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1 Introduction 

This review only covers the literature pertaining to 
carboxylic acids, and to carboxylic esters and some of 
their simple derivatives. The chemistries associated 
with amides and amino acids, and also lactones and 
macrolides are covered in separate articles in 
Contemporary Organic Synthesis. 

2 Carboxylic acids 

2.1 Asymmetric syntheses 

Conjugate addition reactions of copper-catalysed 
Grignard reagents to the 4-phenyloxazolidinone 1 
proceed with good to excellent diastereoselectivity to 
afford the adducts 2 which after hydrolysis provide the 
B,#l’-disubstituted carboxylic acids 3 (Scheme 1 ) in 
90- 100% yield.’ The reactions involve initial 
complexation of the dicarbonyl system in 1 by the 
metal cation, with the incoming nucleophile 
approaching anti to the phenyl group. 

The bicyclic carbohydrate-derived oxazolidinone 
4 is also a useful chiral auxiliary for the synthesis of 
homochiral B,P-disubstituted carboxylic acids.* 
Organoaluminium reagents undergo conjugate 
additions to 4 with excellent facial selectivity (Scheme 
2). The authors rationalize their results in terms of the 

1 
R’ = Ph 
R2 = R3 = alkyl or aryl 

R3MgBr 
CuBr-Me2S 

2 d.e.=5&1000/0 

R2 
3 

Scheme 1 

ph-NKo 0 0  

4eq. RfiICI PivO p i v O Q 3 1  

4eq. MeAlCI, h* ‘ h ~ N ~ o  R O O  
or 

4 

R=alkyl d.r. (2R :2RS) 96:4 - > 99:l 

5 

Scheme 2 

bis-organoaluminium intermediate 5 where the 
chloride bridge apparently enhances the electron 
density of the aluminium near the double bond, 
resulting in a [ 1 s,5s] sigmatropic shift of the alkyl 
group. 

desymmetrization of meso-dicarboxylic anhydrides 
has been observed when certain substrates are treated 
with an alcohol in the presence of ( - )-cinchonidhe 
and diethylzinc (Scheme 3).3 The enantioselectivity is 
attributed to one of the enantiotopic carbonyl groups 
complexing to a metallocycle formed between the 
alkaloid and the zinc reagent. In the absence of 
diethylzinc the alkaloid gives the product 6 in only 
8% e.e. 

Moderate enantioselectivity in the 
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?H + 
1 
7 

6 (57%, 91% e.e.) 

3 
0 

I 

9 (90.9% d.s.) 10 (95.7% d.s.) 

Scheme 3 

A diastereoselective method for preparing 
homochiral2,7-nonadiene-5-carboxylic acids, such as 
9 and 10, involves an iterative Claisen rearrangement 
starting with the secondary alcohols 7 and 8 which in 
turn are available from ( - )-ethyl lactatea4 The [3,3] 
sigmatropic rearrangements proceed through the 
expected chair transition state to provide the 
carboxylic acids in > 90% d.s. 

Reduction of the a-keto ester 11 (Scheme 4) 
derived from the corresponding chiral cyclitol is a 

11 

lM+ 

L attack 
12 

1 
H 

Ph 

R = Bu'Me2Si 
K-selectride, THF 96 : 
K-selectride, THF, 18-crown-6 4 : 

Scheme 4 

H 

Ph 

4 
96 

means of obtaining a-hydroxy acids with excellent 
enantiomeric p ~ r i t y . ~  The alcohol obtained is the 
product resulting from attack on the re face in the 
chelated transition state 12  where the ester exists in an 
s-cis configuration. There is a complete reversal of 
facial selectivity in the presence of 18-crown-6 in THF 
where the product resulting from attack on the si face 
predominates. This interesting result is quoted as one 
of the first examples in the literature where both 
antipodes of a compound are obtained from the same 
substrate under different conditions. 

Improvements in the enantioselective enzymatic 
hydrolyses of chiral esters in organic solvents are 
observed in the presence of a crucial amount of a base 
such as pyrrolidine.6 The presence of the base 
increases the solubility of the acids in 
water saturated organic solvents. The formation of an 
ion pair with the carboxylic acid which is produced 
leads to the formation of a second phase in the 
reaction which also facilitates the isolation of the 
product. The background chemical hydrolysis, which 
occurs under aqueous conditions, resulting in the 
lowering of the e.e.'s, is also prevented in organic 
solvents. 

Amides obtained by the coupling of racemic 
carboxylic acids, such as 2-tetrahydrofuran carboxylic 
acid, with amino acids can be separated by distillation. 
Hydrolysis of the individual diastereoisomers then 
leads to optically pure carboxylic acids.' 

2.2 Homologation reactions 

Whilst the trialkyltin ester radical 13 adds only to 
electron-rich olefins, the radical derived from 14 
participates in Michael-type reactions with 
electron-deficient double bonds to give the 
homologated acids 15 in moderate yield (Scheme 5).8 
Since the dianion of acetic acid adds to acrylate esters 
to give only 1,2-addition products, this methodology is 
a useful alternative. 

0 

. A O S " B u ,  
13 

Bun3SnCI (0.5 eq.) 
NaBH, (4eq.), AIBN, EtOH + c 

0 

I3OH 
14 

Z = CO,Me, CONMe2, CN, CI 

Scheme 5 

0 

H O I C / Y '  
R 

15 (15-609h) 

The nickel-acycles 16 and 17, synthesized from 
(2,2-bipyridyl) (cycloocta-1,5-diene)-nickel(O) and 
succinic or glutaric anhydrides (Scheme 6), are useful 
homoenolate synthons.' They react with the relatively 
hindered primary iodide 18 in the presence of 
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= - P I  

18 16 n = l  
17 n = 2  

(i) MI2, DMF, toluene, 18) (ii) CH2N2 I 

6942% 

Scheme 6 

manganese iodide to give the homologated steroid in 
one step. The reaction is vastly improved by exposure 
to ultrasound. 

Carbonylations of primary allenyl alcohols to give 
a-vinyl acrylic acids can be achieved in the presence of 
[(Cy,P),Pd(H)(H,O)]BF,, an air-stable source of 
Pd0.lo A variety of disubstituted dienoic acids such as 
19 are isolated in 6 1-74% yield with exclusively 
(E)-geometry (Scheme 7). Trisubstituted acids such as 
20 are obtained in 43°/~-640/~ yield as mixtures of 
double bond isomers (Scheme 8). 

L 
21 

4" - 
19 (61%) 

Scheme 7 

25 can be achieved via the chloro-sulfoxide adduct 23 
(Scheme 9).11J2 Initial enolization of 23a with KH, 
followed by ligand exchange with Bu'Li results in 
rearrangement to give 24, while direct ligand exchange 
on 23b with EtMgBr leads to 25. 

Rl&:.& 

* CI 
23a R' = alkyl, R2 = H 
b R' =OR, R2 =alkyl 

(i) KH (ii) Bu'Li 1 Y  
KO-R' - C'HoMgBr R2 OH 

R' CI 

I 1 NaOH 

R1CH2C02H 
24 (85%) R2-yH-C02H 

CI 
25 (67%) 

Scheme 9 

Ketones can be homologated smoothly to give 
a ,P-unsaturated carboxylic acids using the 
difluorovinyl-lithium reagent 26 (Scheme 10). 

the Corey methodology can be converted into 
a-fluoro-carboxylic acids in 76- 100% yields using 
CsF together wtih Bun4 NF.14 The use of alternative 
fluoride sources, including CsF and Bu",NF, 
independently give significant amounts of the chloro 
carboxylic acid. 

Trichloroalcohols obtained from aldehydes using 

E Li 

lC0 
PcY3 

/4=L 

Scheme 10 

20 (64%) 

Scheme 8 

p-Toluenesulfonic acid is necessary to protonate the 
starting alcohol, which is displaced by the Pdo species 
to form a n-allenyl Pd complex such as 2 1. 
Rearrangement of 2 1 to the corresponding n-ally1 
species 22, followed by CO insertion, then leads to the 
conjugated diene 19. 

corresponding acids 24 or a-chloro carboxylic acids 
One-carbon homologations of esters to the 

1 
0 

F O H  

2.3 Acids from esters and amides 
An extensive review of methods for the chemical 
deprotection of the ester functional group has been 
undertaken by Masceretti et al.15 Primary amides or 
0-methyl hydroxamates can be hydrolysed to the 
corresponding acids under mild conditions by 
treatment with catalytic TiC1, [or Ti(OR),] and one 
equivalent of HC1.16 Strongly acidic or basic conditions 
that are traditionally used for such transformations 
result in racernization of adjacent chiral centres. 

Neutral or acidic alumina, when subjected to 
microwave irradiation, can hydrolyse benzyl esters in 
the presence of a variety of other protecting groups, 
including benzyl ethers." 
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2.4 Heterocyclic carboxylic acids 

Pyrazine formation (Scheme 1 1) is a problem 
encountered in the direct cyclization of pyrroles 27 or 
28 to 6-azaindole-5-carboxylic acid 29, but can be 
circumvented by initial reduction of the intermediate 
imine (Scheme 12).18 The amine thus obtained can be 
cyclized successfully under Lewis acidic conditions to 
give 29 in excellent yield after deprotection. 

2.5 Carboxylic acid synthons 

A phenyl group can be successfully oxidized to a 
carboxylic acid (Scheme 14) under mild conditions 
without loss of stereochemical integrity. Whilst the 
Sharpless methodology employing RuC1,-NaIO, 
appears to be successful only when the oxygen 
protecting groups are electron withdrawing esters,20(a) 
Jones et al. have found that RuO, . xH,O provide an 
excellent yield of the carboxylic acid even in the 
absence of electron-withdrawing protecting groups.20(b) 

E t 0 9 0 2 E t  

QcHo + EtoIoEt Et3N 4A ~ W N  Ph CO2H 

A H2N CO&t molecular sieves A Rlo+ N HBoc RuCI,. NaIO4 - RlO+NHb 
OR2 OR2 

R' = TBDMS, R2 = MOM; 18% 
R',R2 = Ac; 59% 

1 27 R = H  
28 R=Ts 

TcbocN H i :  &,Ph R"Oz.xH20_ T c k N e C 0 2 H  H : !  

TBDMS~) TBDMSO 
87% 

Scheme 11 

TS 

28 (9 TcI~,  A, cgr, (809;) 
(ii) NaOEt (soo/.) 

2.6 Miscellaneous substituted carboxylic acids 

Amino acids can be oxidized to the corresponding 
nitro carboxylic acids with the powerful oxygen 
transfer reagent HOEMeCN, obtained by bubbling 
fluorine through aqueous acetonitrile.2 Despite the 
fact that this reagent can oxidize aromatic rings, 

1 
atop 

H 
29 

Scheme 12 

The existing methods for the syntheses of 
5-substituted pyrrole carboxylic acids are hampered 
by the need for starting materials which pose special 
handling problems. A new route to such compounds 
involves the ring-opening of the lactam 30, and 
deprotection of the Boc-protected amine, followed by 
oxidation of the resulting imine ion (Scheme 13).19 

RMgBr ~ R h c o 2 c 2 H 5  

0 G c 0 2 c 2 H 5  Boc R = aryl alkyl or BocNH 
30 

especially activated ones, the very short reaction time 
( 5  min.) ensures selective oxidation of the amine. 
Serine is oxidized to the corresponding nitro derivative 
in 70% yield, establishing that even primary hydroxyl 
groups are stable. Remote chiral centres are also not 
racemized under these strong oxidizing conditions. 

a-Alkoxy cyclic ketones can be converted into the 
corresponding acetal lactones when treated with 
Ni( dmp), in the presence of oxygen and an aldehyde 
(Scheme 15).,, These acetal lactones can be 
ring-opened under acidic conditions to obtain 
carboxylic acid-acetals, such as 31 and 32. 

required several steps to synthesize, can be 
obtained by simply treating a-keto acids with 
Lochman's base (BunLi/ButOK) in the presence of an 
alkylating agent (Scheme 16).,, The reaction is limited 
to small alkyl groups, such as methyl and ethyl, and 
higher yields are obtained by using the dialkyl sulfate 
rather than the alkyl triflates or bromides. Increasing 
substitution on the acid leads to a dramatic reduction 
in yield. 

acids, such as 35, are available through a variety of 

a-Alkoxyacrylic acids 33, which have previously 

Although trans-substituted cyclopropane carboxylic 

Scheme 13 synthetic methods, cyclization of the cyan0 epoxide 34 
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OMe 1 mol% Ni(dmp)2, O2 
isovaleraklehyde (3eq.) 47 

0 0 

MeOHI HCI 

e o ! e  

31 (67%) 
0 

0 8 - H O 2 C Y o M e  

OMe 

Oxidations of alcohols to carboxylic acids by 
Pd(OAc), in the presence of Pd-C and 0, in a 
Wacker-type process25 and the oxidation of 
aryl/heteroaryl aldehydes to carboxylic acids with 
hydrogen peroxide in formic acid at low 
temperatures,26(a) have also been reported. 

stoichiometric Jones reagent is an efficient, mild 
method for the oxidative cleavage of alkenes to 
carboxylic acids.26(b) The reaction can be performed on 
multigram scale and furthermore allows for the 
presence of basic amines. 

The combination of a catalytic amount of OsO, and 

3 Carboxylic acid esters 
32 (98%) 

3.1 General synthesis 

Scheme 15 

0 
(i )  Bu"Li, BdOK 

R' R2CKC02H THF-Hexane-HMPA 
H (ii) R,Y 

33 

Scheme 16 

being one, the methods for the synthesis of 
cis-cyclopropane carboxylic acids such as 38 are more 
rare. Activation of a cyano epoxide by a sulfonyl 
group, as in 36, followed by intramolecular cyclization 
provides a novel means of obtaining the cis-substituted 
carboxylic acid via the corresponding lactone 37 
(Scheme 1 7).24 

34 35 ' 

I V 
NC 
36 1 NaOEt 

P h o 2 S - 4 H  - N C . 4  

NC PhOpS 

AH AH 

J 95% 

37 38 

Scheme 17 

The search for simple, mild procedures for the 
esterification of carboxylic acids continues. Thus, 
Weinreb et aZ.27 have reported that esters are generated 
in good yields under mild conditions from carboxylic 
acids and alcohols in the presence of Appel's salt 
( 4,5-dichloro-l,2,3-dithiazolium chloride, 39). This 
route is mechanistically similar to the 
2-halopyridinium salt methodology developed by 
Mukaiyama.28 Esters are also formed in excellent 
yields from near equimolar amounts of free carboxylic 
acids and alcohols at room temperature by the 
combined use of 4-( trifluoromethy1)benzoic anhydride 
and a catalytic amount of active Ti'" salt together with 
chlorotrimethylsilane.2Y The presence of 
chlorotrimethylsilane is critical to the success of this 
reaction. 

Triisopropylsilyl diazomethane 40 is thermally 
stable and produces the corresponding silylmethyl 
esters upon reaction with carboxylic acids3' Unlike 
the reaction with trimethylsilyldiazomethane, 
concomitant desilylation is not a problem. These 
silylmethyl esters are considerably more resistant to 
hydrolysis than the corresponding methyl esters. 
Triethylorthoacetate is reported to be superior to 
triethylorthoformate for the preparation of ethyl esters 
from carboxylic acids under neutral  condition^.^ 
The rate enhancement is presumably due to the 
improved stability of the cationic intermediate. t-Butyl 
esters can be prepared without racemization from 
chiral acid bromides and t-butyl alcohol in the 
presence of basic alumina.32 Clearly basic alumina 
suppresses the formation of ketene intermediates 
which would lead to racemization. The beneficial use 
of microwave irradiation in the synthesis of esters has 
also been reported.33 

The use of the thionyl chloride/DMF complex for 
the conversion of a hydroxyl group into the 
corresponding chloride is a well known procedure. If 
this reaction is carried out at or below 0°C in the 
presence of LiI, attack of halide onto the 
alkoxyformamidinium intermediate 4 1 is precluded 
and hydrolysis yields the corresponding formate ester 
42 in high yield (Scheme 18).34 These conditions are 
much milder than those involving the widely used 
acetic formic anhydride. 
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CI, ,CI 

39 40 

Cl$W-DMF/LII H O  
ROH - [h@h=CH-OR] ROCHO 

41 42 
Scheme 18 

The direct oxidation of primary alcohols to methyl 
esters is a useful synthetic procedure; calcium 
hypochlorite in methanol achieves this transformation 
in high yield.35 Both aliphatic and benzylic alcohols 
undergo the reaction, and hypochlorous acid is 
believed to be the oxidizing species. Ketene acetal 
derivatives such as 43 have been shown to be useful 
derivatives for the acylation of alcohols (Scheme 19). 
These novel species can be prepared from carboxylic 
acids and ethoxyacetylene using a catalytic amount of 
RuCl,(p-cymene),, and they react smoothly with 
alcohols to provide the corresponding esters in 
excellent yield.36 

R'C02H + =OEt R'C0,'OEt 
43 1 R ~ O H  

R' C02R2 

Scheme 19 

3.2 Halo esters 

a-Halo esters are important synthons for the 
elaboration of glycidic esters via the Darzens reaction. 
Recent work has shown that caution should be 
demonstrated when considering an aldol-type reaction 
dealing with a-halo esters, since a 
ketone-enolate-carbenoid manifold exists for a-halo 
ester enolates. Sodium enolates of a-bromo esters 
decompose faster than they react with formaldehyde, 
whereas lithium enolates of a-chloro esters do not 
decompose at room temperature and they react 
smoothly with formaldehyde to furnish glycidic 
esters.37 

a-Chloro esters are generally prepared through 
halogenation of carboxylic acids or their derivatives. A 
particularly mild halogenation of stabilized ester 
enolates ( e g .  44) can be achieved using cupric 
chloride.38 Enolates containing unsaturated 
functionality react with high chemoselectivity. An 
alternative route to 2-halo esters involves the oxidation 
of 2-chloro aldehyde dimethyl acetals using 
trichloroisocyanuric acid in DMF.3Y The method 
has recently been extended to the synthesis of 
a,a-dichloro esters by the oxidation-chlorination of 
cyclic acetals using this reagent.40 3-Halo substituted 
esters are more difficult to obtain since they can suffer 
spontaneous dehydrohalogenation if the conditions 
are too drastic. Compounds of this type can be 
prepared from the corresponding P-hydroxy or doxy 

esters 45 and a trimethyl silyl halide (Scheme 20). For 
the preparation of the chloride derivatives, activation 
of the silicon-chlorine bond by catalytic bismuth( 111) 

chloride facilitates the reaction.'" 

44 

45 

Scheme 20 

3.3 Miscellaneous methods of synthesis 

The vicinal dialkylation of an a#-unsaturated ester 
using radical intermediates has been reported by Keck 
et al.42 In this reaction the initially formed 
electron-rich dimethoxymethyl radical reacts more 
rapidly with the electron-deficient olefin 46, and the 
resulting electron-deficient a-carbonyl radical then 
reacts with the nucleophilic stannane. In general, 
diastereoselectivity is not high. 

Methods for the stereoselective formation of ( E ) -  
and (Z)-silyl ketene acetals continue to be developed, 
as these are important intermediates in the ester 
enolate Claisen rearrangement. In a reinvestigation of 
the earlier work of Ireland, Otera et al. have shown 
that ketene silyl acetals of propionate esters with high 
(E)-stereochemical purity (e.g. 48) can be obtained by 
increasing the size of the alkoxy group of the starting 
ester 47, whereas employment of an excess of ester 
relative to base leads to high (2)-selectivity 49 
(Scheme 2 

R3 
H/OMe 

R 3 A p  PhSC, (W.) 
OMe OMe 

0.W PhH, h 
46 

(i) LDA. THF, DMPU 

(i9 R1$3iCI, HMPA * 
0 or DMPU OR 

( 0 - 4 8  
40R 

47 \ (0 LDA ( O a s e s . ) ,  THF- Jz: 
HMPA or DMPU 

(ir) R'3SiCI (4-49 

Scheme 21 

Silyl ketene acetals of a-hydroxy esters are also 
valuable synthetic intermediates since they allow the 
stereoselective positioning of hydroxyl groups adjacent 
to an ester carbonyl via Claisen rearrangement. 
Yamamoto et al. have recently described methods for 
the stereoselective formation of either ( E ) -  or (2)-silyl 
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I LTMP, Me3SiCIITHF ketene acetals starting from a-siloxy esters 50 
(Scheme 22).44 Since it seems likely that it is 
geometric constraints in the transition states for 

, -100°C (internal trap) ~ C,JX / s ~  
OSiMe3 

deprotonation which govern the outcome of these 

proton abstraction by LTMP (deprotonation control). 

generate the (Z)-enolate selectivity via transition state 
52 (complexation control). (2)-57 

I 
selective enolations, it has been suggested that there QJOMe ( 0 5 7  
may be a preferred pericyclic transition state 5 1 for 

Improved chelation in the presence of the weaker base 56 (ii) Bu'MefiiCI L 

/ \  
( i )  LHMDWTHF-HMPA C,J--J;;rt I 

LHMDS and the less reactive TBDMSCl would thus -100°C 

/ \  

LTMP, -100°C 
TMSCl 

(internal quench) 
L I THF 

0 

50 

(i) LiN(SiMed2, 
THF-HMPA 

(ii) Bu'Me2SiC1, 
-100°C 

OSiMe3 

&OMe 

Buknefiid 
(0 

t 

51 

L J 
52 

OSiMeBu' 
J 

Buk4e&iO&oMe 

(a 

Scheme 22 

Yamamoto has extended this method to allow the 
selective formation of either ( E ) -  or (2)-ketene silyl 
acetals 54 from /3-hydroxy ketones 53, avoiding 
problems of /3-elimination (Scheme 23).45 

LTMP, Me3SiCvn-IF Me3Sii OMe 
-100°C (internal trap) 

uOSiMe3 / = b  

OR 0 (4-54 

0) LDA(2eq.l Me3Si  OSiMe3 

* uOMe 

uOMe 
53 

( i i )  Me3SiCI (3eq.) 
-78°C 
(R = H) 

(3-54 

Scheme 23 

Similar conditions allow the preparation of ( E ) -  or 
(2)-silyl ketene acetals 57 starting from appropriately 
protected a-amino esters 56 (Scheme 24).45 

Scheme 24 

The direct preparation of a-amino esters by 
electrophilic amination of esters is an important 
synthetic process. Tanaka et al. have reported that 
arene diazonium tetrafluoroborates 58 react with 
ketene-silyl ketals yielding a-hydrazone esters 59 
which are converted into a-amino esters by 
hydrogenation (Scheme 2 5).46 Interestingly, the less 
nucleophilic silyl enol ethers of ketones react with 58 
in pyridine via a radical mechanism to give a-aryl 
ketones with concomitant loss of nitrogen. 

,NHPh 
N' 

O"C, 2h 

RKC02Me 
' Y O M e  + PhN2BF4 - 

OSiM+ 58 
59 

JH2 
NH 

RAk02Me 

Scheme 25 

The oxaziridine 60 is a useful reagent for transfer of 
an N-Boc group to N- and C-nucleophiles. Thus 60 
reacts with ester enolates at - 78°C affording N-Boc 
protected a-amino esters dire~tly.4~ Reagents 
analogous to 60 but containing alternative 
N-protecting groups can also be prepared. 

one-pot operation via insertion of diazoacetates into 
readily available dialkyl or diarylchlorosilanes, 
followed by reaction with an appropriate alcohol 
(Scheme 26).48 This chemistry exploits the dual 
reactivity of chlorosilanes 6 1 towards nucleophiles 
and carbenes. The esters 62 can be alkylated with a 
range of electrophiles under standard conditions. To 
date efforts to oxidize the a-silyl esters to a-hydroxy 
esters under Tamao conditions have proved 
unsuccessful. 

important class of therapeutically valuable 
non-steroidal anti-inflammatory agents. The 
biologically active (S)-enantiomers can be prepared by 
hydrogenation of aryl propenoic acids 64 using a 
chiral catalyst (Scheme 27). A new route to these 
hydrogenation precursors involves the Pd-catalysed 
coupling of the a-stannyl acrylate 63 to an aryl iodide 

a-(Alkoxysily1)acetic esters 62 can be prepared in a 

2-Arylpropanoic acid derivatives represent an 
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Reactivity of chlorosihnes 
towards towards 

N C O C V 7 N - - B o ;  nucl-phil-2, 6 Carbenes 

0 F\ 
60 61 

(R20)R',Si 

0 

Scheme 26 

63 j(PhpP)dPd. CuI-DMF 

64 

65 66 

Scheme 27 

or triflate.4Y The use of 0.75 eq. CuI is critical for the 
success of this reaction. In a related approach, a range 
of 2-( heteroaryl) propanoic acid derivatives 66 have 
been prepared by the palladium-catalysed reaction of 
heteroaryl halides with 
( E ) -  1-methoxy- 1-trimethylsiloxypropene 65. Thallium 
acetate has been found to be a useful additive in this 
reaction. Halo-pyridines, pyrimidines, quinolines, and 
isoquinolines have been used as the heteroaryl 
coupling partner; the reaction is sensitive to steric 
effect sS0 

can be achieved directly by the chemoselective 
addition of ethyl( tributylstanny1)acetate 67 to acyl 
pyridinium salts (Scheme 28).51 The resulting 
dihydropyridines 68 are useful precursors to a variety 

Carboethoxymethylation of functionalized pyridines 

R' R' 

@ R2 + Bu3snCH2C02Et 

6r 20 min. 

OAOMe 
68 

Scheme 28 

1 14 Contemporary Organic Synthesis 

of heterocycles. Quinolinium and isoquinolinium salts 
can also be used as acceptors. 

The Michael additions of lactams and amides to a ,  
/3-unsaturated esters are generally unfavourable 
processes; however, high yields of the addition 
products 69 can be obtained using an equimolar 
amount of Si( OEt), and catalytic CsF (Scheme 29).52 
In this reaction the Si(OEt), plays a dual role whereby 
generation of EtO- is followed by trapping of the 
enolate adduct as the corresponding silyl ether, hence 
suppressing the normally problematic retro-Michael 
reaction. 

&. + e C 0 2 E t  7 SI(0Et). Q-co2Et 

69 

Scheme 29 

The formation of esters by additions of nucleophiles 
to carbonates is a synthetic method which has received 
little attention. During work aimed at preparing C-2 
analogues of taxol, Nicolaou et al. have observed that 
esters are formed by the regioselective ring-opening of 
cyclic carbonates 70 with nucleophiles (Scheme 30). 
The only side-product observed was the diol72, and 
in general the less substituted ester 7 1 is the major or 
exclusive product. A range of nucleophiles has been 
successfully employed in the reaction.s3 

OH OH 
"fi NU- "fl + 

OH O K N u  

THF 

O K 0  
0 

70 
0 

71 72 

Scheme 30 

3.4 Hydroxy esters 

A widely used route for the preparation of optically 
pure a-hydroxy esters is stereoselective reduction of 
the corresponding a-keto esters bearing a chiral 
auxiliary. The borneol derivatives 73 and 74 provide 
extremely high levels of stereocontrol during 
reductions of the keto esters 75 with 
LiA1H(OCEt,)3.s4 The auxiliaries can be removed by 
mild saponification (LiOH, THF-H,O, r.t.) without 
racemization of the reduced products. 

the addition of organometallic reagents to the keto 
esters 76 bearing a binaphthalen-2-01 auxiliary has 
been reported. The sense and degree of 
diastereoselectivity is dependent on the Lewis acidity 
of the nucle~phile.~~ 

High diastereoselectivity can be obtained in the 
direct oxidation of enolates with dimethyldioxirane if 
the initially formed lithium enolates are 
transmetallated to the corresponding titanium species 
prior to oxidation.56 Furthermore, the aldol reaction of 

A detailed investigation of the diastereoselectivity of 



NHS02Ar 

R 
NHS02Ar 

73 74 75 

OH 

R O  

76 

the enolate with acetone, the unavoidable medium for 
dimethyldioxirane, is completely suppressed. The 
titanium enolates react with much higher 
diastereoselectivity (up to 96% e.e.) than the 
corresponding sodium enolates or silyl enol ethers. 

esters can be prepared by stereoselective reduction of 
2-methyl-3-keto esters 77 (Scheme 31) .  Thus 
reduction of 77 with NaBH, in the presence of 
catalytic MnC1, provides the erythru isomer 7 8  via a 
chelated six-membered ring transition state, while 
reduction of 77 with Bu",NBH, provides the 
corresponding threu isomer 7 9  via Felkin-Anh 
control.57 A further enzymatic method for the 
diastereo- and enantio-selective reduction of P-keto 
esters 77 has been reported.s8 

Either erythro-78- or threo-79-/3-hydroxy-a-methyl 

OH 0 

etythm78 

Me OH 0 

Scheme 31 

An enantioselective version of the Reformatsky 
reaction utilizing the bromo-ester 80 and various 
prochiral methyl ketones in the presence of a chiral 
ligand provides P-hydroxy esters 8 1 in moderate 
yield (Scheme 32).s9 E.e.'s of up to 74% have so far 
been obtained using N,N-dialkyl norephedrine 
derivatives as chiral ligands. The e.e.'s are much lower 
when ( - )-sparteine is used as the chiral controller. 

The Reformatsky reaction has also been used to 
prepare biologically important a,  a-difluorinated ester 
derivatives. In a modification of this reaction 
a,a-difluoro-/3-hydroxy esters 83 are formed in 
reproducible yield by activation of ethyl 

Rl-C-Me 

BrZnCH2C02But L' 
80 

81 

Scheme 32 

bromodifluoroacetate 82 using Zn (2 eq.), AgOAc (0.3 
eq.), and Et,AlCl (l.l-2 eq.) to generate a 
nucleophilic species in the presence of an aldehyde or 
ketone (Scheme 33). When the carbonyl compound is 
a-substituted, the stereoselectivity is low.6o 

0 
R' 

BrCF2CO2Et R2+CFzC02Et 
82 OH 

83 

Scheme 33 

4-Alkoxybutanoates (86, n = 1) and 
5-alkoxypentanoates (86, n = 2) can be prepared 
under mild conditions and in high yield by alcoholysis 
of the corresponding lactones 84 in the presence of an 
appropriate orthoester (Scheme 34).6' Mechanistic 
studies have shown that the ether linkage is formed by 
an SN2-like opening of an activated intermediate 85 
formed from the lactone and the orthoester. The 
reaction is much slower for E-caprolactone derivatives 
and for lactones which are substituted at the 
a-position. 

0 

84 

Scheme 34 

' OR 

O A O R  

85 

- RO &OR 

86 

3.5 Keto esters 
Phenylhydrazones of a-keto esters ( 8 7 )  are cleaved 
efficiently using hypervalent iodine compounds [ e.g. 
PhI (OCOCF,),]. The reaction proceeds under mild 
conditions and thus provides a method of protection 
for the carbonyl group of an a-keto ester.62 

and they can be prepared in high yield and purity and 
on a large scale by reaction of acid chlorides with 
potassium ethyl malonate 88 using a magnesium 
chloride/triethylamine base system (Scheme 35). The 
method may be of real value in large scale 
production.h3 Alternatively, 3-acyloxazolidin-2-ones 
89 undergo Reformatsky reactions with a-bromo 
esters in the presence of zinc and ultrasound to 
provide P-keto esters in moderate to good yield.64 

P-Keto esters are important synthetic intermediates, 
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(ii) RCOCl 
0 4 25°C 
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R JJOEt 

I .  

89 

Scheme 35 

A different approach to the synthesis of P-keto 
esters involves the hydrolysis of 
b-alkoxy- a$-unsaturated ketones 9 1, which are 
prepared by conjugate addition of sodium propargyl 
oxide to the acetylene 90 (Scheme 36).65 

R20/ 

90 

R'O W O R 2  

92 

Scheme 36 

Chemoselective cleavage of the enol ether moiety 
occurs under neutral conditions in the presence of a 
catalytic amount of Pd" complex, affording the 
acid-sensitive /3-keto esters 92 in good 

or (S)-chiral quaternary centre can be prepared by 
asymmetric alkylation of the chiral enamine 
derivatives 93 (Scheme 37). Either enantiomer can be 
prepared from the same chiral enamine 93 simply by 
variation of the solvent.67 A subsequent publication 
has revealed that chiral enamines such as 93 also 
undergo a highly stereoselective Michael addition to 

a,a-Dialkyl B-keto esters 94 having either an ( R ) -  

R' J J o R 3  
A2 

Bub 
\ L o  

93 

(i) LDA, toluene 

(ii) q 2 B u '  

C02Bu' 
95 f 

b02But 

Scheme 37 

or 

Alternatively, the radical species 98 can be generated 
from an a-bromo- or a-iodo ester by reaction with 
BEt, in DMSO in the presence of air.70 Reaction with 
silyl enol ethers again provides y-keto esters 97 in 
moderate yield. Better yields are observed with a-iodo 
esters than with a-bromo esters (Scheme 38). 

Bun3SnbC02R 

+ 
96 

TBACN 

K2C05 
OSiBu'M& MN. ooc. 21. 

Scheme 38 

The activation of Sn-heteroatom bonds by 
coordination of ligands such as phosphine oxides has 
already been rep~rted. '~ This has been used for the 
preparation of y-keto esters by the reaction of tin 
enolates 99 with a-halo esters 100 (Scheme 39). 
Unlike the previous two examples, this reaction does 
not occur via a radical mechanism, but rather by direct 
substitution at the halide moiety.72 

R' the reactive &lic hael accept or di- t - bu t y 1 meth y lene 
malonate 95. The absolute configuration of the newly 
formed quaternary centre is again predictable, being 

Enantiomeric purities of > 90% have been 

y-keto esters have appeared in the literature. 

predominantly in the C-metallated form, can be 

,u3sno+ 

R3 0 R3 
dependent upon the solvent system used. R2 

'1 + #+Br 'F- p f i R 1  Several related reports detailing the synthesis of 
0 Bu3SnBr 0 

a-Stannyl esters 96, which are known to exist 

oxidized using Ce'" reagents to the corresponding 
a-radicals 98. These species undergo efficient 

Bu3Sn& R' 100 

0 
99 

coupling with electron-rich olefins ( e.g. enol ethers) 
providing y-keto esters 97 in good yield.69 Scheme 39 
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Eu3+ has been reported to be an efficient catalyst 
for the Michael addition of 1,3-dicarbonyl compounds 
to a, p-unsaturated esters generating d-keto  ester^.'^ 
Two reports detailing the diastereoselectivity of 
Michael additions of ketone7, and ester75 enolates to 
a,/?-unsaturated esters have appeared. 

3.6 Unsaturated esters 

An interesting approach to a, P-unsaturated esters 
102 involves alkylation of the cyclopropyl anion 10 1 
with an appropriate alkyl halide, followed by 
hydrolysis with TiCl, in CH,Cl, and elimination of the 
phenyl sulfonyl group (Scheme 40).76 In this reaction, 

pr SO2Ph 

BuUl-78"C THF/HMPA 

PhO, ,OPh 

I 
rPh0, ,OPh 1 

101 

111 
m m 

Li*C02Ph 

( i )  TCI,, CH& 
(ii) DBIJITI-IF 

0 

PhO A & 0 R  

103 102 

Scheme 40 

the cyclopropyl anion is functioning as the /?-lithi0 
acrylate synthon 103. To date it has not proved 
possible to react the anion 10 1 with carbonyl 
compounds. In an extension of their earlier work 
Brown et al. have described a highly enantioselective 
synthesis of conjugated acyclic a-chiral (E)-alkenones 
105 from enantiomerically pure ( E ) -  1-alkenyl alkyl 
borinic esters 104 which are in turn prepared by 
asymmetric hydroboration (Scheme 4 1).77 Reaction of 
the esters 104 with a,a-dichloromethyl ether (DCME) 
in the presence of a hindered base followed by 
oxidation with H,O, in pH 8 phosphate buffer 
provides the desired chiral (E)-alkenones 105 with 
> 99% e.e. The chiral group (R) can be cyclic or 
acyclic. 

R' H H 
(i) CI2CHOMe, Et3COLI R ' A  R' 

Ro''+R' (ii) H202, pH 8 _ _  
H O H  

104 105 

Scheme 41 

Pirrung et al. have described the fluoroacrylate 
cation equivalent 106. This highly functionalized 
aldehyde reacts with organometallic reagents and 
enolates to yield allylic alcohol products 107 which 

can be rearranged under acid conditions to 
medicinally important (2)-2-fluoroacrylate thioesters 
108 (Scheme 42).7s 

MeS OH 

b;qcHo lP!L* (ii) HgCI, M e S v R  
F F 

106 107 p2 
0 

111 

F 
108 

Scheme 42 

a ,/?-Unsaturated esters bearing a trifluoromethyl 
group at the /?-carbon can be prepared with either ( E ) -  
or (Z )-configuration by reaction of the fluorinated 
phosphorane 109 with a Grignard reagent (Scheme 
43). The resulting B-oxido ylides 110 are converted 
into trifluoromethylated a,/?-unsaturated esters 1 1 1 
with either (2)- or (E)-configuration depending on the 
acid used to protonate the intermediate.7Y 

0- 

109 110 

1.' 
0- 

111 

Scheme 43 

/?, y-Unsaturated esters are often prepared by 
deconjugation of a,/?-unsaturated esters using base; 
alternatively, trialkyl silyl triflates and a tertiary base 
can be used.80 A usual limitation of this method is that 
mixtures of ( E ) -  and (2)-/?, y-unsaturated esters are 
formed. Stereochemically defined (E)- /? ,  y-unsaturated 
esters can be formed by reaction of 
(E)-[2-( tributyltin)alkenyl] boranes 1 12 with the ylide 
113 followed by oxidation. Overall yields are generally 
good (Scheme 44). The reaction proceeds via 

112 

(i) Me2&HC02Et (ii) H#&Ac 
113 1 
R' F? 

Scheme 44 
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preferential migration of the alkenyl moiety from 
boron to carbon followed by protonolysis of the 
resulting alkenyltin intermediate with retention of 
configuration.8 

The carbonylation of allylic compounds provides a 
very mild and efficient method for the preparation of 
P, y-unsaturated carbonyl compounds. Allylic 
phosphates 114 have been shown to be highly reactive 
substrates for transition metal catalysed 
transformations, and they react with CO (20 atm.) at 
50°C in the presence of a rhodium catalyst and an 
alcohol to provide p, y-unsaturated esters 1 15 in good 
yield (Scheme 45).82 The reaction in the presence of 
an amine or H 2 0  provides the corresponding 
P, y-unsaturated amides and acids respectively. These 
carbonylations occur with high regioselectivity at the 
less substituted carbon of the ally1 unit. 

R’-OP(OEt), ? + CO + HNU 

Rh6(C0)16 Bu~NCI I 
R ’ V N ”  

114 

0 
115 

Scheme 45 

The Pd* catalysed coupling of alkenylboronic acids 
has become a ubiquitous reaction in organic synthesis. 
A recent report has described the Pd-catalysed 
coupling of 1-( E)-alkenylboronic acids 116 with 
a-bromo- a ,P-unsaturated esters providing 
(E,E)-dienoates 1 17 in moderate to good yield 
(Scheme 46). Retention of double bond geometry was 
observed in all cases.83 Ketones and aldehydes can be 
used in place of esters. 

Scheme 46 
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