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INTRODUCTION 
2(5H)-Furanones are often the core skeletons of naturally occurring heterocycles.' More- 

over, they occur as intermediates in the synthesis of many products of biological interest. The anti- 
inflammatory agent vulpinic acid? the antibiotic aspertetronins,3 and vitamin @ exemplify simple 
2(5H)-furanone derivatives, although this subunit can also be found in highly complex structures such 
as the tetrocarcin family of antitumor agents and kijanimicin.5 The photochemical behavior of these 
unsaturated lactones has been the subject of extensive studies during the past few decades. In 1990, a 
review dealing with the photochemistry of these compounds was published,6 and therefore the present 
survey will emphasize recent developments of the last seven years (until end of 1996). The majority 
of reactions encountered during this period are [2+2] photocycloadditions. Such reactions constitute a 
versatile methodology for the construction of the skeletons of many natural products. 

I. ADDITIONS REACTIONS 

1. Addition of Alkenes 
Substituted cyclobutane rings are present in some natural products spatane diterpenes? bour- 

bonene,* caryophyllene sesquiterpenes? and the monoterpene (+)grandisol.'O The [2+2] photocy- 
cloaddition of 2(5H)-furanones to alkenes has been successfully utilized for the generation of such 
rings in the total synthesis of some of these substances,l' Kosugi et aLl2 reported that irradiation of the 
furanone 1 in the presence of excess 1,l -dimethoxyethylene in benzene gave a mixture of stereoise 
menc adducts which were separated by column chromatography into endo-2 and exo-2, respectively. 
The orientation of the dimethyl a c e d  group and the configuration of the butyl group were rigorously 
established on the basis of the 'H-NMR coupling pattern in the hydrolysis products end03 and exo-3, 
obtained by treatment of 2a and 2b with p-toluenesulfonic acid in acetone (Scheme 1). 
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Bu-n Q 0 

1 

Me0 - 

0 

2a 

Me0 

P-TsOH * 
acetone 

3a 

2b 3b 

Scheme 1 

If a certain control for this cycloaddition could exist and the starting 2(5H)-furanone were 
homochiral, such reactions could lead to good diastereomeric excesses and ultimately to enantiomer- 
ically pure natural products.I3 Steric and stereoelectronic effects can force the olefin to approach the 
furanone from its less hindered side, thus creating a diastereofacial differentiation. To clarify this 
point, the stereoselective course of the photochemical cycloadditions of furanones 4 to tetram- 
ethylethylene (R1 = R, = CH,) and ethylene (R1 = R, = H) was investigated.13 Two cycloadducts, 
endo-6 and exo-6, were obtained (Scheme 2 )  whose relative configurations were determined by 
inspection of their NMR coupling constants. The major cycloadduct had the smallest J values and 
was assigned the exo structure. 

a) R1= CH3 (TME) b) RI = H (ethylene) exo-6 endo-6 

Scheme 2 

The ratios of the exo and endo isomers led to the conclusion that there is some interaction 
between R of the furanone and the 0lefir1.'~ Steric interactions can account for facial diastereoselectiv- 
ities, the p-side of the furanone being encumbered by R. In addition, stereoelectronic effects, i. e., the 
n-n: interaction between the non-bonding electrons of the ester oxygen of R and the n-orbitals of the 
furanone, could induce a preferential a-attack (Fig. 1). 
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Ri  R i  
Fig. 1 

Hofmann et al. studied the diastereoselective course of the acetone-sensitized photocycload- 
dition of ethylene to the chiral furanone (59-7. A diastereomeric mixture of endo-8 and em-8 was 
obtained in high yield (Scheme 3). The relative configurations of these isomers were determined by 
the NMR coupling of the acetal proton at position 4 with the proton at position 5. It was concluded 
that ul-attack (unlike-attack) is preferred and that the diastereoselectivity can be improved by lowering 
the reaction temperature.14 

ul 

Ik (like) 

6 

lk 

7 
0 

7 (5s) 
8b 

I +  

I ul(un1ike) 
(IS, 4s. 5R) 

8a 

(IR, 4R. 5s) 

I I acetone I hv 
+ ethylene 

Scheme 3 

The total synthesis of (+)grandis01 9a, which is found in the aggregation pheromone of the 
boll weevil (Anrhonomus grandis), the most important insect pest in cotton production in the southern 
USA,15 has been described by Hoffmann and Scharf.16 The first step of this synthesis involved an 
acetone-sensitized photocycloaddition of ethylene to (5S)-5-[(+)-menthyloxy]-4-methyl-2(5H)-fra- 
none 10. Two diastereomeric cyclobutanes, l l a  and llb, were obtained (Scheme 4 )  and easily sepa- 
rated by column chromatography. 
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9b 
4 I acetone - 25" quant. I 4 t 

9a lla llb 

Scheme 4 

(+) Grandisol was formed from the isomer l l a  while l l b  could be converted to (-) grandisol 
9b. The mechanism of the stereoselective [2+2] photocycloaddition of ethylene to 5-alkoxy-2(5H)- 
furanones 12 has been intensively investigated.I7 The furanones (Scheme 5) were irradiated in the 
presence of ethylene in acetone as solvent and sensitizer. 

a) R = 

c)  R = 

e ) R =  

I 

"'!I/ E 0 

r-T,,'' 12 \ 

0' 

ex0 - 13 

0 

- 

H , R I = M e  b ) R =  Me,RI=Et  
Et, R I  = p i  d) 

Ph, Ri = Et 

= pfl, RI  = Me Ik (like-attack) ul (unlike-attack) 
. exo endo 

f) R = TO], RI = pr' 
endo - 13 

Scheme 5 

The ratios of the diastereomeric cyclobutanes exo-13 and endo-13 were determined by 13C 
Nh4R. The differences in the activation parameters M H t  and M S t  for the overall reaction were also 
calculated. The diastereoselectivity of the photocyclobutane formation was found to depend predomi- 
nantly on the achiral substituent R. The influence of R, was of minor importance. Remarkable differ- 
ences in the enthalpy and entropy for the formation of the excess diastereomer were observed in the 
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reaction with ethylene of the furanones carrying an isopropyl substituent compared to those carrying an 
aryl substituent and those without P-substitution. In the former case, the Zk-attack (like-attack) was 
favored by enthalpy control and entropically disfavored; thus, on balance the ul-attack (unlike-attack) is 
favored. The same authors concluded that the diastereoselection is dominated by only one mechanistic 
step which is the approach of ethylene to the vibrationally relaxed 37c7c* excited furanone (Fig. 2). 

Possible Transition State of the [2+2]Cycloaddition of Ethylene to a Triplet Excited 5-Alkoxy-2(5H)-Furanone 

Fig. 2 

Recently, AlibCs et al. I 8  studied in detail the photocycloaddition of furanones14 to ethylene, 
extending the scope to other olefins, mainly tetramethylethylene (TME) and vinylene carbonate 
(Scheme 6). 

14 R2 = R3 = & = H (ethylene) anti 
R2 = R3 = & = CH3 (TME) 

Vinylene carbonate 

exo-15 
R1= & = OCOO, R2 = H 

a ) R =  H , R , = H ;  b ) R =  OH,R '=H;  

e) R = (CH3)3CCOO, RI = H3 ; f) R = PhCH20, RI = H; 
C) R = CF3CO0, R1= H; d) R = CH3CO0, R1= H; 

g) R = (CH3)3CCOO, RI = CH3 ; h) R = CH3CO0, R I  = CH3 

SYn 

endo-15 

Scheme 6 
The cycloadducts were separated by column chromatography and their relative configura- 

tions determined by NMR. When the alkene is vinylene carbonate four new stereogenic centers are 
created.'* However, only the anti-anti and the syn-anti isomers could be detected and isolated. 

anti-anti 
Scheme 7 

syn-anti 
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HASHEM, SEWING AND HAMAD 

The authors investigated the effect on the antilsyn ratios of R, R,, %, R3 and R4, the temper- 
ature, the solvent and the filter. Their results revealed a strong influence of the solvent. An electron- 
rich olefin such as TME gave a good yield in ether under direct irradiation, but not in acetone and 
with a Pyrex filter. On the other hand, electron-poor olefins reacted efficiently in acetone with a Pyrex 
filter, but not in ether with a quartz filter. This behavior of electron-poor olefins was explained in 
terms of the triplet, i. e. the 3m* excited 2(5H)-furanone which can be generated by sensitization in 
acetone19 and by the avoidance of photodecomposition of the cycloadducts or their precursors by 
filtering with Pyrex (acetone is still excited at h > 290 nm). The acetone provides for the formation of 
the reactive triplet of the enone, and the Pyrex filter prevents photodegradation. With respect to the 
effect of the R group, it was found that increasing the bulk of R' increases the antdsyn ratio regardless 
of the olefin. In the case of furanone 14f, no cycloadducts could be isolated, but instead the bicyclic 
lactone 16 was obtained as the only product. All 'H and 13C NMR peaks were rigorously assigned and 
a configurational analysis of the newly formed stereogenic centers of 16 carried out. The photochem- 
ical formation of 16 is thought to involve the following steps (Scheme 

H 

1-5 Hydrogen 
abstraction 

14f 
Scheme 8 

I 'H 

I 6  

2. Additions of Cycloalkenes and Cycloalkenones 
Irradiation of furanones 17 and cyclopentene in acetonitrile with a low pressure mercury 

lamp at 15" leads to the formation of two new cycloadducts: endo-18 and exo-18 (Scheme 9). These 
products were isolated by column chromatography and their relative amounts and stereochemistry 
determined by NMR. 

17 exo-18 endo-18 

a) R = CH20C(Ph)3 ; b) R = CH20H; c) R = CH20CH20CH3 ; d) R = CH20COCH(CH3)2 
e )  R = CH20CO(CH3)3 ; f) R = CH20Si(CH3)2C(CH3)3 ; g) R = C(CH3)zOH 

Scheme 9 
It was expected that the exo and the endo isomer would be the major and the minor product, 

respectively, consistent with the least hindered approach. The efficiency of the diastereofacial differ- 

408 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



PHOTOCHEMICAL TRANSFORMATION OF Z(SH)-FURANONES. A REVIEW 

entiation correlates with the bulk of the substituents; 17b and 17c showed almost no selectivity while 
17e gave the highest ratio. A [2+2] photocycloaddition of 19 to 17e under the same conditions 
afforded the four cycloadducts 20-23 (Scheme lo), with 20 being the major product." 

19 

Bu'OCO 

Me 
hv, CH$N + 

15", 9h 

0 

17e 

Scheme 10 
The major product 20 was used as starting material for a total 

sesquiterpenes. The fvst step of this total synthesisz0 of (-)P-bourbonene 24a 

cyclopentenone to the furanone 17b (Scheme 11). The least hindered 
approach of the cyclopentenone to the furanone creates the chiral centers of 24 a) R = CHz b) R = 0 

the products 25 and 26, resulting in the subsequent formation of optically pure 24a and 24b. 

synthesis of (-)P-bourbonene (24a), a representative of the bourbonene $q 
- and (-) norbourbonene 24b involves a [2+2] photocycloaddition of 2- H H  

17b 25 26 

Scheme 11 

Hatsui et aLZ1 have reported photocycloadditions of 3-hydroxy-5,5-dimethyl-2(5H)-fura- 
none 27 with cyclohexene and cyclopentene, respectively (Scheme 12). With cyclohexene the prod- 
ucts 28 and 29 were obtained after chromatographic separation. The 1:l adduct 28 is the major 
product while 13C NMR of the minor product disclosed the presence of the isomers 29a and 29b in 
a 2: 1 ratio. Similarly, the reaction of the furanone 27 with cyclopentene was examined*' and gave a 
single product 30 which was identified, as the [2+2] cycloadduct based on spectroscopic data. Irra- 
diation of 3-acetoxy-5,5-dimethyl-2(5H)-furanone 31 and cyclohexene afforded the photocy- 
cloadduct 32 (Scheme 12) 
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M e d  0 

Me 

31 
32 

Scheme 12 

3. Mechanisms of the [2+2] Photocycloadditions 
Despite a number of elaborate and elegant studies, many details of these reactions remain to 

be elucidated.22 The lack of mechanistic uniformity notwithstanding, several arguments lead to a 
working hypothesis (Scheme 13)12.17,23 which may serve as the basis for rational predictions of the 
regio- and stereochemical outcome of many photocycloadditions.22 

1 Cyclobutane 1 
Mechanism of ThePhotosensitized [2+2] Cycloaddition; Sens: Sensitizer, E: Enone, 0: Olefii 

Scheme 13 

In many cases, the exciplex is not directly detectable. Therefore many authors have assumed 
the direct formation of the diradical from the excited e n ~ n e ? ~ - ~ ~  The 1,Cdiradical intermediates can 
then recombine to form cyclobutanes. Such diradicals have been trapped by intermolecular hydrogen 
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abstraction from H2Se as hydrogen donor.27 In this mechanistic cycle, the exciplex as well as the 1,4- 
diradical may revert to starting material. In their study of the photosensitized [2+2] cycloaddition of 
ethylene to 5-alkoxy-2(5H)-furanones, Hoffmann et al. stated that the formation of the 1,4-dirad- 
ical intermediate is predominate in the selection step. These authors postulated a possible transition 
state (Fig. 2, p. 407) involving approach of the ethylene molecule to the vibrationally relaxed 'm* 
excited furanone. 

4. Intramolecular Photocycloadditions 
Regio- and stereochemical control can be excellent in many examples of intermolecular 

photochemical [2+2] cycloadditions, but the frequency of cases where the selectivity is low or unpre- 
dictable, has inhibited the widespread use of this otherwise highly efficient reacti0n.2~~ This problem 
can virtually be overcome by incorporation of the two sites of unsaturation in the same molecule. 
Although many early examples of [2+2] photocycloadditions were in fact intramolecular, this reaction 
variant saw only limited use in the synthesis of complex molecules until the 1970's where its potential 
for the smooth and efficient construction of a wide array of complex polycyclic carbon skeletons was 
fully recognized. During his attempts at the synthesis of reserpine, Pearlrnan found that photolysis of 
the furanone 33 leads to the formation of the cycloadduct 34 in 45% yield (Scheme 14).23c 

33 34 
Scheme 14 

Intramolecular photochemical [2+2] cycloadditions of fused furanones bearing alkenyl side- 
chains at position 5 have been described by Coates and coworkers (Scheme 15).28 Irradiation of fura- 
nones 35 in acetone in quartz vessels affords the tricyclic lactones 36. The photocycloaddition of 
(chloropenteny1)furanones 37 in benzene proceeds by a factor of 50 more slowly than that of the methyl 
derivative 35b to give the adduct 38. In contrast to the apparently high regioselectivity in the photocy- 
cloadditions of the butenyl and pentenyl substituted furanones 35 and 37, irradiation of the (3,4-pentadi- 
eny1)furanone 39 in p-xylene affords the cycloadducts 40 and 41 as major products with a small amount 
of a third product 42 formed by cycloaddition to the terminal double bond of the allene system. 

The cis,anti,cis-tricyc10[5.3.O.~~~]decane ring system found in spatane diterpenes (such as 
stoechospermol43a and spatol43b) was constructed by means of an intramolecular asymmetric [2+2] 
photocycloaddition?y 

Upon UV irradiation in acetonitrile, furanone ester 44 is transformed to a 1 : 1 mixture of 45a 
and 45b (Scheme 16). After subsequent desilylation and oxidation, both diatereorners give the same 
keto lactone 46. 
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R$ ocetone h’ 

35 
a ) R = H ,  b) R=CH3 

3- CI 

hu 

benzene 
34% 

15 
39 

hu 

P-xylene 
* 

36 
a ) R = H ,  b) R=CH3 

38 

40 (33%) 42 (7%) 

41 (1 6%) 

Scheme 15 

OH 
a) R =  

R 
b) R =  

43 

This was considered as an indication that the regio- and stereoselectivity of this intramolec- 
ular cycloaddition is fully controlled by the chiral center of the furanone moiety and is independent of 
that of the cyclopentene portion. In more recent work,3O the same authors employed a highly regio- 
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and stereoselective intramolecular [2+2] photocycloaddition as the key step of the construction of an 
optically pure tricyc10[5.3.0.0~*~]decane ring system from an optically pure furanone. They were thus 
able to synthesize optically pure (+) stoechospermol. Molecular models of the transition states and of 

/ 
\ 

0 
44 45 a) R = H, R1 = OSi-1- b) R =  OS(- RI = H 

4 6 ) R = R l  = O  

Scheme 16 
the intramolcular cycloadducts of furanone 47 (Scheme 17) indicated that the ester linkage between 
the furanone and cyclopentene parts can be expected to control the regio- and stereochemistry of this 
reaction. This control allows the cyclopentene moiety to approach from the sterically more hindered 
face of the furanone to afford 46. 

Scheme 17 46 

5. Addition of Alcohols and Amines 
Reaction of (S)-5-hydroxymethyl-2(5H)-furanone 48 with 2-propanol under irradiation with 

a low pressure mercury lamp yields the photoadduct 49 (Scheme 1 Q 3 1  

t 
hv 

- 2-Propanol $ 
H o e o  OH 

48 
Scheme 18 ' 49 

The regiospecific and (apparently) stereospecific addition of various alcohols to furanones 50 

The photoadducts 51 and 52 were used as intermediates in the synthesis of cis-chrysan- 
themic acids and novel nucleosides. In an attempt to widen the scope of this procedure, de Alvarenga 
and Mann studied the photoinduced addition of N-substituted pyrrolidines to 2(.5H)-furanone~.~~ It 

under irradiation in the presence of benzophenone was studied by Mann and Wilson (Scheme 19).32 
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Light, PSOH 

50 a) R = TBDMS 
b) R = A c  
c ) R = M e  

Light, MeOH 
TBDMS = ferr-butyldimethylsilyl 

OH 

52 
Scheme 19 

was found that co-irradiation of furanone 50a and N-methylpyrrolidine in acetonitrile in the presence 
of benzophenone leads to the formation of two photoadducts, i. e. exo-53, and endo-53, in 40 and 20% 
yield respectively (Scheme 20). This photoreaction was repeated with N-(trimethylsily1)pyrrolidine 
instead of N-methylpyrrolidine. The photoadduct thus obtained was treated with potassium tert- 
butoxide in THF to give l-azabicyclo[3.3.0]-2-octanone 55. The latter possesses the ring skeleton and 
stereochemistry of the pyrrolizidine alkaloid lindelofidine 56.33 

exo-53 (40%) endo-53 (20%) 
OTBDMS c SMDBT 

Bu‘ OK 
THF ,, 

56 
55 

pyrrolidine 

54 

Scheme 20 

According to Weymouth-Wilson and Mann, it is possible to effect photoaddition of 2- 
propanol to furanones 50 by use of a low pressure mercury lamp without addition of benzophenone as 
sensitizer. These additions are completely regiospecific and apparently, face-selective as well as effi- 
cient (94% These authors also concluded that this reaction might be initiated by a single elec- 
tron-transfer (SET) process, and subsequently proceeds via a radical-chain reaction (Scheme 21).’935 
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1 SET 

. +  
MqCHOH MezCOH 

Scheme 21 

It was impossible to add methanol to these furanones under the same conditions since the 
initially formed ketyl radical *C\OH is certainly less stable than the tertiary radical o C M ~ ~ O H . ~ ~  In 
the opinion of the authors, the mechanism of this photoinduced reaction appears analogous to that 
proposed by Fraser-Reid el for similar systems. This mechanism involves excitation of 
benzophenone to the triplet, i. e. the 3n11* excited state and subsequent abstraction of a hydrogen atom 
from methanol and Michael addition of the so formed radical to the furanone. The addition of hydro- 
xyalkyl radicals, generated photochemically from alcohols by hydrogen abstraction by 3nn* excited 
carbonyl compounds, to (SR)-(-)-5-menthyloxy-2(5H)-furanones 57 has been described by Hoffmann 
(Scheme 22).37 The diastereoselectivity as well as the product ratio resulting from the competing 

I 58 57 

Scheme 22 
reactions of two different ketyl radicals (generated from the alcohol and the ketone, respectively) were 
measured by 13C NMR." It could be shown in all cases that the diastereoselectivity is > 95%. 

In order to determine the site of the attack, adduct 58 was converted to (-) terebic acid 
(Scheme 23) whose optical rotation and absolute configuration are known. This transformation 
revealed that the furanone 57 is attacked by the radicals from the unlike side. 
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58 

0 

0 doH - 
(-) terebic acid 

yield 32% 

0 3  ethyl acetate 1 

2. HCI 

Scheme 23 

The reaction of 2-ethoxy-2(5H)-furanone 59 with 2-propanol (Scheme 24) has been studied kinetically." 

59 Scheme 24 60 

In the absence of acetone, no reaction takes place in the dark. These results as well as the fact that 
this reaction is still very efficient even when acetone is present in low concentration led the author to 
conclude that a radical chain mechanism is operative (Scheme 25)'7.38 as was pointed out earlier by 
Pitts et 

Scheme 25 
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PHOTOCHEMICAL TRANSFORMATION OF 2(5H)-FURANONES. A REVIEW 

Ethylene glycol reacts with furanone 50a under irradiation (254 i 

nm) to give a mixture of the diastereomers 61a and 61b, i. e. [(4R,5S)-5- SMDBTO 

tert-butyldimethylsi1yoxymethyl)-4-(R,S)-( 1,2-dihydroxyethyl)tetra- 
hydro]-2(5H)-furanone. This mixture could be separated after conversion 
to the corresponding acetonides.j* 

the presence of 2,2-dimethyl-1,3-dioxolane yields the two photoadducts 62a and 62b, i. e. { [(4R,5S)- 
5-tert-butyldimethylsilyloxymethyl-4-[O-isopropylidene-(R,S)- 1,2-dioxyethyl] tetrahydro-2(5H)-furaura- 
none} (Scheme 26). The two anomers could be separated in low yield (13 and 17%, respectively) by 
flash chromatography. In an attempt to improve this synthesis, the authors irradiated furanone 50a 
(CH’CN, 254 nm) in the presence of excess ($)-isomer 62a, whereby two new products were obtained 
(Scheme 26). These two products were shown by NMR to be the furanone dimer 63 and the intramol- 
ecular photoadduct 64. The structure of 63 was confirmed by X-ray crystallography. 

HO 

2 

HO 61a 
61b Brown et have reported that irradiation of furanone 50a in 

2.2-dimethyl- 1,3-dioxolane s M D B T O ~ O  

-i( 62a 
o 62b 

SMDBTO 

SMDBTO 

50a 

hv(l6h)  

63 

Scheme 26 
64 

A minor dimeric product 65 was also detected. The proposed mechanism for the formation 
of these products (Scheme 27) involves initial generation of a 1,3-biradi~al.~ 

The photoaddition of 2-propanol and of cyclopentanol to (S)-hydroxymethyl-2(5H)-fura- 
none 48 has recently been described!’ These additions were carried out by irradiation with a medium 
pressure mercury lamp in the presence of benzophenone, followed by selective protection of the 
primary hydroxyl group by reaction with tert-butyldiphenylsilyl chloride (TBDPSC1) and imidazole in 
DMF. The photoadducts 66 and 67 (Scheme 28) were then used as key synthons for several biologi- 
cally important 3’-C branched 2’,3’-dideo~ynucleosides!~ 
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64 Scheme 27 

RO 

(i) cyclopentanollhv 
(ii) TBPSCI 
imidazole, DMF 

67 

/ 
H o ~ / 7  

RO- 

(i) 2-propano~hv 
(ii) TBPSCl 
imidazole, DMF 

OH 

66 
Scheme 28 

II. REARRANGEMENTS AND ISOMERIZATIONS 

The di-n-methane rearrangemene2 is a particularly 
general photochemical reaction with a fascinating mechanistic 
complexity and esthetic appeal. The requirement for this 
reaction is a reactant with two n-moieties attached to a single 
sp3-hybridized carbon atom. Thus, acetone photosensitized 68 69 

irradiation of 4-benzyl-5,5-dimethyl-2(5H)-furanone 68 leads to the formation of 4,4-dimethyl-5- 
phenyl-3-oxabicyclo[3.1 .0]-2-hexanone 69 via a di-n-methane rearra11gernent.4~ 

Momose er al. have reported the di-n-methane rearrangement of P-apolignan (70), a natu- 
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PHOTOCHEMICAL TRANSFORMATION OF Z(SH)-FURANONES. A REVIEW 

rally occumng naphthalide lignan with a y -1actone moiety. Thus, irradiation of 70 in benzene with 
Pyrex filtered light led to the photoproduct 71 (Scheme 29). The formation of 71 was explained in 
terms of C1+C2 dimethoxyphenyl migration and C1-C3 bond formation.* 

Benzene 

OMe OMe 

770 71 
Scheme 29 

Irradiation of 3,4-dibenzyl-2(5H)-furanone 72 in acetone leads to a mixture of the 
rearranged photoproduct 73 and the two dihydrofuranones 74a and 74b (Scheme 

72 73 74a 74b 

Scheme 30 

The formation of the 3-benzyl derivative 73 indicates that it is the 4-benzyl group which 
migrates. In order to c o n f i i  this specific migratory aptitude of the 4-benzyl group of 72, the authors 
also examined the di-n-methane rearrangements of 3- and 4-benzyl-2(5H)-furanone 75 and 76 
(Scheme 31). Irradiation of 75 in acetone led to the dihydrofuranone 77 as well as 3-benzyl-4-(2- 
hydroxy-2-propyl)dihydro-2(3H)-furanone 78. Irradiation in methanol gave three products: The 

OH /c 
Ph Ph 

Ph 4 - ii phA + Go +phq .+ -.Q 
CH30H 

0 0 0 

77 78 79 so 0 0 
75 

0 

76 81 82 

Scheme 31 
83 
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HASHEM, SENNING AND HAMAD 

dihydrofuranone 77, 3-benzyl-3-(hydroxymethyl)dihydro-2(3H)-furanone (79) and 3-benzyl-4- 
(hydroxymethyl)dihydroro-2(3H)-furanone (80). On the other hand, irradiation of 76 in acetone gave the 
dihydrofuranone 81 and the cyclopropanolactone 82. When methanol was used as solvent an additional 
product, i. e. methyl 2-(hydroxymethyl)-2-phenyl- 1 -cyclopropanecarboxylate (83), was 

These results led the authors to conclude that in the photolysis of aryl butenolidyl di-n- 
methane systems lacking a rigid stereochemistry, the migratory aptitudes are reversed compared to the 
p-apolignan system.44 As far as the rearrangement of P-apolignan 70 is concerned, it appears obvious 
that a pendant phenyl group locked in a quasi-axial conformation is essential for the rearrangement 
and fulfills the specific stereoelectronic The superior migratory aptitude of the 4- 
benzyl group of the dibenzylfuranone 72 has been explained by invoking two possible intermediates 
(Scheme 32)”’ One of them, A, with its unpaired electron to the carbonyl group, is considered to be 
more stable than B. 

L 

72 

A 

Scheme 32 B 

Muraoka et aL4* have studied the effect of central methane substitution on the di-n-methane 
rearrangement of 4-substitutedbenzyl-2(5H)-furanones 84. Direct irradiation of 84 in methanol gave 
two photorearranged isomers, the 6-substituted endo- and exo-5-phenyl-3-oxabicyclo[3.1 .O]-Zhexa- 
nones endo-85 and exo-85 (Scheme 33). 

a) R = CH3 ; b) R = C-hexyl ; c )  R = Ph 

Scheme 33 
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PHOTOCHEMICAL TRANSFORMATION OF Z(SH)-FURANONES. A REVIEW 

Acetone-sensitized irradiation of 84 resulted in the formation of the same products. A 
comparison of the yields obtained with the different substituents revealed that the efficiency of the 
rearrangement can be ascribed both to the effects of the substituents on the central methane carbon 
atom on facile migration via radical fission and to the inherent inability of the furanone’s ring double 
bond to suffer photoinitiated (E,Z)-isomerization, an otherwise competing reaction path. The photore- 
activity of a-substituted 3-benzyl-2(5H)-furanones 86 has also been investigated for cases with alkyl 
substituents on the central methane carbon at0m.4~ Thus, irradiation of 86a-86e in methanol affords 
the corresponding photocyclized 3,3a,S,8a-tetrahydro- IH-indeno[ 1 ,2-c]- 1 -furanones 87, together with 
the photoreduced products 88 and the methanol adducts 89 (Scheme 34). 

OH 1 hv, methanol 

87 88 89 

Scheme 34 

The predominant photochemical arylation was attributed to the facile formation of a radical 
at the 0-position of the enone system (cf. Scheme 32). It was found that the efficiency of the cycliza- 
tion of 86 increases with increasing bulk of the substituent at the central carbon atom. Inspection of a 
Newman projection of 86e suggested that the phenyl and the butenolidyl n-planes are highly restricted 
in their rotation by the isopropyl methyl groups and thus forced close to each other (Fig. 3). 

I H 

Fig. 3 

H 

86a 86e 

In more recent work, the behavior of the 3-substitutedbenzyl-2-(SH)-furanones 86 upon irra- 
diation was rein~estigated.~~ It was found that irradiation of 3-benzyl-2(5H)-furanone 75 in methanol 
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HASHEM, SEWING AND HAMAD 

gave, in addition to the products 77,79, and 80 obtained in the earlier a small amount of the 
photocyciization product 87 (R = H). Upon reexamination of the irradiation of 86b, the cyclobutane 
90 was found as a minor product. It could also be shown that upon irradiation in methanol, 86f yielded 
the di-rc-methane rearrangement products em- and endo-l,6-diphenyl-3-oxabicyclo[3.1.0]-2-hexa- 
none ex031 and endo-91 as well as the photocyclized product 87f. 

90 exo-91 endo-91 

Recently, Muraoka et al. studied the photochemical behavior of a-substituted 4-benzyl- 
2(5H)-furanones 84 in order to understand the difference in their chemoselectivity and that of their 3- 
benzyl counterparts 86. Direct irradiation of 84 in methanol afforded the corresponding di-rc-methane 
rearranged products, the 6-substituted endo- and exo-5-phenyl-3-oxabicyclo[3.1 .O]-Zhexanones endo- 

85 and exo-85, in 77-93% yield.s1 This difference vis-2-vis 86, where typically photocyclization takes 
place, was explained in terns of the stability of intermediate biradicals. The formation of a radical at 
the P-position in preference to the position a to the carbonyl group could be responsible for the 
observed reaction traits (Scheme 35). 

I R R 

86 

Scheme 35 

III. CONCLUSIONS 
2(5H)-Furanones undergo inter- and intramolecular [2+2] photocycloadditions with the 

formation of four-membered carbo- and heterocycles, respectively. The intramolecular version is 
thought to be more predictable with regard to regiochemical and stereochemical control. Photochem- 
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PHOTOCHEMICAL TRANSFORMATION OF 2(5H)-FURANONES. A REVIEW 

ical additions of alcohols and amines are efficient, regiospecific and face-selective. 2(5H)-Furanones 
containing a methane moiety undergo the di-x-methane rearrangement. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

REFERENCES 

a) T. C. Devon and A. C. Scott, “Handbook of Naturally Occurring Compounds”,Vols. 1 and 2, 
Academic Press, Inc., New York, 1975 passive; b) A. R. Katritzky, “Comprehensive Hetere 
cyclic Chemistry”, Vol. 4, Pergamon Press, Oxford, New York, 1984, p. 694. 

Weinstock, J. E. Blank, J. 0. Hye and M. Sutton, J.  Org. Chem., 44,673 (1979). 

N. G. Clemo and G. Pattenden, Tetrahedron Lett., 23,589 (1982). 

A. K. Sim, Chem. Znd. (London), 166 (1972). 

a) N. Hirayama, M. Kasai, K. Shirahata, Y. Ohashi and Y. Sasada, Tetrahedron Lett., 21, 2559 
(1980); b) A. K.Mallams, M. S. Puar, R. R. Rossman, D. S. McPhail and R. D. Macfarlane, J. 
Am. Chem. Soc., 103,3940 (1 981). 

L. Fillol, M.A. Miranda, I. M. Morerae and H. Sheikh, Heterocycles., 31,75 1 (1 990). 

W. H .Gerwick, W. Fenical, D. Van Engen and J. Clardy, J. Am. Chem. Soc., 102,7991 (1980). 

C. Giannotti and H. Schwang, Bull. SOC. Chem. Fr., 2452 (1968). 

E .J. Corey, R. B. Mitra and H. Uda, J. Am. Chem. SOC., 86,485 (1964). 

J. H. Tamlinson, D. D. Hardee, R. C. Gueldner, A. C. Thompson, P. A. Hedin and J. P. Minyard, 
Science, 166, 10 10 ( 1969). 

K. Tomioka, M. Tanka and K. Koga, Chem. Pharm. Bull. Jpn, 37,1201 (1989). 

H. Kosugi, S. Sekiguchi, R. Sekita and H. Uda, Bull. Chem. SOC. Jpn, 49,520 (1 976). 

R. Alibes, J.  L. Bourdelande and J. Font, Tetrahedron Asymmetry, 2, 1391 (1991). 

N. Hoffmann, H. Scharf and J. Runsink, Tetrahedron Lett., 30,2637 (1989). 

“Agriculture Handbook” 1983, No. 589: Cotton Insect Management with Special Reference to 
the Boll Weevil, Ed. by R. L. Ridgway, E. P. Lloyd and W. H. Cross, USA. Department of Agri- 
culture, Washington DC. 

N. Hoffmann and H. Scharf,. Ann., 12,1273 (1991). 

N. Hoffmann, H. Buschmann, G. Raabe and H. Scharf, Tetrahedron ,50,11167 (1994). 

R. Alibes, J. L. Bourdelande, J. Font, A. Gregori and T. Parella, ibid., 52, 1267 (1996). 

423 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



HASHEM, SENNING AND HAMAD 

19. K. Tomioka, M. Tanaka and K. Koga, Tetrahedron Len., 23,3401 (1982). 

20. a) K. Tomioka, H. Kawasaki, Y. Iitaka and K. Koga, ibid., 26, 903 (1985); b) K. Tonioka, M. 
Sugimori and K. Koga, Chem. Pharm. Bull. Jpn, 34, 1501 (1986); c) K. Tomioka, Y. S .  Cho, F. 
Sato and K. Koga, J. Org. Chem., 53,4094 (1989). 

21. T. Hatsui, T. Kitashirna and H. Takeshita, Bull. Chem. Soc. Jpn, 67,293 (1994). 

22. M. T. Crimmins and T. L. Reinhold, Org. React., 44,300 (1993). 

23. a) M. Tada, T. KoKubo and T. Sato, Tetrahedron, 28,2121 (1972); b) H. Scharf, J. Janus and E. 
Muller, ibid., 35,25 (1979); c) B. A. Pearlrnan, J. Am. Chem. Soc., 101,6398 (1979). 

24. a) S. W. Baldwin, Org. Photochem., 5 ,  123 (1981); b) W. Oppolzer, Acc. Chem. Res., 15, 135 
(1982); c) A. C. Weedon, “Synthetic Organic Photochemistry”, ed. W. M. Horspool, Plenum. 
Press, New York, P. 61 (1984); d) M. T. Crimmins, Chem. Rev., 88, 1453 (1988); e) P. A. 
Wender, “Photochemistry in Organic Synthesis”, ed. J. D. Coyle, Royal Society of Chemistry, 
London, P. 163 (1986; f) W. M. Horspool, “Photochemistry in Organic Synthesis”, ed. J. D. 
Coyle, Royal Society of Chemistry, London, P .  210 (1986); g) M. Demuth and G. Mikhail, 
Synthesis, 145 (1989; h) M. T. Crimmins, “Comprehensive Organic Synthesis”, ed. B. M. Trost 
and I. Fleming, Vol. 5, Pergamon Pres. Oxford, P. 123 (1991). 

25. D. Becker and N. Hadded, Org. Photochem., 10,l (1989). 

26. a) D. I. Schuster, “The Chemistry of the Enones”, Ed. S .  Patai and Z. Rappoport, J. Wiley & Sans 
Ltd. Chichester, Uk, P. 623 (1989); b) D. I. Schuster, G. Lem and N. A. Kaprinidis Chem. Rev., 
93,3 (1993). 

27. a) D. J. Hastings and A. C. Weedon, J. Am. Chem. Soc., 113,8525 (1991); b) D. J. Maradyn, L. 
K. Sydnes and A. C. Weedon, Tetrahedron Lett., 34,2413 (1993); c) D. Andrew, D. J. Hastings, 
D. L. Oldroyd, A. Rudolf, A. C. Weedon, D. F. Wong and B. Zhang, Pure Appl. Chem., 64, 1327 
(1992); d) J. D. Winkler and B. Shao, Tetrahedron Lett., 34, 3355 (1993); e) E. Fischer and R. 
Gleiter, Angew. Chem., 101, 925 (1989); f) R. Gleiter and E. Fischer, Chem. Ber., 125, 1899 
(1992). 

28. R. M. Coates, P. D. Sener and W. R. Baker, J. Org. Chem., 47,3597 (1982). 

29. M. Tanaka, K. Tomioka and K. Koga, Tetrahedron Lett., 26,3035 (1985). 

30. M. Tanaka, K. Tomioka and K. Koga, Tetrahedron, 50,12829 (1994). 

31. J. Mann and A. Weymouth-Wilson, Carbohydr. Res., 216,211 (1991). 

32. J. Mann and A. Weymouth-Wilson, Synlett, 1,67 (1992). 

33. E. S. De. Alvarenga and J. Mann, J. Chem. Soc. Perkin Trans. 1,2141 (1993). 

34. J. Mann and A. Weymouth-Wilson, ibid., 3141 (1994). 

424 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



PHOTOCHEMICAL TRANSFORMATION OF Z(SH)-FURANONES. A REVIEW 

35. A. Gilbert and J. Baggott, “Essentials of Molecular Photochemistry”, Blackwell Press, Oxford, 
Ch. 5 (1991). 

36. a) B. Fraser-Reid, N. L. Holoer, D. R. Hicks and D. L. Walker, Can. J. Chem., 55, 3978 (1977); 
b) B. Fraser-Reid, R. C. Anderson, D. R. Hicks and D. L. Walker, ibid., 55,3986 (1977). 

37. N. Hoffmann, Tetrahedron: Asymmetry, 5,879 (1994). 

38. D. Elad, “Organic Photochemistry”, Vol. 2, ed. 0. L. Chapman, Marcel Dekker Press, New 
York, P. 168 (1969). 

39. N. J. Pitts, R. L. Letsinger, R. P. Taylor, J. M. Patterson, G. Recktenwald and R. B. Martin, J. 
Am. Chem. SOC., 81, 1068 (1959). 

40. D. Brown, C. J. Cardin and J. Mann, Chem. Commun., 825 (1995). 

41. J. Wengel, K. Stergaard and A. Hager, Nucleosides & Nucleotides, 15, 1361 (1996). 

42. H. E. Zimmerman, Org. Photochem., 11, 1 (1991). 

43. P. C. M. Van Noort and H. Cerfontain, Tetrahedron Lett., 44,3899 (1977). 

44. T. Momose, K. Kanai and T. Nakamura, Chem. Pharm. Bull. Jpn, 26, 1592 (1978). 

45. T. Momose, G. Tanabe, H. Tsujimori and M. Higashiura, Heterocycles, 29,257 (1989). 

46. S .  S. Hixon, P. S. Mariano and H. E. Zimmerman, Chem. Rev., 73,531 (1973). 

47. T. Momose, G. Tanabe, H. Tsujimori and 0. Muraoka, Chem. Pharm. Bull. Jpn, 40,2525 (1992). 

48. 0. Muraoka, G. Tanabe and T. Momose, Heterocycles, 31, 1589 (1990). 

49. 0. Muraoka, G. Tanabe, K. Sano and T. Momose, ibid., 34,1093 (1992). 

50. 0. Muraoka, G. Tanabe, K. Sano, T. Minematsu and T. Momose, J. Chem. SOC. Perkin Trans. 1, 
1833 (1994). 

51. 0. Muraoka, G. Tanabe, M. Higashiura, T. Minematsu and T. Momose, ibid., 1437 (1995). 

(Received November 24,1997; in final form May 7,1998) 

425 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1


