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1 Introduction 

This review covers the literature pertaining to 
carboxylic acids and esters. Some chemistry of 
amino acids has also been included, although this 
area, as well as chemistries associated with amides 
and lactones, is covered in separate articles in 
Contemporary Organic Synthesis. 

2 Carboxylic acids 

2.1 General 

A number of new methods for obtaining carboxylic 
acids from esters have been reported. For instance, 
methyl and isopropyl carboxylates can be hydrolysed 
with organotin oxides and hydroxides, a significant 
increase in the speed of the reaction being observed 
upon microwave irradiation.' Solid superacid 
(sulfated Sn02) is an efficient catalyst for the depro- 
tection of ally1 esters, even in the presence of methyl 
esters, under anhydrous conditions.* The products 
are isolated simply by filtration. Prop-2-ynyl esters 
can be cleaved selectively under extremely mild 
conditions, even in the presence of p-lactams, in 
good yields (61 -97%) using triethylammonium 
tetrathiomolybdate.3 In addition, magnesium 

methoxide can be used to cleave alkyl esters select- 
i ~ e l y . ~  The reactivity follows the order p-nitrobenz- 
oate > acetate, benzoate > pivalate. Interestingly, 
magnesium in methanol does not react with esters. 
Diphenylmethyl esters, conveniently synthesised 
using a carboxylic acid and diphenylmethanol under 
Dean-Stark conditions, can be cleaved in refluxing 
toluene under acid catalysis.' 

functional groups into carboxylic acids include the 
use of titanium silicates (TS-1 and TS-2) to catalyse 
the oxidation of simple ethers to the corresponding 
acids in moderate yields.' Hence benzoic acid is 
obtained from benzyl methyl ether in 65% yield. 
TS-1 has also been used, in the presence of tert- 
butyl hydroperoxide, as a remarkably selective 
system for the cleavage of silyl enol ethers to give 
carboxylic acids, even in the presence of ordinary 
double bonds (Scheme l).' 

Novel methods for the conversion of other 

OSiMe3 
I 

TS-1 Ph / 
P h 4  BdOH (70%) -C02H 

reflux, 24 h 68% 

Scheme 1 

Commercially available Co( acac)3 catalyses the 
aerobic oxidation of vinyl aromatic compounds to 
the corresponding acids in the presence of THF 
(Scheme 2).8 Here the THF initially forms a hydro- 

ArC02H + ArCHO Ar 
L A  

Co(acac)a (2 mol%) A 6  
THF, 70 "C 65-99% 

A:B 68:32 to 86:14 

Scheme 2 

peroxide which functions as the oxidant. Interest- 
ingly, sand or activated carbon has been found to 
catalyse the activity of KMN04/NaI04 or KMn04/ 
NaOCl induced double cleavage in good yields 
(70-85 %).9 Iodobenzene diacetate has been found 
to be a superior reagent to lead tetraacetate in the 
cleavage of (trimethylsilyl)bicyclo[n. 1 .O]alkenes, 
giving alkenoic acids in high yield (62-96%) 
(Scheme 3).1° Most reagents like Zn12, H ~ ( O A C ) ~ ,  
and SnCl, cleave bond 'a' of the fused cyclopropane 
in 1. 
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ii. H20 1 

Scheme 3 

The many methods reported for the preparation 
of enantiomerically enriched carboxylic acids 
include the one by Jackson et al. for the one-pot 
synthesis of homochiral a-substituted carboxylic 
acids using a-silyl sulfoximines. I '  These, unlike their 
non-silylated counterparts, undergo facile 
1,4-addition with lithio anions, cuprates and 
Grignard agents (Scheme 4). N-Acetoacetyl deriva- 
tives of oxazolidinones, previously prepared by 

Ph, ,,O'* 
F i. Wti (2 equiv.) 

-78 "C, 30 min 

SiMes ii. PhSeCl(2 equiv.) Ho&*R 
m s o , N + s y  R - 

Scheme 6 iii. H202 
3441% 
90-95% ee R = Pr', C6Hll; R'= Me, Bu 

Scheme 4 

Evans et al., have now been shown to be much less 
successful than their N-propionyl analogues in 
diastereoselective alkylations (de 6-44%) (Scheme 
5). '* The N-acetoacetyl sultam derivative also shows 
similar low diastereoselectivities, although its alkyla- 
tion with benzyl bromide alone is successful ( ~ 9 5 %  
de). Flash chromatography, however, enables the 
facile separation of the diastereomers, hence 
enabling the synthesis of homochiral P-keto acids. 

I' 
Ph 

I' 
Ph 

6 4 4 %  de 
Scheme 5 

(S)-Amide-bearing derivatives of racemic halo 
esters have been used successfully in reactions with 
aryl oxides in a dynamic kinetic resolution to give 
homochiral a-aryloxy acids in good yields, after 
hydrolysis (Scheme 6).'" A convenient route for the 
resolution of norbornyl diacids involves the use of 
(S)-proline in an asymmetric ring opening of the 
corresponding meso-anhydride to give the amido 
acids in excellent enantiomeric excess.14 

THF 
tricaprylmethyl- 

(20%) 

J i o m h  to 3 h 

955-99: 1 

LiOOH i 

Methodology to enable the facile introduction of 
the carboxylate functionality into molecules 
continues to be sought. The area involving use of 
palladium and/or copper catalysis, in the presence of 
carbon monoxide, to carbonylate unactivated 
alkanes and arenes has been re~iewed. '~ The in situ 
SRNl arylation-alkylation reaction using an aryl 
halide and N, N-dimethylacetamide under photosti- 
mulation in sodium in liquid ammonia, followed by 
hydrolysis, is an interesting route to arylpropanoic 
acids (Scheme 7).16 Yet another novel synthesis of 
arylacetic acids involves the addition of alkyllithiums 

OH 

i. Na(NH,) 
ArX + A N ,  - hv 

\ ii. O H  
iii. H+ I 

70-90% 

Scheme 7 

in ether to styrene and subsequent trapping of the 
resulting anion with carbon dioxide to give 
a-alkylphenylacetic acid analogues (Scheme 8).17 
Diarylacetic acid analogues can be synthesised in 
good yields (53-70%) by deprotonating diphenyl- 
methane exclusively at the benzylic position using 
LIDAKOR (Bu"Li-Pr;NH-Bu'O-K+) and trapping 
with carbon dioxide.I8 Other bases such as BuLi, 
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and Schlosser's base (Bu"Li-BuO-K+, LICKOR) 
result in alkylation on the aryl ring (Scheme 9). 

R = Bu, Bus, Bu' 

Ph J 5  
8&92% 

Scheme 8 

F P h  _ i .  LEKOR 

BuLi 
-50 "C _ _  - 

X = 4-F, 4-OMe 
C02H 

ii. C02 

X = OMe, 74% 
F, 7% i. LIDAKOR, 

ii. C02  1 -78 "C 

X @ph 

Scheme 9 

enantiomer via a non chelated transition state with 
potassium borohydride (Scheme 11).20 

m O H  + -  N Me4N BH(OAC)~ D 

DME, acetone 

0 OH 

R'OH H+, heat 1 

( R )  

R = Me Me4& BH(OAC)3 >50:1 ( R )  

KBH4 1:15.7 (S) 

Scheme 11 

2.3 Unsaturated carboxylic acids 

The lithio anion of N-(a-ethoxyally1)benzotriazole 2 
is a homoenolate synthon for the synthesis of 
/?,y-unsaturated carboxylic acids (Scheme 12).2' 
Allylic /?-amino acids can be synthesised by the 
Mannich reaction of malonic acid in dioxane with 
various secondary amines in good yields. The 
reaction presumably occurs through the formation 
of a-methylenemalonic acid which, after the 
1,4-addition of the amine, reacts with the Schiff base 
and subsequently undergoes eliminative decarboxyl- 
ation (Scheme 13).22 

2.2 a-Hydroxy acids 

2,2,6,6-tet ramet hyl hept an-3-01 can be reduced 
diastereoselectively when DIBAL-H is used 
(Scheme 10).19 The chiral auxiliary can be recovered 

a-Keto esters of 5-(N-methylbenzoylamino)- a) \ - i. BuLi, -78 "C f7J) \ 
ii. R'R'C = o 

):Et I 

on base treatment to give a-hydroxycarboxylic acids 2 

in good yield and enantiomeric excess. The reaction 
may proceed through a chair type transition state 
where the amide and ester carbonyls are chelated to 
each other, although the fact that the diastereo- 
selectivities are lower in the presence of zinc 
chloride is inconsistent with this hypothesis. 

H30: DMF I 90°C 

R' 

R h C02H 

78-81 Yo 

Scheme 12 jqo:g D'BAL-F R*o OH Ph< OIe< 

I R2NH 
R 

CHZ(C02H)Z + (CH20)" -, 
H02C 

0 
Me 

70 "C 
80:2&94:6 78-92% 

Scheme 13 
Scheme 10 

The diastereoselectivity in the conjugate 
Prolinol derived a-keto esters have also been used 

for the enantioselective synthesis of a-hydroxy acids, 
giving the (R)  enantiomer with tetramethyl- 
ammonium triacetoxyborohydride, and the (S)  

addition-Claisen rearrangement of alkylcopper 
reagents and but-2-enyl acrylates depends on the 
nature of the copper reagent. Thus R2CuLi-TMSCl 
leads predominantly to the syn product by adding to 
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SYn anti 
MeCu(Li1)-TMSI 17 : 83 (68%) 
Me2CuLiI(LiI)-TMSCI 82 : 18 (93%) 

Scheme 14 

the starting ester in predominantly the s-cis 
conformation, while RCu(Li1)-TMSI adds to give 
the anti adducts through the s-trans conformation 
(Scheme 14).23 

The addition of hydroiodic acid to propynoic acid 
occurs with 2 stereoselectivity at lower tempera- 
tures, whereas at higher temperatures the E isomer 
is obtained as the only product (Scheme 15).24 The 
reaction of the resulting vinyl iodides with organo- 
zinc or tin reagents allows the stereospecific 
synthesis of (E)- or (2)-a,  P-unsaturated acids. 

2.4 Diacids 

Literature methods for the synthesis of methylene 
Meldrum's acid, an unstable but versatile reagent 
that undergoes Diels-Alder and Michael reactions, 
gives only 37% yield of the product. The pyridi- 
niumyl adduct 3 is a stable source of methylene 
Meldrum's acid which is formed in >90% yield 
from Meldrum's acid and formaldehyde in pyridine 
and, furthermore, can be stored at 0 "C for several 
months (Scheme 16).25 The diethylaluminium 
cyanide promoted electrophilic conjugate addition 
of cyanide to enantiomerically pure a, P-unsaturated 
oxazolines 4 and 5 gives succinic acids of opposite 
configuration in moderate diastereomeric excess 
(Scheme 17).26 

2.5 &-Halo acids 

The silyl trifluoromethanesulfonate (triflate) 
mediated Claisen rearrangement of a-halo esters 

1/-7C02H 
65 "C, 4 h 92% 

H1 (57%) ' W C 0 2 H  
130°C. 16 h 
sealed tube 93% 

Scheme 15 

oxo 

3 
> 90% 

Scheme 16 
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EtZAICN - 
HCI 

HO 
45% ee 

Et2AICN 
___) 

HCI 

H O A O  
70% ee 

Scheme 17 

can be performed at 25 "C to give halo acids with 
good E selectivity and distereoselectivity (Scheme 
18).27 (R)- or (S)-2-Fluorocarboxylic acids have been 
synthesised in good yield and with good enantio- 
selectivity (5040% yield, >92% ee) from the 
homochiral trichIoromethy1 alcohols, which in turn 
are derived via the oxazaborolidine mediated reduc- 
tion of the corresponding trichloromethyl ketones 
(Scheme 19).*' 

2.6 &-Amino acids 

The enantioselective Strecker reaction involving 
inexpensive a-phenylglycinol has met with consider- 
able success (Scheme 20). Trimethylsilyl cyanide 
adds to the imine 6 with good diastereoselectivity 
except in the case of the benzaldehyde derivative. 
The auxiliary is removed by oxidative cleavage to 
obtain the amino acid or its methyl ester dire~tly.~' 
N-(tert-Butoxycarbonyl)-2-(tert-butyldimethyl- 

siloxy) pyrrole can be substituted at the 5-position 
and used as a masked a-amino acid enolate synthon, 
giving rise to a variety of substituted amino acids via 
initial aldol reaction, subsequent scission of the 
lactam, followed by oxidative cleavage and hydro- 
lysis (Scheme 21)." Serine, phenylalanine and threo- 
nine derivatives can be synthesised in racemic form 
using this methodology. 

60% yield 

syn: anti 98:2 

Scheme 18 

* i. BusNF-3H20,CsF 

RVCC13 ii. H20 
OH 

I 
F 

Yield 5040% 
92% ee 

Scheme 19 



W H O  

i. MeOH,HCI 
ii. PqoAc), 

ii. HCI (mc.) 

Scheme 20 

602Me 

0 

i. R'I 
CF3CO2Ag 

ii. TBDMSOTf, 
2,Mimethylpyridine 

I 

60& 

dramatic improvement in the asymmetric Strecker 
reaction (Scheme 23).'* The enhanced diastereo- 
selectivity may be due to the in situ formation of an 
aluminium alkoxide with lower Lewis acidity than 
the original reagent. 

R = Ph, Bu' 
84-90% 
8246% de 

Scheme 23 

Porcine liver esterase (PLE) regioselectively 
hydrolyses the a-ester of aspartate to give a differen- 
tially protected amino acid (Scheme 24)." Kazmaier 
et al. continue to develop the highly diastereo- 
selective ester enolate Claisen rearrangement of 
N-protected amino acid allylic esters to synthesise a 
variety of substituted a-amino acids, including those 
with P-quaternary centres such as 9.34 

OTBDMS 

+ + + 
i. KMn04 
ii. LiOH 1 

Scheme 21 51 Yo yield 

Glycine can be converted into the pseudoephe- 
drine derivative 7 and alkylated diastereoselectively 
and in high yield. The auxiliary is readily cleaved 
under basic conditions to give the azatyrosine deriv- 
ative 8 (Scheme 22).'l 

0 

iii. OH- 8 

90-91 Yo de 
92% 

Scheme 22 

The addition of propan-2-01 to the enantiopure 
sulfinyl imine-Et2AlCN mixture results in a 

Scheme 24 

BocN Hg 
\ 
C02Me 

9 

2.7 fl-Amino acids 

The efficient synthesis of a-hydroxy-/?-amino acids 
derivatives involves the alkylation of the sulfamoyl 
isonorbornyl derivative 10 with potassium carbonate 
(Scheme 25).'5 A variety of other bases did not give 
any alkylated product. An efficient synthesis of the 
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pyridinepropanoate 12 involves the diastereo- 
selective addition of the anion of ethyl acetate to 
the enantiopure sulfinyl imine 11 (Scheme 26).36 

a, B-unsaturated esters (Scheme 28).39 The products 
again are simply isolated by filtration. 

0 
PhCOZAg, Et3N, - RCH2C02Me RC02H iz R h N 2  MeOH ii. CH2N2 

H 1)) 7592% 

R = aryl, alkyl 10 
71 % 

Scheme 27 

R ' =  

H O k N H 2  
0 R3 Scheme 25 

R2 = alkyl, H 6&95% 

Scheme 28 

Hydrotalcites are neutral materials which contain 
positively charged layers with anionic compounds in 
the interlayer. They can be prepared according to 
literature methods and used to promote the 
Baeyer-Villiger oxidation of a variety of ketones to 
the corresponding Simple aldehydes can be 
directly oxidised to methyl esters in the presence of 
commercially available trichloroisocyanuric acid in 
methanol and ~yridine.~'  

11 

1 CF&O2H, ROH 
0 "C-25 "C 

Scheme 26 

13 

3 Carboxylic acid esters 

3.1 General 

The use of ultrasonic activation in the silver 
benzoate induced Wolff rearrangement of diazo- 
ketones leads to homologated esters rapidly and in 
good yields (Scheme 27).'7 The homologation of 
aldehydes to a, P-unsaturated esters can be accom- 
plished using an acid catalysed Wittig reaction 
involving methoxycarbonylmethylenetriphenyl 
phosphorane, in the presence of silica gel.38 The 
triphenylphosphine formed in the reaction can 
simply be filtered off to give the products with 
reduced E selectivity compared to the conventional 
Wittig reaction. Nickel boride in the presence of 
borohydride exchange resin (BER) is an excellent 
reagent for the coupling of alkyl iodides with 

The diisopropoxytitanium TADDOLate 13 
(TADDOL = a,a,a',a'-tetraaryl-l,3-dioxolane- 
4,Sdimethanol) has been found to open a variety of 
bicyclic and monocyclic five-membered anhydrides 
to give the corresponding half-esters in excellent 
yield and ee (yield 73-92%, enantiomeric ratio 
96 : 4-98 : 2).42 Six-membered anhydrides give very 
low ees. In most cases the hemiesters are dextro- 
rotary. The novel one-pot vicarious nucleophilic 
substitution-alkylation of nitrobenzoates with the 
enolate of ethyl thiophenoxyacetate or 2-chloro- 
propionate, gives the nitrated a-alkyl-4-nitrophenyl 
esters directly (Scheme 29).43 
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i. NaH,DMSO PhSCH2C02Et * &c02Et 

O2N 
ii. RX 

42-51 Yo 
OnN 

R = Me, allyl, Bn 

Scheme 29 

Hayashi et al. have developed a new Schiff base 
for the titanium isopropoxide promoted reaction of 
diketene with aldehydes to give optically active 
5-hydroxy-3-0x0 esters in high enantiomeric excess 
(Scheme 30).44 The cleavage of tetrahydrofurans 
substituted at the 2-position with electron 
withdrawing groups occurs at the 5-position regio- 
selectively in the presence of an acyl halide and a 
nucleophile (Scheme 31).45 Some selectivity is 
observed with 3-substituted tetrahydrofurans as well. 

Ti(OPr')4, L" 

Scheme 30 

n MeCOCI. NaI 

R40hY MeCN, 25 O C '  

24 h 

R = M e , H  
Y = CH~OAC, COzEt, CHzNH2, CH20H 

OH 0 

R 

59-76% yield 
R = Ph 91%ee 
R = PhCH=CH 90% ee 

O K M e  0 

8248% 

Scheme 31 

cis and trans Glycidic esters can be synthesised 
from the corresponding 2-chloro-3-hydroxy esters, 
which in turn, are obtained by the microbial reduc- 
tion of 2-chloro-3-0x0 esters (Scheme 32).46 Their 
treatment with potassium carbonate in DMF leads 
to the cis ester from the syn derivative and the trans 
from the anti. Sodium ethoxide, on the other hand, 
gives the anti derivative regardless of the stereo- 
chemistry of the starting ester. 

OH OH 

R ,  
CI CI 

R 

SYn anti 

HpO(cat.) K2C03, DMF I 
cis trans 

syn: anti cis: trans 

0: 100 0: 100 
1oo:o - 94:6 

Scheme 32 

The alkoxycarbonylation of aryl, heteroaryl and 
vinyl halides can be performed under atmospheric 
CO pressure, using a cobalt catalyst generated in 
situ from Co(OAc), (Scheme 33).47 This procedure 
is an improvement over an earlier version of this 
method which employed the use of CO~(CO)~ and 
excess methyl iodide. The electrochemical reduction 
of an aryl halide and an a-chloro ester in the 
presence of a catalytic amount of nickel bromide 
and bipyridyl leads to cross-coupled products in 
good to high yields (Scheme 34).48 The reaction 
involves the use of a simple, undivided electrolytic 
cell and a sacrificial anode, thus making scale-up 
possible. 

R ax CoCRACO 

THF-MeOH, 
40 "C, CO ( 1 atm) 
sun lamp 

C02Me 

R 
5346% 

CoCRACO = NaH-'CSH1 iONa-Co(OAc)2 

Scheme 33 

R2 a Br(l) CI 'C02Me+ &C02Me 

e-, Ni 
R' R' 

Scheme 34 

Carboxylic acids, including amino acids, add to 
terminal alkynes in the presence of a ruthenium 
based catalyst in an anti-Markovnikov sense, to give 
Z enol esters regioselectively, under mild conditions 
(Scheme 35).49 A useful method for the synthesis of 
monosubstituted malonates involves the utilisation 
of the allyl group as a protecting group.5o This group 
can be removed using (y'-pr~pene)Ti(OPr')~, readily 
generated in situ from titanium isopropoxide and 
isopropylmagnesium chloride (Scheme 36). A 
variety of 2-nitrocycloalkanones can be cleaved in a 
one-pot procedure which uses N-chlorosuccinimide. 
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The reaction proceeds through an initial chlorina- 
tion, followed by cleavage due to the enhanced 
lability of the a-chloronitro group (Scheme 37).5' 

acetal can be used to synthesise tert-butyl esters, in 
particular from amino acids, 

T r N d i o  
[Ph2P(CH2)J'Ph2]Ru- 

/ 

0 SiMe3 T r N J o H  v HOBT ' I t  w i ) N-N 

0 
[q3-CH2C(Me)=CH2]z 

RKOH toluene,6O0C * 
24 h, H G  C-TMS 

Ph' 
3448% 

Scheme 35 

i h  H r ' H  

Scheme 36 

0 r 0 

& NCS, - MeONa 1 ./eLo2 
MeOH, 25 "C / 

The diastereoselective 1,4-addition of a stannyl 
radical to chiral a,P-unsaturated esters occurs in the 
presence of a Lewis acid (Scheme 38).52 The 
1,4-addition of nitroalkanes to a, ,!?-unsaturated 
esters can be effectively catalysed by Amberlyst 
A-27.53 

w C O O ( 8 - p h e n y l r n e t h y l )  

y C 0 2 ( 8 - p h e n y l r n e t h y l )  

SnBu3 

75% de 

Scheme 38 

The reaction of methyl (triphenylphosphoryl- 
idene)acetate in methanol with acids affords methyl 
esters in good yields.54 An effective method for the 
esterification of N-trityl amino acids involves their 
initial reaction with hydroxybenzotriazole (HOBT) 
and treating the resulting amide with nucleophiles 
(Scheme 39).5' N ,  N-dimethylformamide dineopentyl 

TrN A O M e  I 

1 
Ph 1 

Ph 

Scheme 39 

The adsorption of carboxylic acids to silica gel 
[silica, H2S04 (cat.)], followed by simply stirring the 
solid acid in dichloromethane with an alcohol, 
enables the esterification of a variety of simple 
alcohols in good (73-91%) yields." Some limited 
success has been achieved in the first reported non- 
enzymatic enantioselective acy1ation5* using an 
achiral anhydride and the chiral phosphine ligand 14 
developed by Burk et ul. 

14 

In the Mitsunobu inversion, for esterification to 
occur, a delicate balance must be established such 
that the carboxylic acid is a strong enough acid to 
initiate activation of the diazocarboxylate, but the 
resulting carboxylate is not strong enough a nucleo- 
phile to compete with the alcohol in the reaction 
with the triphenylphosphine-DEAD adduct. HOAc 
does not fulfil these criteria, whereas 4-nitrobenzoic 
acid and chloroacetic acid do. Menthol on the other 
hand can be esterified with HOAc in 67% yield in 
toluene, whereas the reaction yields none of the 
esterified product in benzene.59 This discrepancy is 
apparently due to the fact that the insolubility of the 
triphenylphosphine-DEAD adduct in toluene 
ensures its slower reaction with the carboxylate 
anion. 

The commercially available superbase 
P( MeNCH2CH2)3Nj- is a superior acylation 
promoter, even with hindered alcohols such as 15.60 
The reaction works through an acylphosphoryl inter- 
mediate which can be detected by "P NMR. 

?Available from Strem Chemicals, USA. 
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OH 

15 

Interestingly, N-phenylfluorenyl or N-trityl protected 
serine undergoes the Mitsunobu reaction efficiently, 
whereas the corresponding N-Z protected analogue 
only affords the dehydrated product (Scheme 40).61 

Ph(F),N ?C02Me DEAD Ph(F),N +02Me 
t 

I 

1 HO 
PPh3 
p- N02-CsH4C02H 
PhH, 25 "C 

Q 86% 

NO* 
Ph(F) = phenylfluorenyl 

Scheme 40 

The monoacylation of vicinal diols can be 
achieved under acidic conditions by initial conver- 
sion to the cyclic orthoester, followed by the 
addition of a stoichiometric amount of water 
(Scheme 41).62 The reaction is often, but not always, 
regioselective. Commercially available scandium 
triflate is superior to DMAP in some acylation 
reactions (Scheme 42).63 

i. MeC(OMe)3, 
TsoH'l * 4 C 0 2 E t +  G L 0 2 E t  

C02Et ii. H20. 21 h 

OH OAc OH 

62 : 7 

Scheme 41 

95% 
(Yield using DMAP: 75%) 

Scheme 42 

Acylations with the activated amide 16 proceed 
under neutral conditions due to the strain around 
the C(0)-N bond (Scheme 43).64 This reagent is 
also complementary to acyl halides and anhydrides 
in the acylation of diols containing both alcoholic 
and phenolic groups since the alcohols react select- 
ively. The combination of magnesium bromide and 
a hindered amine, through double activation, 
produces remarkable rate accelerations in the acyla- 
tion of alcohols with  anhydride^.^^ Acetic anhydride 
does not work under these conditions. This reagent 
is superior to DMAP, being two orders of magni- 

tude faster, and superior to the recently reported 
Sc(OTf)3 which results only in producing eliminated 
products in the acylation of the hindered alcohol 17 
(Scheme 44).& 

?H 16,65"C, 

65 h, 04% 

16 

Scheme 43 

0 " O H  

17 

primary:secondary 27:l 

+ 

Et3N MgBr2 1 
0 

99% 
Scheme 44 

3.2 Amino esters 

The ring opening of N-Boc-azetidinones with 
alcohols is greatly enhanced in the presence of NaN3 
or KCN (Scheme 45).67 The reaction is amenable to 
the use of hindered alcohols which do not partici- 
pate in the ring opening reaction without sodium 
azide being present. The anion of a-bromopropio- 
nate adds to the sulfinyl imine 18 to give the aziri- 
dine 19 diastereoselectively, which in turn can be 
ring opened in a variety of ways (Scheme 46).68 

Ph 

R ' O B P h  R20H, DMF H & C O ~ R ~  
NaN3(10%) * 'OcN I 

OR' 24-30 h 
0 Boc 

7&90% 

R2 = Me, Bn, Pr', Cy 

Scheme 45 

Me 
H Ph 

0. i' 
OLi 

F? -70 "C P-ToI 

18 9 5 5 8 5 ~ ~  I 
R 

19 R = SO-pTol 

Scheme 46 

The treatment of N-benzyloxycarbonyl a-methyl 
esters of L-glutamine or L-asparagine with tert-butyl 
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nitrite in refluxing acetonitrile results in the 
selective hydrolysis of the amide group to give optic- 
ally pure Z-Glu-OMe (74%) or 2-Asp-OMe (88%) 
(Scheme 47).69 Some limited success has been found 
in the coupling of a Schiff base with dimethyl sodio- 
malonate in the presence of a palladium catalyst 
and a commercially available chiral bisphosphine 
ligand (Scheme 4Q7' 

Pd(OAc)2 (5%) 
NaCH(C02Me)Z 

MeCN, 25 "C, 
3 h  

BubNO-MeCN, reflux ~05" 
C02Me C02Me 

H H 

Ph2P 
PPh2, 

N 

B u b  
g o  

1 

Scheme 47 

OAc 

Ph 

Ph 
PN y ~ ~ 2 ~ ~ t  

Me02C*CO2Me 

99% 
37% ee (77% ee 
after recrystallisation) 

Scheme 48 

the y-alkylation of the N-p-nitrobenzylglutamic 
diester 21 (Scheme 50).72 The increased acidity of 
the NH due to the electron withdrawing protecting 
group prevents racemisation of the adjacent 
stereocentre. 

Et02C C02Et 

Scheme 50 

Chymotrypsin catalyses the selective hydrolysis of 
Schiff bases derived from racemic a-amino esters 
and aromatic aldehydes7' The L-amino acid precipi- 
tates in ~ 8 5 %  to 99% ee. The addition of an 
organic base such as DABCO results in a dynamic 
kinetic resolution resulting in the conversion of 88% 
of the initial racemate into the L-enantiomer. 
Enantiopure P-enamino esters can be reduced 
diastereoselectively with sodium triacetoxyborohy- 
dride in acetic acid (Scheme 51).74 The reduction 
proceeds through an enol ester-diacetoxyborohy- 
dride intermediate, which results in the hydride 
delivery taking place in a six-membered transition 
state with the protonation occurring from the less 

The use of borane to generate a temporary chiral, hindered side. 
quaternary nitrogen has been demonstrated in the 

borane-amine moiety. The alanine derivative 20 is 
treated with borane-dimethyl sulfide complex in 

crystallises out in good yield (Scheme 49).7' This 
borane derivative can be alkylated with a variety of 
electrophiles to give, after decomplexation, disub- 
stituted a-amino esters of up to 68-82% ee. 

a-alkylation of an enolate containing a chiral Ph 

N~HB(OAC)~ 0 H'NAMe 
AcOH, MeCN 

0 H,N 

J+ R' hexane to give a single diastereomer, which E t O ~ R 1  0 "C, 4 h EtO , 

R2 R 2  

54-72% 

Scheme 51 

Me BHs- 
I BH3-SMe2 (0.95 equiv.) 

* Bn--l!l+vCOpMe 

Me Me t ie 78% 
I ,  Bn/ N +02Me hexane 

20 "C, 2 h 

20 
i. KN(SiMe3)2 or LDA 
ii. RX 
iii. NH&I (aq.) 

Me 

(S) 68-82Y0ee 

Scheme 49 

3.3 Keto esters 

A highly syn-selective Mukaiyama-Michael reaction 
occurs when ketene silyl acetals containing bulky 
siloxy and/or alkoxy groups react, in the presence of 
titanium chloride, with a, P-unsaturated ketones with 
bulky acyl groups (Scheme 52).75 The stereoselec- 
tivity is thought to be due to the suppression of an 
electron transfer process by the bulky groups, while 
encouraging a nucleophilic one. La-Na-BINOL 
complex (LSB) efficiently promotes the catalytic 
asymmetric Michael reaction of P-keto esters giving 
products of high ee (Scheme 53).76 The Michael 
addition of P-keto esters to a, /?-unsaturated enones 

A highly diastereospecific route to the prepara- 
tion of threo-4-alkylglutamic acid derivatives involves 

and enals proceeds under mild conditions in water, 
in the presence of ytterbium triflate (Scheme 54).77 
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84% 

Scheme 52 

R =OR 

6+98% 
74-91 Yo ee 

Scheme 53 

R2 V O R '  

Scheme 54 

1330 

> 98% 

The methodology developed by Wemple et al. for 
the synthesis of P-keto esters has been extended by 
Krysan to the synthesis of a-acylamino-P-keto esters, 
enabling their large scale synthesis in high purity 
(Scheme 55).7* The transesterification of 2-oxocyclo- 
hexanecarboxylate with camphor derived alcohols 
and subsequent introduction of a double bond via a 
phenyl selenide gives a 2-oxocyclohexene carboxy- 
late (Scheme 56).79 This undergoes cuprate addition 
from the less hindered face of the s-trans enoate 
with excellent de (>95%)  to give, after methan- 
olysis, enantiomerically pure methyl esters. 

NHBoc i. MgCh, Et3N. 
MeCN. 0 "C 

NHBoc 

6592% 
R # BU' 

Scheme 55 

F @OR* 

i. R*OH, DMAP, toluene 

ii. PhSeBr, pyridine, CHpCI2 
iii. MCPBA, CH2CIp 

coZEt reflux, 48 h 

I 

1 R2CuLi 

0 0  

WoR* 
Scheme 56 

> 95% de 

The one-pot ozonolysis of terminal alkenes, 
followed by addition of a preheated mixture of 

CH2Br2-Et2NH affords the acrylaldehyde 22 in good 
yield (Scheme 57):' Sodium chlorite in the presence 
of a chlorine scavenger oxidises 22 to the corre- 
sponding acrylic acid which, after diazotisation, can 
be converted to a variety of a-keto ester derivatives 
by ozonolysis. Ketones, halides, alcohols and esters 
are tolerated under the reaction conditions. 
Previously unknown a-subst it u t ed cyclobu t ane 
P-keto esters can be prepared from the cyclopropyl- 
ideneacetate 23 by epoxidation and Wagner- 
Meerwein rearrangement (Scheme 58).*' 

i. 0 3  

ii. CH2Br2, 
Et2NH 

0 
i. CH2N2 

iii. PH3P 
OMe ii. O3 

0 * 

62-7 1 Yo 

6148% 
22 

NaC102, 
Bu'QH, 
NaH2P04*2H20 I 

Scheme 57 

RIC02Et CF3C03H,, RI:Et 

Na~C03, 
CHzCI2,25 "C CeH12. reflux 

Scheme 58 

C02Et 6% 
P-Keto esters are selectively fluorinated at the 

a-position with the iodoarene difluoride 24 in the 
presence of HF-pyridine complex (Scheme 59).H2 
Niobium pentachloride homologates a-trialkyl- 
stannylmethyl-P-keto esters to the corresponding 
y-keto esters in good yields (Scheme 60).*' N-Acyl- 
2-methylaziridines, which can be prepared in a one- 
pot procedure, are stable intermediates for the 
exclusive C-acylation of dianions derived from 
P-keto esters (Scheme 61).R4 A facile synthesis of 
P-keto esters involves the reaction of an aldehyde 
with ethyl diazoacetate, in the presence of the 
zeolite H-beta catalyst. Ketones do not react under 
these conditions (Scheme 62).8s 
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*IF2 

R' q 0 R 3  

- 
24 

" VoR3 H R2 HF-pyridine F R2 

0 0  0 0  

Scheme 59 

The Bronsted and Lewis acidity of metal oxides 
can be modified by the treatment with acids. Thus 
sulfated Sn02, which can be generated from tin 
tetrachloride and sulfuric acid, can be used for the 
transesterification of P-keto esters using even 
hindered alcohols such as tert-butyl 
Advantages over existing methods include the need 
to use only one equivalent of the alcohol and the 
fact that ordinary esters remain unchanged. The 
products are isolated simply by filtration. 

A facile synthesis of a-fluoro-P-keto esters 
involves the diacylation of diethyl (ethoxycarbony1)- 
fluoromethylphosphonate with aromatic carboxylic 
acid chlorides in the presence of MgCl,-Et,N, 
followed by deacylation under mild conditions 
(Scheme 63).87 Aliphatic acyl chlorides give complex 
mixtures. The Reformatsky reagent adds in a 
Michael fashion to unsaturated nitro compounds to 

C02Et 

SnR3 

R' = alkyl, aryl 

t 

R' LC02Et 

34-88'/0 
Scheme 60 

0 

HO 

R = Ph, MeCH=CH, alkyl 

H I 0  

light petroleum I/ 
- CH2C12 64-92% 

1-u OBu 

0 0 0  

R -0Bu' 

53-98'10 
Scheme 61 

0 

N2CHC02Et L C O * E t  
CI(CH2)2CI, 

H-beta, 
reflux 

RCHO 

52-90% 

R g O E t  F 

78-94% 
Scheme 63 

give 4-nitroalkanoates or y-keto esters (Scheme 
64). st? 

3.4 Halo esters 

Ethyl trifluoropyruvate can be converted into the 
difluoropropenoate derivative 25 which undergoes 
substitution with a variety of nucleophiles, including 
lithio anions, to give P-fluoro-a-keto esters in good 
yields (Scheme 65).69 Methyl 3,3,3-trifluoro-2-diazo- 
propionate reacts with N, N-dialkylamines under 
rhodium catalysis via a [ 1,2]-Stevens rearrangement 
to give a-trifluoromethylated amino acid derivatives 
(Scheme 66).90 The diazo ester 26 also reacts under 
rhodium or copper catalysis with carbamates, 
amides and secondary amines, to give N-H inser- 
tion products. 

The magnesium bromide-diethyl ether mediated 
ring opening of a, P-epoxy esters proceeds regio- 
selectively, and offers advantages over the reported 
methodology involving magnesium iodide, in that 
the former is commercially available and that the 
subsequent displacement reactions involving 27 

63-89% 

a O E t  

THF 
BrZn ,C02Et 

78% 
Scheme 64 

iii. Zn, DMF 25 

RpCuLi I R2Br'Cu' 

R FHco2 OBn Et 

R = alkyl, phenyl, 
heteroaryl 

Scheme 65 
EIZ mixture 

80-90% 

Scheme 62 
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,OEt 

26 

I 0  

0 

/ \  
65-71 yo 

ZNH 

Scheme 66 

proceed with complete inversion (Scheme 67).91 
Bromination of the homochiral a-chloro acid 28, 
readily available from the corresponding a-amino 
acid, gives a 19 : 1 diastereomeric mixture of 
8-bromides 29 and 30 in 87% yield. The major 
(2R,3S) isomer may be isolated by fractional crystal- 
lisation (Scheme 68).92 In contrast the a-bromo ester 
gives racemic material on bromination. 

3.5 Unsaturated esters 

2,2-Diethoxyvinyllithium can be generated from 
2-bromo- 1,l-diethoxyet hylene with butyllithium and 
reacts with aldehydes yielding a, P-unsaturated esters 
after acid catalysed hydrolysis (Scheme 69).93 
Tungsten-bipyridine complexes can be generated in 
situ to catalyse the allylic alkylation of isocinnamyl 
methyl carbonate 31 using dimethyl sodiomalonate 
with complete syn selectivity (Scheme 70).94 The 
palladium catalysed addition of lithium halides to 
alkynyl esters and a, 8-unsaturated aldehydes and 
ketones gives b-halo-a, 8-unsaturated esters in high 
yields with excellent stereoselectivity (Scheme 71).9s 

Moderate enantioselectivity has been obtained in 
the bis-(S)-proline-copper( 1 1 )  catalysed allylic oxida- 
tions with tert-butyl hydroperoxide (Scheme 72).96 
Up to 63% ee has been obtained by the addition of 
anthraquinone to the reaction mixture. 2,6-Di-tert- 
butyl-4-methylphenyl esters of disubstituted 
carboxylic acids can be converted in a one-pot 
procedure into methyl allenecarboxylates using the 

Br ,o 
C02Me MgBrpOE: eCo'"' 0" 

>99 : 1 
27 

Scheme 67 

Ph 
NBS 

CI C02Me ref'ux CI 

28 

Scheme 68 

65-94% 

Scheme 69 

anion of trimethylphosphonoacetate in the presence 
of zinc chloride or tin( 11) chloride (Scheme 73).97 

The readily available zeolite H-ZSM5 (Si : A1 
35 : 1) regioselectivity isomerises a variety of glycidic 

d- + 

32 : 33 96 : 4 
Scheme 70 

"'GR2 H 
0 

75-79% 
z :  E >97:3 

Scheme 71 

RCOzH, Bu'OH 
anthraquinone when R = Pr, 80% yield 

60% ee 

Scheme 72 

i. BuLi R' 
R2 Me ii. - ZnClp R2 \r=-<c02Me 

H 

iii. 0 
/ I  

(Et0)2P,,C02Me 

29 30 

19 : 1 

Scheme 73 

Ludduwuhetty: Carboxylic acids and esters 32 1 



65% 
cc02Me NaTs, 1 2 ,  Et,N 

___) 

32-8 1 O/o 

Scheme 74 

esters into the corresponding a-hydroxy-P, y-unsat- 
urated esters in good yields (Scheme 74).9R The 
exclusive 1,4-addition of organolithiums to the 
a-seleno ester 34 occurs regioselectively and with 
moderate stereoselectivity to give seleno esters 
which individually undergo oxidative elimination to 
give maleates or fumarates (Scheme 75).99 This 
methodology could be extended further by 
alkylating the initial incipient anion with electro- 
philes. Dimethyl 2-(tosylmethyl)fumarate 
can be prepared on a multigram scale and reacted 
with carbon nucleophiles and sodium methoxide 
predominantly in an SN2' fashion (Scheme 76).Io0 

Stereoisomerically pure methyl (E)-Zaryl- 
3-alkoxy- and thioalkoxy-propenoates can be 
obtained by the palladium catalysed cross coupling 
of arylzinc chlorides and arylboronic acids with 
3-a1 koxy , 3-phenyl t hio or 3-methylt hio subs ti tuted 
2-bromopropenoates (Scheme 77).1°' Arylstannanes, 
however, do not react with derivatives such as 37. 
The 2-bromopropenoate is available by the addition 
of bromine to methyl propionate, followed by the 
regiospecific addition of SnOR, SnSPh or SnSMe. 
The E isomer on the other hand is obtained by the 
addition of the tin reagent to the E-2,3-dibromo- 
propenoate which can be prepared by previously 
described literature method. 

pheny1)phosphorane fails to react with the lactone 
Whereas methoxycarbonylrnethylene(tri- 

C02Me 
Me02C 

i. RLi, EtzO, <O "C 
Me02C SePh ii, H20 

SePh 
34 35 

+ 
R 

Me0& j \ / C 0 2 M e  , 

SePh 

36 

R = Me, 35 : 36 2 : 1.82% 
R=Ph, 35:36 1 : 1,66% 

Me02cYco2Me Na104 

NaHC03 
35 - 

MeOH, H20 R 
8043% 

PCozMe Na104 

NaHC03 
36 - 

MeoH, HzO Me02C 

8447% 

Scheme 75 

I Nu- 

Meo2CYNU 
A C 0 2 M e  

4246% 

Scheme 76 

38 in refluxing toluene, it does react to give an E/Z 
mixture of u,P-unsaturated esters at 140 "C in a 
sealed reaction vessel (Scheme 78).Io2 1,5-Lactones 
and benzolactones also react under these conditions, 
although the reaction is limited to bicyclic lactones 
where the C-6 hydroxy is tethered in a ring. There 
are two possible stereochemical outcomes in the 
Johnson-Claisen rearrangement of methylene- 
alkanoates depending on whether they are alkyl or 
aryl substituted (Scheme 79).Io3 Methyl chloro- 
forrnate can be introduced selectively at the 
2-position of acyclic and cyclic 1,3-dienes to give 
P, y-unsaturated esters in good yields from readily 
generated allyltitaniurn complexes (Scheme 8O).lo4 

3.6 Diesters 

The readily synthesised non-symmetrical allylic 
acetate 39 undergoes a highly enantioselective 
palladium catalysed allylic substitution in the 
presence of an oxazoline ligand (Scheme 8l).'O' The 
products can be converted to succinic acids in good 
enantiomeric excess by oxidative cleavage of the 
double bond followed by hydrolysis. The y-hydroxy 
diester 40 is formed in good yield when a solution of 
diethyl maleate and acetophenone is added to a 
solution of LDA (Scheme 82).Ioh However, pretreat- 

HHco2Me - 
__ C02Me - 

Scheme 77 

70°C Br 'B~ Me0 'Br 
63% 

37 

C02Me 

Me0 /=f Ar 

3574% 
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38 ox0 
toluene 
sealed tube 
140 "C, 24 h 

C02Me 
Ph3P=/ 

ox0 
E :  Z 1.6: 1 
90% 

Scheme 78 

R C02Me 

%CO2Et 

R = alkyl 

EtCOOH (cat.) major 

___) 

MeC(0Et)S H 

7045% C02Me 1450c 

Scheme 79 

CpaTiC12 - c ~ ~ C 0 2 M e  

/ Pr'MgCI (2 molo/o) - 
TiCp2 

73-76'10 

Scheme 80 

ment with TMSCl results in the formation of the 
P-ketodiester 41 in good yield. 

Although 2,2-dialkyloxazolidine auxiliary 42 has 
not been fully successful in the aldol reaction, it is 
highly effective in the anti-selective Michael 
addition to u,P-unsaturated esters. The inability to 
remove the auxiliary without some epimerisation of 
the product is, however, a limitati~n."~ Achiral 
/I-amino ester 43 adds to the chiral acrylate derived 
from (S)-ethyl lactate, (R)-pantolactone or 
(S)-N-methyl-2-hydroxysuccinimide in the presence 
of a Lewis acid, to give a,a-disubstituted fl-keto 
esters of high enantiomeric purity in good yield 
(Scheme 83)''' The addition of alcohols to diethyl 
methylenemalonate under acidic conditions gives 
the corresponding 2-alkoxymalonates in good yields 
( > 86%).'"' These compounds can also be synthe- 
sised by the inverse addition of the sodio anion of 
diethyl malonate to chloromethyl methyl ether. 

Ph mR Pd(allyl)2C12 (2.5 w mol%) Ph 

ph r 'OZMe Ph OAC NaCH(C02Me)2 
L*, DMF, 20 "C C02Me 39 

R = alkyl, awl, heteroaryl 80-98% ee 

PS 

Scheme 81 

succinic acids 

C02Et 

LDA, TMSCI 40 
(0.5 equiv.) I 

Ph W C O z E t  

0 C02Et 

62% 
41 

Scheme 82 

42 

43 TiCI4 1 
-0.. 0 

EtO 
70% 
87% ee 

Scheme 83 

Ruthenium tetroxide reacts even with electron 
rich a-bonds in strained systems such as the cyclo- 
propane 44 and bicyclobutane 45 to give triester and 
diester derivatives (Scheme 84)."" Primary and 
secondary a-haio esters can be converted into 
succinic diesters in good yield by treatment with 
samarium iodide-HMPA (Scheme 85)."' Previous 
reports have shown that the absence of HMPA 
results in the P-keto ester. The fact that tertiary halo 
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H x O M e  R u O ~  cc14 Et02C IF2 C02Me 
Et02C' 'OMe 25 "C 0 - 

44 
3640% 

q02Me 

Me0 25 "C Me02C& C02Me 
I 1  

C02Me 0 
45 R = H, 81% 

R = C02Me, 82% 

Scheme 84 

R O G o R  

Smlp 

HMPA (8 equiv.) 
itBr THF, -78 "C RO 

0 

51-61% yield 

Scheme 85 

esters do not couple under these conditions rules 
out the possibility of a radical mechanism. 
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