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SYNTHESIS OF REDUCED FURILNS AND 3(2E)-DIHYDROFURILNONES WITH MANIPULABLE FUNCTIONALITY 
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Abstract - Recent advances in the synthesis of functionalized,natura1ly occurring or 

synthetically useful reduced furans and 3(2!)-dihydrofuranones are reviewed. 

INTRODUCTION 

In the last several years, many interesting reduced furans and furanones have appeared in the 

chemical literature. Although several methods have been employed to synthesize simple reduced 

furans, functionalized derivatives require more selective conditions and it is this methodology 

which will be reviewed. The discussion will be divided as follows: 

I. SYNTHESIS OF FUNCTIONALIZED TETRAHYDROFURANS 

1. CYCLIZATION METHODS 

1.1 Acid-catalyzed cyl:lizations 

1.2 Ha1ogen-ind"ced cyclizations 

1.3 cyclizarions - via oxymercuration - demercuration 

1.4 organa-selenium induced cyclizations 

1.5 Cyclizarions - via epanide ring opening 

1.6 Cyclizations %Michael additions 

1.7 Cyclizations dehydration, dehalogenation, and tosylate displacement 

2. REDUCTIVE METHODS 

3. CYCLOADDITION REACTIONS 

4. TRANSFORMATION OF CARBOHYDhlTE PRECURSORS 

5. MISCELLANEOUS REACTIONS 

11. SYNTHESIS OF FUNCTIONALIZED 2,s-DIRYDROFURANS 

1. CYCLIZATION ROUTES 

1.1 Intramolecular dehydrations 

1.2 Cyclizafion of allenic alcohols 

1.3 Additianlcyclizaiion routes 

2. REDUCTIVE M3lliODS 

3. CLAISEN REARRANGEMENT OF FURANOID GLYCALS 



4. TRANSFORMATIONS OF CARBOHYDRATE PRECURSORS 

111. SYNTHESIS OF F'UNCTIONALIZED 3(Zlj-DIHYDROFURANONES 

1. HYDRATION OF ACETYLENIC DIOLS 

2 .  NAZARUV-TYPE CYCLIZATIONS 

3. INTRAMOLECULAR MICHAEL-DIECELXWN CONDENSATIONS 

4. a-DIAZOKETONE NCLIZATIONS 

5 .  INTRAMOLECULAR CYCLIZATION OF LINSATURATED ALCOHOLS 

I .  SYNTHESIS OF FUNCTIONALIzED TETFMIYDROFURANS 

1 .  CYCLIZATION METHODS 

The most common approach t o  t e t r a h y d r a f u r a n s  invo lves  an e l e c t r o p h i l i c  p rocess  (Scheme 1) 

Scheme 1 

Treatment of 4-pentenol d e r i v a t i v e  1 w i t h  an e l e c t r o p h i l i c  reagen t  E+, fol lowed by in t ramolecu la r  

i n t e r c e p t i o n  of t h e  r e s u l t a n t  i n t e r m e d i a t e  by t h e  hydroxyl  group,  a f f o r d s  t h e  cor responding  rerra- 

hydrofuran  (2). I n  a d d i t i o n  t o  a c i d s  (E+ = H+),  t h e  most commonly used e l e c t r o p h i l e s  f o r  t h i s  

c y c l i r a r i o n  i n c l u d e  oxygen,"2 h a ~ a ~ e n , ~ , ~  r n e r c ~ r y , ~  and seleniumb-' r e a g e n t s .  

1.1 Acid-Catalyzed C y c l i z a r i o n s  

A s imple  example of  an acid-catalyzed c y c l i z a r i o n  is t h e  convers ion  of  4-penten-1-01 (2) t o  tetra- 

h y d r o f u r f u r y l  a l c o h o l  - 4 w i t h  s u l f u r i c  acid9"' (Scheme 2 ) .  

Scheme 2 
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A general preparative method for the synthesis of bicyclic ethers possessing a tetrahydrofuran 

ring is based an a variation of this process.'' ~reatment of the diena~s - 5 with a mixture of 

formic acid and 70% sulfuric acid ar roam temperature gave 60 - 70% yields of the corresponding 

ethers (6) (Scheme 2 ) .  These reactions are severely limited in scope, however, because of the 

highly acidic reaction conditions required for cyclization. 

1.2 Halogen-Induced Cyclizations 

Reaction of d i d ?  with iodine in an aqueous methanol solution effected iodoetherification to pro- 

duce iodide 8 which was further transformed into an isomeric mixture of muscarines (Scheme 3) 

Scheme 3 

The same research group used this process as a general roufc to 5-substituted-2-dinethylaaiii~1.kyl 

tetrahydrofurans. 13 

Similarly, reaction of  glycolare 10 wirh iodine afforded the interesting funciianalized teirahydro- 

furan (Scheme 4). 

1 0  - 1 1  - 
Scheme 4 

N-Iodosuccinimide (NIS) is a precursor for the generation of elecrrophilic iodine under mild con- 

ditions. This reagent was used by Kondo and ~ a t s u m o t o ~ ~  in the total synthesis of (?)-iporneamarane 

(11) and (+)-epiipomeamarone (5). Both 15 and epimer 16 were isolated from Myaporun deserti, 16 

a well-known phyroalexin which en~sts in mald-damaged sweet potafoes.17 Thus, when alcohol 

was stirred in the dark wirh an equimolar amount of N-iadosuccinimide and sodium bicarbonate at 

room temperature for one and a half hours, oxidative cyclization occurred, giving a stereoisomeric 

mixture of iodides (13) in 94% yield. of E w i t h  the anion of 1,3-dithiane afforded adduct 

14 in 54% yield. After lithiation of dithiane 14 with n-butyllithium and alkylation of the resul- - 

rant anion with isobufyl chloride, removal of the dithiane functionality wirh a mixrure of silver 

nitrate and N-chlorosuccinimide in aqueous acetonitrile gave 15 and 16 in 84% overall yield 

(Scheme 5). 



A similar cycliration process employing bromine in place of iodine was used to prepare the potent 

antidepressants 2 and 2218-20 (Scheme 6). 

Scheme 6 

Treatment of unsaturated alcohols 17 and 3, at roam temperature, with a solution of pyridinef 

bromine in carbon tetrachloride gave bromides 19 and 20, in 36% and 85% yields, respectively. - 

Reaction of the bromides in dimethyl sulfoxide solution with methylamine afforded and 2 in 62% 
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and 68% yields, respectively. The scereochemical aspects of these cyclirarions have been examined 

by Mankovic, e t  

Haloetherificarion with N-bromosuccinimide (NBS) is the m o s t  general and most useful route to cyclic 

bromoethers. These bromoethers can be reduced to saturated cyclic systems or oxidized to the anal- 

ogous unsaturated compounds by base-catalyzed elimination. An imparrant feature of the latter 

reaction is its selectivity, the elimination proceeding towards the oxygen atom of the ferrahydro- 

furan ring to afford en01 ethers by E2 trans mechanism. This reaction has considerable utility in 

the synthesis of many natural products as illustrated by Carey's synthesis of prostacyclin (PGI ,  

~ 8 ) ~ '  (Scheme 7 ) .  - 
OH 

E ,  R = THP z, R = THP 
~ , R = H  21, R = H 

Scheme I 

Treatment o f  the J1,15-bis-tetrahydropyranyl ether of prostaglandin F Z a ( z )  in tetrahydrofuran- 

c~~loroform solution with 1.1 equivalent of NBS a t  23O f o r  one hour  afforded diastereornerlc broma- 

ethers and g. Removal of the tetrahydropyranyl protecting groups with a mixture of acetic 

acid, water, and tetrahydrofuran at 45' for four hours allowed separation of the dihydravy bromo- 



ethers 5 and 2, which were formed in a 3 : l  ratio in 81% overall yield. Dehydrobromination of 

bramoerher with excess potassium s-buroxide in s - b u t y l  alcohol at 45' for one and a 

half hours followed by esrerificarion of the acid function wich diaromerhane afforded the methyl 

ester of z. 
The sequence bromoerherification - dehydrobromination has been widely used to prepare both syn- 

thetic and naturally occurring 4-cycloheptenone derivatives (Schem 6 ) .  
r 1 

Scheme 8 

Hence, treatment of unsaturared alcohols E9with N-hromosuccinimide in carbon tetrachloride 

or methylene chloride at o0 to ~ 5 ~ g i v e s  practically quantitative yields of the corresponding 

bromoethers 300. Subsequent dehydrobromination of these materials in refluxing collidine 

generates the intermediate ally1 vinyl ethers (=3l), which undergo a [ 3 . 3 1  sigmatropic rear- 

rangement to produce cycloheptenones 322. 

In this manner, karahanaenone (2 c) was prepared from linalool (29c).22 By further synthetic 

elaboration, Demole, et al. 2 3 ' 2 4  converted cycloheprenone 21 d into 0-acoratriene (211, and Gon- 

zalez and co-~orkers~~ transformed cyclaheptenone 21 b into perforenone (2). 

Bromoetherification may also be effected with N,N-dibromodimethylhydanttii. This reagent was 

used to prepare prostacyclin analogs.26 2,4,4,6-Tetrabromocyc1~hhhadieeeee (TBCO)" and s- 
4 butyl hypabromite also serve as efficient sources of bromonium ions. 
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1.3 Cyclization via Oxymercuration-Demercuratian - 

Another relatively mild method far the synthesis of terrahydrofurans employs an intramolecular 

axymercuration-demercuratiii process. Gunstone and ~ n g l i s ~ ~ " ~  subjected a series of  fatty acid 

esters to the oxymercuration-demerccration procedure and obtained some interesting results (Scheme 

Scheme 9 

Treatment of the g isomer of methyl ricinoleate (35) with mercury (11) acetate in methanol at 

room temperature for two to four days, followed by demercurarion with sodium borohydride at oO,  

primarily afforded products resulting from 1,2-addition to the olefin (36). However, under the 

same conditions, the flans isomer of methyl ricinoleate (37) gave a nearly quantitative yield of 

a cis, -- trans-mixture or the tetrahydrofuran derivative (38). In a similar manner, methyl cis- 

or ~ - 9 - h y d r a n y o c t a d e ~ - 1 2 ~ 2 2 o a t e e  produced nearly quantitative yields of the same isomeric +, 
trans-terrahydrofuran mixture (38). A related study3' showed analogous results. This procedure 

has been used for the identification of various unsaturated fatty acid derivatives. 3 1 

In a study of the oxymercurarion of rerpene alcohols, Brieger and ~ u r r o w s ~ ~  treated geranial (39) 

with mercuric acetate and reduced the intermediate organomercurial with sodium borohydride. This 

process afforded tetrahydrofuran (40) and bi~yclic ketal (m in a 2 : l  ratio in 55Z yield (Scheme 

10). 



Interestingly, - 40 can be obtained quantitatively from 5 by treatment of the latter compound with 

a mixture of lithium aluminum hydride and aluminum chloride. Under the same reaction conditions, 

farnesol and linaloal were resistant to the oxymercuration-demercuratiii procedure. 

Tire producrs formed by the oxymercuracion-reduction process may be rationalized mechanistically 

as arising via solvalysis of the presumed intermediate orpanomercury adduct (Scheme 11). 

Scheme 11 

A novel synthesis of 5,6-dehydropr~stac~clin (c) also utilized an intramolecular version of the 

axymercuration-demercuratiii processz1 (Scheme 12). 

Reactionof rhe11,15-bis-tetrahydropyranyl ether of prostaglandin F (23) with 1.2 equivalents 
2a - 

of mercuric frifluoroacetare in a tetrahydrofuran-calcium carbonate mixture at room temperature 

for one hour, followed by reduction of the intermediate organomercurial with excess sodium boro- 

hydride at -20' and removal of the alcohol protecting groups generated a C-6 epimeric mixture of 

5,b-dihydr~prostac~~lin (5) in 90% overall yield 
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Scheme 12 

1.4 Or~ano-Sclcnium Induced Cvclizatians 

Very mild procedures for preparing iuncfionalized tetrahydrafuran ring systems using phenyl- 

selenenyl chloride (PhSeCl) have recently been The method is applicable t o  sensi- 

tive systems as illustrated for the synthesis of the potential prostaglandin precursor (45) 6 

(Scheme 13). 

lli - 
Scheme 13 



~eaction of alcohol (5) with phenylselenenyl chloride in methylene chloride at -78' rapidly 

produced a five-membered ring ether (kf?) in 86% yield +intramolecular --addition across 

the double band. Selective oxidation of the selenium moiety of %with 1.5  equivalents of hydro- 

gen peroxide in terrahydrofuran at o0 to 25" gave a 75% yield of cyclapentene %, produced by 

9-eliminationof the derived selenonide. 33 

Clive, et exmined the behavior of several unsaturated phenols toward phenylselenenyl chloride 

and found that reaction occurs in ethyl acetate at -75' to afford high yields of complex tetra- 

hydrofurans (Scheme 14). 

19 - 

Scheme 14 

With compound - 46 this reaction led at -75' to the formation of in 92% yield via a --addition 

process. This process was further extended by Clive, et ra k-olefinic alcohols, producing 

a series of interesting tetrahydrafurans with a phenylseleno group trans and beta to the ether 

oxygen. By treatment of alcohols 48 and 49 with phenylselenenyl chloride in ethyl acetate at 

-75'. bicyc~ic ethers 50 and 51 were produced in 84% and 77% yield, respectively. A" interesting 

variation of the "phenylselenoetherifiiitiiiii strategy was recently disclosed34 based on phenyl- 

36 
selenenic acid ("~hSeoH"), a new reagent independently introduced by  harpl less^^ and Reich . 
The unstable phenylselenenic acid is & siru by comproportionatian of phenylseleninic 

acid ( P ~ S ~ O ~ H )  and diphenyl diselenidc (PhSeSePh), or by treatment of diphenyl diselenide with 

hydrogen peroxide (Scheme 1 5 ) .  

Reaction of the "PlrSeOH" so generated with 1,5-cycloactadiene (52) in methylene chloride at 25' 

afforded bicyclic erher 53 in 90% yield. Reduction of x w i t h  cri-t-burylrin hydride in reflux- 

ins toluene containing traces of azobis(isabutyronicrile) produced ether 54 in 80% yield. Alter- 
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Scheme 15 

natively, oxidation, utilizing ozone in methylene chloride at -78', fallowed by elimination 

of the derived selenoxide, furnished dienic ether 51 in 73% yield. In an analogous fashion, 

reaction of  "PhSeOH" with 1.5-dienes 56 and 2 generated diselenide retrahydrofurans 58 and 2 

in 59% and 30% yield, respectively. 

1 . 5  Cyclizarions via ~ p o ~ i d e  Ring opening - 

The synthesis of functionalized tetrahydrof~rans electrophilic oxygen reagents which produce 

epaxide intermediates has received much attention. Model studies by Caxon er ~ 1 . ~ '  (Scheme 16) 

showed that reaction of rrans-4,5-epoxyhenan-l-ol (60a) with boron triflvoride etherate in ether 

at room temperature gave tetrahydrofuran 61 5 in 84% yield path a and the m-terrahydropy- 

ran 62 in 16% yield path b. The stereochemistry of both products was shown to be the result 

of inversion of configuration at the site of hydronyl attack. The isomeric e-eponide (60b) 



Scheme 16 

gave the tetrahydrofuran g b  as the sole product in 97% yield. 

 he reaction of &- or trans-3,4-eponypentanal (63Q) with the same reagent system, however, 

gave results which contrasted with those for the rearrangement of epoxides 60 d, ~r~ducing 

trans-tetrahydrofuran (64) and &-tetrahydrofuran (65) in an 1l:l ratio regardless of epoxide 

geometry. 

Coxon et al. 38339 also examined the acid-catalyzed rearrangement of &- and D-I-aceroxy-3.4- 

epaxypenranes and I-aceroxy-4,5-epoxyhexanes and observed that the corresponding fetrahydrofurans 

were formed with retention of configuration at the epoxide carbon atoms. 

In related work, the biamimetic synthesis of ligantrol (c), a linear polyoxygenated diterpene 

from Liatris elegans,40 was achieved by Takahashi et using an epaxide intermediate (Scheme 

17). 

Reaction of  18-hydranygeranylnerol diacetate (66) with m-chloroperbenzoic acid generated terminal 

epoxide 3 which was then hydrolyzed t o  the corresponding d i d  (68) with perchlori~ acid in 

aqueous terrahydrofuran. Treatment of diol g w i t h  m-chloroperbenzoic acid produced a mixture 

of liganrrol acetate (70) along with an epiner, the intermediacy of epoxide 69. Hydrolysis 

of 70 in methanolic potassium carbonate afforded ligantrol (fi). 

Other examples of this type of synthetic strategy in the literature include the synthesis of the 

rr-hisabolol oxides A and B~~ and linaloal oxides A and B ~ ~ - ~ ~  using epoxide intermediates. 

One of the most impressive applications of epoxides to form functionalized retrahydrofurans is 

evident in the elegant investigations which led to the total synthesis of the ionophore lacalocid 
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Scheme 17 

A (z) by Kishi and as~ociates.~' The epanide route allwed the stereospecific construction of 

eix out of ten chiral centers in this complex molecule (Scheme 18). 

rreatment of alcohol c w i r h  =-butylhydroperonide in benzene containing vanadyl acetylacetonate 

and sodium acetate 48349 at room temperature, generared an epo~ide (73) along with its stereo- 

isomer in an 8:1 Reaction of 12 with acetic acid produced tetrahydrofuran 74 in 75% 

overall ~ield. Epoxidatian of 74 under the conditions previously described, followed by acetyl- 

acion, generated eponide 75. The stereochemistry of the epoxide was inverted by a three-step 

procedure,47 and then the resultant material was treated with acetic acid at room temperature 

to produce tetrahydrofuran 5 in 45% overall yield from 75.   he stereoselectivity of the trans- 

formation of 2 to 76 and its stereoisomer was 5:l. After several steps, intermediate 76 was 

converted to lasalocid A (c). 
The use of analogous epoxidation-solvalysis procedures led to the ingenious total synthesis of 

isolacalocid ketone (z)51 and monensin (7'3.52-54 Synthetic ianophares have also been pre- 

1.6 Cyclieations via Intramolecular Michael Additions 

Another useful method for the construction of terrahydrofuran rings involves intramolecular 

Michael additions in E-hydroxy-a,@-unsaturated systems suchass (Scheme 19 ) .  



Scheme 18 

Scheme 19 



The alkonide ion generated from 80 can attack the vinylogaus 0-carbon of the system in an 

intramolecular fashion to produce &which may then be protonated to afford a tetrahydrafuran 

derivative (82). In practice, care must be taken to avoid unfavorable equilibria which could 

lead to regeneration of starting materials or to undesired side reactions. 

Nordavanane (E), a C -terpenoid from the oil of Artemisia gallens, was synthesized in a non- 
11 

stereospecific manner using the intramolecular Michael reaction5' (Scheme 20). 

Scheme 20 

selenium dioxide oxidation of (-)-linalyl acetate (831, fallowed by base-catalyzed hydrolysis, 

produced an inremediate (84) ~hich subsequently cyclized in 30% overall yield to give an isomeric 

mixture of aldehydes (85). Reaction of 85 with methylmagnesium iodide and subsequent oxidation 

of the resulting alcohols with chromic acid ~roduced nordavanane (86) along with three other 

diasrereomers. Davanone (91),58 also isolated from the oil of iirremisia pallens, was synthesized 

"on-stereospecifically by Birch, et by a related parhway (Scheme 21). 

Ozanolysis of enone 3 produced levulinaldehyde (88). which underwent a Wittig reaction with 

e t h o x y c a r b o n y l e t h y l i d e e e t t i p h t t y 1 p h ~ s p h o e  t o  afford mainly --ester (89). Subsequent treat- 

ment of E w i t h  lithium acerylide, follaued by cycliration using sodium hydride in refluxing 

benzene gave terrahydrofuran 90. Finally, partial hydrogenation of the acetylene moiety, sapanif- 

ication of the ester function, and reaction of the resultant intermediate with y,y-dimethylallyl- 

lithium gave a mixture of davanone (91) and its stereoisomers. Another synthesis60, using racemic 

linalyl acetate (dl-83) as the starting material, also afforded 91 along with isomers. 

The "on-stereospecific synthesis of a related sesquiterpene ketone, artemone (92) was also 

carried out61 by the ~ichael sequence from racemic aldehyde 85 (Scheme 22). The total synthesis 

of diastereomeric mixtures of lilac alcohols a and b (93) has similarly been achieved (Scheme 22). 



62-65 
Mixcures of all pssible stereoisomere were obtained. 

1.7 Cvclizations - via Inframolecular Dehydrarion, Dehydrohalosenation,& 

~osylate Displacement 

i he formation of cetrahydrofurans by classical procedures, such as inframolecular dehydrohalogen- 

ation, dehydration, and rosylate displacement are synthetically useful in certain instances. An 

interesting approach related to dehydrohalagenation is the reaction a £  Grignard reagents (94) 

with y-bramo- or chloro-2-pentanone (95) in ~-efluxing ether o r  tetrahydrofuran containing hexa- 

methylphosphoric triamide (HHPA) .66 m e  intermediate alkonide (96) undergoes intramolecular 

displacement affording terrahydrofurans (97) in 50 - 75% yield (Scheme 23). 
R 

Scheme 23 

J a c o b ~ s ~ ~  studied the mechanism and stereochemistry of tetrahydrafuran formation using the 

optically pure d i d  98 (Sche 

Scheme 24 

'ireatment of 98 with one equivalent of p-toluenesul£onyl chloride in pyridine afforded 1(10+ 

tosylate intermediate 99. As expected, intramolecular displacement occurred with retention of 

configuration at the chiral center. 

The interesting tetrahydrofuran 102, a useful intermediate in the synthesis of the antibiotic 

merhylenomycin-A, was similarly prepared in 86% yield by reaction of dial =with one equivalent 
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of p-toluenesulfonyl chloride in pyridined8 (Scheme 2 4 ) .  

~ehydratian of I,&-diols using acid catalysts 69-72 often gives low yields of rerrahydrofvrans 

Furthermore, when the starting material is an optically active alcohol, racemiration occurs. 
67 

A related method, dehydration of 1,4-diols ming hot dimethyl s ~ l f o x i d e , ~ ~ ' ~ ~  is limited to unfunc- 

fianalized precursors, but does afford good yields of products. 

h interesting approach to simple rer~ahydrofur~ns has recently been developed by Nalesnik and 

~oly,'~ utilizing a palladium (11) chloride-copper (11) chloride-copper (11) nitrate-oxygen cafa- 

lyst system (Scheme 25). 

Scheme 25 

Reaction of diols (103) with this homogeneous catalyst system at 150' produced tetrahydrofurans 

(104) in 70 - 95% yield. Although the mechanism of the reaction is not known, the role of the 

(11) was considered to be that of a simple Lewis acid. 

2. WDUCTIVE METHODS 

Catalytic hydrogenation of aromatic furan derivatives is a very useful method far obtaining the 

corresponding tetrahydroiurans, and has been widely employed in organic synthesis (Scheme 26). 

Joulli6 and tIivanfard7' demonstrated that hydrogenation of 105 in a mixture of methanol, acetic 

acid, and water, containing a rhodium on charcoal catalyst, gave the novel terrahydrofuran a- 

amino acid (106) in 90% yield. Similarly, reduction of the furaic acids (=) in methanol-water 

containing a rhodium on charcoal catalyst produced the corresponding tetrahydrofuroic acids (108) 

in 96 - 100% yield. 76 

Moore and ~ e l l y ~ ~  hydrogenated furan-2,5-dicarboxylic acid (109) and its dimethyl ester (110) in 

aqueous solutions containing a rhodium on charcoal caralysr and obtained the corresponding cis- 

tetrahydrofuran derivatives and = in 83% and 91% yields, respectively. Hydrogenation of 

2-carbo~y-5-(hydroxpethyl)furan (113) aver rhodium on charcoal in water produced &-tetrahydro- 

furan 114 which was converted immediately in 20% yield to the corresponding lactone (115) 7 8 

(Scheme 26). 

A series of 5 - d i a l k y l a m i n o m e t h y l t e t r a h y d r o f u r f u ~ l  alcohols (111) were prepared79 by hydrogenation 

of aromatic precursors (116) in an autoclave over a nickel-chromium catalyst. The acyl deriva- 

tive~ of these substances possess hypotensive, cholinolytic, and anesthetic activity (Scheme 27). 



Scheme 26 

Eydmgcnarion of 118 and 119 over ~ a n e y  nickel catalyst a t  100-130' produced the corresponding 

reduced furans and s, respecrivelyRO (Scheme 28).  

, 
R = CH3, C 2 H r  

1 1 9  - 1 2 1  - 
Scheme 2 8  
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Perhaps the most interesting recent examples of the catalytic hydrogenation of aromatic furan 

derivatives are found in the synthesis of nonactic acid (126). a monomer of the naturally occur 

ring ionophore macrolide nonactin ( ~ 1 ' ~  (Scheme 2 9 ) .  

Scheme 29 

~erlach and wetterS2 reduced ireto-ester 122 with a rhodium on alumina catalyst to produce 

with the correct 2-stereochemistry of the ring substituents, but the desired product was ab- 

tained as a mixture with its C-2 epimer. 

At about the same time, Schmidt and co-workers 83-85 synthesized nonactin from the precursor 125, 

obtained as a mixture of diastereomerm by hydrogenation of intermediate 124 over rhodium on alumina. 

Both intermediates (123 and z) were further transformed into nonactic acid (126) 82-87 and non- 

actin ( E l .  Other routes to nonactic acid have also been published. 8 8 , 8 9  

3. CYCLOADDITION REACTIONS 

The thermal or photoinduced formation of ~ ~ r b ~ ~ y l  ylids from oxiranes and their subsequent [3+2] 

cycloaddition reactions with dipalarophiles is both a theoretically interesting and often practi- 

cal route to highly substituted terrahydrofuran rings. Significant work in this area by Huisgen 



and his associates 90391 demonstrated that --dicyanostilbene oxide (128) and the 

&-isomer (129) establish an equilibrium at 100-120' a conrotatory ring opening process 
91 

ra generate the ~ a r b ~ n ~ l  ylids m-e (Scheme 30). 

Scheme 30 

This equilibrium procepe favored the formation of &-dicyanocarbonyl ylid (x), as evidenced 

by spectroscopic analysis of the adducts obtained by addition of dipolarophiles. Isomerization 

of --ylid 122 to &-ylid precedes the 1,3-dipolar cyclaaddition process, and, accordingly, 

reaction of ylid 131 with dimethyl fumarate and dimethyl maleate produced cycloadducts 122 and 

134 in 85% and 65% yields, respectively. Addition of a variety of acetylenic or olefinic dipolaro- 

philes produced 2,5-dihydrofurans or tetrahydrofurans, respectively in 23 - 97% yields. Related 

studies were also carried out on *- and trans-a-cyanostilbene 
The rhemalysis of vinyloxiranes was studied by Eberbach and ~ u r c h a r d t ~ ~ " ~  (Scheme 31). 

Brief themolysis of =-visyloxirane (135) in bromobenzene at 156' generated the onapentadienyl 

ylids 136 and 137 through conrotatory ring opening processes. Trapping of the ylids with maleic 

anhydride produced an isomeric mixture of adducts (138). Analogously, rhermolysis of &-vinyl- 

onirane (=) led & ylids 140 and 14j to the corresponding isomeric mixture of adducts (=). 

Both adducts 138 and *were obtained in 80%- 85% yields. 

~ h a t o l y s i s ~ ~ ' ~ ~  of a series of dicyanooniranes (143) in benzene solution produced the corres- 

ponding carbonyl ylids (3) which could be trapped efficiently with ethylene, 2,3-dimethyl-2- 

bufene, or isoburylene to give terrahydrofuran adducts (145) in 34 - 90% yields. The srereo- 

specificity of this reaction was demonstrated by generation of the ylid in the presence of *- 
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Scheme 31 

or - trans-2-butene and isolation of t h e  corresponding adducts, exhibiting retention of the initial 

olefin geometry. 

A related study9' on the phorolysis of &- and trans-stilbene oxides revealed rhat carbonyl ylids 

were also formed and rhat these intermediates could be trapped stereaselectively in high yield 

with electron-deficient olefins. An investigation by Huisgen and Makowski9' demonstrated rhat 

photolysis of e- and m-a-cyana-srilbene oxides afforded ylids by an initial disrotatory 
oxirane ring opening process. The ylids were then trapped as tetrahydrofuran adducts. 

4. TRANSFORMATIONS OF CARBOHYDRATE PRECURSORS 
The deamination of 2-amino-deoxyaldoses and the corresponding acids with nitrous acid is one of 

99,100 
the oldest known reactions in carbohydrate chemistry, and has been extensively investigated 

(Scheme 32). 



Scheme 32 

'rhe deamination of 2-amino-2-deoxy-D-glucose (146) with nitrous acid affords 2,5-anhydra-D-mannose 

(148) a diiazonium salt 147. 101-103 Reduction of the labile "chitose" (148) with sodium boro- 
hydride gave 149 in 71% overall yield. 101-103 

Joullii and Chen are currently investigating the total synthesis of the 5(~),2(z),ai(~,~)-furano- 

mycins (151) from dimethyl acetal 150, obtainable,in turn, from 146 in 70% overall yield. 76 

In a similar manner, deamination of 2-amino-2-deoxy-D-gluconic acid (152)104 and 2-amino-2-deoxy- 

D-idolactone (151) 105'106 with nitrous acid produced the carboxylic acids 154 and 155, respec- 

tively. 
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~n powerful method for the synthesis of furan rings from acyclic carbohydrate precursors 

was developed by Defaye '07'108 (Scheme 33). 

m 

Scheme 33 

Thus, reaction of 3 - O - b e n a y l - 1 , Z - 0 - i s o P ~ ~ P y l i d f n e - 5 , 6 - d ~ o s ~  

(156) in refluxing methanolic hydrogen chloride generates acetal =which undergoes ring opening 

to produce intermediate 2. Subsequent intramolecular cyclization with inversion of configu- 
ration at C-5 gives the acetal 159 in 80% yield. Matsui and co-workerslo9 utilized this method 

for the preparation of several 2,5-anhydroaldose dimethyl acctals. 

Joulli6 and co-workers recently described an efficient asymetric total synthesis of naturally 

occurring 5 ( x )  , 2 ( F 3  ,a(?)-furanomycin (161) from intermediate rn,ll0 analogously derived y& 

the Defaye rearrangement of an appropriately funcrionalized precursor (Scheme 34). 

Bobek and E'arkas''' reported that reaction of 1-0-acetyl-2,3,5-tri-O-benzoyl-D-ribofure (162) 

with hydrogen bromide in benzene gave bromide 163. This halide, upon reaction with mercuric 

cyanide in nitromethane produced 2,3,5-tri-0-benzoyl-0-D-~ibbfiiaaaayl cyanide (164) in 88% aver- 

all yield from =. Moffatt and his associates1'' treated 166 with ammonium hydroxide in methanol- 

chloroform at o0 and obtained the d i d  (=) in 85% yield. The diol functionality of 165 was 

then protected by reaction with 2.2-dimethoxypropane and acetone containing p-toluenesulfonic 

acid (95% yield). The resultant compound (E), when reduced with Raney nickel in acetic acid- 

pyridine-water containing sodium hypophosphite and 1,Z-dianilinoethane, gave the corresponding 

2,5-diphenylimidazol idine derivative (167) in 78% yield. compound 167 was transformed into C- 

glycosyl nucleosides by Hoffarr and co-workers,'12 and has also served as an excellent precursor 

in Robins and ~arker's"~ total synthesis of the 5(&),2(&).a(R,S)-furanomycins (168) (Scheme 3 4 ) .  

Since many sugars are economical starting materials and also contain a rich array of chiral 

functionality, their transformation into qtically active natural products, or useful intermediates 

leading to such substances, constitutes an extremely powerful and important method of modern 



organic synthesis. 

5. MISCELLANEOUS REACTIONS 

The synthesis of functionalized tetrahydrofurans has been effected through the use of carbenoid 

intermediates, 114s115 free-radical inter media re^,"^-"^ dioxolane~,'~~-~~~ and the Prim reac- 

fion.123-125 
Since these methods are either poor from a preparative standpoint, often resulting 

in complex mixtures of products, or lack generality, they will not be discussed further in this 

review. 

11. SYNTHESIS OF FUNCTIONALIZED 2,5-DIHYDROFURANS 

Functionalized 2,5-dihydrofurans are useful intermediates in the total synthesis of several 

natural products. 

1. NCLIZATION ROUTES 

1.1 Intramolecular Dehydration 

The classical procedure of intramolecular dehydration is still of current interest as a prepara- 

tive method for the synthesis of simple 2,5-dihydrofuran ring systems (Scheme 35) 
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Scheme 35 

A typical example of this type of reaction is the treatment of unsaturated 1.4-diols (3) with 

hot dilute sulfuric acid.126 The 2.5-dihydrafurans (170) are produced in moderate yield as a 

1:l mixture of &and trans isomers. Obviously, the harsh conditions required far this reaction 

drastically limit its scope. 

An interesting variation on the normal 1,4-dehydration route, studied by Dana, et al., 127, 128 

revealed that 2.5-dihydrofurans (112) could be obtained in 9%-67% yield by acid-catalyzed dehy- 

dration of the 1,2-diols (171). Treatment of these diols with refluxing dilute sulfuric acid 

generates an allylic carboniwn ion (e), which can be attacked by the neighboring hydroxyl group 

to produce the corresponding 2,5-dihydrofurans (112). Again, it should be emphasized that only 
alkyl or aryl groups can tolerate the harshness of the highly acidic reaction conditions, and 

this method also is of an obviously limited scope. 

A very mild method which effects intramolecular 1,4-did dehydration was recently di$closed by 

Evans and   rot el" (Scheme 36). 

Scheme 36 

The procedure consists of heating chloroform solutions of unsaturated 1,4-diols (3) with tri 

phenyldiethoxyphasphorann (75) to afford the corresponding 2,5-dihydrofurans (176). 

1.2 Cyclization of Allenic Alcohols 

Gelin, er a1.130 found chat oxymercuration-demercuration of allenic alcohols can produce 2,5-dihy- 



drofurans in good yields (Scheme 37). 

Scheme 37 

Thus, reaction of allenic alcohols (m) with mercuric acetate or sulfate in aqueous or methanolic 
media generated intermediate organmercury derivatives (1781, which, upon treatment with sodium 

borohydride, afford 2,s-dihydrofurans (179) in 48%-90% isolated yields. 

Along similar lines, Beaulieu, et a1.l3' veri recently demonstrated that treatment of allenic 

alcohols (180) with phenylselenenyl chloride (PhSeC1) in methylene chloride at room temperature 

caused an analogous electrophilically induced cyclization, giving 3-phen~lseleno-2.5-dih~dro- 

furans (181) in 70%-98% yield with high stereospecificity (Scheme 38). 

1 8 0  3 8 1  - 
R = N, CHg 

RI = H, CHs, Cpll~, i-C>H, 

R2 = H, CHI. CzH,, i-CsH, 

R a  = H, CHl, G H S ,  i-CsH7.t-CrH% 

Scheme 38 

AdditionlCyclization Routes 

An elegant approach to 2,3-substirured-2,5-dihydrofurans was developed by ~chweieer'~~ and 

~ i e h r l ~ ~  (Scheme 39). 

1 8 2  I 8 3  1 8 1  - 1 8 6  - - - 
R, R,, RZ = H, CHI. C ~ H S  

Scheme 39 

In this method, the alkoxide derived f r m  a-hydroxyketonc (s) is treated with vinyltriphenyl- 

phosphonium bromide (183) to generate an intermediate ylid (184). which undergoes an intramolecular 

Wittig reaction to produce 2,5-dihydrofuran (185) in modest yields. Although the reaction was 
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reported over a decade ago, the general scope of this 2,5-dihydrofuran synthesis has not as yet 

been determined. 

Stotter and c o - ~ o r k e r s ~ ~ ~  reported an interesting intramolecular Michael addition which produced 

a 2,5-dihydrofuran in high yield (Scheme 40). 

Treatment of (186) in warm s - b u t y l  alcohol wirh a catalytic amount of potassium s-butonide 

caused cyclization to occur and the resultant 2.5-dihydrofuran diesrer (187) was isolated in 

90% yield. 

An extremely powerful technique for the synthesis of hicyclic ring systems incorporating a 2,5- 

dihydroiuran moiety has been developed and exploited by ~ o f f m a n n l ~ ~  and Noyori (Scheme 41). 

r 7 

1 9 0  
R ,  R l r  Ri, R I  = H, alkyl, aryl 

Scheme 41 

Reaction of an %a'-dibromoketone (E) wirh a reducing agent such as diiron nonacarbanyl, 

Fe2(~o)9, generates a highly reactive 2-oxyallyl-iron (11) intermediate (189) which undergoes 

[ 3 + 4 ]  cyclocoupling reactions with furan to produce adducts (190) in excellent yields. Adducts 

such as (190) have served as intermediates for the total synthesis of a wide variety of natural 

products, including t r ~ ~ o n o i d s , ~ ~ ~  thujaplicins,141 and C-nucleosides. 142-144 

2. REDUCTIVE METtLODS 

Perhaps one of the best-known and most preparatively useful methods for the synthesis of 2,5- 

dihydrofurans is the Birch-type reduction145 of aromatic furan-2-carhoxylic acids with lithium 

in liquid m o n i a  solution (Scheme 42). 

Birch and  lobb be'^^ reported that rapid addition of 2-iuroic acid (191) to 2.5 equivalents of 
lithium in liquid ammonia at -78'. followed by quenching after three minutes with ammonium 

chloride produced 2,5-dihydrofuroic acid (a) in 80% yield. Alternatively, the intermediate 

dianion (192) could be intercepted with alkyl halides to produce the corresponding acids (193b-f) 



in 68%-95% yields. 

a, R = H  d, R = 5 - C e H 7  

b, R =  CHI e, R = ally1 

c ,  R = C ~ H S  f, R = benzyl 
Scheme 42 

The same  author^"^ carried out the reduction of 3-methyl-2-furoic acid (194) with lithium in 
liquid amonia and then treated the intermediate dianion (195) wirh either prenyl bromide or 

geranyl bromide (Scheme 43) 

Scheme 43 

The corresponding dkylarion products (w) were obtained in 7 5 %  and 60% yields, respectively. 

~eaction of (m) with 1.2 equivalents of lead tetraacetate in warm benzene solution induced 

oxidative decarbonylation, producing rose furan (191) in 7 0 %  yield. 

Joullii and ~ivanfardl" studied the reduction of 2-furoic acid (-1 and 5-methyl-2-furoic acid 

(m), and found chat 90% yields of the corresponding 2,5-dihydrofuroic acids (199a,b) could be 

obtained by addition of three equivalents of finely divided lithium t o  a solution of the acids 

in methanol and dry liquid ammonia at -33' (Scheme 44). 

Scheme 44 
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Fractional distillation of the acid mixture (m), afforded pure &-5-methyl-2.5-dihydro-2- 

furoic acid (200). - This compound served as a precursor for the total synthesis of the + series 
of furammycins (201). 76 

In a similar manner, ~asamune, er d. reduced a series of 5-substituted-2-furoic acids 

with three equivalents of lithium or sodium metal in a methanol-liquid ammonia mixture and then 

esterified the crude 2.5-dihydrofuroic acids to obtain the corresponding methyl esters (203) as 

ca. 1:l and -mixtures in 40%-85% yield (Scheme 45). 

2 0 2  - 2 0 1  - 
n = CHI, CzHr, i-CsH,, n-C$H,, t - C d I s ,  CsHsCHz, p-CHeO-C6H5CH2 

Scheme 45 

  he Birch reduction of 3-furoic acids150-152 does not produce 2,s-dihydrofurun derivatives. 

Masamune and have converted the trans- acid 204 (to which they had mistakenly assigned 
the cis geometly) into the a-amino acid antibiotic dl-furanomycin (05) (Scheme 46). 

Scheme 46 

The same group154 used the isomeric ester mixture (2) as a key intermediate in their total 

synthesis of laurencin (n), a naturally occurring bromoether (Scheme 46). 

3. CLAISEN REARRANGEMENT OF NRANOID GLYCALS 

A very elegant approach to funcrionalized 2,5-dihydrofurans which are potentially useful far the 

construction of complex i~nophore natural such as lasalocid A (c) has been developed 

by Ireland and his a s ~ o c i a r e s ~ ~ ~ ' ~ ~ ~  (scheme 47). 

The key step was an ester enolate Claisen rearrangement on a furanoid glycal precursor. The 

synthesis began with the reductive fragmentation of furmosyl chlorides Treatment 

of a solution of the chlorides (aBa,b) in liquid amonia at -78' with excess lithium metal 

gave 75%-80% yieldsofthe correspnnding glycals (Z09a,b). Reaction of the lithium alcoholates 



Scheme 47 

of these compounds with either butanoyl chloride orpropanoyl chlorideintetrahydrofuran-hexamethyl- 

phosphoramide solvent mixtures then afforded the respective esters (210a,b). These esters were 

depmtonated with lithium diisopropylamide, and the enolates thus generated were silylated with 

trimethylsilyl chloride. The resultant silyl ketene acetals (c), when warned to 35'. rear- 

ranged rapidly to the corresponding Z,5-dihydrofurans (=) in 52%-73% overall yields from 

It is interesting to note that the ratio of diastereomers at the a-carbon can be 

controlled by the intermediate enolate (211) geometry, which, in turn, is affected by the solvent 

system used. Also, the rearrangement process occurs with retention of configuration as the silyl 

ketene moiety shifts from C-3 to C-5. 

4. TRANSFORMATIONS OF CARBOAiDRATE PRECURSORS 

Joulli6 and co-workers have utilized two efficient routes for the preparation of chiral 2,5-dihy- 

dmfurans from appropriately functionalized carbohydrate precursors (Scheme 4 8 ) ,  and employed the 

hydrofurans in a total synthesis of f~ranomycin.~~'''~ 

Scheme 4 8  
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~uranose 112, obtainable from ~ - g l ~ ~ ~ ~ e  in 62% overall yield, was treated with p-taluenesulfonyl 

chloride in pyridine at 0' to produce tosylate (214). ~eaction of this compound with sodium 

methoxide in refluxing methanol generated the chiral 2,5-dihydrofuran acetal (215) in 72% over- 

all yield 2 a B-E~ el~~i ~ a r i o n  process.15' ~n turn, acetal 215 was recently transformed 

into naturally occurring 5(5) ,2@) ,a(?)-furanomycin (-1. 110 

hother useful procedure for the synthesis of chiral 2,s-dihydrofurans from carbohydrate precur- 

sors was developed by Tipson and  ohe en^^^ (Scheme 49). 

Scheme 49 

when tosylates 217 and'= were heated with sodium iodide and powdered zinc in dimethylfommide, 

the correspoiiding 2.5-dihyarofurans (218 and g), were obtained. 158-165 This procedure has 

been "sed extensively in carbohydrate chemistry for the preparation of unsaturated heterocy- 

cles. 
166-169 

joullii and ca-workers Crested ditosylate 3 with five equivalents of sodium iodide and ten 

equivalents of powdered zinc in hot dimethylformamide and obtained 2,5-dihydrofuran acetal (222) 

in 86% yield, a potential precursor in the total ~~nthesis of the 5[~).2(5),a(~,~)-furanomycins 

(Lq. 76 

111. SYNTHESIS OF FINCTIONAJJZED 3(2g)-DIHYDROFLTRANONES 

There are several preparative mthods for the synthesis of the 3(2E)-dihydrofuranone (224) ring 

5yJCem 



1. HYDRATION OF ACETYLENIC DIOLS 

The synthesis of simple 2.5-disubstituted- or 2,2,5,5-tetrasubstituted 3(2E)-dihydrofuranones is 

usually carried out by reaction of sodium or lithium a ~ e t y l i d e l ~ ~ - l ~ ~  with a ketone or ddehyde 

ro produce an acetylenic alcohol (225) which is subsequenrly treated with a carbonyl compound 

in the presence of base to generate acetylenic diols (5) (Scheme 50). 

2 2 7  - - 2 2 8  

R, RI, R2, R I  = H, alkyl, aryl 

Scheme 50 

Mercury catalyzed hydration of the resultant diols (26) in the presence of acid affords the 

furanones (x) in moderate to high  yield^.^^^-"^ It should be noted that if R + R2 and R1 + R3, 

isomeric mixtures of furanones (2) are always obtained.1743175,181,182 

2. NAZAROV-TYPE CYCLIZATIONS 

The Nazarov-type c ~ c l i z a t i o n ~ ~ ~  of a'-hydroxy-a,B-unsaturated ketones is an interesting and often 

useful method ro  construct certain types of furanones (Scheme 51). 

Scheme 51 

Aldol condensation of a-hydroxykctone %with an aromatic aldehyde such as benzaldehydc gives 

a good yield of a'-hydroxyil,B-unsaturared ketone (c), cyclization of which with phosphoric 

acidlE3 or p-taluenesulfonic acidlE4 generates 3(2E)-dihydrofuranone 231 in 75 - 80% yields, y& 

an acid-catalyzed intramolecular 1,4-addition reaction. 

A method for the preparation of a'-hydroxyeoones recently disclosed by Jacobson, et a1.185s186 

provides a related route for the synthesis of novel spiro-furanones (Scheme 52). 

Treatment of a'-hydroayenones 2 2 ,  33 and 2 in refluxing toluene containing two equivalents 

of methanol with p-toluenesulfonic acid as catalyst produces the corresponding furanones c, 
236, and 237 in 90%, 78%, and 80% yields, respectively. - 

Joullii and ~ernple~~ discovered a very useful process for the preparation of 3(2&)-dihydrofuranone 
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Scheme 52 

ethylene ketals (m) from readily available a'-hydroxyenones (238a-c) (Scheme 53) 

Scheme 53 

It was found that treatment a £  a'-hydroxyenones (a) with five equivalents of ethylene glycol 

and near stoichiomerric amounts of p-roluenesulfagic acid in refluxing benzene with azeotropic 

removal of water produced keta ls  a in 65 - 100% yields. Interestingly, if a'-hydroxydienone 

23% was treated under the same conditions in the absence of ethylene glycol, furanone %was - 

produced in disappointingly low yield (38%). 

It was believed that the success of this novel reaction was due to the intermediacy of the exten- 

~ively delocalired ~~rbonium ion (x), formed by 1,Z-addition of ethylene glycol to the carbonyl 



group followed by dehydration. Subsequent ring closure in this intermediate (2) could occur 

by a relatively low energy pathway, to yield the observed products (40). 

When ketals 240a,b were refluxed in acetic acid-water (2:l) for two hours, the corresponding 

furanones (-1 w e r e  formed in 98% yields. 'rhe ketals and furanones -were found 

to be exceptionally versatile intermediates for the synthesis of several reduced furan natural 

products and analogs. 
76 

3. INTRAMOLECULAR MICHAEL-DIECKMANN CONDENSATION 

A very powerful method far generating 3(2!)-dihydrofuranones is based on the Michael addition 

of anions derived from a-hydronyesters (242) to a,B-unsaturated substrates (243) (Scheme 54). 

m 

~1%:. (:; - 1 :?pq 
Rl 

R 1  
2 * 2  - 293 - 

r l l  

- .& R = alkyl; R1 = H, alkyl 
R l  R, 

n. 
Rz  = COzR, CN 

Scheme 54 

The intermediate anion 3 attacks the adjacent ester moiety via a Diecknann condensation reaction, 

to produce a substituted furanone ring 3, which usually bears readily manipulable functionality. 

Early use of this reaction by Hardegger and co-workers 187,188 led to the synthesis of dl-allomus- 

carine (3)187 and dl-2-methylmuscarine (Ell8' (Scheme 55). 

Scheme 55 

Thus, condensation of the sodium salt of ethyl lactatf (a) or ethyl a-hydranyisobutyrate (s) 
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with diefhyl malaate (247) in erher at room temperature gave ketadiesters 248a and 248b in 40% 

and 60% yields, cespectiuely, based a n  recovered x. Further elaboration of 248a and 

produced dl-all~muscarine (249) and dl-2-methylmuscarines (50). 

Gianrurco, et al. 189,190 found that by replacing the ether solvent with dimethylsulfoxide and 

performing the near 0' one could obtain improved yields of 3(2E)-dihydrofurananes 

Generation of rhr alkanides of hydroxyesrers 251, followed by addition of acrylares (252) in 

dimerhyls~lfoxide solution, produced furanone esters 253 in 40 - 65% yields (Scheme 56). 

scheme 56 

~h~ synthesis of oxa-prosfaglandins this aparoach has heen the subjecr of several recent 

p~blications'~~-~~~ (Scheme 57). 

Z b O  - 

Scheme 57 

Hence, condensation of the sodium salt of ethyl glycolate (3) with =-bury1 9-cyano-nonenoate 

(255) in dimethyl sulfonide gave a 40% yield of B-ketoester 256. Treatment of 56 with n-amyl 

vinyl ketone in the presence of triethylamine afforded Michael adduct 257, which was immediately 

decarboxylated with rrifluoroacetic acid at 40' to give a 45% overall yield of diketone 58. The 

two alkyl chains in =were presumed to be --oriented since this geometry would be associated 

with greater thermodynamic stability. Reduction of =with sodium borohydride produced a stereo- 



isomeric of diols from which the desired --did (259) could be separated in 40% yield 

by chromatography. Finally, hydrolysis of the nitrile functionality with hot methanolic potas- 

sium hydroxide afforded a 70% yield of a C-15 epimeric mixture of 9-ana-13,14-dihydroprostaglan- 

,in (,.1913Lg2 

The preparation of other oxa-prostaglandins follows related synthetic strategies. 
193-196 

4. WDIAZOKETONE CYCLIZATIONS 

Intramolecular cyclizatians of a-diazaketones, though nor frequently employed, o f f er  a novel 

route to 3(25)-dihydrofuranones (Scheme 58). 

Scheme 58 

Luhmann and ~.iittkel~~ observed that acid-catalyzed cyclization of a-diazoketone 261 produced 

furanone 262 in 61% yield. 

a,%-Epanydiazomethyl ketone 63, upon treatment with sulfuric acid in ether, rearranges to fura- 

none 265 in 50% yield.19* The formation of may be due to the intermediacy of a-hydroxyketone 

264, which attacks the epoxide ring intramolecularly to generate the observed product. If the 

same a,B-epoxydiazomethyl ketone (263) is treated with boron trifluoride erherare in merhylene 

chloride containing a small amount cf ethanol, a different product, ( X I ,  is formed in 60% 

yield199 (Scheme 59). 

2 6 7  - 2 8 8  - 
Scheme 59 

- 1860- 
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The mechanism of this interesting reaction involves an initial rearrangement of to 266, as 

shorn, followed by nucleophilic attack of the carbonyl group on the activated diazomethyl func- 

tion, to generate intermediate 67. ~dditian of ethanol and a subsequent rautorneric shift gives 

furanone 268. 

An unusual example of a diazoketone to furanone rearrangement occurs with a-diazoketone 269 200 

(Scheme 60). 

2 1 1  
Scheme 60 

meaccion of 2% with methznolic hydrochloric acid at room temperature for ten minutes afforded 

novel furanone 271 in 28% yield. The formation of this compound in an aqueous aciuic medium 

can be rationalized mechanistically by an intramolecular attack of the oxygen atom on the a- 

carbon as depicted with intermediate %. Subsequent loss of nitrogen and tautomeric equilibra- 

tion afforded the product (3. 

5. INTKAMOLECULAR CYCLIZATION OF UNSATURATED ALCOHOLS 

Another rovte to furanones involves of hydroxyallenes or B,y-unsaturated hydraxy- 

ketones (Scheme 61) 

271 )  - 2 1 1  

a, R1 = R? = H 
b, R i  = CHI, R z  = H 

C ,  KI = R Z  = C H I  

scheme 61 



Treatment of allenes -with a solution of hydrogen peroxide in benzonitrile led to oxyallyl 

zwitterion 214, + the intermediacy of epoxide 73. Nucleophilic attack by the hydroryl group 

followed by a proton shift and tautomeriration produced furanones -in lo%, 6077, and 100% 

yields, respectively. 
201 

Magnus and G~~~~~~~ reported a novel furanone synthesis  sing allene adducts (Scheme 62). 

Scheme 62 

Thus, reaction of a-lithio-a-mcthoxyallene m w i t h  cyclic ketones 277 gave addition products 

278 in 80 - 90% yields. Treatment of these compounds with potassium =-butoxide and dicyclo- - 

hexyl-18-crown-6 in refluxing s - b u t y l  alcohol effected their cyclization to spiro-en01 ethers 

=which could be hydrolyzed to the corresponding 3(2!)-dihydrofuranones (80) in 65 - 75% 

overall yields by treatment with hydrochloric acid. 

Magnus, et extended this approach to the synthesis of the iirsr "primary" helical mole- 

cule, based upon the shape (bond angles and bond leneths) of the tetrahydrofuran ring system 

(Scheme 63). 

Scheme 63 

Furanone =was subjected to the reaction sequence described above to generate the spiro-furanone 
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282 in 67% overall yield. Reiterative reactions with this same reagent system gave the polyoxa- - 

palyspiroalkanone 283. The steric congestion of spiro-canpound 82 allows the a-lithio-a-methoxy- 

allene 76 to attack from only one diasrereotopic face of the carbanyl group, and this fact 

accounts for the "helical" nature of the product (83). 

Joulli6 and c o - ~ o r k e r s ~ ~ ~  treated the B,y-unsaturated hydroxyketone 86 with phenylselenenyl 

chloride at -78' and obtained furanone 285 in 80% yield (Scheme 6 4 ) .  

Scheme 64 

This eompaund was further transfomed i n t o  the novel spirmscarine analog 86. 
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