H)-furanone (1Ab) and 3-benzyl-3.4.5-triphenyl-2I3Hl-furanone 

(1Ac) in the presence of oxygen, affords the corresponding phenanthrene derivatives 

18~a. 18Ab and 18Ac. Laser flash photolysls leads to spectral changes that suggest 

the involvement of excited singlet states in these cyclirations. 

Scheme 13 

D) DIMERIZATION 

Irradiation of Z(SH1-furanone l2a) ln solution leads to the formation of 

anti-photodlmers 1% and 20.3. 
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Scheme 14 

Compound 1% is the result of a head-to-head dimerization while 20a arises from a 

head-to-tail dimerlzation. On the other hand, irradiation of Z(5Hl-furanone (2.31 in 

solid phase at low temperature gives a head-to-head dimer (21aI. 
2 7 

Scheme 15 

The photodimeriration of substituted Z(5H)-furanones has also been observed. 
2 8 

Thus, irradiation of 5-methyl-2(5~)-furanone (20) In acetonitrile wlth 254nm lrght 

gives a mixture of compounds 190, 200 and 200' with the relatlve yields 3:0.9:3. 



Scheme 16 

The solvent effects on the yleld of each lsorner have been studled. In thls way, ~t 

has been found that the ratlo 190/200' decreases from 3 to 1 on golnq from 

acetonltrlle to benzene, whlle the ratlo ZOo/ZOo' remalns essentially unchanged. 

Thls 1s in accordance wlth the expectations based on the h ~ g h e r  d ~ p o l e  moments of 

the head-to-head dlrners. Furthermore the photodrmerlzatlon of 20 can be sensltlzed 

by ketones wrth trlplet energres hlgher than that of xanthone and quenched by 

1.3-pentadlene, whlch suggests that the three photad~mers are formed through an 

exclted trlplet state, whose estrmated energy level is about 70 Kcal/mol. 

The lrradlatlon of 3,8,5-trlphenyl-2i5Hi-furanone I2pi ~n concentrated benzene 

solution ( 5 x 1 0 - ~  MI has been studied by Padwa and hls c o - w o r k e r ~ . ~ ~  Under these 

conditions the formation of a dlmer, tentatively asslgned as syn-head-to-head i21pi 

has been observed. 
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Scheme 17 

Likewise, irradiation ( A  = 254 nml of 5.5-diphenyl-215Hl-furanone (Zql in 

acetonitrile (1M solution) affords a mixture' of the anti-head-to-tall and 

head-to-head dimers ZOq and 19q as the only photoproducts. 30r31 In more dllute 

solutions, solvent addition products are also formed. 

hu 
CH$N 
254 nm Ph No Ph FllFll + oxO Ph Fll 0 

Scheme 18 

A cyclobutane dzrner 22r has been also isolated upon irradiat~on of 4-phenyl- 

Z(5HI-furanone (2r) in acetone, although the s y n / a n t ~  nature could not be 

determined. 
3 2 



Scheme 19 

 arth her-utrilla and &Iiranda3 have reported a photodirnerizatlon of en01 lactones. 

Thus irradiation of 5-(2',it-dlmethoxypheny1)-2(3H)-furanone (1") in benzene under 

nltrogen glves  the anti-head-to-head d ~ m e r  23u and both antl- and syn-  head-to-tail 

Isomers 24u and 25". 

h r - 0 1 0  0 t 

0CH3 
H H H A-r 

Scheme 20 
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E )  CYCLOADDITIONS 

Tada and his c o - ~ o r k e r s ~ ~  have observed a photoaddltion of cyclopentene and 

cyclohexene to 2(5Hi-furanone (2ai, to give 26 and 27 (mixture of three 

stereoisomers), respectively. 

Scheme 21 

According to them, these reactions are sensitized by acetone, but not by 

acetophenone, and are quenched by 1.3-pentadiene and dlmethoxyethene. These facts 

Suggest that the above cycloadditions proceed v l a  a triplet excited state, whose 

energy lies between 75 and 80 Kcal/mol. 

However, more recent work by Kosugi et a1.32 has proven that dimethoxyethene does 

not actually quench the r e a c t l a n  but it adds to 215Hl-furanone 12a1, 

4-phenyl-2(5H)-furanone (2r) and 5-n-butyl-2(5Hj-furanone (2s) to give 28a, 28r and 

28s. Acetone was not used as solvent because of the easy formation of the oretane 

derivative with dlmethoxyethene. 



Scheme 22 

A similar photochemcal reaction between d~methoxyethene and 

3,5-d~phenyl-2(5Hl-furanone (2tl in benzene has been reported by Padwa and Dehm, 
3 4 

who did not observe under these conditions the usual phenyl-migration ( s e e  part H I .  

Scheme 23 

The photochemical additlon of cyclopentene to 5-methyl-Z(5H)-furanone (201 has been 

studled by Ohga ad M a t ~ u o . ~ ~  Using e x c e s s  of cyclopentene, the lrradlation of this 

lactone in acetonitrile under oxygen gives two isomerrc cycloadducts 30 (36%) and 

30' (24%). 
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Scheme 2 4  

I n  t h e  above mentioned work o f  Kosugl e t  a 1 . 3 2  t h e  a d d l t l o n  of  e t h e n e  and a c e t y l e n e  

t o  a serles of 2 ( 5 H ) - f u r a n o n e s  h a s  been s t u d l e d .  

hu 
vycor 

acetone 

b reaction) 

Scheme 25 

T h e  l r r a d l a t l o n  of 2a w l t h  e t h e n e  g l v e s  t h e  c y c l o a d u c t  31a in hlgh y l e l d  ( 7 0 %  a t  



room temperature and more that 80% at - 5 O ' C ) .  Acetone is the best solvent and it 

seems to act as a sensrtlier. In the same way, the photocycloadditlon of 2b. 20, 2r 

and 2v to ethene in acetone affords the corresponding adducts in 44, 49, 52 and 35% 

respectively. 

I t  1 s  worth mentlonzng that 3-methyl-2!5H)-furanone (2") does not give the adduct 

31u, in contrast wlth the behavlor of the analogous 3-phenyl substrtuted furanone 

2". This fact suggests that the electronic effect of the conjugated phenyl group 

plays an important role in this reaction. 

The adducts 32 are produced in the same way by irradiation of 2a. 2b, 20, 2r and 2v 

with ethyne (yields: 54, 29, 8, 23 and 148 respectively), whereby the lack of 

reactivity of 2u is confirmed. 

A competing dimerizatlon occurs in the case of 4-phenyl-2!5H)-furanone (2r) ! see  

section Dl. 

The only photoreactlon of 2!3Hl-furanones that can be formally incluced in this 

seCt10n 1s the formation of oxetanes 33 and 34 through Paterno-BUchi addltion of 

5-methyl-2( 3H) -furanone ! la) and benzophenone. 35 Compound 33 r i  

but 34 reacts further to give the saturated lactone 35. 

thermally s t a b l e ,  

Scheme 26 

- 766 - 
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F )  HYDROGEN ABSTRACTION 

According t o  Ohga and Matsuo,36 d i r e c t  e x c i t a t i o n  of Z(5H)- furanones  2a and 20 i n  

i s o p r a p a n o l  s o l u t l o n  l e a d s  t o  t h e  c o r r e s p o n d i n g  a d d u c t s  36a and 360 in y i e l d s  

s u i t a b l e  f o r  h i g h  s c a l e  s y n t h e s i s .  T h e  quantum y l e l d  v a r i e s  w i t h  t h e  l a c t o n e  

c o n c e n t r a t i o n  and  e x c e e d s  u n i t y  i n  a l l  cases, i n d i c a t i n g  t h a t  t h e  r e a c t i o n  i n v o l v e s  

a free r a d i c a l  c h a i n ,  which may be i n i t i a t e d  by t h e  f o r m a t i o n  of a k e t y l  r a d i c a l  

(371 a s  a consequence o f  hydrogen abstraction of  t h e  p h o t o e x c i t e d  c a r b o n y l  group 

from i s o p r o p a n o l .  

37a 

Scheme 2 7  

L lkewlse ,  t h e  p-adduct  38a is o b t a l n e d  upon l r r a d l a t l o n  o f  2a i n  e t h e r .  
3  2 

Scheme 2 8  



In cyclohexane or toluene, bath a- and p-addltlon products are formed, but when 

aromatlc ketones are used as photosensltlzers predominant formatlo" of the 

p-adducts is again observed. 3 7  

Scheme 29 

This has been taken as evidence for the involvement of the aromatic ketones as 

hydrogen transfer agents, as shown below. 

Scheme 3 0  
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using perdeuterated cyclohexane as solvent it has been demonstrated that the 

a-adduct arlses via hydrogen abstraction by the @-carbon,  on the b a s l s  of deuterium 

lncorporatlon at the C-4. 3 8 

Scheme 31 

Thls occurs in a non-stereospeclflc manner, a fact that allows to rule out the 

poss1blllty that a-solvent addltlon i s  a concerted process. 

Anklam and Margaretha31 have carried out a systematic investigation on the 

photoreduction of Z(5H)-furanone (Zal and 5,5-dimethyl-2(5H)-furanone l2wl in 

- 2 
several solvents. In dilute (ca. 10 MI acetonltrile solution, Za affords both a- 

and p-adducts (4% and 4 4 a i  together wlth the reduction product 45.3 and the dimers 

19a and ZOa (see section D i  

Scheme 32 



Under similar conditions, the dimethyl derrvative Zw is converted into a rnlxture of 

s l x  products, the dimers 19w and ZOw, the diastereomeric hydrodlmers 46w and 47w. 

the saturated lactone 45w and the solvent adduct 43w. Analogous results have been 

obtained in cyclohexane and ~sopropanol (see Scheme 331.  All these products can be 

accounted for in terms of hydrogen abstraction by the carbonyl oxygen or by the 

p-carbon, as discussed above for the parent compound. 

'SH12 1%. Mr. 45u. 46u. 47u t 7 

Scheme 33 
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GI ADDITION OF NUCLEOPHILES 

Methanol addition is observed in the irradiation of 3.5.5-trlphenyl-4-methyl- 

2l5H)-furanone (2x1 in this solvent. 29 

Scheme 34 

JT MIGRATI ONS 

Thls type of reaction for Z(5Hl-furanones has been widely studied by P a d w a  and 

co-workers. 29r34'39 The irradiation of 3.5-diphenyl-2 (5H)-furanone (2t) in benzene 

through Corex filter for 1.5 h glves 3,4-drphenyl-2(5HI-furanone (2yI in hlgh 

yleld. In the presence of oxygen, 2y further reacts to afford the tetracycllc 

furanone 51 via the well known stilbene-phenanthrene cyclization (see part Cl. When 

tert-butyl alcohol is used as the solvent the only product is 52, while in 

methanol, a mixture of the isomers 53 (30%) and 53'145%) is formed. 



Fll 0 0 

51 

Ph 

Scheme 3 5  

similar results have been obtalned by irradiation of 3.5.5,-triphenyl-215H)- 

furanone (Zp). In this case a dimerrzatlon process has additionally been observed 

in concentrated benzene solution. Direct and sensltlced quantum ylelds of the 

photorearrangement are identical, whlch provides strong evldence for a triplet 

excited state. That the rearrangement rs quenched by piperylene furnishes 

additional confirmation for the trlplet state assignment. 

Ph 

hu - hu 

I< 5Xi0-~ HII) Fll 

2c 

Fll 17c 

a hu 

q 0 
,..+ - 3 m  

Scheme 36 
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Irradiatlon of 3,5-diphenyl-5-aryl-2l5H1-f~ran0ne~ l 2 A )  has been also carried out 

under different conditions, with the aim of deterrninlng the relative migratory 

aptitudes of different aryl groups. The results summarlred in Table 1 show that the 

migration products depend strongly on the nature of the solvent. 

Scheme 37 

TABLE I. Migratory aptltude of aryl groups in the irradiation of compounds 2A 

a~enzene as solvent. 

 ethanol as solvent. 



In order to generalize these results, 5-methyl-3.5-diaryl-Z(5~)-fu~anones ZDa and 

ZDb have been irradiated in benzene, whereby only aryl migration has been observed. 

Scheme 38 

Moreover, 3-phenyl-5,5-dlmethyl-2(5Hl-furanone Z z ,  has been found to be 

photostable in benzene or methanol solution, thus confirming that aryl groups are 

the only substituents capable to undergo migratron processes. 

cH3d . hu No reaction 

CH3 o C&, ar &NI 

Scheme 3 9  
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The above results suggest that aryl migrations of 3,5-diaryl-215H)-furanones take 

place according to the following Scheme. 

R1 -d 
R1% _9 h" __O 

/ \ \ 

R R 

111 
mP' At- 

intrawlecular ET 

A 

At- 

R 

I / k 3 ~  
so M3Q n a m o  

Scheme 40 

Formally the lnitial steps are almply the same as those of a di-n-methane 

rearrangement." Subsequently electron demotion proceeds to give a zwitterion which 

1 s  trapped by the alcoholic solvent. In the absence of a hydroxyllc solvent, the 

zwitterion undergoes a hydride shift to glve the observed products. 

Similar aryl migrations have also been reported for Z(3Hl-furanones by George, Das 

and their g r ~ u p S . ~ - ~  The migratory aptitudes of different aryl groups at C-3 and 

the effect of nonmigrating aryl groups at C-5 on the photorearrangement are 

illustrated as follows: 



a varying m t s  of a non-fully characterized d i w  we also obtained 

' Sensitized by p-C&pi~mMJ 
" Sensitized by mmMJ or W $ q  

Scheme 4 1  
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In methanol, aryl migration is E o l l o ~ e d  by nucleophillc solvent addition, as 

evidenced by the isolation of 58a.f.k starting from 1Ba,f,k.5'6 

Scheme 42 

These results can be explained in terms of the pathway shown in the Scheme below, 

involving an excited triplet state, visualized as a 1.2-diradlcal structure. The 

individual steps of the proposed mechanism are analogous to those mentioned in the 

aryl migration of 2(5H)-furanones. 

hu E.T. 
s e n s i t .  

Scheme 43 



I) CHROMONE FORMATION 

The irradiation of lq, lr, 1s and it in benzene or alcoholic solvents gives besides 

the vinyl ketones 3q, 3r. 3s and 3t ( s e e  sectlon A1 the corresponding chromones 59, 

60 and 61.3'7 

3 4 

F? Wh 0 CWH + 

W 

Scheme 44 

The formatlon of these products has been rationalized by assuming a primary 

cleavage of the 0-CO bond, followed by decarbonylation or intramolecular radlcal 

addition (Scheme 451. The esters 59 would be formed by solvent addltlon to 

intermediate 64 wlth concomitant ring opening followed by dehydration, whlle the 

formatlon of 2,3-dlmethylchromones 61 has been explained by direct decerboxylatlon 

of 64,41'42 or more probably by decarboxylatian of the chromoneacetic aclds 60, 7 

analogous to the well known photodecarboxylation of arylacetlc acids. 4 3 
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Scheme 45 

Jl FRAGMENTATION 

Some Z(3H)-furanones contalnlng a benzyl (1v.lw.lx and lyl or benzoyl llzl group at 

the 3-pos~tron undergo faclle photachemlcal cleavage of these groups, upon 

sensrtrzatlon w ~ t h  acetophenone, leading to furanoxy radlcals 65. The i ~ n a l  

products are the rearranged 215H)-furanones 2H or the b l s  lactones 66. A small 

amount of blbenzyl could be ~ s o l a t e d  in the case of lx, whrch i s  in support of the 

pathway shown in the Scheme below. 8 



1 65 

v: A-Ph: R'=CH2Ph 
w: A-p-CH3Ph: R'=CH2Ph 
x: R-p-OCH3Ph; R'=CH2Ph 
y: RCH Ph' R'=CH2Ph 

2 ; 
z: R=m: R =corn H I 

0 

66 

Scheme 46 

Under electron transfer conditions, the Z(3H)-furanones 1-7, lw and lx glve r ise  to 

the corresponding radical cations, w h ~ c h  fragment to the same fuianoxy radicals 65 

plus benzyl cations. 
4 4  

Scheme 47 
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