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INTRODUCTION 

Tetronic acids (4-hydroxy-2(5H)-fones) form a subclass of phydroxybutenolides 
with the generic structure 1.' The best known members of this family are vitamin C (ascorbic acid) 
2 and pennicillic acid 3. A great number of these compounds and their metabolites are found in 
many natural products, which exhibit a wide array of biological properties.2 The aim of this 
review is to cover the current synthetic methodologies developed to build these molecules and 
their specific reactivity rather than the biological and pharmaceutical aspects of these products. 

3 1 R = R I = R ~ = R ~ = H  
2 R = R * = H ; R , = O H ;  

R3 = CH(0H)CHzOH 
Figure 1 

I. SYNTHESIS OF TETRONIC ACIDS 
1. Base-promoted Dieckman Cyclizstion 

3,5-Disubstituted tetronic acids present medicinal interest as potential antibiotic, 
Among them, the 3-acyl derivatives comprise a structural antivirial and antineoplastic 
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TEJEDOR AND GARCIA-TELLADO 

motif present in a great number of active natural products. The base-promoted Dieckmann 
cyclization of glycolyl acetoacetates 4 (Scheme I) is one of the most synthetically useful 
methods for the preparation of these 3-acyl de r iva t i~es .~ - l~*~~*~*  The ability of these intermediates 

Scheme 1 

to cyclize is highly dependent on the presence of substituents at the a 'psit ion.  Thus, while the 
cyclization of a'-substituted glycolyl acetoacetates is a very easy process, the unsubstituted 
derivatives require vigorous reaction conditions to success. A wide structural variety of glycolyl 
acetoacetate intermediates are easily obtained by simple acylation of the suitable a-hydroxy acid 
with a malonate monoester derivative. Optically active a-hydroxy acids are readily accessible 
from natural sources and they comprise a very good source of chiral starting materials for the 
stereoselective synthesis of these 3-acyl derivatives. Structurally simple chiral 3-acyl-5-substi- 
tuted derivatives have been synthesized from (S)-glyceric acid,7 (L)-threonic acid,I5 (R,R)- 
tartaric acid16 or (s)-lactic acid?." 

The power of this methodology has been confi ied by the construction of a library of 
chiral 3-acyl-5-substituted tetronic acids focused on inhibitors of tyrosine and dual-specificity 
protein ph~sphatase.~ The 3-acyl-5-substituted tetronic acid derivatives 8-11 were readily synthe- 
sized from (S)-glyceric acid and (S)-lactic acid by means of a tetrabutylammonium fluoride- 
promoted Dieckman cyclization" of the suitable glycolyl acetoacetate intermediates 5-7 in 
moderate to good yields (Scheme 2): 

4 

* 0 
HO 

Tr0 HO 

5 X = SBU', (97%) 
6 X = SC14H29, (67%) 9 X = SC14H29, (50%) 

8 X = OAlkyl, (28-78%) 

7 X = Alkyl 10 X = Alkyl, (43-75%)(Two steps) 

0 0  

2.-TBAF HO 

11 72% 

Scheme 2 

The base-promoted Dieckmann cyclization is also the preferred synthetic method to 
construct the 3-acyl-5-substituted tetronic acid core in more complex molecules. Thus, the final 
stage of the first total synthesis of the antibiotic polyether ionophore tetronasin (l2)I9 was the 
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SYNTHESIS AND CHEMISTRY OF TETRONIC ACIDS 

challenging installation of the 5-unsubstituted 3-acyl tetronic acid core. This was accomplished 
in two steps by installation of the required j3-keto ester intermediate by a zirconium-catalyzed C- 
H insertion reaction of the methyl (diazoacetoxy)acetate unit and a tetrabutylammonium fluo- 
ride-promoted intramolecular Dieckmann cyclization to afford tetronasin (12) in 72% yield 
(Scheme 3). 

1 .  TBAF 

2. HF, MeCN; 
NaHC03 

12 (92%) Scheme 3 

5,5-Spirobicyclic-3-acyl tetronic acid is a structural motif present in the brain-type 
cholecystokinin (CCK) receptor antagonist tetronothiodin 

(13)." 15 has been Recently, synthesized.2' an isomeric The oxaspirobicylic final stage of this tetronic stereoselective acid core HO 3 "h0 

synthesis required the formation of the tetronic acid ring on the 
hydroxy lactone 14, which was accomplished in two steps by 
direct acylation of the free hydroxy group of 14 with ethyl 
malonyl chloride and a base-promoted Dieckmann cyclization 
of this intermediate to deliver the required spirotetronic acid unit. Remarkably, only potassium 
bis(trimethylsily1)amide led to the expected cyclization (Scheme 4). 

HOOC 

13 

15 
i) Ethyl malonyl chloride, 2,6-di-tert-butyl-4-methyl pyridine, CHzC12, Sh, 98%; 
ii) KHMDS (2 equiv), -78°C then RT overnight, 91% 

Scheme 4 
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TEJEDOR AND GARCIA-TELLADO 

2. Cyclization of y-Oxygenated or y-Halogenated P-Ketoester 

Suitable P-ketoester derivatives bearing a y-halogen atomzz-z4 or a y-oxygenated 
f u n c t i ~ n ~ ~ - ~ ~  have been widely used as tetronic acid precursors. 

Optically active 3,5-disubstituted tetronic acids are directly synthesized by the Blaise 
reaction30 of Reformatsky reagents with chiral cyanohydrins (Scheme 5) and acid hydrolysis of 
the y - h y d r o ~ y ~ ~ ” ~  and y-silyloxy P-ket~este?~ generated intermediates. Optically pure cyanohy- 
drins are readily accessible by the hydroxynitrile lyases (HNLs)-catalyzed addition of hydro- 
cyanic acid to aldehydes and prochiral  ketone^.^' 

r 1 

CO2R 

Scheme 5 

The intramolecular version of the Blaise reaction on the 0-acylated cyanohydrins 
affords the 4-amino-2(5H)-furanones 16 in good  yield^.^^^^^ Alternatively, the tin (IV) chloride- 
promoted reaction of a-hydroxy nitriles with a-dicarbonyl compounds directly delivers 16 in 
moderate yieldsM (Scheme 6). 

OH 

CN 

i)(S)-cyanohydrin, R+~HzCOCI, pyr., 24-89%; ii) LiN(SiMe&,THF, -78°C. 48-95% without 
razemization; iii) SnC14 (1 equiv), MeCOCH2COOR or CH2(C02Et)z, 50-80% 

Scheme 6 

Optically pure y-acetoxy-P-hydroxy-P-ketoester can be synthesized from the “chiral 
pool” by a C-acylation reaction of an active methylene compound with the N-hydroxybenzotria- 
zole ester of an appropriate chiral 0-protected a-hydroxy acid26a,b or by regioselective ring 
opening of (S)-malic acid anhydridezk with the anion of a P-ketoester (Scheme 7). Base or acid- 
promoted cyclization of these intermediates affords the chiral5-substituted 3-acyl tetronic acids. 
The method allows an easy and efficient access to the natural (S)-carlosic (17) and (S)-viridicatic 
acids (18). Also, N-protected L-maleimides have been transformed into chiral 5-substituted-4- 
amino 2(5H) furar~ones.~’ 

The important and stereogenically labile 5-aryl-3-hydroxy tetronic acids have been 
obtained in enantiomerically pure form by condensation of the enantiomerically pure silyl- 
protected mandelaldehyde~~’~ 19 with the anion of ethyl 1,3-dithiane-2-carboxylate in the presence 
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SYNTHESIS AM) CHEMISTRY OF TETRONIC ACIDS 

Ri  A:fiL $oo 

HOOC HOOC 

g o c +  ;I - 
0 

R20 R20 

R1= Me (62%) 
17 R I  = n-Pr (72%) 
18 RI = n-C5HIl (62%) 

Me0 MeO MeO 
R2 

R I y C o o H  + 
+ a;; - R,Jqo - ;2; OAc / 

OAc owe R1 0 
R 2 0  

RI = F'h, R2 = H (81%) 
RI =Me, R2 = Me (81%) 

Scheme 7 

of pivaloyl chloride (Scheme 8). Dithiane hydrolysis and tetrabutylammonium fluoride-promoted 
lactonization delivered the target 5-aryl-2(5H)-furanone 20 in 85-!30% yield. Remarkably, the 
pivaloyl group migrates from position 4 to position 3 during this tetrabutylammonium fluoride- 
promoted lactonization. 

SMDBTO CO2Et ii 
SMDBTO CO2Et OTBDMS i - P h v : >  

OPlV OPhr 
Ph&HO 

19 
20 

i)Ethyl 1,3-dithiane-2-carboxylate, LDA, C1-Piv, -78"C,50-60%; ii)NCS, AgN03, aq. MeCN, 80-90%; 
iii) TBAF,THF, 8590% 

Scheme 8 

Natural 3-alkanoyl-5-hydroxymethyl tetronic acids comprise an important group of 
biological active molecules. Access to this group of derivatives has been accomplishedz8 in good 
yields from diethyl allylmalonate by simple epoxidation, hydrolysis and acid-promoted 
lactonization, or from optically active glycerol acetonide by hydroxyl activation, malonate alky- 
lation, hydrolysis and acid-promoted-lactonization (Scheme 9). In both cases, the produced 5- 
substituted-3-carboxy lactones 21 have to be further elaborated to the target tetronic acids 22. 

CO2R 

0 -- 
OH 22 
Low to moderated yields Scheme 9 

y-allyloxy-p-keto ester dianions 23 rearrange to y-hydroxy-p-keto ester derivatives 
which form 5-substituted tetronic acid 24 by simple lactonizati~n~~ (Scheme 10). Alternatively, 
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TEJEDOR AND GARCIA-TELLADO 

the y-allyloxy-P-enamino ester dianions 25 rearrange to the y-hydroxy-penamino ester deriva- 
tives, which can be subsequently lactonized to the corresponding 4-amino-2(5H)-furanones 26.36 

OH 
OLi OLi 

24 
23 OTMS 

R = M e  (Z) synlanti 25/75 62% 
(E) " 87/13 64% 

R=CH2OPMB (Z) syn/anti 20/80 62% 
(E) " 94/06 64% 

69% 
84% 

62% 
91% 

0 W M S h  1 OTMS - o& 26 

- OLi NHLi 

\ o & o d  
25 

Scheme 10 

P-C-lithiated acrylates are suitable C, bulding blocks for the synthesis of structurally 
important 3,5-disubstituted or 3,5,5-trisubstituted tetronic acids.37 In particular, a chiral ethyl 3- 
lithio-2-methyl-3-( 1 -phenylethoxy) acrylate 27 has been used to synthesize 29,38 a known (-)- 
vertinolide (28) precursor (Scheme 11). 

28 I/ 29 

1 i-iv 

' 27 

i) LDA, THF, - 100°C; then MeCOCH2CH2CO*Et, -lOO°C, 68%,4.5: 1 diastereomeric mixture; 
ii) NaOH, MeOH, quant.; iii) LDA,THF,-90"C, MeI. 85 %; iv) MejSiCI, CH2C12, RT, quant 

Scheme 11 

Methyl 3-subsituted 55spi1-0 tetronates are good radical acceptors. This property has 
been exploited in the synthesis of the epoxy-lactone alliacolide (33)39 which makes use of a 
stereoselective intramolecular radical cyclization onto an enolic double bond as a key step to 
elaborate the tricycle core of this molecule. The strategy requires a spiro-annulation of the 
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SYNTHESIS AND CHEMISTRY OF TETRONIC ACIDS 

tetronic ring system onto the substituted cyclpentenone 30, a radical cyclization from the iodo 31 
and a stereocontrolled epoxidation of the P-hydroxy intermediate 32 to give the target alliacolide 
(33) (Scheme 12). 

OTHP dP+t= * OTHP 

- - 
OMe 

Li 0 1  
0 HO \\ 
30 COOEt 

0 

o* - - <q - qoH 
OH OMo 

31 I 0 0 
32 33 

Scheme 12 

3. Synthesis from Other Heterocycles 

Chiral2-dioxolanones 34 are synthons well-suited for the synthesis of natural occuning 
chiral substituted 2(5H)-furanonesW2 (Scheme 13). They ate very readily accessible from chiral 
a-hydroxy acids and aldehydes, and they can be homologated by means of a Wittig reaction and 
then rearranged to the tetronic acid derivative 35'''' (Scheme 13, (a)) or they can be transformed 
into butenolides by a Wittig-Homer olefination reaction and further elaborated to 3,5,5-trisubsti- 
tuted tetronic derivatives such as 36, precursor of the natural (-)-vertinolide (28)(Scheme 13, (b))!' 

-R O" 35 

HO H0 + OH 
- 0  b -  I - 
73% 60% 

OTBDMS 
Scheme 13 

0 

36 OTBDMS 

A general protocol for the enantioselective construction of tetronic acids bearing a 
stereogenic center at C-5 has been rep0rted.4~ The method is based on the straightforward prepa- 
ration of highly optically pure 2,2-dialkyl- 4,5-dihydro-3-furanone 37 and its feasible oxidation 
at position C-5 (Scheme 14). 
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TEJEDOR AND GARCIA-TELLADO 

" Y P h  Me 

&- " .I 
3;\C02Me 

50% &floTBDMs - 
- 0  - - (-)-Vertinolide (28) 

'j 
COzMe 

Scheme 14 

Methoxide-mediated ring opening of 6-hydroxymethyl- 1,3-dioxin-4-0nes furnishes 
tetronic acid derivatives.a The reaction entails a ring opening to a ketene intermediate and 
cyclization of this reactive intermediate to provide the 2(5H)-furanone ring. 3-Mesityl-5, 
5-trisubstituted tetronic acids are obtained in good yields by reaction of the 
(chlorocarbony1)mesitylketene with ket0nes.4~ 

The use of isoxazoles 41 as building blocks for the synthesis of 3-acyl-tetroNc acids has 
been reported.& Alkyl isoxazole-4-carboxylate esters 39 are readily obtained by regioselective 
1,3-dipolar cycloaddition of nitrile oxides with acetylene carboxylic acids or pyrrolidine enam- 
ines of protected y-hydroxy-p-keto esters 38 (Scheme 15). Further transformations including 
deprotection of the oxygen substituent, lactonization, hydrogenation of the isoxazole ring and 
hydrolysis afford the tetronic acid derivative 42 in moderate yield. 

r-7 

0 
'BUO h CO2Et 

38 

- i p -  iv 

O& 42 

i )  EtN02, Et3N, POCI3, 0-5"C, 63%; ii) NaOH aq. (2M). reflux, 94%; iii) CF3C02H. 46%; 
iv) 1) H2, Pd-C, RT, 2) NaOH aq. (2M), RT, 42% 

Scheme 15 

4.One-pot Synthesis 
Two one-pot protocols for the synthesis of tetronic acid derivatives have been 

p~blished.4'9~~ The first method4' uses readily accessible allylic esters of a-hydroxy acids and 
keteneylidene triphenylphosphorane 43 to furnish 3-ally1 tetronic acids 45 through a tandem 
Wittig-Claisen process (Scheme 16). Esters other than allylic proceed to the tetronate stage, 
delivering the 5-substituted tetronate 44 in 80-90% yield. Optically pure a-hydroxy esters like 
lactates, mandelates and malates deliver the 5-subsituted tetronate derivatives with retention of 
the configuration at C-5 in most cases. 
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p" C 

+!! - 
R & 0 

Scheme 16 

The second one-pot protocol4* furnishes 5-substituted tetronic acids from simple 
commercially available starting materials through two consecutive processes: a catalytic domino 
reaction to build a 1,3-dioxolane scaffold 4649 and a two-step acidcatalyzed trans-acetaliation- 
lactonization reaction to furnish the tetronic acid derivative (Scheme 17). This chemical system 

1 .- Et3N cat. 

OH 
48-69% 

Hydrolysis L RGR Domino 
process 

k c o 2 M e  
46 

Scheme 17 

works quite well for aliphatic aldehydes and it is an excellent reaction manifold for the synthesis 
of 5-alkyl substituted tetronic acids. Scheme 18 outlines the proposed mechanism for the domino 
process. 

a)  Domino Process 
+ H C = C W  

EbN\=/CO&!e 
EbNcat. 

HC=C02Me - 
- 

46 HC=CCO2Me 
r + 

I -CcF I 
b) Acid-catalyzed Transacetalization-Ictonization 

I RCHO 

RCHO - RyHC=CC02Me 
R O  -FAR -0 II 

111 

Scheme 18 
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Triethylamine triggers the domino process by a 1A-addition to methyl propiolate to 
generate the ammonium acetylide I, which reacts with one molecule of aldehyde to give the 
ammonium alkoxide II which, in turn, reacts with another molecule of aldehyde to furnish the 
intermediate vinyl ammonium III. This anion deprotonates to the starting alkynoate generating 
the 1,3-dioxolanic scaffold 46 and acetylide I which reinitiates the cycle (Scheme 18). These 1,3- 
dioxolanic scaffolds 46 are built up in excellent yields and high efficiency: three bonds (two C-0 
bonds and one C-C bond) and one ring are created in just one synthetic step. Once these interme- 
diates are formed, simple acid-catalyzed transacetalization liberates the required y-hydroxy p- 
ketoester intermediates, which lactonize to furnish the 5-substituted tetronic acid derivatives 
(Scheme 18). Since tetronic acid derivatives are quite reactive toward aldehydes to give dilactone 
compounds (see section II.2)50 and the transacetalization reaction liberates one equivalent of 
aldehyde, the hydrolysis has to be performed under pH controlled conditions. 

II. REACTIVITY OF TETRONIC ACIDS 

Tetronic acids have been modified according to the Scheme outlined in Figure 2. 

Acylation 

Alkenylidation 

Figure 2 

1.3-Acylation 

The direct acylation at the C-3 position by coupling of an acid chloride and a 3-metal- 
lated tetronate derivative is a feasible It has been shown that this process works well 
for the 5-substituted tetronates, but it fails when this C-5 position is vacant due to the preferential 
C-5 deprotonation when unsubstituted tetronates are treated with strong On the other 
hand, the regioselective acylation of a 3S-tetronate dianion is not a useful reaction because it 
affords mixtures of mono and diacylated pr0ducts.5~ The problems associated with substituents 
on the tetronate molecule can be overcome by means of a palladium-catalyzed acylation of a 3- 
tri-(n-butylstannyl) tetronate derivative which is obtained in a straightforward fashion from 
the readily available 3-bromo tetronate 4757 (Scheme 19). In addition, the stability of the C-Sn 

"Bu3Sn 

- RcvMe ii - 
0 6;% 0 0  aoMe 40-59% 

48 47 
i) Na+[Nap]-, nBu3SnCI. THF,-78"C to RT; i i )  RCOCI, trans-Bn(CI)Pd(PPhl)Z(cat.), C2H4C12,60°C 

Scheme 19 
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SYNTHESIS AND CHEMISTRY OF TETRONIC ACIDS 

bond permits functionalization of the tetronate ring system to allow preparation of the 5-substi- 
tuted-3-stannyl tetronates. Palladium-promoted acylation of these derivatives furnishes the corre- 
sponding 3-acyl-5-susbstituted tetronates. This protocol has been exploited for the effective total 
synthesis of the fungal metabolite (*)-carolinic acid (49) as well as the antibiotic agglomerin A 
(50)s6(Scheme 20). 

"BhSn OMS 

i F % O  =a l i v  

" B U ~ S X  " B U T S  

0 

62% ii 68% I v 

vi,vii GH19& 

H o z c ~  y k  I 1 "BugSn 

- 
28% 

0 0 
51% 

0 0 
49 50 

i) LDA, THF, -78"C, MeI; ii) Me02CCH2CH2COC1, tran~-Bn(CI)Pd(PPh3)~(cat.),C2H&I2,60"C; 
iii) HCI 3N; iv) LDA, THF. -78°C. Me2NCH2'1.; v) 1) MeI, MeOH, 2) NaOH 1M; vi) H19C9COC1, 
trans-Bn(CI)Pd(PPh&(cat.), C2H4C12.6OOC; vii) NaOH (IM) ,MeOH 

Scheme 20 

In some cases, the formation of the 3-lithium salt is the best option. That was the case 
with the final stage of the total synthesis of the acyltetronic acid ionophore antibioic tetrono- 
mycin (51)s8*s9 (Scheme 21). Boron enolates have proved to be very good options to achieve C-3 

2 PCC 
3 H F  

4 LiCI-DMSO 
5 NaHC03 

- 

Scheme 21 

acylation. Thus, these enolates have been used to build the tricycle core of the novel poliketide 
antibiotic tetrodecamycin (52)60361(Scheme 22). 
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52 

BClPh 

""'OTBDMS 

OMe u 
"OTBDMS 

.. ... 
11,111 I 

c- 
HO 

HO 

i) 1) PhBC12, i-Pr2NEt, CH2C12, -78°C 2) -78°C to RT, 86%; ii) IBX, DMSO, RT, 91%; iii) cat. Conc. 
H2SO4, CH2CI2, RT, 89%; iv) 1) LiHMDS, -78°C 2) N-phenylmercaptophthalimide, -78°C 87%; 
v) 1) OsO4, pyridine, CCl4, RT, 2) aq. NaHS03,87%; vi) TBDMSOTf, lutidine, CH2C12, -78°C. 92%; 
vii) MCPBA, CH2C12, -20°C; viii) BaCO3, benzene, 27% for the 2 steps; ix) HF, MeCN, 0°C. 100% 

Scheme 22 

2.3-Alkylation 
Tetronic acids are quite reactive toward aldehydes furnishing b i ~ - f u r a n o n e s ~ ~ - ~ ~ - ~  

which, in turn, are easily transformed into fused-hetero~ycles~~-~~ (Scheme 23). 

OH 

R-& + RICH0 

0 

0 

- 0  *o 

R R 

AUyl tetronates 53 thermally rearrange to stable 3-(spirwyclopropyl)dihydrofuran-2,4- 
diones 54, which are ring-opened with nucleophiles to give 3-substituted tetronic acids in good 
yields.68 The one-pot procedure entails three different chemical processes: a Claisen-Conia 
rearrangement, a cyclization and a ring-opening reaction (Scheme 24). 

I. Rearrangement o*: - ;$" 
0 

RI  &o+R3 Rz 53 
2. Cyclization RI R2 

RI R2 0 

42-80 % 
54 Ri R2 R.1 

Nu Config. 

N%R5 S Y ~  
S% SYn 
% syn/an?Y 

-(CH2)5- Ph 
H Ph Ph 0% sYn 

Scheme 24 
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SYNTHESIS AND CHEMISTRY OF TETRONIC ACIDS 

Coupling of tetronic acids and imines furnishes the versatile C-3 amino-alkyl tetronic 
acids which can be further transformed into more sophisticated compounds. This is illustrated in 
the first synthesis of the alkaloid cocculidine (56), which utilizes a coupling reaction of the 
bicyclic imine 55 and tetronic acid to install 3 of the 4 rings present in the molecule69 (Scheme 25). 

TBSO 

55 

O a o H  

- - 
MeCN-Et20 

i) 1) Boc20, cat. DMAP, CH2Cl2, RT, 2 )  Tf20, pyr.. CH2Cl2, -78°C to RT, 8h, 3) n-Bu3SnCH=CHz, 
(Ph3P)2PdC12, DMF, 35°C 4h; ii) TFA (neat) then H20, 5 steps, 52%; iii)TpAP, NMO, 4 a MS, 
CH2CIz-MeCN (10: 1). 0°C to RT, 84% 

Scheme 25 

A convergent and one-pot method to prepare 4-aza-2,3-didehydropodophyllotoxin (57), 
analogues of microtubule assembly inhibitor pophyllotoxin, has been published.7o The method 
comprises the one-pot reaction of tetronic acid, one aromatic amine and one aromatic aldehyde 
to give the 4-aza-2,3-didehydropodophyllotoxin (57) in excellent yield (Scheme 26). In a very 

Me0 

OMe 

RCHO ? 

Scheme 26 

similar manner, 3-spiro heterobicyclic tetronic acid 58 has been synthesized by the one-pot reac- 
tion of urea (1 mmol), aldehyde (2 mmol) and tetronic acid ( l m ~ l ) . ~ ~  These molecules are suit- 
able as potential scaffolds for further reactions via the remaining functional groups in a domino 
strategy (Scheme 26). 

Active antitumor agents based on the heterocyclic benzodioxole lactone 61 (Scheme 27) 
have been synthesized by coupling tetronic acid with morpholino Mannich bases 59 in aqueous 
acetic acid.72 The diol-lactones 60 were transformed into the target 61 by acetylation, methyla- 
tion and base-promoted cyclization. 
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TEJEDOR AND GARCIA-TELLADO 

An efficient method for the synthesis of 3-alkylated tetronic acids based on the selective 
NaBH,CN reduction of a 3-acyl derivative has been described.73 

3.4-0-Alkylation 

Regioselective 4-0-alkylation of tetronic acids has been the focus of many investiga- 
t i o n ~ . ~ ~  Two general methods have been reported with synthetic val~e.’~.’~ The first one makes use 
of a Mitsunobu reaction for the high yield regioselective 0-alkylation of tetronic acids with 
primary and secondary alcohols. The reaction conditions are mild and compatible with a wide 
range of hydroxyl protecting groups; tertiary alcohols do not react. This method has been adapted 
to the chemo- and regioselective alkylation of L-ascorbic acid and  derivative^.^^ The other effi- 
cient and versatile method76 is based on the formation of a very reactive 4-0-phosphonium ether 
methanesulfonate salt derivative 64 by reaction of tetronic acid with the triphenylphosphonium 
anhydride trifluoromethanesulfonate (63) (Hendrickson’s reagent). This activated tetronate deriva- 
tive 64 is able to react with stoichiomehic amounts of primary or secondary alcohols to furnish the 
4-0-alkylated tetronate 65 in excellent yields and high regioslectivity (Scheme 28). 

0 OR2 ii II I 

65 66 
9:91 to 22:78 RI = H, Me 

R2 = Alk (1” or 2”) 47-9 1 % 
Scheme 28 

4.4-Amination 

4-Amino-2(5H)-furanones are biologically active molecules78 which are either obtained 
by enamine formation from the suitable tetroNc acid prec~rsor’~ or by direct synthesis. Some 
synthetic methods have already been mentioned in previous sections. 

Simple unsubstituted 4-amino-2(5H)-furanones are very easily obtained from 
acetylenecarboxylates by aminoaddition, selective reduction of the enamine-intermediate and 
cyclization.80 5- or 3-Substituted derivatives can be obtained by ring-rearrangement of a suitable 
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SYNTHESIS AND CHEMISTRY OF TETRONIC ACIDS 

3-amino 4-hydroxy-cyclobutenone 67 (Scheme 29). Thus, while the mfluoroacetic acid-promoted 
rearrangement of 4-hydroxy-cyclobutenone 67 affords the 3-substituted-4-amino-2(5H)-furanone 

0 CI .o 

R = H, Ph, n-Bu 
R I ,  Rz = ArCH2, Alk 

-- 
50-84% 

- iv, v ..J==J+ 
0 0  

0 

70 71 
ii) NH3, EtOH, 45%; iii) pyridine, xylene, i )  CH2=CH(OSiMe3)CMe2CH=CH2, TiC14,-78"C, 69%; 

reflux, 85%; iv) NaBH4, CeC13.7H20, MeOH-CH*C12.80%; v) Pb(OAc14, CH2C12,65% 

Scheme 29 

68,81 the thermally-driven rearrangement of the 4-acylmethyl-2-chloro-3-amino-4-hydroxycy- 
clobutane 69 produces the 5-acyhethyliden-4-amino-2(5H)-furanone 70.82 This last rearrange- 
ment is a key step in the total synthesis of the natural product basidalin (71)83 (Scheme 30). 

Scheme 30 

4-Azido-2(5H)-furanones, readily accessible from the 4-Br  derivative^?^ have been 
reported to be good precursors of 4-carbamoyl  derivative^.^^ Also, bicyclic tetronate derivatives 
72 have been used as suitable platforms for the synthesis of 5-substituted 4-amino-2(5H)-fura- 
nones 7386 (Scheme 30). 

The 1,3-~ycloaddition of  lithiated phosphazene derivatives 74 with benzoyl methyl 
propiolate has been reported8' to give the phosphorous-containing 4-amino-2(5H)-furanones 75 
and 76 in moderate yield and good diastereoselectivity (Scheme 31). 

0 
75 R = H  (50%) 

Scheme 31 76 R=Me(45%) 

5.4-Alkylation and 4-Arylation 
4-Substituted-2(5H)-furanone is an ubiquitous subunit in many biologically active 

butanolide-containing natural products.88 These important privileged fragments are synthesized 
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TEJEDOR AND GARCIA-TELLADO 

mainly by transition metal-catalyzed cross-coupling reactions. The Pd(0)-catalyzed cross- 
coupling (Suzuki) reaction of tetronic acid triflates 77 with 9-alkyl-9-borabicyclo[3.3. llnonanes 
78 affords the 4-alkyl-2(5H)-furanones 79 in moderate to good yield and tolerates a range of 
functi~nalities.~~ The potential of this reaction was further demonstrated by its application in the 
3-step synthesis of the natural phytotoxin (-)-isoseiridine (80) (Scheme 32). Suzuki coupling of 

alkenylboronates 81 and tetronic acid triflates 77 has been described in the preparation of 
syributin 1 (82)90 (Scheme 33). Recently, the Pd(0)-catalyzed cross-coupling reaction of cyclo- 
propylboronic acids and tetronic acid triflates has been reported with AsPh, as a ligand (63- 
85%).” The coupling reaction conditions has also been applied to alkenylboronic acids affording 

TBDMSO “.<n 
81 O + 

TtO, 

77 

OTBDMS 
I 

48% 

pdo_ L o  
0 

Scheme 33 

HO h0 
0 

82 

the 4-substituted-2(5H)-furanones with retention of the configuration of the alkenyl group and 
better yields than the aforementioned methods. The palladium-catalyzed coupling reactions of 4- 
bromo and 4-stannyl tetronic acids derivatives with arylboronic acids have also been 

Although these reactions proceed with reasonable efficiency (60-85%), the utility of 
these methods are limited by the harsh conditions required for the formation of the 4-bromo 
derivative and by the toxicity of the organotin by-products which are difficult to remove, espe- 
cially on large scale reactions. Recently, 4-tosylate-2(5H)-furanones have been used as the 
tetronic partner in these palladium-catalyzed cross-coupling reactions with alkenyl and aromatic 
boronic acids, affording the 4-aryl(alkenyl)-2(5H)-furanone in moderate to good yields.” The 
major advantage of these derivatives resides in their stability and easy preparation. 

Tetronates are good radical acceptors and this property has been exploited in the 
synthesis of longianone (84),95*96 a fungal metabolite possessing an unusual 1,7-dioxaspiro- 
[4,4]non-2-ene-4,8-done skeleton9’ (Scheme 34). 
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SYNTAESIS AND CHEMISTRY OF TETRONIC ACIDS 

i) But-3-yno1, TsOH, PhH, 18 h, 76%; ii) Bu3SnH. AIBN, PhH, reflux, 5 h, 71%; iii) HCI (lM), 
CH2C12, RT, 1 h, 100%; iv) 0 3 .  -78"C, then DMS, -78°C to RT, 2 h, 79%; v) PhSeCI, THF, 
H20(cat), 5 days, 38%; vi) 03, CH2C12. then purge N2 and warm to RT, 12 h, 44% 

Scheme 34 

6.3,4-Diarylation 

Unsymmetrical 3,4-disubstituted-2(5H)-furanones occur rarely in nature9* but are 
reported to be useful as drugs and biocides. The 3,4-diaryl derivatives have been obtained from 
the 3,4-distannylW or 3.4-dibrom0'~ derivatives by a regioselective palladium-catalyzed cross- 
coupling reaction. Remarkably, the diminished reactivity of the C3-Sn bond relative to the C4-Sn 
makes this reaction quite regioselective and allows the preparation of the 4-aryl-3-bromo or 4- 
aryl-3-stannyl-2(5H)-furanones in moderate to good yields. These compounds can be further 
transformed into the 3,4-diaryl- or 4-aryl-2(5H)-furanones. 

7.5-Alkylation, Arylation and Alkenylidation 

Fully functionalized tetronic acids are suitable precursors for the synthesis of the natural 
y-lactones with three contiguous asymmetric centers. Alkyl substituents at the C-5 position of 
tetronic acids are easily introduced by a modified Ramage's method.'O' This method has been 
applied to the asymmetric synthesis of (+)-blastmycinone (85)'02 (Scheme 35). 

?OH H~~~~~ 

i )  n-BuLi, THF-HMPA, -78°C; ii) MeI, -98°C; 91% (91:9 dr); iii)NaBH3CN, HCI (2N), MeOH, 
45°C. 84%; iv) NaOCI, pyridine; v) SmIz(4 equiv.), T H F - D W ,  RT, 69%; vi) (CH3)2CHCH*COCI, 
pyridine, 80% 

Scheme 35 

Methoxymethyl tetronates are easily alkylated at C-5 position by treatment with lithium 
dimethylisopropylamide and an electrophile. The aldol reaction of methoxymethyl3-substituted 
tetronates 86 with aldehydes gives the corresponding chelation-controlled threo-adduct 87 as the 
main product, and which has been used in the stereocontrolled synthesis of the B-ring of the 
sesbanimide alkaloide (88)*03 (Scheme 36). On the other hand, methoxymethyl 3,5-dimethyl- 
tetronate 89 reacts with a$-unsaturated ketone 90 to give (i)-vertinolide (28) in good yieldsIM 
(Scheme 37). 
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TEJEDOR AND GARCIA-TELLADO 

MOM0 + 

86 

LDA, 
THF 

- 
-78°C 
81% 

4.1:1 dr 

< X I  < /  - I I I  

II 
0 

87 '0 
0-0 * 

Scheme 36 8 8 ;  

28 6 
i) LDA, THF, -78°C. 97%; ii) AcOH-HCI, 94% 

Scheme 37 

Finally, 4-aryl-2(5H)-furanones 91 are easily alkenylidated at C-5 position by treatment 
with tert-butyldimethylsilyltriflate in the presence of an aldehyde, followed by in sifu DBU- 
promoted pe l imina t i~n**"~~~ .~  (Scheme 38). 

TBDMSOTf, [b 1 - RCHO Hobo & OTBDMS 0 ''b~ 91 i-PrEt;?N R R 

Scheme 38 
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GLOSSARY OF ACRONYMS 

AIBN = Azobis(isobutyronit1e) 
BuLi = tert-Butyllithium 
DBU = 1,8-Diazabicyclo[5.4.O]undec-7-ene 
DMAE = N,N-Dimethylaminoethanol 
DMAP = N,N-Dimethylaminopyridhe 
DMF = N,N-Dimethylformamide 
DMS = Dimethylsulfide 
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SYNTHESIS AND CHEMISTRY OF TETRoNIC ACIDS 

DMSO = Dimethylsulfoxide 
IBX = 2-Iodobenzoic acid 
KHMDS = Potassium bis(trimethylsily1)amide 
LDA = Lithium diisopropylamide 
LHMDS = Lithium bis(himethylsily1)amide 
MCPB = 3-Chloroperbenzoic acid 
NCS = N-Chlorosuccinimide 
NMO = CMethylmorpholine N-oxide 
PCC = Pyridinium chlorochromate 

PMB = 4-Methoxybenzyl 
TBAF = Tetrabutylammonium fluoride 
TBDMS = rert-Butyldimethylsilane 
TBDMSOTf = rert-Butyldimethylsilyl trifluoromethanesulfonate 
THF = Tetrahydrofuran 
TFA = hifluoracetic acid 
TMEDA = N,N,N,N-Tetramethylethylenediamhe 
TMS = Trimethylsilyl 
TPAP = Tetrapropylammonium permthenate 
TsOH = Methanesulfonic acid 
Tr = Trityl 

Piv = Pivaloyl 
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